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Abstract 24 

Structural data combined with 40Ar/39Ar geochronology of hornblende, muscovite, biotite and 25 

plagioclase from 37 localities along three transects allow the time-constrained reconstruction of 26 

the Sveconorwegian deformation and cooling history of the Kongsberg lithotectonic unit and of 27 

the boundary zone to the adjacent Telemark lithotectonic unit in southern Norway. The 28 

Kongsberg lithotectonic unit consists of pervasively deformed, steeply dipping amphibolite- to 29 

granulite-facies gneisses, in which Mesoproterozoic 40Ar/39Ar ages of c. 1090-1070 Ma record 30 

cooling and exhumation. Ages scattering around 1000 Ma are interpreted as resetting of the K/Ar 31 

systems related to sinistral strike-slip deformation along c. N-S trending greenschist- to 32 

amphibolite facies shear zones and associated large-scale folding. Later, Neoproterozoic top-to-33 

the-E normal shearing accommodated by the newly discovered Prestfoss detachment selectively 34 

exploiting the Kongsberg-Telemark boundary zone caused the exhumation of amphibolite-facies 35 

rocks of the Telemark lithotectonic unit and their juxtaposition against amphibolite-facies 36 

gneisses of the Kongsberg lithotectonic unit, which had cooled earlier in the orogenic history. 37 

40Ar/39Ar ages constrain shearing and associated cooling to between c. 940 Ma and c. 900 Ma. 38 

Finally, a Silurian (420 ± 11 Ma) 40Ar/39Ar age may reflect localized partial to complete resetting 39 

due to Caledonian tectonics, and a Permian (288 ± 1 Ma) 40Ar/39Ar age constrains the intrusion 40 

of an Oslo Rift granite. 41 

 42 

 43 

 44 

 45 

 46 



1. Introduction 47 

The unravelling of the crustal dynamics of ancient and deeply eroded orogens is commonly 48 

hindered by the lack of sufficient lithological, structural and temporal markers to allow 49 

straightforward, local or regional correlations and tectonic reconstructions. In turn, this 50 

commonly compromises the successful deconvolution of the complex current and past geological 51 

relationships among crustal blocks or terranes that are juxtaposed along structural contacts 52 

because of long and multiphase orogenic evolutions.  53 

High-resolution structural and metamorphic studies can shed light on the geometry, kinematics 54 

and grade of deformation accommodated along orogen-scale faults or shear zones and of the 55 

juxtaposed blocks (e.g., Anczkiewicz et al., 2007; Bodorkos and Clark, 2004; Goscombe and 56 

Gray, 2008; Holdsworth and Pinheiro, 2000; Viola et al., 2008). However, even in the presence 57 

of such detailed studies, much of the evolutionary history of deeply exhumed orogens remains 58 

generally unknown or poorly constrained, particularly with respect to the late orogenic 59 

exhumation of individual crustal blocks to upper crustal conditions during final orogen 60 

structuring and its later tearing down. The orogenic tectonothermal history of the assembly of 61 

crustal units may, however, be efficiently explored by an integrated approach combining detailed 62 

thermochronological studies along transects straddling the main shear zones of the orogen with 63 

detailed structural analysis of the individual lithotectonic domains.  Particularly in the case of 64 

ancient orogens, detailed structural analyses are generally complex due to the many likely 65 

episodes of both ductile and brittle structural reactivation (e.g., Holdsworth et al., 2001; Scheiber 66 

et al., 2015; Viola et al., 2009) 67 

The Sveconorwegian orogen of southern Scandinavia is a good example of deeply exhumed 68 

orogenic system undergoing a complex and long history of crustal amalgamation and 69 



deformation during multiple orogenic stages (Bingen et al., 2008b; Bingen et al., 2021; Möller 70 

and Andersson, 2018; Slagstad et al., 2020; Stephens et al., 2020). Geochronological studies 71 

(predominantly U-Pb dating on zircon) have so far constrained the details of the orogen local 72 

magmatic and sedimentary history and, only to a lesser extent, of the metamorphic evolution of 73 

its constituent lithotectonic units (LTUs). Direct dating of both ductile and brittle deformation 74 

and of the associated tectonic exhumation is scarce in the Sveconorwegian orogen, preventing 75 

detailed and time-constrained correlations and reconstructions of the orogen evolution in time 76 

and space.  77 

Aiming to help bridge this gap, in this paper we: 78 

 (1) assess the hitherto largely unknown regional thermal histories within the Kongsberg LTU of 79 

southern Norway and their spatial variations. To this end, we present a regional geochronological 80 

study based on sixty new apparent 40Ar/39Ar age results on amphibole, white mica, biotite, K-81 

feldspar and plagioclase.  82 

(2) add constraints to the deformation history of several large, orogen-scale shear zones that are 83 

either contiguous to- or directly deform the Kongsberg LTU.  84 

The differential exhumation detected across orogen-scale shear zones may be used in 85 

combination with structural analyses to unravel the complete thermal and structural evolution of 86 

the tectonic boundaries of the studied lithotectonic domains, thus improving the understanding of 87 

the evolution of the deeply exhumed Sveconorwegian orogen. Results of this study integrate the 88 

structural analysis by Scheiber et al. (2015), who elaborated a field-based structural model for 89 

the long-lived structural evolution of the Kongsberg LTU. Data were collected during the 90 

KONGMO mapping project hosted by the Geological Survey of Norway and synthesized in the 91 



1:100 000 bedrock map by Viola et al. (2016). Finally, our results are discussed in the larger 92 

framework of the Sveconorwegian orogen. 93 

 94 

2. Geological outline 95 

The southwestern Baltican Shield consists of crustal domains accreted during the late Meso- to 96 

Neoproterozoic Sveconorwegian orogeny between c. 1140 and 920 Ma (Fig. 1a). This mountain-97 

building orogeny juxtaposed crustal domains characterised by different tectonometamorphic 98 

styles with complex and multiphase deformation histories spanning more than 200 Ma (Bingen 99 

et al., 2008b; Bingen et al., 2021; Möller and Andersson, 2018; Slagstad et al., 2020; Stephens et 100 

al., 2020). The constituent crustal domains have been traditionally separated into distinct 101 

lithotectonic units (LTUs) based on (i) their paleogeography and lithological composition, (ii) 102 

their metamorphic signatures, (iii) the timing of (high-grade) metamorphic events and (iv) 103 

intervening orogen-scale shear zones. Early Sveconorwegian (1145–1080 Ma) convergence and 104 

high-grade metamorphism in the central parts of the orogen (Kongsberg and Bamble LTUs) were 105 

followed by high-pressure metamorphism at c. 1050 in the Idefjorden LTU and at c. 990 Ma in 106 

the Eastern Segment (Fig. 1b; Bingen et al., 2008a; Möller et al., 2015). In the western part of the 107 

Sveconorwegian realm, orogenic magmatism took place at 1070–1010 Ma (Slagstad et al., 108 

2018), culminating in ultra-high-temperature metamorphism (Blereau et al., 2017; Laurent et al., 109 

2018). Younger (990-915 Ma) magmatism is recorded predominantly in the western 110 

(hornblende-biotite granitoid suite; Andersen et al., 2002; Granseth et al., 2020; Vander Auwera 111 

et al., 2011) and central part (Bohus-Flå granite belt; Andersson et al., 1996; Eliasson and 112 

Schöberg, 1991; Lamminen et al., 2011) of the orogen (Fig. 1b). In the following, the Kongsberg 113 



and neighbouring LTUs (Fig. 2) are described in more detail while also providing a succinct 114 

characterization of the tectonic boundary zone separating the Kongsberg and Telemark LTU’s. 115 

  116 

2.1. The Kongsberg LTU 117 

The Kongsberg LTU is internally subdivided into the Kongsberg and Modum complexes (Fig. 118 

2a). The Kongsberg complex mainly consists of metaplutonic rocks with intercalations of 119 

metavolcanic and metasedimentary sequences. The orthogneisses of the Kongsberg complex 120 

yield U-Pb zircon crystallization ages between 1575 and 1485 Ma, with a peak at c. 1505 Ma 121 

(Andersen et al., 2004; Bingen and Viola, 2018). The Modum complex is, instead, 122 

predominantly made of a quartz-rich metasedimentary succession with a maximum depositional 123 

age of c. 1470 Ma (U-Pb detrital zircon age) and most probably represents remnants of the 124 

epicontinental cover sequence of the Kongsberg complex basement (Bingen et al., 2001). Meta-125 

gabbroic bodies hosted by both the Kongsberg and Modum complexes yield U–Pb zircon and 126 

