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Introduction

The Mesoproterozoic crust in the southwest part of 
the Fennoscandian Shield was reworked during the 
Sveconorwegian orogeny (Pasteels & Michot 1975; Ber-
thelsen 1980; Demaiffe & Michot 1985; Falkum 1985). 
Though this idea has been well established in the litera-
ture for decades, it is not until recently that the Sveconor-
wegian age of high-grade metamorphism was established 
in all lithotectonic units of the Sveconorwegian orogenic 
belt. Especially controversial was the timing of granulite-
facies metamorphism in the Bamble Terrane in south 
Norway (Kullerud & Dahlgren 1993) and the Eastern 
Segment in southwestern Sweden (Johansson et al. 1991). 
Today, the objective is to improve the chronologic and 
tectonic model for the Sveconorwegian orogenic event 
itself. In this paper, monazite, zircon and titanite U-Pb 
data and molybdenite Re-Os data are reported from 
metamorphic rocks to date high-grade metamorphism 

in the four main lithotectonic units in south Norway. A 
pressure-temperature estimate is reported for one critical 
sample. These data were derived from material collected 
over several years, in the course of regional geologic 
investigations, and analysed using different analytical 
methods. Together, they provide a significantly enlarged 
field coverage, and point to important differences in the 
metamorphic evolution of the four lithotectonic units. 
These data are integrated in an orogen-scale tectono-
metamorphic model in a companion paper (Bingen et al. 
2008).

Geological setting

The Sveconorwegian Belt (Berthelsen 1980) south of the 
Caledonian front is divided into five main lithotectonic 
units separated by crustal scale shear zones (Fig. 1). The 
easternmost unit, traditionally called the Eastern Seg-
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ment, is regarded as a parautochthonous unit directly 
linked to the Fennoscandia foreland (Söderlund et al. 
1999). The other lithotectonic units were tectonically 
transported (with respect to Fennoscandia) during the 
Sveconorwegian orogeny and are referred to as terranes 
in this paper. These are the Idefjorden, Kongsberg, Bam-
ble and Telemarkia Terranes (Fig. 1; Bingen et al. 2005). 
The samples analysed in this study were collected in these 
four terranes.

Idefjorden Terrane

The Idefjorden Terrane (Fig. 1) is made up of 1660-1520 
Ma plutonic and volcanic rocks, associated with grey-
wacke-bearing metasedimentary sequences (Brewer et 
al. 1998; Bingen et al. 2001b; Andersen et al. 2004a; Åhäll 
& Connelly 2008). These lithologies were assembled 
during the Gothian accretionary event (Andersen et al. 
2004a; Åhäll & Connelly 2008). The Idefjorden Terrane 
hosts a 1340-1250 Ma bimodal metaplutonic suite (Aus-
tin Hegardt et al. 2007) and 960-920 Ma post-collisional 
norite-granite plutons (Hellström et al. 2004).

The Idefjorden Terrane displays a general N-S to NW-
SE Sveconorwegian structural grain. It contains several 
amphibolite-facies orogen-parallel shear zones, includ-
ing the Göta Älv Shear Zone (Park et al. 1991), as well 
as a nappe complex, the Glaskogen Nappes (Lindh et al. 
1998; Fig. 1). Sveconorwegian metamorphism ranges 
from greenschist- to amphibolite-facies, locally to granu-
lite-facies conditions. 

Bamble and Kongsberg Terranes

The Bamble and Kongsberg Terranes are two small ter-
ranes, made up of 1570-1460 Ma plutonic suites associ-
ated with quartzite or greywacke-dominated metasedi-
ment complexes (Starmer 1985; Starmer 1991; Andersen 
et al. 2004a). The Bamble Terrane contains 1200-1180 
Ma gabbro-tonalite metaplutons (Tromøy complex), 
1170-1150 Ma granite-charnockite metaplutons, and 
990-920 Ma post-collisional granite plutons (Kullerud & 
Dahlgren 1993; Knudsen & Andersen 1999; Andersen et 
al. 2001; Andersen et al. 2004a).

