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Field relations, petrography and 40Ar/39Ar cooling ages of horn-
blende in a part of the eclogite-bearing domain, Sveconorwegian 
Orogen  
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Mozafari Amiri, N., 2013: Field relations, petrography and 40Ar/39Ar cooling ages of hornblende in a part of the 
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Abstract: High-pressure metamorphism and deformation of the Ullared Deformation Zone (UDZ) in the Eastern 
segment of the Sveconorwegian Orogen, southwest Sweden is evidenced by ~ 970 Ma retro-eclogite found in 
association with upper amphibolite and high-pressure granulite facies rocks. Petrographic, structural and 
geochronological studies of the UDZ were carried out to better understand the regional metamorphism and 
deformation history with focus on a ~N-S trending part of the zone influenced by a late stage of deformation during 
Sveconorwegian orogeny, namely the Svarten Zone.  

The deformational history of the investigated area can be discussed in two scenarios. In the first one, an E-W 
extension component synchronized with the onset of migmatization was responsible for the development of an old 
upright and symmetric ESE-WNW generation of folds. The folds were later influenced by an intense phase of 
shear,  which formed the isoclinal folds and the parallel mineral stretching lineation. The old ESE-WNW foliation 
was deflected by a later phase of NNW-SSE shear, following the isoclinal folds development. The second possible 
scenario is that a NNW-SSE shear phase has taken place synchronized with E-W extension, following the regional 
migmatization, resulted in E-plunging mineral stretching lineation and isoclinal folds development, which 
consequently deflected ESE-WNW foliations. Regardless of which scenario is correct, the sheared limb of a young, 
open and upright generation of folds indicate that a late phase of shear has taken place in association with ~N-S 
structure of the Svarten Zone. 

Mineral assemblages indicate the occurrence of retrograde metamorphism resulted from uplift of the Sveconorwe-
gian Orogen, reflected in the amphibolite mineral assemblages overprinting of the eclogite and the granulite facies. 
40Ar/39Ar dating of hornblende yielded cooling ages that range from 920 Ma to 927 Ma. The cooling rates of 5.5-6.4 
°C/m.y. and 4.5-5.2 °C/m.y. were obtained from the onset of partial melting and migmatization down to the horn-
blende cooling age of 920 Ma to 927 Ma, respectively, upon the chosen closure temperatures of 500°C and 550°C. 
The cooling rates are associated with uplift of the Sveconorwegian Orogen and cooling after peak metamorphism. 

Supervisors: Charlotte Möller (Lund University) and Laurence Page (Lund University) 
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1    Introduc on 
 
The Sveconorwegian Orogen in southwest Scandina-
via (Fig. 1) formed during late Mesoproterozoic to 
early Neoproterozoic as a result of accretion ending 
with continent-continent collision (Bingen et al. 2008). 
The southern Eastern Segment (Fig. 1) is dominated 
by upper amphibolite and high-pressure granulite faci-
es rocks, which hosts remnants of ~ 980 Ma eclogite, 
which are evidence of burial to depths in excess of 50 
km (Möller 1998, 1999; Johansson et al. 2001; Möller 
et al. 2012). The Ullared Deformation Zone (UDZ, 
Möller et al. 1997) is a high-temperature deformation 
zone situated in the Eastern Segment of the Sveconor-
wegian Orogen, which formed during the late stage of 
the orogeny. 
 Knowledge on the processes in which eclogite-
bearing crust was formed and exhumed is critical for 
tectonic  interpretation. This study focuses on a part of 
the UDZ with the aims to characterize and interpret the 
late stage ductile deformation. The investigation area 
is located in the NE part of the UDZ, where the strike 
is predominantly NNW-SSE, informally termed the 
Svarten Zone (SZ, Fig. 2). Since two sets of planar 
gneissic fabrics were observed in the Svarten Zone, 
~E-W trending and ~N-S trending respectively, there 
is a probability that two different deformation phases 
can be distinguished (Fig. 2).  
 The specific objectives of this study were: 
 Bedrock mapping in the scale of 1:10000 be-

tween Lake Byasjön and Dughult (~ 7 × 2.5 
km).  

 Characterization and interpretation of defor-
mation structures, including different planar 
and linear fabrics and small-scale structures. 

 Characterization of mineral assemblages and 
metamorphic textures associated with different 
deformation structures in order to assess the 
metamorphic conditions during deformation. 

 40Ar/39Ar geochronology of hornblende, in or-
der to date cooling through c. 500°C- 550°C. 

 

2  Geological se ng 
 

2.1 The Sveconorwegian Orogen 
 
The Sveconorwegian Orogen in southern Scandinavia 
is considered as the tectonic counterpart of the Gren-
ville Orogen in the eastern Canada. The Orogen 
formed in the time period 1.14-0.90 Ga, as a conse-
quence of continent collision between Fennoscandia 
and another continent (possibly Amazonia; Hoffman 
1991). The Sveconorwegian Orogen comprises five 
different lithotectonic segments (Bingen et al. 2005), 
which are separated by approximately N-S trending 
deformational zones in crustal-scale (Park et al. 1991). 
These segments are, from east to west, the Eastern 
Segment, the Idefjorden Terrane, the Bamble Terrane, 
the Kongsberg Terrane and the Telemarkia Terrane 
(Fig. 1). Each of these has its own characteristics re-
garding crustal evolution, deformation and metamor-
phism. The easternmost boundary of the Sveconorwe-
gian Orogen is a low grade east-vergent thrust zone, 
the Sveconorwegian Frontal Deformation Zone 
(SFDZ, Fig. 1; Wahlgren et al. 1994). 

Fig. 1. Map of southwest Scandinavia showing lithological units of the Sveconorwegian Orogen and the associated 
shear zones (Modified after Bingen et al. 2008). 
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 Metamorphism, partial melting and defor-
mation of the Fennoscandian crust involving both 
compressional and extensional kinematics characteriz-
es the Sveconorwegian rocks (Bingen et al. 2008). 
Prior to the onset of the Sveconorwegian orogeny, 
between 1.28 and 1.14 Ga, western Fennoscandia was 
affected by bimodal magmatism,  mostly occurring in 
the Telemarkia terranes (Laajoki et al. 2002), but also 
traceable deep into the Fennoscandia Craton 
(Söderlund and Ask 2006). Early high-grade metamor-
phism took place at 1.14-1.13 Ga (Arendal phase) in 
the Bamble Terrane (Smalley et al. 1983, Bingen et al. 
2012). Agder phase (1.05 - 0.98 Ga), the main phase 
of regional deformation, metamorphism and partial 
melting affected the western parts of the orogen and 
eastwards into the Idefjorden Terrane. It involved met-
amorphism with varying degrees in various regions of 
the orogen, from lower amphibolite to high-pressure 
granulite facies (e.g. Bingen et al. 2008, Söderlund et 
al. 2008). The Falkenberg phase (0.98-0.96) Ga re-
flects the final convergence associated with the conti-
nent-continent collision, and caused eclogite and high-
pressure granulite metamorphism in the Eastern Seg-
ment (Möller 1998, 1999; Johansson et al. 2001). Dur-
ing the Dalane phase (0.97-0.90 Ga) the Orogen un-
derwent gravitational collapse (Bingen et al. 2006) 
along with exhumation and uncovering of the buried 
rocks. Extensional reactivation of the major shear 
zones and, in the central parts of the orogen, granite 
magmatism have taken place. The last relative motion 

between the Sveconorwegian terranes took place 
around 0.92-0.91 Ga. 

 
2.2 The southern Eastern Segment 
 
The Eastern Segment is composed of 1.81-1.66 Ga old 
metagranitoids and orthogneisses (Connelly et al. 
1996; Söderlund et al. 1999; Söderlund et al. 2002; 
Möller et al. 2007; Bingen et al. 2008). It is considered 
as parautochthonous and is bounded by major defor-
mation zones both to the east and west (Bingen et al. 
2005) (Fig. 1). The Mylonite Zone constitutes a west-
dipping boundary to the overlying and allochthonous 
Idefjorden Terrane (Park et al. 1991; Stephens et al. 
1996). 
 High-grade metamorphism in the southern 
Eastern Segment is commonly reflected in migmatitic 
orthogneisses, migmatitic garnet amphibolite and 
mafic high-pressure granulite lenses. P-T estimates for 
the Sveconorwegian metamorphism are 680-770 ◦C 
and 9-12 kbar (Johansson et al. 1991; Wang and Lindh 
1996; Möller 1998, 1999). Pressures correspond to 
depths of c. 30-45 km: however, the occurrence of 
eclogite remnants in a part of the Eastern Segment 
(Möller 1998, 1999; Austin Hegardt et al. 2005) is 
evidence of greater than 50 km burial depths. 
 Pre-Sveconorwegian metamorphism (Halladian 
orogeny) involved regional scale migmatization at 
1.46 -1.42 Ga (Christoffel et al. 1999; Söderlund et al. 
2002; Möller et al. 2007). At 1.40-1.38 Ga, following 

Fig. 2. Airborne magnetic map of the Varberg-Ullared area (source SGU), with occurrences of 1.4 Ga porphy-
ritic granite and augenic gneiss outlined in black (source SGU and Möller et al. unpublished) and the eclogite-
bearing gneiss domain shaded in white (Möller et al. 2011). Dashed lines show approximate shear zone bounda-
ries of the Ammås Zone (AZ) and the Svarten Zone (SZ; Möller et al. 2011). These two zones were originally 
interpreted as one zone or system and coined the Ullared Deformation Zone (UDZ; Möller et al. 2007). 
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the Hallandian orogeny, charnockitic granite and sye-
nitoids intruded in the Eastern Segment (Andersson et 
al. 1999 and references therein).  
 