Sm-Nd mineral ages that constrain two episodes of magmatic crystallization at c. 1575-1485 Ma 127 

and at 1210-1140 Ma (Bingen and Viola, 2018; Munz et al., 1994). The Kongsberg LTU is 128 

characterized by early Sveconorwegian amphibolite-facies metamorphism in the southwest 129 

grading to upper amphibolite-facies conditions in the Modum complex and granulite-facies 130 

metamorphism in the eastern Kongsberg complex (Tab. 1 and references given in the table). 131 

Regional peak amphibolite-facies metamorphism associated with partial melting has been 132 

constrained to c. 1145-1130 Ma (U-Pb ages on metamorphic zircon; Bingen and Viola, 2018). 133 

Younger ages between 1120 and 1080 Ma are also reported in the same study and earlier studies 134 

(mainly zircon, monazite and titanite U-Pb ages) and interpreted to constrain retrograde 135 



metamorphism and metasomatism (Tab.1, Andersen and Grorud, 1998; Bingen et al., 2001; 136 

Bingen et al., 2008a; Munz et al., 1994). 137 

 138 

2.2. The eastern Telemark LTU 139 

The eastern part of the Telemark LTU (Fig. 1b) is characterized by greenschist- to amphibolite 140 

facies supracrustal rocks overlying polymetamorphic gneiss complexes (Brewer and Menuge, 141 

1998; Starmer, 1993). The Telemark supracrustal rocks still preserve primary sedimentary and 142 

volcanic structures and several unconformities (Köykkä, 2011a, b; Lamminen, 2011; Laajoki et 143 

al., 2002), and have been separated into three successions, which, from bottom to top, are the 144 

Rjukan, Seljord and Bandak successions (cf. review in Bingen et al., 2021). The Lifjell, Blefjell 145 

and Norefjell quartzites (Fig. 2a) form part of the Seljord succession and are generally related to 146 

pre-Sveconorwegian continental-margin extension (Köykkä and Lamminen, 2011; Lamminen 147 

and Köykkä, 2010). These quartzites were deformed under amphibolite-facies conditions during 148 

the Sveconorwegian orogeny (Brewer and Atkin, 1987; Köykkä and Lamminen, 2011; 149 

Lamminen and Köykkä, 2010). The metasedimentary rocks of the Heddal group (Fig. 2a) belong 150 

to the Bandak succession and were deposited at or after c. 1110 Ma (U-Pb detrital zircon data), 151 

i.e., only after the onset of the Sveconorwegian orogeny (Bingen et al., 2003; Köykkä, 2011a; 152 

Spencer et al., 2014). 153 

 154 

2.3. The Kongsberg-Telemark boundary zone (KTBZ) 155 

The tectonic boundary between the Kongsberg and Telemark LTUs corresponds to an up to 10 156 

km thick deformation zone (Fig. 1b) that accommodated strain under different metamorphic 157 

conditions and at different times (Scheiber et al., 2015). This boundary zone generally strikes N-158 



S to NE-SW, dips towards the E/SE in its southern part but turns into an NW-SE trend and 159 

acquires a gentle SW dip in the northern part, where it is known as the Vardefjell Shear Zone 160 

(Figs. 1b and 2a; Bingen et al., 2008a). In the study area, this shear zone mainly cuts across a belt 161 

of granitic gneiss with U–Pb zircon intrusion ages ranging from 1170 to 1145 Ma (Bingen et al., 162 

2003; Scheiber et al., 2015) and a biotite-bearing orthogneiss with U–Pb zircon age of c. 1500 163 

Ma interpreted as crystallization age of the rock (Bingen and Viola, 2018). These rocks have 164 

traditionally been interpreted as part of the eastern Telemark LTU (Nordgulen, 1999). Their 165 

deformation occurred at amphibolite facies metamorphic conditions and has been constrained to 166 

between c. 1010 Ma and 985 Ma (U-Pb zircon and titanite ages, respectively; Bingen et al., 167 

2008a; Bingen and Viola, 2018). These ages were interpreted to constrain local sinistral shearing 168 

along the immediate contact to the Kongsberg complex (Scheiber et al., 2015). Similarly, 169 

sinistral shear kinematics are also recorded along a large-scale shear zone within the Kongsberg 170 

LTU (Fig. 1b), where it overprints an older (early-Sveconorwegian) regional amphibolite- to 171 

granulite-facies fabric characterized by steeply plunging lineations (Fig. 2b). Top-to-the-E 172 

extension-related fabrics along the newly discovered Prestfoss detachment (Fig. 2; see below) 173 

overprint and truncate the sinistral shear fabric towards the western part of the KTBZ, as 174 

discussed below. 175 

 176 

2.4. The Idefjorden LTU 177 

The Idefjorden LTU contains Paleo- to Mesoproterozoic (1650-1520 Ma) plutonic and volcanic 178 

rocks in addition to two metasedimentary sequences, referred to as the Veme and the Stora Le-179 

Marstrand complexes, which are correlatives west and east of the Oslo rift, respectively (Figs. 180 

1b, 2a) (Bingen et al., 2001). The Veme complex comprises thick packages of amphibolite-facies 181 



turbiditic metapsammite and metagreywacke with a maximum deposition age of c. 1530 Ma (U-182 

Pb detrital zircon data;Bingen et al., 2001). The Veme complex hosts the Follum metadiorite 183 

(Fig. 2b), which belongs to the plutonic suite of the Idefjorden LTU and has a U-Pb zircon 184 

intrusion age of c. 1555 Ma (Bingen et al., 2005). 185 

 186 

3. 40Ar/39Ar geochronology: sampling strategy and methodology 187 

Thirty-seven samples of generally coarse-grained rock types were collected from along three 188 

profiles straddling the KTBZ and crossing the Kongsberg LTU at different latitudes (A-A', B-B' 189 

and C-C' in Fig. 2a). Separation and dating of multiple mineral phases resulted in a 190 

geochronological dataset consisting of fifty-five new 40Ar/39Ar dates (nineteen amphibole, 191 

twenty-eight biotite, four muscovite, three plagioclase dates and one K-Feldspar date) (Tab. 2). 192 

Sampling was carried out aiming at the clarification of the regional cooling pattern of the 193 

Kongsberg LTU and of the adjacent Telemark LTU. Additionally, we aimed at resolving how the 194 

study area was affected by the long-lasting tectonic activity of the KTBZ, and by a possible 195 

thermal overprint during the Caledonian orogeny and the evolution of the Permian Oslo Rift. 196 

Petrographic thin section analysis was used to confirm mineral purity and to establish textural 197 

and microstructural relationships between the different mineral phases of each dated sample. 198 

Samples were crushed, grinded and subsequently sieved to obtain 180-250 μm fractions. The 199 

mineral separates were washed in acetone and deionized water several times and handpicked 200 

under a stereomicroscope. Mineral grains with coatings or inclusions were avoided. Samples (in 201 

the form of aliquots of several grains) were packed in aluminium capsules bracketed by the 202 

Hb3gr amphibole flux monitor standard (batch PP20) along with pure (zero age) K2SO4 and 203 

CaF2 salts. The samples were irradiated at IFE (Institutt for Energiteknikk, Kjeller, Norway) in 204 



two different irradiation batches with a nominal neutron flux of 1.3×1013 n*(cm-2 *s-1). The 205 

correction factors for the production of isotopes from Ca and K can be found in Appendix A. The 206 

samples were step heated using either a defocused Merchantek CO2 laser or a double vacuum 207 

furnace (Heine type) equipped with a thermocouple (Type C). The extracted gases were passed 208 

over SAES GP-50 getters for the first 2 minutes, then for 9 minutes in a separate part of the 209 

extraction line with SAES AP-10 getters. They were analyzed with an automated MAP 215–50 210 

mass spectrometer in static mode, installed at the Geological Survey of Norway. The peaks were 211 

determined during peak hopping for 10 cycles (15 integrations per cycle) on the different masses 212 

(40–36Ar) on an analouge Balzers electron multiplier and regressed back to zero inlet time. Blanks 213 

were analyzed after every third measurement of an unknown. After blank correction, a correction 214 

for mass fractionation, 37Ar and 39Ar decay and neutron-induced interference reactions produced 215 

in the reactor was undertaken using in-house software. It implements the equations of 216 