The Kongsberg Terrane shows a steep N-S trending 
Sveconorwegian amphibolite-facies structural grain 
(Starmer 1985; Andersen & Munz 1995). Peak P-T con-
ditions are in the sillimanite stability field. Post-peak 
kyanite-bearing assemblages are recorded in talc-kyanite 
schist units (Munz 1990). The Bamble Terrane has a pro-
nounced NE–SW trending structural grain defined by a 
strong planar fabric, banding and attenuation of litho-
logical units (Starmer 1985; Starmer 1991; Kullerud & 
Dahlgren 1993). Regional metamorphic grade increases 
across strike to the southeast and reaches intermedi-
ate-pressure granulite-facies in the Arendal area (Touret 
1971; Smalley et al. 1983; Nijland & Maijer 1993; Knud-
sen & Andersen 1999). Four main isograds are mapped. 
These are, from northwest to southeast, muscovite-out 
in pelitic gneiss, cordierite-in in pelitic gneiss, and ortho-
pyroxene-in successively in amphibolite and felsic gneiss 
(Nijland & Maijer 1993). Peak pressure-temperature 
conditions are estimated at 0.70 ±0.11 GPa and 793 ±58 
°C in the core of the granulite-facies domain, using gar-
net-pyroxene thermobarometry (Harlov 2000). These 
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Fig. 1. Situation map of SW Scandinavia showing the main lithotectonic units and shear zones of the Sveconorwegian orogenic belt.
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values are in the sillimanite stability field in accordance 
with petrographic observations. Pre-peak and post-peak 
kyanite are reported in the amphibolite-facies domain 
(Visser & Senior 1990; Nijland & Maijer 1993).

Telemarkia Terrane

The Telemarkia Terrane (Fig. 1, 2) is characterized by 
1520-1480 Ma volcanic and plutonic suites, associated 
with and overlain by quartzite-bearing metasedimen-
tary sequences (Dons 1960; Bingen et al. 2001b; Laajoki 
et al. 2002; Bingen et al. 2005). It contains several pre-
Sveconorwegian deformed magmatic suites at 1280-1260 
Ma and 1220-1130 Ma (Heaman & Smalley 1994; Laa-
joki et al. 2002; Bingen et al. 2002; Andersen et al. 2004b; 
Andersen et al. 2007) and several Sveconorwegian plu-
tonic suites (Fig. 2). These include 1050-1000 Ma syn-
collisional granitoids, 970-930 Ma post-collisional gran-
itoid plutons, and the 930-920 Ma Rogaland anorthosite-
mangerite-charnockite (AMC) Complex (Fig. 2) (Schärer 
et al. 1996; Bingen & van Breemen 1998b; Andersen et 
al. 2001; Bogaerts et al. 2003; Bolle et al. 2003; Vander 
Auwera et al. 2003). 

For descriptive purposes, the Telemarkia Terrane is 
divided into four “sectors”: the Telemark, Hardanger-
vidda, Suldal and Rogaland-Vest Agder Sectors (Bin-
gen et al. 2005). The Hardangervidda Sector consists of 

amphibolite-facies gneisses with a general E-W structural 
grain (Sigmond 1998). The Telemark and Suldal Sectors 
are characterized by greenschist- to epidote-amphibo-
lite-facies supracrustal sequences, associated with plu-
tonic rocks. In the central part of the Telemark Sector, 
the Telemark supracrustal rocks show well-preserved vol-
canic and sedimentary textures and an extensive record 
of their original stratigraphic relationships. In the south 
of the Telemark Sector, supracrustal rocks abut a NE-SW 
to N-S trending amphibolite-facies gneiss complex. This 
gneiss complex forms the foot wall of the Kristiansand-
Porsgrunn Shear Zone, and is referred to as the South 
Telemark Gneisses by Andersen et al. (2007).