2.3 The Ullared Deformation Zone 
 
The Ullared Deformation Zone is characterized by  the 
occurrences of decompressed retroeclogite in the East-
ern Segment. An age of 972 ± 14 Ma was obtained for 
prograde eclogite metamorphism on metamorphic zir-
con inclusions in garnets (Johansson et al. 2001). Möl-
ler et al. (2011, 2012) interpreted the eclogite-bearing 
unit as a recumbent isoclinal fold nappe, about 60 × 30 
km, with high-strain mylonitic gneiss located along its 
southern margin. Based on the aeromagnetic data, 
UDZ was interpreted as a shear zone or probably a 
shear zone system (Möller et al. 1997) with variable 
strikes in different areas. Lundberg and Juhlin (2011) 
presented seismic data across the UDZ which reveals 
that structures dip shallowly to moderately towards the 
north. Their data are in concordance with the structural 
and metamorphic data (Möller et al. 2011, 2012) and 
the airborne magnetic pattern (SGU) which suggests 
that the bedrock across the UDZ is composed of dis-
tinct tectonometamorphic units. 
   
3  Methods 
 

3.1 Field work  
 
Field work was performed during six weeks in August 
to October 2011 using magnetic anomaly maps in the 
scale of 1:50000 and topographic maps in the scale of 
1:10000 as base maps. The investigated area cover 
17.5 km2 and include 255 outcrop observations. Map 
preparation was made using ArcGIS 9 (ArcMap 9.3.1) 
software. Measurements of foliations, stretching linea-
tions and fold axes were plotted in Tectonic FP 1.75 
software. Small-scale asymmetric structures were doc-
umented and used for shear sense interpretation.   

 
3.2 Petrography  
 
Thin sections of fifteen selected samples were investi-
gated using a standard petrographic microscope to 
investigate the mineral assemblage, metamorphic tex-
ture and metamorphic facies. 
 
3.3 Geochronology 
 
Nine hornblende-bearing hand samples were crushed 
with a jaw-crusher. The crushed material was sifted, 
using plastic sieves, into two separate grain size frac-
tions, 0.25-0.5 mm and 0.5-1 mm. Hornblende grains 
were hand-picked under optical microscope.  
 40Ar/39Ar geochronology was carried out at the 
geochronology laboratory of Lund University, Swe-
den. The samples selected for geochronology study 

were irradiated together with the TCR sanidine stand-
ard (28.34 Ma following Renne et al. 1998), for 14 
hours at the Oregon State research reactor. J-Values 
were calculated with a precision of  <0.25% and re-
ported for each sample in the data tables. Decay con-
stants utilized were those given in Steiger and Jäger 
(1977).  
 The 40Ar/39Ar geochronology laboratory at 
Lund University contains a Micromass 5400 mass 
spectrometer with a Faraday and an electron multipli-
er. A metal extraction line, which contains two SAES 
C50-ST101 Zr-Al getters  and a cold finger cooled to 
ca. 155°C by a Polycold P100 cryogenic refrigeration 
unit, is also present. Hornblende fractions were loaded 
into a copper planchette that consists of several 3 mm 
holes. Samples were step-heated using a defocused 
50W CO2 laser. Sample clean-up time was five 
minutes that made use of the two hot Zr-Al SAES get-
ters and a cold finger with a Polycold refrigeration 
unit. The laser was rastered over the samples to pro-
vide even-heating of all grains. The entire analytical 
process is automated and runs on a Macintosh-steered 
OS 10.7 with software modified specifically for the 
laboratory at Lund University and developed original-
ly at the Berkeley Geochronology Center by Al Deino.  
 Time zero regressions were fitted to data col-
lected from 10 scans over the mass range of 40 to 36. 
Peak heights and backgrounds were corrected for mass 
discrimination, isotopic decay and interfering nucleo-
genic Ca-, K-, and Cl-derived isotopes. Isotopic pro-
duction values for the cadmium lined position in the 
OSU reactor are 36Ar/37Ar (Ca) = 0.000264, 39Ar/37Ar 
(Ca) = 0.000695, and  40Ar/39Ar (K) = 0.00073. 40Ar 
blanks were calculated before every new sample and 
after every three sample steps. Blank values were sub-
tracted for all incremental steps from the sample sig-
nal. The laboratory was able to produce very good 
incremental gas splits, using a combination of increas-
ing time at the same laser output, followed by increas-
ing laser output. Age plateaus were determined using 
the criteria of Dalrymple and Lamphere (1971), which 
specify the presence of at least three continuous incre-
mental heating steps with statistically indistinguishable 
ages and constituting greater than 40% of the total 39Ar 
released during the experiment. In some places, where 
a statistical overlap of steps is not obtained, a forced-
fit age is given over a pre-determined percentage of 
gas.  
 40Ar/39Ar geochronology data were produced, 
plotted and fitted using the argon programme provided 
by Al Deino from the Berkeley Geochronology Cen-
tre, USA. Data was subsequently exported to MS Ex-
cel tables. 
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Fig. 3. Lithological map of the study area.  
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4  Lithology and petrography  
 
The mapped area consists of heterogeneous and 
layered gneissic rocks with variable amounts of strain 
and migmatization. Eight different rock units were 
distinguished (Fig. 3):  
- Grey orthogneiss 
- Reddish grey orthogneiss 
- Torpa-type granite-augen gneiss 
- Granitic orthogneiss 
- Retro-eclogite  
- Heterogenous mylonitic gneiss 
- Torpa-type mylonitic gneiss 
- Garnet-rich amphibolite  
 The locations of observation points discussed in 
the text are marked on the map in Fig. 24 (chapter 5) 
and coordinates are listed in Table 1. Contacts between 
the rock units were determined with fairly high 
accuracy, since the observed localities were so close to 

each other. There are minor occurrences, which due to 
their small size, were ignored when drawing the map. 
For instance locality 68, which exposes c. 10 × 10 m 
grey orthogneiss, occurs within an area dominated by 
granitic gneiss. 

 
4.1 Grey orthogneiss  

 
The grey orthogneiss (similar rocks dated at c. 1.7 Ga, 
SGU database) is widespread in the investigated area 
(Fig. 3). It is characterized by strong migmatization 
(4a & b), which regarding to domination of the felsic 
and mafic minerals, can be classified into intermediate 
and dark varieties, respectively. Due to the close 
spatial associations between these two types in the 
field, and difficulties to determine actual contacts, they 
are shown as the same rock type on the map. In 
general, quartz, plagioclase and some K-feldspar 
constitute the leucosome while the mesosome is made 

Table.1. Key locality coordinates in  SWEREF 99. The blue rows mark coordinates lower precision due to a GPS problem.   
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up of hornblende, biotite with lesser amounts of 
plagioclase, quartz and occasionally opaque minerals 
(e.g. Pyrite, localities 4 and 21b). Leucosome is 
commonly medium or coarse grained whereas 
mesosome is fine grained or relict medium grained. 
Amphibolite lenses of different size from centimeters 
to meters is another common characteristic of the 
migmatitic orthogneiss (Fig. 31b). In some localities, 
grey orthogneiss has sugary texture (Locality 68b, 
below). 

 

Fig. 4. (a) Migmatitic grey orthogneiss with white leucosome, locality 105. (b) Migmatitic grey orthogneiss with white 
leucosome, locality 65d. Location numbers for these and following illustrations are marked on the map in Fig. 24. 

4.1.1 Sample NMA11021b Migmatitic grey  

orthogneiss  

This sample represents a weakly foliated medium to 
fine-grained migmatitic intermediate grey orthogneiss 
(tonalitic composition) made up of plagioclase, horn-
blende, quartz and biotite, with accessory allanite, epi-
dote, opaques and zircon (Fig. 5a & b). The rock is 
characterized by inequigranular texture with subhedral 

Fig. 5. (a)-(d) Photomicrographs of tonalitic gneiss, sample NMA11021b. (a) PPL, Plagioclase, quartz, biotite and 
hornblende with accessory allanite, epidote, opaques and zircon. (b) CPL, same view as in a. (c) PPL, Allanite 
crystal and radial fractures in surrounding epidote grain. (d) CPL, same view as in c.  
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grain boundaries. Hornblende and biotite are more 
strained than the other minerals. Saussurite occurs 
locally in plagioclase (Fig. 5a-d). 

 
4.2 Reddish grey orthogneiss (Grey  
orthogneiss with reddish leucosome)  
 
The grey orthogneiss with reddish leucosome (Fig. 3) 
is located on the right side of lake Björsjö, in associa-
tion with the grey orthogneiss, but can be occasionally 
found in the other localities. Reddish leucosome oc-

Fig. 6. (a) Reddish grey orthogneiss with reddish leucosome parallel to the gneissic foliation, locality 95. (b) 
Reddish grey orthogneiss with leucosome of red feldspar and quartz, locality 24. (c)-(f) Photomicrographs of grey 
orthogneiss, sample NMA11016a. (c) PPL, Plagioclase, quartz, antiperthite, biotite and hornblende with accessory 
zircon and opaques. (d) CPL, same view as in c. (e) PPL, Fine-grained myrmekite in the matrix in contact with 
plagioclase and quartz. (f) CPL, same view as in e. 

curs parallel to the gneissic foliation (Fig. 6a & b). The 
leucosomes are generally made up of medium- to 
coarse-grained K-feldspar and elongated quartz occa-
sionally with plagioclase. 

 
4.2.1 Sample NMA11016a Reddish grey  

orthogneiss 

This sample is a weakly strained, fine- to coarse-
grained migmatitic reddish grey orthogneiss composed 
of plagioclase (locally antiperthite), quartz, K-feldspar, 
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hornblende, biotite and myrmekite in places along 
with accessory zircon and opaques. The rock has an 
inequigranular texture with subhedral grain boundaries 
(Fig. 6c-f). Hornblende and biotite grains are strained 
while the other minerals show little internal strain. 
Plagioclase and quartz are inequigranular and up to 10 
mm large. Hornblende is pleochroic green- brown 
colors. Saussuritization occurs locally in plagioclase. 
 