McDougall and Harrison (1999) and the proposed decay constant for 40K after Renne et al. 217 

(2010). A 40Ar/36Ar ratio of 298.56 ± 0.31 (±1σ) (Lee et al., 2006), was used for the atmospheric 218 

argon correction and mass fractionation calculation (power law). We calculated J-values relative 219 

to an age of 1080.4 ± 1.1 (±1σ) Ma for the Hb3gr hornblende flux monitor (Renne et al., 2010). 220 

Weighted mean plateau ages (WMPA) and weighted mean ages (WMA) were calculated for 221 

consecutive identical steps by weighting on the inverse of the variance (analytical uncertainties), 222 

where a plateau is defined as comprising more than 50% of the released 39Ar (WMPA). All ages 223 

are reported at the 1.96σ confidence level. We follow the general guidelines presented in Schaen 224 

et al. (2020) aiming at a standardized presentation and interpretation of 40Ar/39Ar ages. 225 

Our geochronological raw data and all degassing spectra and associated inverse isochrons are 226 

reported in the journal electronic repository (Appendices A and B). Based on the individual 227 



degassing spectra, the analytical quality of each calculated date was assessed (cf. Appendix B 228 

and Tab. 2): Weigthed mean (plateau) ages with MSWD (mean square weighted deviation) 229 

values between 0.1 and 2.7 are considered of statistical significance (bold ages in Tab. 2 and 230 

Appendix B), and the degassing spectra of these ages are presented in figures 3, 4 and 5. For 231 

sample A-18 (amphibole) we prefer to report the inverse isochron age (Fig. 3o), which, in this 232 

particular case, is statistically more robust than the associated WMA. In five samples, it was 233 

possible to derive two WMAs from a single spectrum (A-7 plagioclase, B5, B8, B12 biotite, C5 234 

biotite). The obtained WMAs from each spectrum generally plot in a similar age range, and, 235 

therefore, we interpret the WMA including more released 39Ar and/or exhibiting a MSWD closer 236 

to 1 as that of higher statistical significance. 237 

In summary, 37 dates are interpreted as being statistically robust (Tab. 2, Figs. 3, 4 and 5) and 238 

are further reported and discussed in this paper.  239 

 240 

4. Results 241 

The new structural and geochronological results are presented separately from the three 242 

transects, from south to north. In this chapter, representative structural data are provided in a 243 

simplified synoptic map (Fig. 2b), as field impressions (Fig. 6), geological cross sections (Fig. 7) 244 

and microphotographs (Fig. 8). For each transect, the presentation of the structural framework is 245 

followed by an integrated description of the geochronological results. Thereafter, microfabrics of 246 

the dated samples for each structural domain are presented before a summary view of the many 247 

obtained results.  248 

 249 

4.1. Transect A-A’ 250 



This transect covers the entire Kongsberg LTU. It starts in the WNW in the Telemark LTU, in a 251 

quartzite supracrustal unit (the Blefjell quartzite, Fig. 2) and runs across the 1170-1145 Ma 252 

granitic gneiss belt (Figs. 2a, 7a) which, together with the c. 1500 Ma biotite gneiss, makes up 253 

the KTBZ. In the WNW part of the transect, an amphibolite-facies foliation is subhorizontal and, 254 

as one approaches the KTBZ, it becomes progressively steeper dipping toward the ESE. There, it 255 

bears an E-plunging stretching lineation and is associated with diffuse extensional top-to-the-east 256 

kinematics (Fig. 6a). Towards the east, this foliation abuts an older subvertical mylonitic shear 257 

belt associated with greenschist- to amphibolite facies mineral assemblages. This shear belt is 258 

characterized by a shallowly c. S-plunging stretching lineation and sinistral shear kinematics, 259 

which deforms the easternmost part of the granitic gneiss and the adjacent Kongsberg LTU 260 

(Figs. 2b, 4a). The structural style within the Kongsberg LTU is characterized by large-scale, 261 

tight to isoclinal upright folds with shallowly plunging fold axes and variably plunging stretching 262 

lineations (Figs. 2b, 6b, 7a). At its eastern termination, the transect crosses the unconformity to 263 

the Cambro-Silurian metasedimentary rocks and the Permo-Carboniferous intrusions of the Oslo 264 

Rift.  265 

Along this transect, sixteen 40Ar/39Ar ages were obtained from nineteen samples. These ages 266 

range from 1245 ± 4 Ma (biotite WMPA from the Kongsberg complex) to 288 ± 1 Ma 267 

(amphibole WMPA age from an Oslo Rift granite; Fig. 7a), with the majority of the ages 268 

clustering at the Meso-Neoproterozoic boundary between c. 1100 and 900 Ma (Figs. 3, 7a). The 269 

two oldest obtained ages (1245 ± 4 and 1151 ± 8 Ma; both biotite WMPAs; Tab. 2) are from a 270 

phyllonite overprinting amphibolite-facies Sveconorwegian structures and from a 1485 ± 12 Ma 271 

granodiorite (U-Pb zircon intrusion age; Bingen and Viola, 2018), respectively. Although both 272 

ages derive from well-defined plateaus in the degassing spectra (Fig. 3i, 3n), they are 273 



unexpectedly old as they predate Sveconorwegian deformation. One mafic dike (A-7) within the 274 

KTBZ yields a Paleozoic plagioclase WMA of 420 ± 11 Ma age (Fig. 3e). For the 275 

Sveconorwegian rocks, there is a clear trend from younger 40Ar/39Ar ages (amphibole, biotite and 276 

muscovite, c. 900-950 Ma) in the western part of the transect, coincident with areas dominated 277 

by a flat to only gently dipping foliation, to older ages (amphibole and biotite, largely between 278 

1000-1100 Ma) in the east within areas characterized by steep foliation attitudes (Figs. 2b and 279 

7a).  280 

 281 

4.2. Transect B-B’ 282 

Transect B-B’ runs across the Kongsberg-Telemark boundary zone into the Kongsberg complex 283 

and the Modum complex (Figs. 2a, 7b). In the biotite gneiss and the granitic gneiss in the north-284 

western part of this transect, the main foliation is subhorizontal to gently ESE-dipping. Towards 285 

the contact to the Kongsberg complex, the main foliation in the granitic gneiss gradually turns 286 

into a steeper dip. The foliation in the KTBZ lithologies is characterized by amphibolite facies 287 

mineral assemblages and is associated with an easterly plunging stretching lineation (Fig. 2b) 288 

and top-to-the-E kinematic indicators which include asymmetric boudinage and E-vergent folds 289 

of migmatitic layers (Fig. 6c-d). In the Kongsberg LTU, the greenschist- to amphibolite-facies 290 

foliation is vertical to steeply-dipping and the structural style is characterized by tight to isoclinal 291 

upright folds with gently plunging c. N-S trending fold axes (Figs. 6e, 7b). The gently SSW 292 

plunging to subhorizontal stretching lineation is subparallel to the fold axes; kinematic indicators 293 

such as asymmetric clasts or lenses and folded competent layers indicate a sinistral sense of 294 

shear (Fig. 6f).  295 



Thirteen 40Ar/39Ar step-heating ages were obtained from twelve samples from along transect B-296 

B’ (Fig. 4). Six samples are from the KTBZ granitic gneiss and biotite gneiss, two from the 297 

Kongsberg complex and three from the Modum complex. The boundary between the granitic 298 

gneiss and the Kongsberg LTU is associated with a clear change of the 40Ar/39Ar age distribution 299 

pattern (Fig. 7b) wherein, to the NW of this boundary, biotite and amphibole ages range between 300 

946 ± 2 and 885 ± 7 Ma (amphibole and biotite, respectively) and are systematically younger 301 

than ages in the Kongsberg LTU, which cluster between 1078 ± 1 to 995 ± 3 Ma (both biotite 302 

ages).  303 

 304 

4.3. Transect C-C’ 305 

This transect crosses the northern part of the Kongsberg complex in the Kongsberg LTU into the 306 

Veme complex in the Idefjorden LTU (Figs. 2, 7c), where the main gneissic foliation is affected 307 

by a complex fold pattern (Norefjell-Hønefoss fold; Scheiber et al., 2015). In the western part of 308 

the transect, ductile extensional structures occur, locally associated with partial melt pockets and 309 

migmatites (Fig. 6g). These include E-vergent folds at different scales and sets of localized 310 

steeply ESE-dipping normal faults affecting a broader zone. These faults are associated with 311 

pegmatitic dykes, especially where they deform competent mafic layers. In the narrow keel of 312 

the Kongsberg complex sandwiched between the granitic gneiss and the Modum complex, 313 

mylonitic rocks are abundant and are associated with sinistral shear kinematics (Fig. 6h). 314 