The Rogaland-Vest Agder Sector corresponds to the 
southwesternmost amphibolite- to granulite-facies gneiss 
domain. Four isograds reflect an increase of metamor-
phic grade towards the Rogaland AMC complex (Fig. 2; 
Tobi et al. 1985). The isograds are, towards the south-
west, clinopyroxene-in in granodioritic gneiss, orthopy-
roxene-in in granitic gneiss, osumilite-in in paragneiss, 
and pigeonite-in in granitic gneiss. Osumilite assem-
blages are indicative of high- to ultra-high temperature, 
low-pressure and water-poor granulite-facies conditions 
(Holland et al. 1996). Formation of the pigeonite iso-
grad requires temperatures exceeding 865 °C. Westphal 
et al. (2003) estimate that peak temperatures increase 
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Fig. 2. Simplified geologic map of the Sveconorwegian belt, west of the Oslo rift, showing the location of granulite-facies domains, of supracrustal 
sequences and gneiss complexs cited in the text, main post-1220 Ma magmatic suites, and samples analysed in this study.
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towards the contact of the AMC complex, from c. 760 °C 
13 km from the contact to more than 900 °C 5 km from 
the contact and at a pressure of 0.5 GPa. The close par-
allelism between the osumilite and pigeonite isograds 
and the contact of the Rogaland AMC complex is good 
evidence for a relation between high-temperature meta-
morphism and intrusion of the magmatic complex (Tobi 
et al. 1985). In the Rogaland-Vest Agder Sector, there is 
petrological evidence for three metamorphic phases (M1 
to M3) (Tobi et al. 1985). High- to ultrahigh-temperature 
granulite-facies assemblages (M2) commonly include 
relics of older high-grade medium-pressure assemblages 
(M1), and they are themselves commonly surrounded by 
post-peak corona textures (M3). Orthopyroxene-bearing 
assemblages are reported for both M1 and M2, suggesting 
superposition of two granulite-facies events, one related 
to regional metamorphism (M1) and the other related 
to intrusion of the anorthosite complex (M2) (Tobi et al. 
1985; Vander Auwera 1993; Westphal et al. 2003). 

Methods

Analytical methods

U-Pb geochronological data were collected on zircon, 
titanite and monazite from 20 samples (Table 1). Stan-
dard methods of mineral separation were used, includ-
ing water-table, magnetic, and heavy liquid separation. 
Crystals were selected for analysis by hand picking under 
alcohol. For Secondary Ion Mass Spectrometry (SIMS) 
and laser ablation - inductively coupled plasma mass 
spectrometry (LA-ICPMS) analyses, selected crystals were 
mounted in epoxy, and polished to approximately the 

middle of the grains. Cathodoluminescence (CL) images 
of zircon and backscattered electron (BSE) images of 
monazite were taken with a scanning electron micro-
scope before analysis (Fig. 3).

SIMS U-Pb analyses were performed with the SHRIMP 
II instrument at the Geological Survey of Canada on zir-
con (Table 2) and monazite (Table 3) following proce-
dures outlined by Stern (1997), Stern and Berman (2000) 
and Stern and Amelin (2003). The samples were analysed 
in Kohler illumination mode, with primary beam diam-
eters of c. 15, 20 and 30 µm. Zircon analyses were cali-
brated relative to the in-house standard BR266 with an 
age of 559 Ma. Monazite Th-Pb and U-Pb analyses were 
calibrated relative to the in-house standard 2908 with an 
age of 1795 Ma. Common Pb detected in the analyses 
is mainly attributed to contamination at the surface of 
the sample. Consequently, a common Pb correction was 
applied using the 204Pb concentration and present-day 
isotopic composition (Stacey & Kramers 1975). As dis-
cussed in Stern and Berman (2000), an unidentified iso-
bar complicates the determination of 204Pb in monazite 
with a high Th content. A significant interference was 
detected for one of the samples (B0024), that could not 
be resolved by applying an energy offset to the secondary 
ion beam. For this sample, the age is thus reported with-
out common Pb correction, and is thus slightly overesti-
mated by a maximum of 10 m.y. and probably less than 
5 m.y. 

Paired Th-Pb, U-Pb analyses of non-abraded single-grain 
fractions of monazite were performed by isotope dilu-
tion-thermal ionisation mass spectrometry (ID–TIMS) 
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Fig. 3. Cathodoluminescence (CL) images of zircon and backscattered electron images (BSE) of monazite, with location of ion microprobe analyses.
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at the Geological Survey of Canada following Davis 
et al. (1998) (Table 4). Typical procedural blank for Pb 
was 2 pg. In addition, ID-TIMS U-Pb analyses were 
made on air-abraded zircon fractions, and non-abraded 
titanite fractions (Table 4). U-Pb analytical procedures 
were modified after Parrish et al. (1987) and Davis et al. 
(1997). Modifications included the use of Savillex dis-
solution vials for titanite analyses and the use of micro-
columns for cation exchange chemistry for zircon analy-
ses. Typical procedural blank for Pb was 2-5 pg for zir-
con analyses and 5-10 pg for titanite analyses. ID-TIMS 
data were corrected for procedural and lattice common 
Pb using the 204Pb concentration. For lattice common Pb, 
isotopic composition at the time of crystallization is esti-
mated following the evolution curve of Stacey and Kram-
ers (1975).