4.2.2 Sample NMA11125 Reddish grey  

orthogneiss 

This sample was collected from the mesosome of the 
reddish grey orthogneiss characterized by a grano-
blastic texture composed of plagioclase, hornblende, 
quartz, biotite and accessory opaques. Biotite and 
hornblende grains define weak foliation of the rock 
(Fig. 7a & b). Restricted saussuritization within plagi-
oclase is also visible. Chlorite has formed locally as 
alteration of biotite (Fig. 7c & d). 

 
4.3 Porphyritic Torpa-type granite-  
augen gneiss   
 
K-feldspar porphyritic granite in various states of de-
formation forms two lens-shaped bodies situated in the 

northernmost and central parts of the mapped area 
(Fig. 3). It is composed of K-feldspar, quartz and pla-
gioclase, with a lesser amounts of biotite, hornblende 
and opaque minerals. The granite is well-preserved in 
the center of the lens, but foliated towards the margins 
(Fig. 8a & b). Large orthoclase crystals form an inter-
locking texture, which makes the rock competent to 
deformation. These characteristics along with the red-
dish hue of the rock are the most outstanding proper-
ties of the Torpa-type granite. Recrystallization of or-
thoclase to microcline is prevalent. Migmatization can 
be seen in places but it is not abundant. Augen gneiss 
is the most common deformed variety of the porphyrit-
ic Torpa granite (Fig. 8b); locally it has been sheared 
(Fig. 30). 

 
4.3.1 Sample NMA11001 Augen gneiss  

This sample represents a strongly deformed augen 
gneiss made up of K-feldspar, plagioclase and quartz 
with lesser amounts of hornblende-biotite aggregate. 
Plagioclase is fine-grained, granoblastic and inter-
grown with matrix microcline. Partial recrystallization 
of the rock can be inferred from augen composed of 
perthitic K-feldspar surrounded by recrystallized sub-
granoblastic microcline (Fig. 8c & d). Carlsbad twin-
ning of orthoclase, tartan twinning of microcline and 
wave-like perthite lamellae are visible in the thin sec-

Fig. 7. (a)-(d) Photomicrographs of sample NMA11125, intermediate grey mesosome of reddish grey orthogneiss. (a) 
PPL, Granoblastic texture with plagioclase, hornblende, quartz, biotite and chlorite. (b) CPL, same view as in a (c) PPL, 
Biotite alteration to chlorite (d) CPL, same view as in c.  
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Fig. 8. Torpa-type granite. (a) Well-preserved K-feldspar porphyritic granite in the centre of a lens-shaped body, locality 1. 
The pencil length is 18 cm. (b) Augen gneiss in the margin of the Torpa granitic body, locality 1. (c)-(f) Photomicrographs of 
sample NMA11001, Well-preserved K-feldspar porphyritic granite. (c) PPL, Perthite megacryst enclosed within 
subgranoblastic microcline, plagioclase and quartz. (d) CPL, same view as in c. (e) PPL, Elongated quartz aggregate in the 
middle of the photo surrounded by hornblende, K-feldspar, plagioclase, biotite and quartz. (f) CPL, same view as in e.   

tion (Fig. 8d). There is strongly elongated quartz with 
length to width ratios > 10 (Fig. 8e & f). Fine-grained 
saussurite occurs in plagioclase. 

 
4.4 Retro-eclogite   
 
4.4.1 Sample NMA11029 Retro-eclogite 

The retro-eclogite body is shown in the map (Fig. 3) 
with some exaggeration since the outcrop was only 

about 30 m2. The retroeclogite is situated within the 
mylonitic gneiss (Fig. 9a) and composed of garnet, 
clinopyroxene, kyanite, sapphirine, hornblende and 
plagioclase (Fig. 9b & c). Greenish grey clinopyroxene 
is dominant in the matrix. Small grains of plagioclase 
are hosted by clinopyroxene (Fig. 9d & e). Kyanite is 
absent in the thin section but visible in the field (Fig. 
8a). Indicators of the former presence of kyanite are 
symplectites of sapphirine + plagioclase (Fig. 9f & g; 
cp. Möller 1999). Garnets have partially developed 
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Fig. 9. (a) Kyanite-bearing retroeclogite, locality 29. (b)-(g) Photomicrographs of sample NMA11029. (b) PPL, 
Garnet, pyroxene, plagioclase, hornblende and quartz. (c) CPL, same view as in b. (d) PPL, Plagioclase occurs 
intergrown with pyroxene and as garnet corona. (e) CPL, same view as in d. (f) PPL, Symplectite of sapphirine 
(pseudomorph after kyanite). (g) CPL, same view as in f. 
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rims of plagioclase in contact with hornblende and 
clinopyroxene. Sussuritization of plagioclase is visible 
in places. Plagioclase was interpreted as secondary in 
relation to the eclogite facies assemblage and formed 
during decompression at high-pressure granulite and 
upper amphibolites facies conditions. Hornblende is 
also formed during post-eclogite conditions and has 
grown at the expense of clinopyroxene. 

 
 
 
 

4.4.2 Sample NMA11049b Retro-eclogite  

The sample was taken from a small retroeclogite 
occurrence within the mylonitic gneiss layers 
(exaggerated on the map; Fig. 3). The mineral 
assemblage is made up of garnet, clinopyroxene, 
hornblende, biotite, quartz and sussuritized plagioclase 
(Fig. 10a & b). Clinopyroxene occurs as remnants and 
has been partiallly replaced by fine-grained 
hornblende and plagioclase and intergrown with 
plagioclase (Fig. 10c & d). Garnet is strongly resorbed 
and replaced by fine-grained plagioclase, chlorite and 
opaques (Fig. 10e & f).  

Fig.  10. (a) Outcrop of retroeclogite (below the dashed line) overlainby mylonitic gneiss, locality 49b. Hammer, 
64 cm, for scale. (b) Closer view of retroeclogite showing garnet crystals with plagioclase rims (c)-(f) 
Photomicrographs of sample NMA11049b (c) PPL, Clinopyroxene enclosing plagioclase grains and surrounded 
by secondary hornblende in a matrix of fine-grained plagioclase and quartz. (d) CPL, same view as in c. (e) PPL, 
Remnant of garnet replaced by plagioclase, chlorite and opaques. (f) CPL, same view as in e.  



 

16 

4.5 Granitic orthogneiss 
 
The granitic orthogneiss is reddish and a moderate to 
strongly deformed rock with granitic composition, 
devoid of K-feldspar augen or megacrysts. 
 

4.5.1 Sample NMA11002 Recrystallized granitic 
gneiss 

Collected from the margin of the Torpa granite 
body, this sample is made up of plagioclase, K-
feldspar, quartz and biotite along with scattered 
accessory grains of garnet, zircon, allanite and opaques 
(Fig. 11a-d). Microcline is more abundant than in the 
augen gneiss. Quartz and feldspars are strain-free, 
forming a granoblastic texture, however with a slight  
preferred orientation; biotite defines foliation (Fig. 11a 
& b).  Late local alteration includes chlorite  
replacement of biotite, and growth of muscovite and 
saussurite in plagioclase.  

 
4.6 Heterogenous mylonitic gneiss 
 
Intensively layered and very fine-grained mylonitic 
gneiss with a thickness of 200 to 1200 meters is 
located in the middle of the study area, trending 

NNW-SSE and forming a low-elevated farm land area 
(Fig. 3). Mylonitic gneiss was also observed locally in 
association with grey orthogneiss and granitic gneiss 
(mapped as scattered mylonitic gneiss). The laminated 
rocks are made up of alternating felsic and mafic 
domains (Fig. 12a), based on field and thin section 
observation. Amphibolite layers parallel to the 
mylonitic gneiss foliation is common. The most 
common porphyroclasts are plagioclase, garnet and 
hornblende of variable size up to 20 cm (Fig. 12b). 
  
4.6.1 Sample NMA11018 Mylonitic gneiss 

A very fine- to medium-grained mafic mylonitic 
gneiss containing plagioclase, hornblende, quartz and 
some biotite along with accessory zircon and opaques 
(Fig. 13). Plagioclase grains are locally saussuritized. 
Hornblende (Fig. 13a & b) and a few grains of perthite 
(Fig. 13c & d) constitute porphyroclasts. Due to the 
abundance of mafic minerals, felsic banding is not 
apparent in the hand specimen, but in the thin section  
felsic domains of plagioclase and quartz are 
distinguishable. Dark minerals are oriented and form a 
foliation, whereas plagioclase and quartz are 
subgranoblastic. Hornblende is pleochroic green and 
brown, in places patchy in appearance (Fig. 13a-b). 

Fig. 11. (a)-(d) Photomicrograph of sample NMA11002, Granitic gneiss. (a) PPL, Plagioclase, orthoclase, microcline, 
perthite, biotite. (b) CPL, same view as in a. (c) PPL, The brown mineral is allanite. (d) CPL, same view as in c. 
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4.6.2 Sample NMA11019 Mylonitic gneiss 

The mylonitic gneiss consists of recrystallized ribbon 
quartz in a granoblastic matrix of equigranular fine-
grained plagioclase, subhedral hornblende and biotite. 
Hornblende with some scattered and resorbed garnet 
remnants form lens-shaped, slightly larger grains (Fig. 
14 a-b).  The foliation is defined by preferentially 
oriented mineral aggregates such as ribbon quartz, 
biotite and hornblende (14c & d). 