Structural relationships in the Kongsberg and Veme complex are complicated by a large-scale 315 

folding of the main foliation (Figs. 2b and 7c). 316 

Eight 40Ar/39Ar step-heating ages were obtained from six samples from along this transect (Figs. 317 

5, 7a). The dated samples represent the gneisses of the Kongsberg complex, two are 318 



metasedimentary rocks of the Veme complex and one is from the Follum metadiorite in the 319 

eastern end of the transect (Fig. 2b), which has an intrusion age of c. 1555 Ma (Bingen et al., 320 

2005). Except for a WMPA of 1079 ± 9 Ma from the Follum metadiorite sample (Fig. 5h), all the 321 

remaining data from this transect (one amphibole, two muscovite, five biotite) yield ages ranging 322 

from 1039 ± 55 to 971 ± 3 Ma. One WMPA (C1 biotite) is not taken into further consideration 323 

due to large analytical uncertainties (Fig. 5a) 324 

 325 

4.4. Microfabric of the dated samples 326 

Microfabric analysis of sixteen representative dated samples shows that the dated minerals 327 

formed during different deformation processes according to their different structural settings as 328 

defined by the regional to macroscopic structural analysis (Figs. 2, 7). As an example, a granitic 329 

gneiss sample (Fig. 8a) from the easternmost Telemark LTU is characterized by a granoblastic 330 

texture and the lack of a clear shape preferred mineral orientation. Biotite from this sample yields 331 

an 40Ar/39Ar age of 885 ± 7 Ma. Where a clear foliation is present (Fig. 8b), and especially where 332 

an E-plunging lineation is associated with the top-to-the-E shear fabric (Fig. 8c), the microfabric 333 

is characterized by recrystallization of amphibole, biotite, quartz, and feldspar and 40Ar/39Ar ages 334 

between c. 950 and 900 Ma. Large-scale subvertical sinistral shear zones deforming the 335 

Kongsberg LTU (Figs. 2, 7) are microstructurally characterized by dynamically recrystallized 336 

quartz-rich aggregates hosting newly grown micas that are aligned along shear foliation planes 337 

(Fig. 8d). A detailed microstructural analysis of these shear zones is presented in Scheiber et al. 338 

(2015). Similarly, sheared rocks defining the Norefjell-Hønefoss fold pattern exhibit dynamic 339 

recrystallization and growth of both micas and amphiboles (Fig. 8e-f), indicating amphibolite 340 

facies conditions during shear deformation and folding. 40Ar/39Ar ages from such fabrics 341 



consistently spread around 1000 Ma. Finally, dated samples from the Kongsberg LTU are 342 

characterized by a weak shape-preferred mineral orientation and undulous extinction of quartz 343 

grains. Amphibole and micas largely lack signs of dynamic recrystallization (Fig. 8g-i) and 344 

yielded 40Ar/39Ar ages between c. 1060 and 1090 Ma. 345 

 346 

4.5. The Prestfoss detachment 347 

As a whole, the Kongsberg and Modum complexes are characterized by a steeply dipping 348 

amphibolite- to granulite-facies foliation which is folded into tight to isoclinal upright folds with 349 

shallowly plunging fold axes and variably plunging stretching lineations (Figs. 2, 7). Subvertical 350 

mylonitic sinistral shear zones, formed under greenschist to amphibolite metamorphic 351 

conditions, deform the Kongsberg complex close to the KTBZ and adjacent to the Modum 352 

complex (Figs. 2, 7).. The dynamically recrystallized fabric of those shear zones is characterized 353 

by amphibole and mica defining the pervasive foliation (Fig. 8d-f) that overprints an older fabric 354 

(see also Scheiber et al., 2015)..  355 

Toward the west, however, the KTBZ is characterized by a very different structural framework, 356 

with a gently E-dipping to flat lying amphibolite-facies foliation. This abrupt change in structural 357 

architecture across the boundary between the Kongsberg complex and the KTBZ is notably 358 

associated with a change of the 40Ar/39Ar age pattern from older (c. 1100-1000 Ma) to 359 

significantly younger (c. 950-900 Ma) ages (Fig. 7). We interpret these structural, metamorphic, 360 

and geochronological changes as due to the presence of a newly discovered, and here 361 

geochronologically documented, regional-scale E-dipping extensional detachment zone, which 362 

we name the Prestfoss detachment (Fig. 9). Stretching lineations therein plunge to the E/ENE 363 

(Fig. 9a) and are invariably associated with top-to-the-E kinematic indicators (Figs. 6a, 6c, 6d, 364 



6g, 9b-f). Structural measurements from the Prestfoss detachment are reported in the journal 365 

electronic repository (appendix C). This detachment zone largely follows the contact between the 366 

Kongsberg LTU and the 1170-1145 Ma granitic gneiss (Figs. 2 and 7) and reactivated pre-367 

existing mylonites and fault rocks (Scheiber et al., 2015). It caused footwall exhumation of the c. 368 

1500 Ma biotite gneiss and of the 1170-1145 Ma granitic gneiss in the west. C. 950-900 Ma ago 369 

it juxtaposed these amphibolite-facies rocks against amphibolite-facies rocks of the Kongsberg 370 

complex, which had already cooled during the Sveconorwegian orogenic history between c. 371 

1100-1000 Ma. 372 

 373 

5. Time-constrained evolution of the central Sveconorwegian orogen 374 

Our results demonstrate that the Kongsberg LTU and the KTBZ represent different structural 375 

domains, as also shown by their clearly different 40Ar/39Ar age signature. In the Kongsberg 376 

complex in the hanging wall of the Prestfoss detachment (Fig. 9a), the generally steeply dipping 377 

amphibolite facies foliation is associated with predominantly Mesoproterozoic 40Ar/39Ar ages, 378 

while rocks in the footwall of the detachment (predominantly KTBZ rocks) are characterized by 379 

a gently-dipping to subhorizontal foliation and yield younger, predominantly Neoproterozoic 380 

40Ar/39Ar ages (Figs. 7, 10a-b). Here, we combine structural observations with the new 40Ar/39Ar 381 

ages to propose a deformation sequence for the study area. As to the detailed interpretation of the 382 

structural data, we build on the deformation history proposed by Scheiber et al. (2015).  383 

 384 

5.1. Interpretation of 40Ar/39Ar dates 385 

Individual 40Ar/39Ar dates can either be interpreted as dating (1) cooling to below a closure 386 

temperature below which radiogenic argon accumulates (McDougall and Harrison, 1999), (2) 387 



recrystallization of the dated mineral due to heat, strain or fluid circulation, which leads to 388 

resetting of the K-Ar system (Villa, 1998) or (3) a combination of the processes mentioned above 389 

resulting in mixed dates. Another quite common issue challenging the interpretation of 40Ar/39Ar 390 

data is given by the potential presence of “excess Ar”, i.e. 40Ar in the dated mineral phase that is 391 

separated from its parent K (e.g., Kelley, 2002; Stübner et al., 2017), which makes the mineral 392 

date apparently older. Excess 40Ar can be an issue particularly when dealing with cooling 393 

histories of geologically old rocks, because of the potential for accumulation of 40Ar (which 394 

causes excess Ar) within grain boundary networks (Kelley, 2002). 395 

In order to address the problem of excess argon in our samples, we investigated all step-heating 396 

results by relying on 38Ar (Appendix A) and 37Ar (step heating diagrams, appendix B) as proxies 397 

for contaminant Ca phases and sources of excess 40Ar from Cl-rich fluid inclusions. We found no 398 

correlation between age and 37ArCa/
39Ark ratios, and we therefore conclude that the applied 399 

interference corrections satisfactorily have corrected for the contaminant. For the step-heating 400 

experiments forming age plateaus, we find no correlation between age and variation with 401 

38Ar/39Ark for the heating steps where we picked the dates. In some cases, there are old apparent 402 

ages at higher temperature steps, which correlate with high 38Ar/39Ark ratios, consistent with 403 

breaching of the crystalline lattice where excess 40Ar is released. 404 

Distinguishing between cooling and recrystallization ages can be challenging as well. If the 405 