LA-ICPMS analyses of monazite were performed at the 
Geological Survey of Norway (Table 5) following Bingen 
et al. (2005). The data were collected on a Finnigan Ele-
ment I single collector sector ICPMS, fed by a Finnigan 
266 nm laser microsampler. Analyses were done with a 
laser beam rastered over an area of c. 40 x 60 µm over the 
crystal section. Isotopes 202Hg, 204(Hg + Pb), 206Pb, 207Pb, 
208Pb, 238U and 232Th were measured in a time-resolved 
counting scanning mode for 60 sec. The interference 
between 204Pb and 204Hg contained in the Ar gas was cor-
rected by monitoring 202Hg. A 60 sec gas blank analysis 
was performed between each analysis. The measured 
isotope ratios were corrected for element- and mass-bias 
effects using the Geostandard 91500 reference zircon. 
Common Pb detected in the analyses is mainly attrib-
uted to contamination at the surface of the sample and to 
instrumental contamination including carrier (He) and 
plasma gases (Ar). A common Pb correction was thus 
applied using the 204Pb analysis, and the measured blank 
isotopic composition. Ablation related variation in ele-
ment fractionation of up to several percent is unavoidable 
with the instrumentation used. Therefore, the 207Pb/206Pb 
age is regarded as the most reliable age estimate for LA-
ICPMS data.

Ages were derived with the following decay constants: 
λ238U =1.55125 10-10 y-1; λ235U =9.8485 10-10 y-1; λ232Th 
=4.9475 10-11 y-1, 238U/235U =137.88. The ISOPLOT pro-
gram (Ludwig 2001) was used to generate concordia dia-
grams and derive ages. For ion microprobe data, concor-
dia ages (Ludwig 1998) were calculated for all samples. 
They are quoted with the combined MSWD of concor-
dance and equivalence. All errors on ages are quoted at 
the 2σ or 95% confidence levels, as selected by ISOPLOT. 
Except for the purpose of comparison with Re-Os data, 
the errors on U-Pb data do not include propagation of 
uncertainty on the decay constants. The consistency of 
results on monazite obtained by the three different ana-
lytical methods (SIMS, LA-ICPMS and ID-TIMS) has 
been evaluated with two of the samples (Table 6).
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Table 5. LA-ICPMS U-Pb data on monazite.

Table 5. LA-ICPMS U-Pb data on monazite
206Pb 207Pb ±1s 207Pb ±1s 206Pb ±1s R 206Pb ±1s 207Pb ±1s Disc

Id 204Pb 206Pb 235U 238U 238U 206Pb
(%) (%) (%) (Ma) (Ma) (%)

(1) (2) (3) (3) (3) (4) (5) (5) (6)