4.6.3 Sample NMA11052a Mylonitic gneiss 

The sample is a finely layered mylonitic gneiss 
composed of ribbon quartz in a matrix of granoblastic 
plagioclase, hornblende and small biotite (Fig. 15 a-f). 
Hornblende and biotite grains which in places occur as 
aggregates define the foliation along with quartz 
ribbons. Hornblende is pleochric in brown and green 
colors (Fig. 15c & d). Accessory minerals include 
zircon (Fig. 15e & f) and opaques. Saussuritization 

Fig. 12. (a) Fine-grained and intensely layered mylonitic gneiss, locality 19. The hammer (64 cm) marks the 
boundary between a mafic rock (below) and a felsic rock (above). (b) A large size porphyroclast of plagioclase in the 
mylonitic gneiss. Locality 49a. The compass length is 17 cm.  

Fig. 13. (a)-(d) Photomicrographs of mylonitic gneiss, sample NMA11018. (a) PPL, Dark and mesocratic bands 
composed of plagioclase, quartz, hornblende, biotite. (b) CPL, same view as in a. (c) PPL, Perthitic feldspar as 
porphyroclast surrounded by finer grained plagioclase and quartz. (d) CPL, same view as in c. 



 

18 

occurs locally in plagioclase. Biotite is altered to 
chlorite in places.  

 
4.6.4 Sample NMA11087 Mylonitic gneiss 

This sample is a mylonitic gneiss with up to 5 mm 
sized porphyroclasts of perthitic feldspar, garnet and 
hornblende in a fine-grained matrix of equigranular 
plagioclase, biotite, quartz and hornblende with 
granoblastic texture (Fig. 16a & b). The rock has a 
strongly laminated structure of alternating felsic and 
mafic mineral aggregates.  

 
4.6.5 Sample NMA11150 Mylonitic gneiss 

The rock is a fine-grained mylonitic gneiss with an 
intensely developed foliation defined by alternating 
felsic and mafic mineral aggregates and recrystallized 
quartz ribbons (Fig. 17a-e). The foliation wraps around 
strongly resorbed porphyroclasts of garnet up to 5 mm 
in size, and around one allanite porphyroclast c. 2 mm 
long. The foliation bands are made up of fine-grained 
biotite, plagioclase, quartz, hornblende. Sparse 
remnants of larger sized grains clinopyroxene and 
scapolite occur in the foliation bands (Fig. 17d & e). 

4.6.6 Sample NMA11155 Mylonitic gneiss 

This rock is a mylonitic gneiss of mafic to 
intermediate composition, which were collected within 
the migmatitic grey gneiss unit. It is composed of 
abundant garnet, clinopyroxene, antiperthitic 
plagioclase, hornblende and biotite (Fig. 18a-d). The 
dark minerals occur in thin elongated aggregates 
alternating with plagioclase aggregates and quartz 
ribbons. The minerals show no or very little internal 
strain but form subgranoblastic or irregular grain 
shapes. There are fine greenish minerals in the thin 
section possibly formed after scapolite alteration (Fig. 
18d & e). Elongated quartz show width: length ratio of 
c. 1:15 (Fig. 18b & c). Biotite occurs in elongated 
aggregates. 

 
4.7 Torpa-type mylonitic gneiss 
 
4.7.1 Sample NMA11054c Torpa-type mylonitic 

gneiss 

Taken from the marginal part of the Torpa granite- 
augen gneiss, the sample is made up of very fine 
grained quartz, plagioclase, K-feldspar (granoblastic 
crypto-perthite) and accessory grains of opaques, 

Fig. 14. (a)-(d) Photomicrographs of sample NMA11019. (a) PPL, Fine-grained quartz, plagioclase, biotite and 
hornblende, with some larger grains of hornblende. (b) CPL, same view as in a. (c) PPL, Elongated quartz ribbon 
surrounded by granoblastic plagioclase and biotite. (d) CPL, same view as in c.  
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garnet, zircon along with rare occurrences of 
hornblende and biotite. In the field, the rock is similar 
to the granitic gneiss due to its reddish color and 
intense foliation. Considering the presence of igneous 
perthitic orthoclase, which is typical for the Torpa 
granite, the rock, however, was interpreted as a 
mylonitic gneiss variety of the Torpa-type granite. The 
elongation of mineral aggregates suggests high strain: 
some quartz ribbons are elongated with width: length 
ratios of at least 1:20 (Fig. 19a & b). Plagioclase 
shows local saussuritization. Grain size reduction is 

notable where remnants of coarser perthite are 
surrounded by recrystallized plagioclase and quartz 
(Fig. 19c & d).  

 
4.8 Garnet-rich amphibolite 
 
Garnet-rich amphibolite is not shown as an individual 
unit on the map, since it occurs as small lenses within 
the other rocks (Torpa granite and migmatitic grey 
orthogneiss). Garnet is commonly surrounded by a 
fine-grained corona of plagioclase (Fig. 20a).  

Fig. 15. (a)-(f) Photomicrographs of mylonitic gneiss, sample NMA11052a. (a) PPL, Dark and light bands composed 
of different proportions of plagioclase, hornblende and biotite and conspicuous quartz ribbons. (b) CPL, same view as 
in a. (c) PPL, Plagioclase, quartz, hornblende and biotite. Hornblende is brown-green pleochroic. (d) CPL, same view 
as in c. (e) PPL, Granoblastic plagioclase with local saussuritization. Small zircon grain in the center of the photo. (f) 
CPL, same view as in e. 
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4.8.1 Sample NMA11055 Garnet-rich  

amphibolite 

This sample represents garnet-rich and migmatized 
amphibolite within the Torpa granite-augen gneiss. 
The rock is taken from a 15 × 20 m body and 
contains garnet, hornblende and plagioclase, with 
small amounts of clinopyroxene, quartz and titanite 
(Fig. 20b & c). Plagioclase occurs intergrown with 
garnet and hornblende in the matrix but also as fine-
grained intergrowths with opaques along the resorbed 
rims of garnet. Clinopyroxene is commonly anhedral, 
locally intergrown with plagioclase and partly 
replaced by hornblende. Weak saussuritization can be 
seen in plagioclase. 
 

 

 

 

 

 

Fig. 16. (a) Scanned thin section of sample NMA11087, 
Mylonitic gneiss showing strongly elongated and 
alternating felsic and mafic domains with resorbed 
porphyroclasts of garnet and hornblende. (b) 
Photomicrograph of the same sample, CPL, Hornblende 
and garnet megacrysts in a fine-grained matrix of 
plagioclase, biotite, quartz and hornblende.  
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Fig. 17. (a) Scanned thin section of sample NMA11150, garnet rich mylonitic gneiss. (b)-(e) Photomicrographs of 
sample NMA11150, mylonitic gneiss (b) PPL, Two resorbed garnet megacrysts in a matrix of fine-grained 
plagioclase, biotite, hornblende and quartz. (c) CPL, same view as in b. (d) PPL, Clinopyroxene megacryst with 
plagioclase blebs surrounded by hornblende, plagioclase and scapolite. (e) CPL, same view as in d.  
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Fig. 18. (a) Scanned thin section of sample NMA11155. Mylonitic gneiss with a strong deformation fabric. (b)-(e) Photo-
micrographs of the same sample (b) PPL, Plagioclase, garnet, clinopyroxene, quartz, biotite and hornblende. (c) CPL, 
same view as in b. (d) PPL, Scapolite aggregate with fine-grained alteration by chlorite. (d)  CPL, same view as in d. 
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Fig. 19. (a)-(d) Photomicrograph of sample NMA11054c, Torpa-type mylonitic gneiss. (a) PPL, Quartz, plagioclase, 
K-feldspar with accessory grains of opaques, garnet, zircon and rare hornblende and biotite. (b) CPL, same view as 
in a. (c) PPL, Perthite megacryst surrounded by recrystallized plagioclase and quartz. (d) CPL, same view as in c. 

Fig. 20. (a) Garnet-rich amphibolite lens in Torpe granite-augen gneiss, locality 55. Note plagioclase 
coronas around garnet. (b)-(c) Photomicrographs of the same sample (b) PPL, Garnet, clinopyroxene, 
hornblende and plagioclase. (c) CPL, same view as in b. 
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Fig. 21. (a) Foliation in the mylonitic gneiss, locality 92. (b) Foliation in mylonitic gneiss, locality 83. (c) Stretching 
lineation defined by quartz and feldspar ribbons, locality 19. (d) Stretching lineation defined by aggregates of recrystal-
lised K-feldspar, locality 39. (e) Boudinaged leucosome of quartz, k-feldspar and plagioclase aggregates in a vertical S-
facing outcrop in reddish grey gneiss, locality 137. Pencil length is 16 cm.  

5 Structure  
 
5.1 Structural map  
 
As described in chapter 3, the study area is character-
ized by strong deformation (Fig. 22). Competency 
contrasts of the different rocks have resulted in a varie-
ty of strain state and a heterogenous structural pattern.  
 The most competent rock is the porphyritic 
Torpa granite, which forms two lens-shaped NNW-
SSE-striking bodies in the northernmost and central 
parts of the mapped area. As previously described by 

Ekdahl (2001), the granite is better preserved in the 
central parts of the lenses but increasingly foliated 
towards the margins. The lenses of Torpa granite-
augen gneiss are wrapped by grey orthogneiss and 
granitic gneiss. Migmatitic grey orthogneiss demon-
strates high-grade metamorphism and strong defor-
mation, resulting in extensive migmatization and tight 
to isoclinal folding. The granitic gneiss has been less 
competent than the Torpa granite. Accordingly, the 
shape of the Torpa bodies has locally controlled the 
orientation of the surrounding granitic gneiss foliation 
particularly in the western contact between Torpa and 
granitic gneiss (Fig. 22).  

W  E 

W E E  W 
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Fig. 22. Structural map showing strike lines and representative orientations of the foliation and lineation along with Lambert 
equal area stereonet plots of (a) foliations (poles to planes) and (b) stretching lineations. The red triangle represents the mean 
of measured lineations (099/28). 
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Fig.  23. Cross-sections (locations in Fig. 22). The numbers represent apparent dips of the foliations. Scale 1:20000. 
Vertical scale was exagerrated to better identify the structural features. 