40Ar/39Ar ages of the various minerals are significantly different and become younger with 406 

commonly reported lower closure temperatures (Schaen et al., 2020), they likely result from 407 

(relatively slow) cooling. This is, however, based on the assumption that the K-Ar system is not 408 

significantly affected by diffusion processes after the dated sample has crossed the relevant 409 

closure temperature, which is particularly problematic in slowly cooled plutonic or metamorphic 410 



rocks in the middle and lower crust and in multiply deformed terranes en route to the surface 411 

(e.g., Kelley, 2002; McDougall and Harrison, 1999; Schaen et al., 2020; Villa, 1998; Warren et 412 

al., 2012). If 40Ar/39Ar ages from different mineral phases from one sample or from one 413 

structural domain are statistically identical, they either indicate very rapid cooling to below the 414 

closure temperatures of the dated phases (e.g., Yang et al., 2007) or later deformation and 415 

recrystallization (e.g., Scheiber et al., 2016). These two scenarios may be discriminated by 416 

investigating the microfabric of the dated samples and the chemical composition of the dated 417 

minerals.   418 

In our study, 40Ar/39Ar ages obtained from different mineral phases from the same sample largely 419 

correspond to the cooling sequence expected from the known closure temperatures for the 420 

different dated mineral phases (Schaen et al., 2020) (cf. Tab. 2, Figs. 3-5, 7): amphibole ages are, 421 

thus, systematically older than biotite ages from the same samples (A-16, B-2, B-6, B-9), and 422 

are, together with their microstructural setting, therefore generally interpreted to represent 423 

cooling ages. Muscovite ages on the other hand, are generally slightly older or identical within 424 

error to biotite ages from the same samples (B-12, C-2, C-5) indicating very rapid cooling or 425 

recrystallization of both mica minerals, or, alternatively, excess Ar affecting biotite. The Kernel 426 

density estimates of our ages (Fig. 10a-b) reveal a pattern of muscovite peaks overlapping with 427 

and tending to be slightly younger than biotite peaks. Although our dataset includes only three 428 

muscovite ages, this pattern is similar to what has been observed in a large compilation of 429 

Precambrian 40Ar/39Ar data from the northern Canadian Shield, where the relatively old biotites 430 

are explained by excess argon (Kellett et al., 2020).  431 

There occur two unexpectedly old biotite ages in our dataset. The 1245 ± 4 Ma age (A-13, Fig. 432 

3i) clearly predates the Sveconorwegian evolution, and the 1151 ± 8 Ma age (A-17, Fig. 3n) 433 



slightly predates Sveconorwegian peak metamorphism constrained with zircon U-Pb data to c. 434 

1145 to 1130 Ma (Bingen and Viola, 2018). While the reason for the old age of gneiss sample A-435 

17 remains unknown, sample A-13 is from a phyllonite overprinting the Sveconorwegian fabric 436 

and its apparent old age can possibly be related to 40Ar release during post-Sveconorwegian 437 

deformation. We point out that even though the 40Ar/36Ar intercepts of these samples overlap 438 

with the modern air composition (Lee et al., 2006), excess Ar can still be present but hidden in 439 

the large 40Ar/36Ar intercept uncertainties caused by the high radiogenic Ar component of these 440 

minerals. Planar defects have also been suggested to cause elevated Ar retentivity in trioctahedral 441 

micas (Camacho et al., 2012). Based on these two old ages notwithstanding, the age patterns 442 

documented by our dataset and their spatial and genetic relationship with specific structural 443 

domains (Figs. 7 and 10) allow for a confident interpretation of the Meso- and Neoproterozoic, 444 

Paleozoic (Silurian) and Mesozoic (Permian) ages as follows. 445 

 446 

5.2. Early Sveconorwegian (Mesoproterozoic) cooling 447 

In the Kongsberg LTU, six 40Ar/39Ar amphibole ages cluster at c. 1090 Ma, two biotite ages 448 

cluster at c. 1070 Ma and eight biotite ages at c. 1000 Ma (Fig. 10a). These ages postdate the 449 

regional peak amphibolite- to granulite-facies metamorphism in the Kongsberg LTU constrained 450 

by U-Pb zircon geochronology to between 1145 and 1130 Ma (Bingen and Viola, 2018), with 451 

later metamorphic mineral growth documented down to c. 1080 Ma (cf. Tab. 1;  Andersen and 452 

Grorud, 1998; Bingen et al., 2001; Bingen et al., 2008a; Munz et al., 1994). The c.1090 Ma 453 

amphibole and the subtle 1070 Ma biotite peaks in the Kernel distributions of our dataset (Fig. 454 

10a) are interpreted as the most representative ages constraining cooling following regional-455 

scale, early Sveconorwegian deformation and metamorphism (Fig. 10). Such ages are 456 



particularly common in the southernmost transect A-A’ but are also present in the areas sampled 457 

along transects B-B’ and C-C’ (Fig. 7). The 1079 ± 9 Ma amphibole age from transect C-C’ is 458 

from the Follum metadiorite (Fig. 2b), which represents a relatively competent body compared to 459 

the adjacent Veme and Kongsberg complexes, and which, therefore, largely escaped significant 460 

later Sveconorwegian deformation. Evidence of early Sveconorwegian deformation and high-461 

grade metamorphism has also been reported from the Bamble LTU (Fig. 1; Bingen and Viola, 462 

2018; Engvik et al., 2016; Nijland et al., 2014), where metasomatic processes dated to between c. 463 

1100 and 1080 Ma (Engvik et al., 2017) and reported hornblende cooling ages of 1090-1080 Ma 464 

(Cosca et al., 1998) overlap with our 40Ar/39Ar amphibole ages from the Kongsberg LTU (Fig. 465 

10). Hence, our data confirm that the Kongsberg and Bamble LTUs underwent the same early 466 

Sveconorwegian evolution (cf. Bingen et al., 2021).  467 

 468 

5.3. Sveconorwegian (Meso- to Neoproterozoic) sinistral transpression and large-scale folding 469 

in the Kongsberg LTU 470 

Large-scale sinistral shearing affected the Kongsberg complex and, in the southern part of the 471 

study area, also the granitic gneiss of the KTBZ (Figs. 2b, 7, 9a). Subhorizontal to gently S-472 

plunging stretching lineations along subvertical c. N-S trending mylonitic shear zones are 473 

associated with pervasive amphibolite- to greenschist-facies sinistral shear kinematics (Figs. 6f, 474 

6h) and formed as a result of sinistral transpression (Scheiber et al., 2015). Two 40Ar/39Ar 475 

muscovite and six biotite ages from these shear zones are similar and generally cluster at around 476 

1000 Ma (Fig. 10). In addition, one similar muscovite and two biotite ages occur in the area 477 

deformed by the Norefjell-Hønefoss fold structure including the Kongsberg and the Veme 478 

complexes (Figs. 2b, 7). In the Kernel distributions of the ages obtained from the hanging wall of 479 



the Prestfoss detachment (Fig. 10a), the broad 40Ar/39Ar biotite peak age at c. 1000 Ma overlaps 480 

with 40Ar/39Ar muscovite ages. This age pattern is interpreted as reflecting resetting of both 481 

minerals by deformation and recrystallization (Fig. 8d-f) along sinistral shear zones overprinting 482 

an older fabric. The documented spatial distribution of 40Ar/39Ar ages indicates that large-scale 483 

folding in the Norefjell-Hønefoss area is genetically and temporally linked to sinistral shear 484 

deformation in the Kongsberg LTU. The generally gently S-plunging stretching lineation 485 

associated with the shear zones indicates that shearing led to the overall uplift of the eastern 486 

block(s) relative to the western block(s). The amphiboles were, however, not or just little 487 

affected by this deformation event (Fig. 7c; cf. sample C-3). Also, some biotites from the 488 

Modum complex (cf. sample B11) escaped resetting of the K-Ar system, which indicates that 489 

deformation had localized along discrete shear zones within a larger area affected by overall 490 

sinistral transpression. 491 

Our new 40Ar/39Ar muscovite and biotite ages constraining sinistral shear deformation overlap 492 

with the 1012 ± 7 to 985 ± 5 Ma metamorphic U-Pb zircon and titanite ages (Bingen et al., 493 