B0109, Grt-Sil metapelitic gneiss, Bamble Terrane
01 n.t. 0.07858 0.6 2.029 1.2 0.1872 1.0 0.86 1106 11 1162 12 4.8
02 n.t. 0.07825 0.4 1.955 1.1 0.1812 1.0 0.92 1073 10 1153 8 6.9
03 n.t. 0.07758 0.6 1.924 1.2 0.1799 1.1 0.88 1066 11 1136 12 6.1
04 n.t. 0.07685 0.6 1.811 1.3 0.1709 1.2 0.90 1017 11 1117 12 9.0
05 n.t. 0.07776 0.5 1.922 1.2 0.1793 1.0 0.90 1063 10 1141 10 6.8
06 n.t. 0.07555 1.4 1.846 1.8 0.1772 1.2 0.64 1052 11 1083 28 2.9
07 n.t. 0.07911 0.6 1.999 1.2 0.1832 1.0 0.85 1085 10 1175 12 7.7
08 n.t. 0.07755 0.4 1.826 1.2 0.1707 1.2 0.94 1016 11 1135 8 10
09 n.t. 0.07724 0.6 1.998 1.2 0.1876 1.1 0.88 1108 11 1127 12 1.7
10 n.t. 0.07721 0.5 1.968 1.3 0.1848 1.2 0.91 1093 12 1127 11 3.0
11 n.t. 0.07763 0.4 2.019 1.1 0.1886 1.1 0.93 1114 11 1138 9 2.1
12 n.t. 0.07849 0.5 1.922 1.1 0.1776 1.0 0.90 1054 10 1159 10 9.1
13 n.t. 0.07767 0.5 2.044 1.1 0.1908 0.9 0.90 1126 10 1138 9 1.1
14 n.t. 0.07786 0.5 1.927 1.1 0.1795 1.0 0.92 1064 10 1143 9 6.9
15 n.t. 0.07601 1.1 1.914 2.0 0.1827 1.7 0.84 1082 17 1095 22 1.2
16 n.t. 0.07669 0.7 1.889 1.5 0.1786 1.3 0.89 1059 13 1113 13 4.8
17 n.t. 0.07595 2.0 2.013 3.9 0.1922 3.3 0.85 1133 34 1094 41 -3.6
23 17790 0.07672 0.9 2.083 1.7 0.1969 1.4 0.85 1159 15 1114 18 -4.0
24 39203 0.07639 0.7 2.156 1.8 0.2047 1.7 0.93 1201 18 1105 13 -8.6
25 28832 0.07741 1.1 1.998 2.0 0.1872 1.7 0.84 1106 17 1132 21 2.3
26 10429 0.07673 0.8 2.155 1.6 0.2037 1.4 0.85 1195 15 1114 17 -7.3
27 40294 0.07884 0.9 2.340 2.1 0.2153 1.9 0.90 1257 21 1168 18 -7.6
30 10726 0.07738 0.9 2.052 1.7 0.1923 1.5 0.86 1134 15 1131 17 -0.3
31 67878 0.07864 0.8 2.153 1.5 0.1985 1.3 0.85 1167 14 1163 16 -0.4
32 11433 0.07701 0.8 2.157 1.6 0.2031 1.3 0.84 1192 14 1122 17 -6.3
33 30793 0.07772 0.9 2.165 1.8 0.2020 1.6 0.87 1186 17 1140 17 -4.1
34 23129 0.07702 0.8 2.023 1.6 0.1905 1.4 0.85 1124 14 1122 17 -0.2
35 18604 0.07800 0.9 2.040 2.0 0.1896 1.7 0.88 1119 18 1147 18 2.4
36 6473 0.07734 1.4 2.041 2.0 0.1914 1.4 0.72 1129 15 1130 27 0.1
38 47336 0.07773 0.5 1.839 1.3 0.1716 1.2 0.91 1021 12 1140 11 10
40 68687 0.07749 0.7 1.929 1.6 0.1805 1.4 0.90 1070 14 1134 14 5.6

B0030, Sil nodular gneiss, Kongsberg Terrane
01 25167 0.07610 1.3 2.020 2.5 0.1925 2.2 0.85 1135 22 1098 27 -3.4
02 13772 0.07680 1.8 3.204 3.4 0.3026 2.9 0.84 1704 43 1116 37 -53
03 244698 0.07742 0.8 1.940 1.9 0.1817 1.8 0.91 1076 17 1132 16 4.9
04 92401 0.07641 0.9 1.961 2.3 0.1861 2.2 0.93 1100 22 1106 18 0.5
05 25903 0.07599 1.7 1.983 3.2 0.1893 2.7 0.85 1118 28 1095 33 -2.1
06 14479 0.07611 0.9 1.841 2.2 0.1754 2.0 0.92 1042 19 1098 18 5.1
07 19821 0.07658 1.0 1.863 2.0 0.1764 1.7 0.86 1047 16 1110 20 5.7
10 30730 0.07537 0.7 1.913 2.3 0.1841 2.2 0.95 1089 22 1078 14 -1.0
12 14651 0.07567 0.9 1.890 2.1 0.1811 1.9 0.91 1073 19 1086 17 1.2
13 4033 0.07427 1.1 1.827 2.4 0.1784 2.1 0.88 1058 21 1049 23 -0.9
14 20528 0.07571 0.9 1.868 2.1 0.1789 1.9 0.90 1061 18 1087 19 2.4