 Amongst all rock types, both varieties of mylo-
nitic gneiss (chapter 3) show the most intensive folia-
tion. The heterogeneous mylonitic gneiss extends 
throughout the map area (7 km) with a thickness of 
200 to 1200 meters. The strain is reflected in recrystal-
lization of all previous minerals, except single porphy-
roclasts. In a narrow domain in the eastern part, where 
two lens-shaped bodies of the Torpa granite connect, 
Torpa-type mylonitic gneiss is situated. It differs from 
the heterogenous mylonitic gneiss in terms of its gra-
nitic composition and the presence of porphyroclasts 
of perthitic orthoclase, which is common in the Torpa 
granite (Fig. 22).  
 
5.2 Foliations 
 
Gneissic foliation and parallel gneissic layering make 
a penetrative planar fabric. Compositional banding of 
dark mafic (locally amphibolite bands) and light felsic 
phases is common (Figs. 4a, 21a & b, 27c, e, f). Folia-
tions generally strike N-S to NNW-SSE (cp. also the 
airborne magnetic map, Fig. 2), and dip moderately 
towards the east or northeast. There are also minor 
ESE-WNW striking foliation dipping towards north or 
northeast (Figs. 22 & 23). In the cross-sections (Fig. 
23), apparent dip is shown where the strike of the foli-

ation is not perpendicular to the section. In some local-
ities, the foliation was folded into isoclinal folds (Fig. 
28b-c, 29a-c).  

 
5.3 Lineations 
 
Stretching lineations are commonly polycrystalline 
aggregates of quartz or K-feldspar (Fig. 21c & d). 
They generally trend E-W (in the range between 78˚ to 
128˚) and with the exception of two west plunging 
measurements in the Torpa granite (location 49c & 
74), all lineations are east-plunging (Fig. 22). In the 
reddish grey orthogneiss, a E-W trending leucosome 
composed of quartz, K-feldspar and plagioclase aggre-
gates is boudinaged, coincident with the trend of linea-
tions (Fig. 21e). 

 
5.4 Shear sense indicators 
 
Indications of shear was observed in both map and 
outcrop scales. In the map scale, the pinched out Torpa 
granite body extends from NNW to SSE parallel to the 
Svarten zone. In outcrop scale, shear structures include 
displaced foliations, sheared and dissected folds, sig-
ma and delta clasts and asymmetric amphibolite lenses 
(Figs. 24, 25, 26 & 27). Shear sense indicators were 
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Fig. 24. Structural map showing fold axes, shear sense and apparent relative movement along N-S vertical sections along with 
plot of fold axes: orange = intrafolial isoclinal folds, green = upright gentle-open folds. Marked are also dips of foliations and 
plunge of lineations.  
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Fig. 25. (a) and (c) Shear planes in the Torpa granite 
showing top-to-the-SSE relative movement in west-facing 
outcrops involving dilated quartz minerals, locality 2. (b) 
and (d) Schematic drawing of photos a and c. Orange = 
Torpa granite, red = red stained Torpa granite, grey = 
quartz. The hammer length is 64 cm. (e) Shear plane in the 
grey orthogneiss filled by coarse-grained granitic minerals 
which displaced WNW-ESE trending foliations showing 
top-to-the-SE relative movement, locality 40b. 

marked where a surface was investigated parallel to 
the stretching lineation and perpendicular to the folia-
tion. Structures indicating shear, but which were ob-
served in sections at a high angle to the lineation, were 
marked as “relative movement” in Fig. 24. Winged 
porphyroclasts, augen and S-C fabric used to deter-
mine shear sense or relative movement include garnet, 
K-feldspar, quartz and plagioclase (Figs. 26 & 27).  
 In the margin of the Torpa body, in the north-
west (Fig. 3), two outcrops situated 4 m apart expose 
displaced foliations along sub-horizontal shear planes 
indicating top-to-the-SSE relative movement (Fig. 
25a-d). The shear planes filled by coarse-grained gra-
nitic minerals, one is strongly reddish stained, and 
both localities hosts coarse grained quartz. The shear 
planes are probably late, syn- or post-kinematic struc-
tures  (Fig. 25a & b).  
 A moderately north dipping shear plane, which 
caused deflection of WNW-ESE foliations in the 
mylonitic gneiss, with top-to-the-SSE sense of shear 
was also found. The shear plane was filled by coarse-
grained granitic material and interpreted as a late, syn- 
or post-kinematic feature (Fig. 25e). 
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Fig. 26. (a) Garnet porphyroclast in the mylonitic gneiss 
showing top-to-the-S relative movement in a vertical W-
facing outcrop, locality 49b (b) Sigma structure developed 
on K-feldspar (above) and plagioclase (below) augens with 
tails of recrystallized material showing top-to-the-SE sense 
of shear in a SW-facing outcrop in reddish grey gneiss, 
locality 110. (c) Delta structure of plagioclase 
porphyroclast in a vertical SW-facing outcrop in the grey 
orthogneiss showing top-to-the-SE sense of shear, locality 
68a (d) Delta structure of K-feldspar porphyroclast in a 
vertical SW-facing outcrop in the grey orthogneiss 
showing top-to-the-SE sense of shear,  locality 68b. (e) 
Amphibolite lenses in the grey orthogneiss showing top-to
-the-SE. sense of shear in a vertical WNW-facing outcrop, 
locality 68a. Hammer length is 64 cm. 

5.5 Folds 
 
Folds are prevalent in the migmatitic grey orthogneiss 
and were locally found in the other rock units. Some of 
the folds in the migmatitic gneisses are moderately 
non-cylindrical (Fig. 28a) while folds found in the 
Torpa granite and the mylonitic gneiss are cylindrical.  
 Two main types of folds were observed in the 
study area. The older ones are tight to isoclinal 
intrafolial folds, often with shallow-dipping axial 
surface, and associated with an ESE-plunging 
stretching lineation (Fig. 28b-d). Isoclinal folds are 
found with maximum length of 20 meters in the field. 
Recumbent chevron-type folds were observed in the 
mylonitic gneiss and, commonly, in the migmatitic 
gneiss (Fig. 29). Parasitic folds are very common in 
association with the isoclinal and chevron folds (Fig. 
29a & b). In places, elongated mineral aggregates can 
be seen in isoclinal fold hinges (Fig. 28e). The younger 
folds are open to gentle and upright with sub-vertical 
axial planes and generally sub-horizontal NNE-SSW 
trending fold axes in scales from 1 to 20 m (Figs. 24 & 
28g); minor gentle folds occur with ESE-plunging axes 
(Fig. 28f). 
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Fig. 27. (a) & (b) S-C-type fabric in a vertical NW-facing outcrop in the augen gneiss showing top-to-the-north relative 
movement, locality 44b (c) Sigma structure of plagioclase porphyroclast in a vertical SW-facing outcrop in the migmatitic 
grey gneiss showing top-to-the-NW relative movement, locality 41b. Pencil length is 17cm. (d) Sigma structure of quartz, K-
feldspar and plagioclase aggregates in a vertical SW-facing outcrop in the grey orthogneiss showing top-to-the-NW relative 
movement, locality 91. The head of hammer length is 15 cm. (e) Tilted and rotated porphyroclast of garnet in a vertical SW-
facing outcrop in the grey orthogneiss showing top-to-the-NW relative movement, locality 87. (f) Porphyroclasts of 
plagioclase and K-feldspar wrapped by the garnet-rich grey orthogneiss in a vertical SW-facing outcrop showing top-to-the-
NW relative movement, locality 95. The head of hammer length is 15 cm. 
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Fig. 28. (a) Noncylindrical fold in migmatitic grey gneiss, 
west-facing outcrop, locality 35. (b) Isoclinal fold in the 
grey orthogneiss, locality 91. The hammer length is 64 
cm. (c) Isoclinal fold in the mylonitic gneiss, locality 31c. 
(d) Different generation of folds in a vertical W-facing 
outcrop. Dashed line shows an early isoclinal fold, 
locality 30. The length of hammer is 64 cm (e) Folded 
quartz ribbons (f) Gentle late fold. The pencil shows the 
orientation of the stretching lineation. (g) Gentle fold in 
the grey orthogneiss in a vertical SSW-facing outcrop, 
locality 34. 



 

32 

Fig. 29. Chevron folds developed in migmatite (a) A vertical E-facing outcrop in migmatitic grey gneiss with 
amphibolites lenses, locality 10. (b) A vertical E-facing outcrop in migmatitic grey gneiss, locality 16b. (c) A vertical 
WSW-facing outcrop in mylonitic gneiss showing shear plane associated with the development of a chevron fold, 
locality 18. The hammer and pen lengths are 64 cm and 16 cm, respectively. 
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Fig. 30. The western limb of a gentle upright synform in a WNW-facing outcrop of Torpa type gneiss showing 
shearing in the lower part of the limb. The red dashed line represents the upper limit of the shear plane, locality 45b.  

 

Fig. 31. (a) Elongated mineral aggregates (axial plane foliation) in a fold hinge in intermediate grey gneiss. The 
aggregates are composed of plagioclase, K-feldspar and quartz, locality 91. (b) Amphibolite lens in migmatitic body 
wrapped by grey gneiss, locality 90. Length of the hammer is 64 cm. 

Fig. 32. (a) Stromatic migmatie with amphibolite lens in the grey orthogneiss, locality 41. (b) Folded migmatitic reddish 
grey orthogneiss, locality 16a. 
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 A NNE-SSW trending upright synform (wave-
length ca. 6 m) is defined by gneissic and migmatitic 
layering in Torpa gneiss (Fig. 30). A braided and 
heterogeneous gneissic foliation has developed in the 
lower part of the left limb in response to late stage 
shear.  
 In a WSW-facing sub-vertical outcrop in the 
mylonitic gneiss body, a shear plane was found with 
local top-to-the-SSE relative movement (Fig. 29c). 
The mesosome is dominated by amphibole while thin 
and white wavy-form folded ribbons of quartz and 
plagioclase constitute the leucosome. It appears that 
the chevron fold were formed in association with the 
shear plane development. But there is also a 
probability that the chevron fold was transected by a 
late phase of shear which displaced the foliations 
across the sub-horizontal plane.  
 