2008a) from the Vardefjell shear zone (Tab. 1), which represents the northwestern continuation 494 

of the sinistral shear zones in the Kongsberg LTU (Figs. 1b, 2a). These sinistral shear zones form 495 

part of a larger c. N-S trending transpressive shear belt documented in the Sveconorwegian 496 

orogen of S Norway and SW Sweden (Bergström et al., 2020; Hageskov, 1980, 1985; Stephens 497 

et al., 1996). Top-to-the-NW deformation along the Kristiansand-Porsgrunn shear zone (Fig. 1b) 498 

has been dated to 994 ± 30 Ma (titanite; de Haas et al., 2002). The Göta Älv shear zone 499 

deforming the Ideforden LTU (Fig. 1b) is interpreted as a sinistral strike-slip zone (Park et al., 500 

1991) dated to 974 ± 22 Ma (zircon; Ahlin et al., 2006), and metamorphic zircons constraining 501 



sinistral transpression along the Mylonite Zone (Viola et al., 2011) yield 980 ± 13 Ma 502 

(Andersson et al., 2002) and 971 ± 8 Ma ages (Larson et al., 1999).  503 

 504 

5.4. Late Sveconorwegian (Neoproterozoic) detachment faulting  505 

The 40Ar/39Ar ages obtained from the KTBZ (that is, from within the footwall block) are 506 

significantly younger than those from the Kongsberg LTU in the hanging wall of the Prestfoss 507 

detachment, with an amphibole age distribution at c. 940 Ma, a biotite peak at c. 900 Ma and one 508 

muscovite age of c. 890 Ma (Fig. 10b). Our new 40Ar/39Ar data thus constrain extension along 509 

the Prestfoss detachment and cooling of the footwall due to exhumation of KTBZ rocks and 510 

lower levels of the Kongsberg LTU (Fig. 9). The local occurrence of migmatites and melt 511 

pockets in the immediate footwall (Figs. 6, 9) as well as the gradual decrease of metamorphic 512 

grade towards the Telemark supracrustal successions in the west suggest that E-directed shearing 513 

along the Prestfoss detachment led to the formation of an immature asymmetric core complex (as 514 

similarly reported from the Eastern Segment by Viola et al., 2011). Extensional shearing along 515 

the Prestfoss detachment started prior to the 930 Ma intrusion (U-Pb zircon ages) of the Flå 516 

granite (Bingen et al., 2008b; Lamminen et al., 2011), which is part of the 930-915 Ma Bohus-517 

Flå granite belt (U-Pb zircon ages; Andersson et al., 1996; Eliasson and Schöberg, 1991). The 518 

fact that both biotite and muscovite 40Ar/39Ar ages are similar (Figs. 7, 10b) may indicate a 519 

thermal event resetting both mica ages, such as the intrusion of large igneous bodies. Thermal 520 

resetting of the 40Ar/39Ar mica ages in our transects due to large intrusions is, however, unlikely 521 

due to the large (several tens of km) distance between the Flå granite and the sampling localities 522 

west of the Prestfoss detachment (Fig. 2a).  523 



Extensional deformation along pre-existing fabrics has also been reported from other major shear 524 

zones in the Sveconorwegian orogen. These include the Kristiansand-Porsgrunn shear zone, the 525 

Mylonite zone and the Sveconorwegian frontal deformation zone (SFDZ). Muscovite and biotite 526 

40Ar/39Ar data from these shear zones constrain extensional deformation to between c. 930 and 527 

860 Ma (Mulch et al., 2005; Viola et al., 2011), and U-Pb titanite and amphibole, muscovite and 528 

biotite 40Ar/39Ar data document associated regional cooling (Connelly et al., 1996; Page et al., 529 

1996a; Page et al., 1996b; Ulmius et al., 2018; Wang et al., 1998). Late-Sveconorwegian 530 

extensional deformation and cooling is generally interpreted to reflect the end of convergence in 531 

the orogen and associated collapse of the orogenic edifice (Bingen et al., 2006; Bingen et al., 532 

2021).  533 

 534 

6. Post-Sveconorwegian Paleozoic ages from the Kongsberg LTU and the Oslo Rift 535 

40Ar/39Ar analysis of plagioclase yields a Paleozoic, late Silurian (420 ± 11 Ma) age (Figs. 3e, 536 

7a). This age coincides in time with the well-known tectonic phase of Caledonian SE-directed 537 

nappe emplacement (Dunlap and Fossen, 1998). Although no Caledonian rocks are preserved in 538 

the study area (Fig. 1), the Caledonian orogenic edifice covered most probably also the 539 

Sveconorwegian rocks of the Telemark and Kongsberg LTUs, and the obtained early Paleozoic 540 

age may therefore be interpreted as (partial) resetting of the K-Ar system in the plagioclase due 541 

to Caledonian tectonics.  542 

The Permian 40Ar/39Ar amphibole age of 288 ± 1 Ma from the Oslo Rift (Fig. 3p) dates the 543 

intrusion of the alkali-feldspar granite (ekerite) pluton along the shores of the Eikeren lake 544 

(Pedersen et al., 1995). This age overlaps with the extrusion of rhomb porphyry volcanic 545 

sequences (Krokskogen area, 300–280 Ma, Corfu and Larsen, 2020) and is in the age range of 546 



the oldest known plutons in the Oslo Rift (Larvik plutonic complex, 298–292 Ma, Dahlgren et 547 

al., 1996). 548 

 549 

7. Conclusions 550 

The results of this study allow reassessment of the timing of the main deformation and 551 

exhumation events in the Kongsberg LTU and adjacent LTUs of the Sveconorwegian orogen of 552 

southern Norway:  553 

(1) Cooling of the Kongsberg LTU to below biotite closure temperature between c. 1090 and 554 

1070 Ma is compatible with early Sveconorwegian regional amphibolite to granulite facies 555 

deformation documented in the Kongsberg and Bamble LTUs.  556 

(2) Sinistral shearing at around 1000 Ma along the KTBZ and along shear zones within the 557 

Kongsberg LTU led to local large-scale folding of the pre-existing early-Sveconorwegian 558 

foliation. These deformation structures formed as a result of transpression accommodated by a 559 

number of c. N-S trending shear zones in the Sveconorwegian orogen of S Norway and SW 560 

Sweden.  561 

(3) Late-Sveconorwegian extensional shearing along the Prestfoss detachment between c. 940 562 

and 900 Ma caused the exhumation of amphibolite facies gneiss and quartzite of the Telemark 563 

LTU and their juxtaposition against amphibolite facies gneisses of the Kongsberg LTU and the 564 

KTBZ, which had already cooled earlier during the Sveconorwegian orogeny. Extensional 565 

shearing along the Prestfoss detachment began prior to the emplacement of the Flå granite in the 566 

hanging wall of the detachment at c. 930 Ma. The Prestfoss detachment led to the formation of 567 

an immature asymmetric core complex, which is in agreement with overall gradually decreasing 568 

metamorphic grade towards the Telemark supracrustal successions to the west. 569 
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 911 

Figure captions 912 

Figure 1. (a) Situation tectonic map of Fennoscandia. (b) Simplified lithotectonic framework of 913 

the Sveconorwegian orogen of southern Norway and Sweden (modified after Viola and 914 

Henderson, 2010) showing (1) major tectonic boundaries separating lithotectonic units, (2) the 915 

distribution of gneiss vs. supracrustal complexes and major syn-orogenic intrusions (after Bingen 916 

et al., 2021), and (3) major late- to post-orogenic intrusions. Abbreviations: KTBZ, Kongsberg 917 

Telemark boundary zone; SFDZ, Sveconorwegian frontal deformation zone. 918 



 919 

Figure 2. (a) Map of the Kongsberg lithotectonic unit, the adjacent Telemark lithotectonic unit to 920 

the west and the Idefjorden lithotectonic unit to the northeast. Maximum ages of deposition 921 

correspond to youngest detrital zircon ages (see compilation in Bingen and Viola, 2018). 922 

40Ar/39Ar sampling locations are indicated in each of the three transects and traces of cross 923 

sections (Figure 3) are shown. (b) Structural architecture of these Sveconorwegian LTUs shown 924 

by a foliation trace map combined with surface variations of dip angle (kriging interpolation). 925 

Interpolation based on 17,323 foliation measurements. 926 

 927 

Figure 3. 40Ar/39Ar degassing spectra (a-n, p) and one inverse isochron (o) of samples providing 928 

statistically robust dates from transect A-A’ 929 

 930 

Figure 4. 40Ar/39Ar degassing spectra of samples providing statistically robust dates from transect 931 