B0234, Grt-Sil-Crd metapelitic gneiss, Telemarkia Terrane. Suldal Sector
01 29450 0.07328 0.4 1.580 1.1 0.1564 1.0 0.92 936 9 1022 9 8.4
02 27659 0.07268 0.4 1.649 1.4 0.1646 1.3 0.95 982 12 1005 8 2.3
03 13050 0.07292 0.4 1.604 1.1 0.1596 1.0 0.94 954 9 1012 8 5.7
04 18138 0.07234 0.5 1.630 1.3 0.1635 1.2 0.93 976 11 996 10 2.0
05 15780 0.07343 0.5 1.617 1.2 0.1597 1.1 0.92 955 9 1026 10 6.9
06 14223 0.07217 0.5 1.575 1.1 0.1583 1.0 0.89 947 9 991 10 4.4
07 19918 0.07266 0.4 1.598 1.1 0.1595 1.0 0.93 954 9 1005 8 5.0
08 21006 0.07283 0.4 1.636 1.3 0.1629 1.2 0.95 973 11 1009 8 3.6
09 22726 0.07240 0.5 1.584 1.2 0.1587 1.1 0.91 950 9 997 10 4.8
10 19277 0.07171 0.5 1.610 1.2 0.1629 1.1 0.91 973 10 978 10 0.5
11 13815 0.07252 0.5 1.595 1.2 0.1595 1.1 0.90 954 10 1001 11 4.6
12 20537 0.07271 0.6 1.654 1.3 0.1650 1.2 0.90 984 11 1006 11 2.1
13 14255 0.07303 0.5 1.641 1.2 0.1629 1.1 0.91 973 10 1015 10 4.1
14 18624 0.07236 0.5 1.701 1.2 0.1705 1.1 0.91 1015 10 996 10 -1.9
15 8975 0.07293 0.6 1.708 1.4 0.1699 1.3 0.91 1011 12 1012 12 0.1
16 10535 0.07188 0.6 1.687 1.3 0.1702 1.2 0.89 1013 11 983 12 -3.1
17 28346 0.07242 0.5 1.652 1.1 0.1655 1.0 0.89 987 9 998 10 1.1
18 29392 0.07303 0.4 1.697 1.1 0.1685 1.0 0.93 1004 9 1015 8 1.1

(1) analysis identifier
(2) measured ratio; n.t.: ratio measured but not tabulated
(3) ratio corrected for common Pb
(4) Coefficient of correlation of errors; (5) age corrected for common Pb
(6) discordance of the analysis = 100-(100*(206Pb/238U)age/(207Pb/206Pb)age)
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One isotope dilution - negative thermal ionisation mass 
spectrometry (ID-NTIMS) Re-Os analysis of molybde-
nite was carried out at the AIRIE laboratory, Colorado 
State University (Table 7). Molybdenite was extracted 
as homogenized powder using a diamond-tipped drill. 
An aliquot was analysed using a Carius tube digestion, 
single spike isotope dilution and NTIMS measurement, 
according to procedures outlined in Stein et al. (2001). 
The model age for a single aliquot is calculated by apply-
ing the equation 187Os =187Re (eλt-1), where t is the age, 
and λ is the decay constant for 187Re (λ187Re =1.666 10 
-11 y-1) (Smoliar et al. 1996). The error on the Re-Os age 
is quoted at the 2σ level and includes propagation of all 
known errors, including the uncertainty surrounding the 
decay constant. 

Pressure-temperature conditions of metamorphism 
were estimated in one sample. Microprobe analyses were 
performed using a Cameca SX100 electron microprobe 
equipped with 5 wave length-dispersive spectrometers 
(WDS) at the Institute of Geosciences, University of 
Oslo (Table 8). The accelerating voltage was 15 kV and 
the counting time 10 s on peak. The minerals were anal-
ysed at 15 nA, garnet with a focused beam, whereas bio-
tite and plagioclase with a defocused beam (5 and 10 µm 
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Table 6. Cross-control of U-Pb analytical 
methods on monazite

Age n MSWD Method Lab. Type

(Ma) (1)