5.6 Evidence of high strain  
 
Field observation and thin sections demonstrate that 
the rocks were strongly strained under high-
temperature conditions, corresponding to amphibolite, 
upper amphibolite and, locally, granulite facies. The 
Torpa type granite-gneiss, the migmatitic or-
thogneisses and the mylonitic gneisses are strained 
with varying degrees. High strain is also evidenced by 
the presence of isoclinal and locally chevron folds 
especially in migmatitic gneiss and mylonitic gneiss. 
Furthermore, the occurrence of aggregate stretching 
lineations, particularly in the fold hinges (Figs. 28e & 
31a), and tilted and rotated porphyroclasts (Fig. 27e) 
are small scale indicators of high strain. 
 
5.7 Migmatization 
 
Migmatization is common in the area, especially east 
of the heterogeneous mylonitic gneiss unit (Fig. 3). 
There the gneisses are stromatic migmatite with ca. 
30-40% leucosome (Fig. 32a). Folded migmatitic 
structures are common particularly in the grey 
orthogneiss east of the heterogeneous mylonitic gneiss 
unit (Fig. 32b). 

 
5.8 Grain size reduction 
 
Grain size reduction occurred by recrystallization 
during high temperature. The effect of grain size 
reduction is shown by rigid porphyroclasts surrounded 
by a very fine recrystallized matrix (e.g. Figs. 19c-d & 
26d).  

 
 
 
 
 
 
 
 

6 Geochronology 
 
6.1 Sample descriptions and results 
 
Hornblende grains separated from nine hand 
specimens (localities are shown in Figure 24) were 
analyzed. The main purpose of Geochronology study 
was to date cooling time of hornblende through 
500°C-550°C. Sample descriptions were given in more 
detail in chapter 4 where thin sections are explained. 
Most of the extracted hornblende minerals were fine-
grained, 0.25 to 0.5 mm in size, but 0.5-1.0 mm frac-
tions were also dated for a couple of the samples. 
Where the size of the fragments is not mentioned, the 
smaller size was considered. The isotopic results were 
presented in the appendix I and a series of spectrum 
graphs (Figs. 33-36) which represent step ages versus 
the cumulative % 39Ar released. Rock sample descrip-
tions and the results were also summarized in Table 2. 

 
6.1.1 Reddish grey orthogneiss 

6.1.1.1  Sample NMA11016a 

The rock is sampled from a migmatitic reddish grey 
orthogneiss in the northeast of the area. The flat 
spectrum diagrams of over 80% of 39Ar released, gave 
plateau ages of 919.9 ± 1.4 Ma and 923.2 ± 1 Ma 
obtained from 0.25-0.5 mm fractions and 926.7 ± 1.7 
Ma and 925 ± 1.7 Ma obtained from 0.5-1.0 mm frag-
ments (Fig. 33a-d).  

 
6.1.1.2  Sample NMA11125 

This sample is a grey orthogneiss characterized by 
intermediate composition which constitutes mesosome 
of the reddish grey orthogneiss. It is collected within a 
lithologic contact of the mylonitic gneiss. The spectra 
diagrams yielded ages of 927.6 ± 1.6 Ma and 928.4 ± 
1.9 Ma, corresponding to about 50% of 39Ar released 
(Fig. 33e-f).  

 
6.1.2 Mylonitic gneiss 

6.1.2.1  Sample NMA11018 

The hand specimen was sampled within the mylonitic 
gneiss body about 5 m apart of a ~N-S shear plane in 
association with a chevron fold (Fig. 29c). The 
40Ar/39Ar step-heating spectrum diagrams, 
corrosponding to 70-80% of the total 39Ar released, 
yielded plateaus ages of 932.2 ± 1.6 Ma and 930.3 ± 
1.4 Ma (Fig. 34a-b).  

 
6.1.2.2  Sample NMA11019 

The hornblende-bearing sample was taken from the 
mylonitic gneiss c. 100 m northeast of the sample 
NMA11018. The flat spectra diagrams manifesting 
around 80% of 39Ar released, gave ages of 917.5 ± 1.7 
Ma and 919 ± 2 Ma for the rock (Fig. 34c-d). 
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Fig. 33. 40Ar/39Ar release spectra of reddish grey orthogneiss. The color background in Fig. 33-36 corresponds to that of the 
rock units in the Geological map (Fig. 3). 
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Fig. 34. 40Ar/39Ar release spectra of mylonitic gneiss. 
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Fig. 34. 40Ar/39Ar release spectra of mylonitic gneiss (continued). 

6.1.2.3  Sample NMA11052 

The hornblende-bearing rock was sampled from the 
middle part of the mylonitic gneiss body yielded ages 
of 920 ± 4 Ma and 927 ± 3 Ma inferred from slightly 
irregular spectra diagrams showing more than 90% of 
released 39Ar (Fig. 34e-f). 

 
6.1.2.4  Sample NMA11087 

This sample was collected from a small mylonitic 
gneiss body in contact with the Torpa granite at its 
southern end. Ages of 930 ± 1.3 Ma and 930 ± 2 Ma 
were achieved from the spectra plateaus (Fig. 34g-h). 
50-70% of 39Ar was released during the heating steps.  

 
6.1.2.5  Sample NMA11150 

The rock was sampled from the mylonitic gneiss in 
contact with the grey orthogneiss in the most southern 
part of the area. The roughly erratic spectra plateaus 
gave ages of 935 ± 3 Ma and 934 ± 7 Ma, 
corrosponding to less than 50% released 39Ar (Fig. 
34i-j).  

6.1.3 Strongly deformed augen gneiss 

6.1.3.1  Sample NMA11001 

The hornblende-bearing sample corresponds to the 
strongly deformed augen in the margin of the Torpa 
granite massif. No plateau ages yielded from one of 
the graphs representing very erratic spectra, while the 
other graph gave age of 926 ± 1.6 Ma showing about 
40% released gas (Fig. 35a-b).  
 

6.1.4 Retro-eclogite 

6.1.4.1  Sample NMA11029 

The sample was taken from a 30 m2 retroeclogite body 
associated with the heterogenous mylonitic gneiss. The 
plateau ages yielded from the 40Ar/39Ar step-heating 
spectrum (fractions of 0.5-1.0 mm in size) is 957.8 ± 
1.3 Ma (Fig. 36b), while ages of 954.7 ± 1.6 Ma and 
953.3 ± 1.5 Ma were achieved from the smaller frac-
tions (Fig. 36c-d). 80-100% of 39Ar was released dur-
ing the heating steps. One of the step-heating graphs 
representing no plateau age was ignored (Fig. 36a). 
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Fig. 35. 40Ar/39Ar release spectra of augen gneiss 

Fig. 36. 40Ar/39Ar release spectra of retro-eclogite. 
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7 Interpretations 
 
7.1 Metamorphism 
 
7.1.1 Metamorphic assemblages 

The mineral assemblages and textures described in 
previous sections allow identification of the following 
metamorphic assemblages:  

 
7.1.1.1 Eclogite facies 
Presence of remnant clinopyroxene with expelled 
plagioclase (former omphacite; Möller 1998, 1999) 
and garnet reveals a previous eclogite facies 
assemblage in the retroeclogite. Kyanite in hand 
specimens and sapphirine symplectite after kyanite in 
the thin section also confirm the occurrence of eclogite 

facies. High pressures result in the breakdown of 
plagioclase and formation of sodic clinopyroxene. 
Matrix plagioclase is a secondary phase formed during 
decompression.  

 
7.1.1.2 High-pressure granulite to amphibolite 

facies  
Some samples (mylonitic gneisses and garnet-
amphibolite) were recrystallized under granulite facies 
conditions. The mylonitic gneisses formed mineral 
assemblages consisting of clinopyroxene, garnet, 
plagioclase, biotite, hornblende, scapolite and quartz. 
Garnet and clinopyroxene are however generally 
absent in the felsic rocks. The garnet-amphibolite also 
has mineral assemblages composed of garnet, 
hornblende, plagioclase, clinopyroxene and quartz. 

 

Table. 2. Analyzed hornblende samples for 40Ar/39Ar dating. The ages were rounded for simplicity. The color background in 
Figs. 33-36 corresponds to that of the rock units in the map (Fig. 3).  
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are not in equilibrium with the lower-pressure assem-
blage of hornblende and biotite. Clinopyroxene rem-
nants are present in retroeclogite, garnet-amphibolite 
and mylonitic gneiss. They are intergrown with ex-
pelled plagioclase, which reveal decompression and 
re-equilibration stage of metamorphism. Clinopyrox-
ene was also partially replaced in several samples by 
secondary hornblende crystals. Breakdown of garnet 
producing fine plagioclase, hornblende and biotite and 
also the corona texture of plagioclase around garnet 
indicate that metamorphism has taken place through 
retrogression stage. Calcium required for plagioclase 
production is provided by releasing Ca2+ ions in the 
breakdown of grossular. Replacement of kyanite as a 
high-pressure mineral by symplectite of sapphirine 
also verifies metamorphism under granulite facies 
(Ackermand et al. 1975, Möller 1998, 1999) which 
later continued through upper amphibolite facies. 
Scapolite grains were also produced under granulite 
facies in high temperature conditions which are 
brought upwards during exhumation. Moecher and 
Essene (1991) assert that scapolite production takes 
place in the lower crust conditions where CO2- and 
sulfate-rich fluids are available. Goldsmith and New-
ton (1977), also state the necessity of the lower crust 
conditions for the occurrence of scapolite and consider 
it as high temperature mineral.  
 