B-B’ 932 

 933 

Figure 5. 40Ar/39Ar degassing spectra of samples providing statistically robust dates from transect 934 

C-C’ 935 

 936 

Figure 6. Photographic plate showing structural characteristics from representative outcrops in 937 

the KTBZ (a, c, d, g) and from within the Kongsberg complex (b, e, f, h). (a) Discrete ductile to 938 

brittle C’-type shear band indicating top-to-the SE shearing (526618/6646416); coin for scale. 939 

(b) Upright isoclinal fold (532924/6626566); man for scale. Fold axis plunges gently towards the 940 

north. (c) Asymmetries of felsic boudins indicate top-to-the-SE sense of shear 941 



(523119/6641628); coin for scale. (d) East-vergent folds (539960/6669946); hammer for scale. 942 

(e) Isoclinal upright fold (538090/6659814); coin for scale. Fold axis (FA) is parallel to the 943 

subhorizontal stretching lineation (lstr). (f) Top view of folded competent felsic layer 944 

(540912/6648122) indicating sinistral shear deformation; coin for scale. (g) Roadcut 945 

(543264/6681689) revealing asymmetric boudinage of mafic layers in strongly foliated granitic 946 

gneiss indicating top-to-the-SE shearing. Boudinage is associated with pegmatitic dyke intrusion. 947 

(h) Top view of lithologically heterogeneous mylonitic package dipping moderately to the E 948 

(546056/6673446); marker pen for scale. Asymmetric mafic lens indicates sinistral shearing. 949 

 950 

Figure 7. Geological cross sections and corresponding 40Ar/39Ar data from three sampled 951 

transects. Cross sections: Geological units are color-coded according to the map of figure 2a. 952 

Subvertical sinistral shear zones (increasing shear intensity with increasing gray-value) and 953 

extensional top-to-the-E shear zones are highlighted. Projected locations of photographs 954 

presented in figures 6 and 9 are provided. 955 

 956 

Figure 8. Summary plate of plane-polarized (above) and cross-polarized light micrographs 957 

(below) of representative fabrics from (a-c) the easternmost Telemark LTU including (c) the 958 

Prestfoss detachment, (d) a sinistral shear zone hosted by the KTBZ, (e-f) the Norefjell-Hønefoss 959 

fold structure, and from (g-h) the Kongsberg and Modum complexes. Sample ID and 40Ar/39Ar 960 

ages from are provided in the upper right corner (bt = biotite, am = amphibole). Sample C6 is 961 

from the Follum metadiorite (Fig. 2b). 962 

 963 



Figure 9. (a) Lower-hemisphere and equal-area projection of structural data (cf. appendix C) 964 

from the Prestfoss detachment and schematic block diagram illustrating exhumation along the 965 

detachment. (b-f) Field aspects from the Prestfoss detachment. (b) Ductile C’-type top-to-the-E 966 

shear band affecting the granitic gneiss is associated with melting (543264/6681689); finger for 967 

scale. This photograph has been mirrored in order to present all photographs in the same 968 

orientation. (c) Road cut (543422/6681585) exposing asymmetric boudinage of mafic layers and 969 

melt injection along extensional shear zones; man for scale. (d-e) S-C’ fabrics (531960/6657151; 970 

marker pen for scale; and 536195/6662534; magnifier for scale) indicating top-to-the-E(NE) 971 

transport. (f) asymmetric E-vergent open folding (529408/6660266); marker pen for scale. 972 

 973 

Figure 10. Kernel density estimates of the Sveconorwegian 40Ar/39Ar ages from (a) the hanging 974 

wall and the (b) footwall of the Prestfoss detachment. Bandwith = 10 Ma. (c) Interpretation of 975 

the Sveconorwegian 40Ar/39Ar ages and correlation with published geochronological data (see 976 

text for further explanation). 977 

 978 
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Table 1: Summary of previous geochronological and petrological studies 980 

Table 2: Summary of 40Ar/39Ar data  981 
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Appendices 983 

Appendix A (xls file): 40Ar/39Ar raw data  984 

Appendix B (pfd file): 40Ar/39Ar degassing spectra and inverse isochrons of all samples.  985 

Appendix C (xls file): Structural data from the Prestfoss detachment 986 
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Geologic context Method Analyzed material

Kongsberg complex U-Pb zircon

Kongsberg complex (Vardefjell shear zone) U-Pb zircon

Kongsberg complex (Vardefjell shear zone) U-Pb titanite

Kongsberg complex U-Pb zircon

Modum complex Pb/Pb uraninite

Modum complex Re-Os molybdenite

Modum complex U-Pb monazite

Modum complex U-Pb titanite

Modum complex U-Pb zircon

Modum complex Pb/Pb whole rock

Modum complex K-Ar phlogopite

KTBZ U-Pb zircon

KTBZ K-Ar biotite

KTBZ K-Ar sericite

KTBZ K-Ar muscovite

KTBZ K-Ar mica

Idefjorden LTU K-Ar muscovite

Idefjorden LTU K-Ar biotite

Modum complex thermobarometry metagabbro

Modum complex thermobarometry whiteschist

Modum complex petrology coronitic gabbro
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Interpretation P-T peak value Age (Ma)

amphibolite to granulite-facies 

metamorphism 1156 ± 26 to 1090 ± 23 (6 ages)

metamorphism 1012 ± 7, 1008 ± 14

metamorphism 985 ± 5

lamprophyric dyke intrusion 1033 ± 5

localized hydrothermal reworking 1146 ± 66

metamorphism 1112 ± 4

metamorphism 1092 ± 1

albitization 1080 ± 3

metamorphism 1102  ± 28

uranium metasomatism 1060 ± 73

pegmatite intrusion 1041

metamorphism 1014 ± 1

852

895

pegmatite intrusion 977

990

1052

1048

metamorphism, formation of corona 

textures 7-8 kbar, 600-800°C

hydrothermal alteration 6-8 kbar, 600-750°C
metamorphism (amphibolite- to 

pumpellyite-prehnite facies)  and 

metasomatism (scapolitization and 

albitization)



Reference

Bingen and Viola, 2018

Bingen et al., 2008a

Bingen et al., 2008a

Bingen and Viola, 2018

Andersen and Grorud, 1998

Bingen et al., 2008a

Bingen et al., 2008a

Munz et al., 1994

Bingen et al., 2001

Andersen and Munz, 1995

Neumann, 1960

Bingen et al., 2008a

Neumann, 1960

Neumann, 1960

Neumann, 1960

Neumann, 1960

Neumann, 1960

Neumann, 1960

Munz and Morvik, 1991

Munz, 1990

Austrheim et al., 2008



Sample 

ID

Original 

sampleID
Rock type Geologic context Mineral TFA

X Y Σ39Ar% Ageb MSWD Ageb MSWD 40
Ar/

36
Ar

A-1 GVI_50 515393 6621053 Biotite-muscovite layer in quartzite Blefjell quartzite biotite 891 ± 1 45 906 ± 2 0.8 905 ± 4 1.0 310 ± 32

muscovite 889 ± 1 76 890 ± 1 1.2 891 ± 2 0.04 158 ± 178

A-2 GVI_51 518086 6622136 Biotite-amphibole granitic gneiss KTBZ granite gneiss biotite 875 ± 3 68 889 ± 5 0.6 901 ± 2 0.2 -1553 ± 3634

A-3 GVI_52 518781 6621719 Biotite-amphibole granite KTBZ granite gneiss K-feldspar 713 ± 4 - - - - - -

A-4 GVI_53 520790 6620602 Mafic dyke KTBZ amphibole 950 ± 14 77 958 ± 15 0.1 - - -

plagioclase 526 ± 2 - - - 383 ± 47 69.2 2929 ± 1517

A-5 GVI_54 522672 6619295 Biotite-amphibole granitic gneiss KTBZ granite gneiss biotite 655 ± 9 - -  - - -

A-6 GVI_55 524468 6618816 Biotite-amphibole granitic gneiss KTBZ granite gneiss biotite  617 ± 40 - - - 626  ± 142 19.8 305 ± 19

A-7 GVI_56 524438 6618808 Mafic dyke KTBZ granite gneiss amphibole 942 ± 4 - - - - - -

plagioclase 427 ± 3 70 386 ± 11 91.1 410 ± 14 16.6 -225 ± 261

plagioclase 427 ± 3 19 420 ± 11 1.2 342 ± 186 0.2 1349 ± 3612

A-8 GVI_57 525577 6618824 Biotite-amphibole granitic gneiss KTBZ granite gneiss biotite 848 ± 6 44 981 ± 16 2.4 934 ± 15 0.04 266 ± 29