B0109, Bamble

1136.7 ±1.4 3 1.9 ID-TIMS GSC Concordia age

1133 ±6 12 1.4 SIMS GSC Concordia age

1137 ±7 31 1.9 LA-ICPMS NGU 207Pb/206Pb age

B0030, Kongsberg

1091.7 ±1.2 2 ID-TIMS GSC 207Pb/206Pb age

1093 ±6 9 1.1 SIMS GSC Concordia age

1095 ±12 10 1.4 LA-ICPMS NGU 207Pb/206Pb age

(1) Number of analyses

Table 7. ID-NTIMS Re-Os data on molybdenite

AIRIE Run #
Locality, 
sample

Re, ppm 187Os, ppb Age, Ma

CT-461A
Skutterud, 

BU9601
29.44 ±0.10 346.1 ±1.1 1112 ±4

Assumed initial 187Os/188Os for age calculation = 0.2 ± 0.1
Absolute uncertainties shown, all at 2-sigma level
Decay constant used for 187Re is 1.666 x 10-11yr-1 (Smoliar et al. 1996)
Ages corrected for Re blank = 1.16 ± 0.024 pg, total Os = 1.9 ± 0.1 pg, 187Os/188Os 
= 0.24 ± 0.01

Table 8. Microprobe chemical analyses of garnet (Grt), plagioclase (Pl), and biotite (Bt) from sample B99137.

Table 6. Cross-control of U-Pb analytical methods on monazite.

Table 7. ID-NTIMS Re-Os data on molybdenite.

Table 8. Microprobe chemical analyses of garnet (Grt). plagioclase (Pl). and biotite (Bt) from sample B99137

Analysis no. #1 #18 #8 #24 #6 #23

Mineral grain Grt 1 Grt 3 Pl 1 Pl 3 Bt 1 Bt 3

core core core core core core

SiO
2 37.69 37.40 Na

2
O 8.46 8.30 SiO

2 35.74 35.75
TiO

2 0.01 0.02 K
2
O 0.24 0.37 Al2O

3 18.93 17.82

Al
2
O

3 21.30 21.55 SiO
2 61.38 61.58 TiO

2 3.85 4.55

Cr
2
O

3 0.06 0.00 Al
2
O

3 24.24 23.83 Cr
2
O

3 0.04 0.05

FeO 33.35 32.80 CaO 5.75 5.47 FeO 17.34 18.06

MnO 0.77 0.72 FeO 0.02 0.02 MnO 0.00 0.05

MgO 4.16 4.45 Total 100.11 99.57 MgO 9.15 8.72

CaO 3.15 3.08 Structural formula based on 5 cations CaO 0.00 0.00

Total 100.49 100.01 Si 2.720 2.747 Na
2
O 0.04 0.16

Structral formula based on 8 cations Al 1.266 1.253 K2O 10.09 9.97

Si 2.986 2.969 Fe 0.001 0.001 Total 95.19 95.13

Al VI 1.989 2.016 Ca 0.273 0.261 Structural formula based on 22 O

Ti 0.001 0.001 Na 0.727 0.717 Si 5.407 5.441

Cr 0.004 0.000 K 0.014 0.021 Al 3.375 3.196

Fe2+ 2.210 2.177 Ti 0.438 0.521

Mn 0.052 0.049 Ab 71.7 71.8 Cr 0.005 0.005

Mg 0.491 0.526 An 26.9 26.2 Fe 2.194 2.298

Ca 0.268 0.262 Kfs 1.3 2.1 Mn 0.000 0.006

OX 11.983 11.978 Mg 2.065 1.978

 Ca 0.000 0.000

Alm 73.2 72.2 Na 0.013 0.046

Prp 16.3 17.5 K 1.948 1.936

Grs 8.9 8.7 SUM cat 15.445 15.428

Sps 1.7 1.6

Fe/(Fe+Mg) 0.818 0.805 FeO/(FeO+MgO) 0.654 0.674
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in diameter, respectively). Na and K peaks were analysed 
first. Standardisation is based on a selection of synthetic 
and natural minerals and oxides. Data reduction was 
done by the PAP program.