7.2 Structure  
 
7.2.1 Heterogenous deformation 

Heterogenous deformation is characterized in the 
study area by several indicators which are:  
 Difference in competency (e.g. competent 

Torpa granite versus the mylonitic gneiss) 
 Wrapped porphyroclasts of garnet and feldspars 

in orthogneisses (e.g. Fig. 27f). 
 Abundance of amphibolite lenses in the 

migmatitic units wrapped by orthogneiss (Fig. 
31b). 

 

7.2.2 Strain 

A prominent NNW-SSE- trending foliation is evident 
in the area, along with a minor ESE-WNW- trending 
foliation. According to the map (Fig. 22), the gneissic 
foliations, locally, show bending structures which 
would imply that both trends of the foliations belong 
to the same generation but underwent a subsequent 
folding phase. A larger overview of the area in the 
airborne magnetic map also illustrates a bending form 
of similar trending foliation in a scale of tens of kilo-
meters (Fig. 37). At least four bending sub-parallel 
structures are distinguishable, which get close to one 
another in the northwest, near the Mylonite Zone (Fig. 
37). This would imply that geological structures are 
fractal in nature, thus, the outcrop scale structures rep-
resent the regional scale structures and what you see in 

7.1.1.3 Amphibolite facies 
The occurrence of amphibolite facies is often found 
with migmatization of the grey and reddish grey 
orthogneiss by the presence of hornblende and 
plagioclase with lesser amounts of quartz and biotite 
and also accessory chlorite and epidote in the mineral 
assemblage. 
 
7.1.1.4 Greenschist facies 
Greenschist facies minerals likely formed as local 
alteration of the higher grade mineral assemblages 
during later erosion at low pressures and temperatures. 
Saussuritization is prevalent but not pervasive, giving 
the plagioclase grains a dusty appearance in all the 
rock types. The chloritization of biotite along with 
epidotization is also common. The presence of allanite 
-epidote group- is also indicative of low-grade fluid 
presence.  
 

7.1.2 Evidences of high strain in microscale 

The formation of myrmekite in the grey orthogneiss is 
associated with migmatization under amphibolite 
facies conditions and recrystallization of the felsic 
domains. Myrmekite is a secondary texture of quartz 
intergrowth in plagioclase which forms under a high 
tectonic strain typically in granites and metamorphic 
gneisses with a composition similar to granite. SiO2 
releases while plagioclase replaces the K-feldspar and 
vermicular quartz is produced (Winter 2010). High 
strain has also resulted in orthoclase to microcline 
recrystallization in the augen gneiss, which 
significantly increase in the Torpa-type granitic gneiss 
as a cosequence of strain (cp. Fig. 8c-f with 11a-b). In 
addition perthite was also produced from the 
exsolution of plagioclase in K-feldspar in response to 
high strain in the augen gneiss. High strain also 
created strongly elongated mineral and/or mineral 
aggregates in particular, quartz. 
 
7.1.3 Partial melting 

The stromatic migmatitic gneiss is characterized by 
coarse-grained felsic leucosomes parallel to the 
gneissic foliation reflecting a strong deformation 
phase. Leucosome containing plagioclase, K-feldspar 
and quartz devoid of anhydrous minerals indicate the 
presence of water-saturated melting (Vernon and Clark 
2008). The higher degree of migmatization and partial 
melting in the easternmost investigated area (Fig. 3), 
may imply the presence of more water at the time of 
metamorphism, than the other parts. There is also a 
probability that the eastern part was closer to the  
source of heat responsible for migmatization. 
 

7.1.4 Exhumation and uplift  

Evidences of retrograde metamorphism are reflected in 
amphibolitization of granulite and eclogite facies as-
semblages. The textural features of high-pressure as-
semblage like remnants of clinopyroxene and garnet 



 

41 

regional scale is also reflected in meso- and micro-
scale. However, no systematic fold axis pattern can be 
deduced from foliations to verify that all foliation were 
generated by the same strain regime. The most out-
standing curving structure is visible around the Torpa 
granite (Fig. 22), similar to the foliations mapped by 
Ekdahl (2001) in the northwest of the study area. This 
gneissic foliation is more due to the highly competent 
granite body than to a later fold phase. 
 Since only a couple of the kinematic indicators 
were observed parallel to the mineral stretching linea-
tions, a certain sense of shear is not easy to determine. 
Top-to-the-ESE sense of shear were observed parallel 
to the E-plunging mineral stretching lineations similar 
to Ekdahl (2001) and Dyck (2011) observations in the 
northwest and farther southeast of the area. Relative 
movements of the clasts, however, reveal two opposed 
movement direction (Fig. 24). The possibility that the-
se movements are resulted from two different strain 
phases is not easy to realize.  
 There are two possible scenarios that can 
explain deformational history of the area. In the first 
scenario, ESE-WNW foliation is older than NNW-
SSE-trending foliation. Although these two foliation 
sets are not observed to intersect, several features 
manifest that the former is deflected by NNW-SSE 
structures. In three outcrops, late and coarse-grained 
granitic melts crystallized along sub-horizontal 
(locality 2) and gently north-dipping (locality 40b) ~ 

N-S shear planes (Figs. 25). An assumption is, an E-W 
extension component was occurred resulted in the 
development of upright and symmetric ESE-WNW 
generation of folds simultaneously with the onset of 
regional migmatization. The area must be later, 
influenced by an intense shear phase which 
consequently formed E-plunging intrafolial isoclinal 
folds and parallel mineral stretching lineation. A 
second NNW-SSE phase of shear displaced the ESE-
WNW foliation along the sub-horizontal or moderately 
north-dipping shear planes (Figs. 25 & 29c).  
 The second scenario is that following the onset 
of regional migmatization, E-plunging mineral 
stretching lineations were formed simultaneously with 
~N-S shearing, resulted in the progression of isoclinal 
folds. The trends of mineral stretching lineation and 
shear direction are assumed to be parallel in high strain 
shear zones (Passchier and Trouw 1996). 
Nevertheless, these two are not necessarily exactly 
parallel to one another, but lineation is associated with 
the finite strain and cannot be parallel to motion 
especially when a non-axial deformation is present 
(Lin et al. 2007; Ridley 1986; Burg, 1999), similar to 
our study area in which shear sense indicators are not 
parallel to the E-plunging mineral stretching 
lineations. In this scenario, deflection of pre-existing 
ESE-WNW foliation (Fig. 25, 29c) is assumed 
synchronized by isoclinal folds formation and the 
related shear phase. 

Fig. 37. Airborne magnetic map 
of the Varberg - Ullared area 
(source SGU), illustrating 
bending structure (denoted by 
dashed lines) in the regional 
scale.  The yellow dashed line 
represent a major fault. The 
yellow rectangular shows the 
study area. MZ = Mylonite Zone.  
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 Irrespective of which scenario is correct, one 
late phase of shear must have taken place. Open and 
upright NNE-SSW- trending fold in the Torpa-type 
gneiss (Fig. 30) which is younger than isoclinal gener-
ation of folds (Ekdahl 2001, Möller et al. 2007, Tual et 
al. 2012) has a sheared limb. The late shear phase is 
parallel to the NNW-SSE structures of the Svarten 
Zone. There is also a possibility that the open fold is 
affected by conjugate shear. In spite of the absence of 
an exposure displaying conjugate shear zone, two par-
allel outcrops in Torpa type gneiss-augen gneiss, c. 50 
m apart, show shear planes dipping ~ 35° in opposite 
directions (Fig. 38). S-C fabric indicates a top-to-the-
north sense of shear in the southern outcrop (Fig. 38b). 
An occurrence of a conjugate shear system, thus, 
would be probable providing that the northern outcrop 
(Fig. 38a) has a top-to-the-south sense of shear, but 
there is no evidence to support it. It can be a young 
deformation developed by ~ N-S and ~ E-W exten-
sions and a vertical compression component (Fig. 
38c). 

 
7.3 Geochronology 
 
7.3.1 Principles of the 40Ar/39Ar  dating method 

Potassium is one of the most abundant elements in the 
crust occurring in three isotopes. All the K-bearing 
minerals contain a portion of 40K isotope which decays 
to 40Ar with a half life of 1.25 Ga (McDougall and 
Harrison 1999). Ar atoms generated as a consequence 
of radiogenic decay immediately escape from the min-
eral structure at high temperatures. Once the tempera-

ture falls below the closure temperature, the mineral 
begins to accumulate Ar. 40Ar/39Ar geochronology 
method, hence, does not yield time of a mineral pro-
duction, but the time elapsed since the mineral reaches 
to its closure temperature (Faure 1986) and start to 
preserve 40Ar.  
  