A-9 GVI_58 527403 6618321 Amphibole-biotite granitic gneiss KTBZ granite gneiss amphibole 1050 ± 2  - - - - - -

biotite 997 ± 1 87 1019 ± 19 230.3 1054 ± 8 4.1 -3342 ± 854

A-10 GVI_59 532624 6618982 Garnet-biotite gneiss Kongsberg complex biotite 1007 ± 6 96 1015 ± 5 1.6 1010 ± 11 1.6 316 ± 34

A-11 GVI_60 536191 6616358 Amphibole-biotite dioritic gneiss Kongsberg complex amphibole 1085 ± 9 82 1089 ± 3 0.1 1093 ± 17 0.01 -127 ± 1412

A-12 GVI_61 537870 6614749 Amphibole-biotite dioritic gneiss Kongsberg complex biotite 1062 ± 3 - - - 1099 ± 97 1183.2 310 ± 52

amphibole 1000 ± 23 - - - 972 ± 178 227.7 292 ± 36

A-13 GVI_62 537865 6614733 Muscovite-biotite phyllonite Kongsberg complex biotite 1174 ± 4 64 1245 ± 4 1.1 1253 ± 9 0.2 195 ± 117

A-14 GVI_63 539850 6616121 Amphibole dioritic gneiss Kongsberg complex amphibole 1106 ± 14 78 1089 ± 7 0.8 1096 ± 18 0.9 276 ± 49

A-15 GVI_64 540501 6616318 Biotite-amphibole dioritic gneiss Kongsberg complex amphibole 1065 ± 7 91 1095 ± 6 1.0 1095 ± 8 2.0 294 ± 99

A-16 GVI_65 542249 6617188 Biotite-amphibole dioritic gneiss Kongsberg complex biotite 1046 ± 6 90 1056 ± 2 0.6 1056 ± 2 0.7 299 ± 3

amphibole 1091 ± 7 86 1090 ± 2 0.7 - - -

A-17 GVI_66 544722 6618059 Biotite granodioritic gneiss Kongsberg complex biotite 1133 ± 16 76 1151 ± 8 0.9 1148 ± 9 0.5 311 ± 14

plagioclase 661 ± 1 - - - - - -

A-18 GVI_68 547490 6618101 Biotite augengneiss Kongsberg complex biotite 658 ± 2 - - - 657± 14 150.6 302 ± 21

amphibole 888 ± 6 12 1051 ± 27 4.3 1071 ± 19 1.0 247 ± 36

A-19 GVI_69 549873 6614583 Amphibole granite Oslo Rift amphibole 285 ± 3 70 288 ± 1 1.0 287 ± 1 1.3 300 ± 5

B-1 GVI_72 526861 6659128 Biotite-amphibole granitic gneiss KTBZ granitic gneiss biotite 923 ± 19 73 885 ± 7 0.1 884 ± 8 0.1 358 ± 356

B-2 GVI_70 528439 6660448 Granodiorite gneiss KTBZ biotite gneiss biotite 910 ± 4 43 924 ± 6 2.7 941 ± 15 0.001 -26 ± 275

amphibole 920 ± 2 73 928 ± 1 1.6 912 ± 21 0.7 3724 ± 5222

B-3 GVI_71 528439 6660448 Felsic layer KTBZ biotite gneiss biotite 800 ± 12 - - - - - -

amphibole 904 ± 1 92 908 ± 10 65.6 940 ± 32 48.9 -382 ± 364

B-4 GVI_73 530054 6659484 Biotite-amphibole granitic gneiss KTBZ granitic gneiss biotite 892 ± 1 93 919 ± 10 401.4 926 ± 11 319.2 217 ± 66

amphibole 942 ± 3 79 946 ± 2 1.5 941 ± 7 0.2 1381 ± 1416

B-5 GVI_74 531448 6657952 Biotite granitic gneiss KTBZ granitic gneiss biotite 902 ± 1 40 902 ± 1 1.2 900 ± 2 0.1 530 ± 295

biotite 902 ± 1 31 909 ± 1 0.3 911 ± 8 0.4 90 ± 190

B-6 GVI_75 532560 6656562 Biotite granitic gneiss KTBZ granitic gneiss biotite 896 ± 2 77 907 ± 2 0.5 903 ± 6 0.2 382 ± 137

amphibole 980 ± 3 29 915 ± 4 1.0 922 ± 27 1.8 57 ± 111

B-7 GVI_76 533986 6656680 Protocataclastic granitic gneiss KTBZ granitic gneiss amphibole 717 ± 3 - - - - - -

B-8 GVI_77 534618 6656363 Biotite schist Kongsberg complex biotite 974 ± 4 25 973 ± 3 0.6 972 ± 3 0.3 300 ± 2

Sample locality  

(UTM 32V )
Spectruma Inverse isochron
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biotite 974 ± 4 60 995 ± 3 0.8 994 ± 4 0.9 303 ± 26

B-9 GVI_78 538656 6654705 Amphibole-biotite gneiss Kongsberg complex biotite 1020 ± 2 61 1020 ± 1 0.1 1023 ± 16 0.1 -32 ± 163

amphibole 1071 ± 3 93 1074 ± 2 0.6 1072 ± 5 0.2 419 ± 211

B-10 GVI_79 543619 6660222 Amphibole-biotite granite Modum complex biotite 1004 ± 3 52 1100 ± 3 82.0 - - -

amphibole 993 ± 1 - - - 1066 ± 52 114.4 -1509 ± 2908

B-11 GVI_87 542977 6654105 Feldspar-biotite schist Modum complex biotite 1076 ± 3 95 1078 ± 1 0.3 1078 ± 5 0.4 323 ± 493

B-12 GVI_86 543014 6654079 Quartzite Modum complex biotite 988 ± 2 42 996 ± 1 0.3 996 ± 3 0.5 298 ± 19

biotite 988 ± 2 45 1011 ± 3 1.3 1010 ± 7 1.7 374 ± 299

muscovite 1015 ± 3 95 1015 ± 3 1.2 1014 ± 3 1.3 390 ± 170

C-1 GVI_84 549351 6678147 Garnet-biotite gneiss Kongsberg complex biotite 972 ± 35 51 1039 ± 55 1.3 - - -

C-2 GVI_85 549351 6678147 Felsic layer Kongsberg complex biotite 963 ± 5 41 989 ± 7 0.3 994 ± 16 0.1 259 ± 111

muscovite 990 ± 2 89 991 ± 1 0.6 991 ± 2 0.8 286 ± 236

C-3 GVI_83 554393 6675114 Amphibolite Kongsberg complex amphibole 1030 ± 7 77 1029 ± 5 1.5 1047 ± 20 0.1 -124 ± 400

C-4 GVI_82 560528 6675055 Amphibole-biotite gneiss Veme complex biotite 1004 ± 7 90 1015 ± 4 0.9 - - -

C-5 GVI_81 564831 6674320 Biotite-muscovite quartzite Veme complex biotite 971 ± 5 47 971 ± 3 1.3 971 ± 4 1.8 299 ± 9

biotite 971 ± 5 41 1007 ± 10 1.4 1014 ± 22 1.7 276 ± 64

muscovite 978 ± 1 83 979 ± 1 0.5 - - -

C-6 GVI_80 568217 6673064 (Follum) Metadiorite Idefjorden gneiss biotite 1174 ± 74 - - - - - -

amphibole 1055 ± 9 85 1079 ± 9 0.6 1080 ± 10 0.9 297 ± 35

TFA, total fusion age; MSWD, mean squared weighted deviation

a WMPA, weighted mean plateau age (>50% cumulative 39Ar); WMA, weighted mean age (<50% cumulative 39Ar)  

b Ages in Ma, errors reported as ± 1.96 σ
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Highlights 

 Cooling of the Kongsberg lithotectonic unit is constrained to ca. 1090 and 1070 Ma 

 Sinistral shear deformation along subvertical shear zones was dated to ca. 1000 Ma 

 Structural analysis reveals the existence of the Prestfoss detachment in S Norway 

 Top-to-the-E extension along the Prestfoss detachment was dated to ca. 940-900 Ma 

Highlights
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