7.3.2 Excess Ar 

“Excess Ar” is that portion of 40Ar except of atmos-
pheric 40Ar which incorporates into a K-bearing miner-
al  by any process other than in situ radioactive decay 
of 40K (McDougall and Harrison 1999). An assump-
tion in 40Ar/39Ar dating method is the absence of any 
non-atmospheric 40Ar in a given mineral while the 
system is still open (Dodson 1973). A pre-existing 
component of 40Ar will cause the obtained age to be 
too old. A necessity for “zero radiogenic Ar assump-
tion” defined by Baxter et al. (2002) is an immediate 
emission of radiogenic 40Ar from a given mineral and 
its nearby surrounding before the temperature drops to 
the mineral closure temperature.  
 Baxter (2003) presented a model to illustrate 
potential internal and external sinks for 40Ar (Fig. 39). 
The product Ar may diffuse out of the K-bearing 
mineral (or even return back into the source mineral) 
and into the local intergranular transporting medium 
(ITM). ITM can be a wet or dry networks of grain 
boundaries. Matrix mineral, grain boundaries and fluid 
phases are essential factors in terms of providing a 
local sink to accumulate some portions of the 40Ar 
which may back to the mineral composition (Fig. 39). 
Accordingly, any rock unit owning high volume of 

Fig. 38. (a)-(b) Probable conjugate shear in Torpa 
type gneiss. The outcrops were described in more 
detail in chapter 6. (cp. Fig. 30 & 27a). (c) A 
schematic sketch displaying a conjugate shear 
system.  
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local sink contains fairly little excess Ar in the mineral 
of interest. The efficiency of local sinks depends on 
their diffusive closure characterizations, Ar partition 
coefficients and relative modes. Quartz is an efficient 
sink of Ar in the K-bearing rocks due to its strong 
partitioning (Baxter et al. 2002; Baxter 2003). 
Consequently, more felsic rocks are expected to have 
less excess Ar in their K-bearing minerals.  
 Furthermore, the amounts of excess Ar will be 
lower when the produced Ar more quickly escape 
from the mineral to an external sink (e.g. Atmosphere) 
(Baxter 2002; Baxter et al. 2003). Fluids have an 
essential role in terms of acceleration of Ar diffusion. 
The high incompatibility behavior of Ar allows it to 
escape from the source mineral into grain boundary 
fluids in metamorphic rocks, which accordingly makes 
the fluids an effective reservoir for Ar (Kelley 2002).  
 Conversely, the transmission of Ar in a fluid-
poor system is only a few centimeters over millions of 
years, which is not an ideal system to diffuse Ar out of 
the source mineral (Scaillet 1996). Baxter et al. (2002) 
also state that ITM cannot be efficient if it constitute a 
tiny fraction of the rock. According to Kelley (2002), 
the grain boundary fluid phase in dry systems such as 
eclogites and granulites may be as little as a layer of 
OH- molecules at the grain boundaries. Scaillet (1996) 
also asserts that an excess Ar component will remain 
in the source mineral from the initial closure 
temperature of the former high-pressure conditions.  
 
7.3.3 Hornblende cooling age in Källsjö  

In this study, hornblende grains were dated in order to 
obtain cooling age through 500°C (Dahl 1996) -550°C 
(Harrisson 1981) associated with the unroofing history 
and exhumation of eclogite-bearing section of the Ul-
lared Deformation Zone. The obtained plateau ages 
range from 935 Ma to 917 Ma (Fig. 33-35) with the 
exception of retro-eclogite spectra giving the ages of 
about 953-958 Ma (Fig. 36).  

 Sample 16a, a reddish grey orthogneiss, with 
hornblende fractions of 0.25-0.5 mm in size, yielded 
plateau ages of 919.9 ± 1.4 Ma to 923.2 ± 1 Ma. The 
coarser fractions of hornblende resulted in, however, 
slightly older ages of 926.7 ± 1.7 Ma and 925 ± 1.7 
Ma. This difference could reflect a difference in 
cooling age with the grain size. All the related 
diagrams represent flat spectra, corresponding to a 
sufficient amounts of 39Ar released (82-95%). 
Hornblende grains were well-separated with no 
contamination with the other minerals. According to 
the above mentioned factors (Sec. 7.3.2), the obtained 
ages (920-927 Ma) from sample 16a would be the 
most convincing plateau ages, in terms of consisting 
high amount of quartz and also benefiting from 
recrystallization under fluid-rich system of 
amphibolite with no evidence of high-pressure 
metamorphism. Hornblende minerals in the sample 
125, also were recrystallized in a condition similar to 
the sample 16a gave convincing ages of 927.6 ± 1.6 
Ma and 928.4 ± 1.9 Ma, which are, however, based on 
about 50% released Ar. 
 Hornblende fractions belong to the mylonitic 
gneiss were all fine-grained (0.25-0.5 mm) and yielded 
plateau ages range between c. 917 Ma and 935 Ma. 
Sample 18 gave ages of 932.2 ± 1.6 Ma and 930.3 ± 
1.4 Ma, corresponding to 68-78 % of Ar released. The 
slightly older ages in comparison with the most con-
vincing ages (sample 16a), might be due to less 
amount of quartz to act as a local sink in the rock (Fig. 
13). Sample 19 containing of hornblende occurring as 
aggregates with biotite, yielded ages of 917.5 ± 1.7 Ma 
and 919 ± 2 Ma. The presence of biotite along with 
separated hornblende could cause to obtain young age 
of 917 Ma (cp. thin sections, Fig. 14a-b) due to the 
difference in closure temperature of biotite (c. 300°C) 
(Harrison et al. 1985) compared to 500°C-550°C for 
hornblende. Ages of 920 ± 4 Ma and 927 ± 3 Ma were 
also achieved from sample 52a. Although the horn-
blende fractions suffered from poor separation in terms 

Fig. 39. Schematic model of poten-
tial sinks for 40Ar. K-bearing source 
mineral in association with the inter-
nal (e.g. matrix minerals and inter-
granular transporting medium) and 
external sinks (modified after Baxter 
2003).  
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of occurring with the other minerals, the ages are inter-
preted as convincing cooling age in order to be a felsic 
rock recrystallized under a fluid-rich metamorphic 
facies with no sign of high-pressure metamorphism. 
Sample 87 gave the plateau age of about 930 Ma to 
932 Ma. According to the thin section (Fig. 16), evi-
dences of the initial crystallization under poor-fluid 
system of granulite facies is distinguishable, which 
could accumulation of excess Ar in hornblende. Ages 
of 934-935 Ma were obtained from Sample 150, based 
on less than 50% of released 39Ar. In addition, accord-
ing to the thin section (Fig. 17), the rock has under-
gone crystallization under high pressure granulite faci-
es, with restricted amounts of fluid. These older ages 
are interpreted as containing some excess Ar.  
 The deformed augen gneiss gave a plateau age 
of 926 ± 1.6 Ma similar to the mylonitic gneiss 
(sample 52a) and the grey orthogneiss (samples 16a & 
125). But the obtained age would, nevertheless, not 
consider reliable, because of the inadequate amount of 
released gas, together with contamination of 
hornblende fractions with the other minerals.  
 Hornblende fractions of the retroeclogite sam-
ple (0.5-1 mm) gave plateau ages of 957.8 ± 1.3 Ma 
while the smaller fractions (0.25-0.5 mm) yielded ages 
of 954.7 ± 1.6 Ma and 953.3 ± 1.5 Ma. The relatively 
coarse size of the hornblende grains in comparison 
with the other rock types can not readily justify a dif-
ference in the age of c. 30 Ma. The rock has initially 
formed under fluid-poor system of eclogite facies 
characterized by a low ability to transmit the produced 
Ar out of the source mineral. These old ages are inter-
preted as remained excess Ar in hornblende grains 
from the initial closure temperature of eclogite facies. 
Moreover, the mafic retro-eclogite with small amounts 
of quartz does not contain a capable sink for excess 
Ar.  
 

7.3.4 Cooling rate  

The occurrence of partial melting in the migmatite 
gneiss (Skene, farther north), based on metamorphic 
zircon, has been dated at 969 ± 13 Ma (Andersson et 
al. 2002). Considering the convincing ages range 
between 920 Ma and 927 Ma for hornblende cooling 
age in the investigated area, together with the 
maximum temperature of 770°C as a peak 
metamorphism in the Ullared region (Johansson et al. 
1991), cooling rates of 5.5-6.4 °C/m.y..were achieved 
for hornblende down to the 500°C, and 4.5-5.2°C/m.y. 
down to the 550°C which reflect cooling following 
peak metamorphism through the Sveconorwegian 
Orogen uplift. 

 
 
 
 
 
 

 

8 Suggestions for follow-up 
study 

 
 Geochronology study of the granitic melt crys-

tallized in the shear planes to find out the rela-
tive age of N-S shear phase. 

 Similar studies in the sub-parallel structures 
towards west. 

 Focus on NNE- trending upright open folds in a 
more widespread area to find out its relation 
and relative timing in comparison with the oth-
er structural features. 

 

9 Conclusions 
 
Based on petrography, structures and geochronoly 
studies and above given results, the conclusions can be 
inferred:  
 The sheared limb of NNE-trending young 

upright, open generation of folds infer that a 
late phase of shear has taken place probably in 
association with ~N-S Svarten Zone structures.  

 Two retoeclogite units were found, within the 
mylonitic gneiss, more than 2.5 km apart.  

 Hetereogenous deformation is one of the most 
common characteristic throughout the area. 

 Mineral assemblages indicate retrogression 
metamorphism reflected in superimposed am-
phibolite mineral assemblages on eclogite and 
granulite facies mineral assemblages simultane-
ous with the uplift of the Sveconorwegian Oro-
gen. 

 40Ar/39Ar dating of hornblende yielded cooling 
ages between 920 Ma and 927 Ma. 

 The cooling rate of 5.5-6.4 °C/m.y. and 4.5-5.2 
°C/m.y. were obtained from the onset of partial 
melting and migmatization down to the horn-
blende cooling age of 920 Ma to 927 Ma, re-
spectively, upon the determined closure tem-
peratures, associated with uplift of the 
Sveconorwegian Orogen and cooling following 
peak metamorphism.  

 There are two scenarios to explain 
deformational history. 1) An E-W extension 
phase, simultaneously with the onset of 
migmatization, developed the old, upright 
symmetric generation of folds. An intense 
subsequent shear has formed E-plunging 
isoclinal folds and parallel mineral stretching 
lineations. A later phase of NNW-SSE shear 
deflected the ESE-WNW foliation. 2) An  E-W 
extension has taken place along with NNW-
SSE shear phase, which were responsible for 
the development of isoclinal folds, mineral 
stretching lineations and displacement of ESE-
WNW foliations.  
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Appendix I. 40Ar/39Ar heating schedules and data. 
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