Interpretation of monazite and titanite U-Pb data

Solid-state diffusion of Pb in monazite is extremely slow 
(Cherniak et al. 2004). Consequently, under most crustal 
conditions, monazite Th-U-Pb dates record crystalliza-
tion rather than diffusion processes. Abundant examples 
in the literature show that natural monazite commonly 
consists of several growth zones, each of them recording a 
distinct crystallization or recrystallization event, and that 
it is a comparatively reactive mineral in high-grade meta-
morphic environments in the presence of a fluid or melt 
(Bingen & van Breemen 1998a; Cocherie et al. 1998; Pyle 
& Spear 2003; Gibson et al. 2004; Williams et al. 2007). 
In typical pelite-psammite metasediment sequences, the 
bulk of metamorphic monazite appears around the silli-
manite isograd and monazite coarsens in the presence of 
a partial melt (Smith & Barreiro 1990; Williams 2001). In 
typical orthogneiss, monazite generally forms in upper-
amphibolite- to granulite-facies metamorphic conditions 
as a consequence of the breakdown of allanite, titanite 
and hydrous minerals (Bingen et al. 1996). Consequently, 
in the absence of detailed petrologic data, it is safe to 
state that populations of coarse-grained monazite show-
ing comparatively simple internal zoning and collected 
in non-retrogressed sample suites, record at least upper 
amphibolite-facies metamorphism.
Solid-state diffusion of Pb is faster in titanite than in 
monazite (Cherniak 1993). U-Pb dates in titanite can 
either record (1) diffusion processes, i.e. cooling through 
a blocking temperature or (2) crystallization-recrystal-
lization processes, which include neocrystallization of 
titanite or intracrystalline deformation by dislocation 
creep. A blocking temperature of c. 610°C can be derived 
from diffusion data by Cherniak (1993) using typical 
grain sizes and cooling rates (100 µm and 15 °C/my). 
These two lines of interpretation of titanite data have 
been proposed for lithologies in the Sveconorwegian belt 
(Bingen & van Breemen 1998a; Söderlund et al. 1999; 
Johansson et al. 2001). 

Results

Bamble Terrane

In the core of the granulite-facies domain of Bamble, on 
the islands of Hisøy and Tromøy (Fig. 2), steeply dipping 
high-strain banded gneiss of metasedimentary origin is 
associated with mafic and tonalite gneiss (Knudsen et al. 
1997a). Layers of metapelite and quartzite are common. 
Two samples of metapelitic garnet-sillimanite gneiss 
were collected on Hisøy (Fig. 2, samples B0109 and 
B0111). They contain abundant coarse-grained monazite 
(commonly 200-300 µm) oriented parallel to the folia-
tion, and devoid of zoning on BSE images. Sample B0109 

shows centimetre to millimetre-scale banding with layers 
variably enriched in garnet, sillimanite, biotite or quartz. 
Three ID-TIMS analyses of single monazite grains define 
a concordia age at 1137 ±1 Ma (Fig. 4a, Table 4), 12 SIMS 
U-Pb analyses in 8 monazites define a concordia age at 
1133 ±6 Ma (Fig. 4b, Table 3), and 31 LA-ICPMS anal-
yses in 17 monazites yield an average 207Pb/206Pb age of 
1137 ±7 Ma (Fig. 4c, Table 5). The consistency of the data 
(Table 6) points to a single event of monazite growth, 
best estimated by the concordant ID-TIMS analyses at 
1137 ±1 Ma. This foliation-parallel monazite growth is 
most probably coeval with the formation of the granulite-
facies mineral assemblage and associated deformation 
leading to lithological banding. Sample B0111 contains 
abundant sillimanite-rich layers and garnet porphyrob-
lasts (1-4 mm). Seven SIMS U-Pb analyses in 5 monazites 
yield a concordia age of 1135 ±6 Ma (Fig. 4d, Table 3). 

In the amphibolite-facies domain (muscovite zone), the 
quartzite-rich Kragerø and Nidelva metasedimentary 
complexes are characterized by an assemblage of quartz-
ite, micaceous gneiss, minor sillimanite-rich gneiss and 
minor orthoamphibole-cordierite rocks (Morton 1971; 
Starmer 1985; Nijland et al. 1993). The Nidelva Complex 
was sampled at Blakstad (Fig. 2). Sample B0116 is an het-
erogranular muscovite-bearing impure quartzite from a 
strongly foliated outcrop. Monazite commonly displays 
a core-rim structure (Fig. 3e). Four SIMS analyses per-
formed on four cores yield a concordia age of 1134 ±14 
Ma, and six analyses on five rims or crystals with homo-
geneous BSE contrast yield a younger concordia age at 
1107 ±9 Ma (Fig. 4e, Table 3). These two ages probably 
reflect two separate monazite crystallization events. Sam-
ple B0024 represents the Kragerø Complex (Fig. 2). It is 
a comparatively weakly deformed sillimanite-bearing 
impure quartzite, selected from a locality showing mus-
covite-rich gneiss, sillimanite-bearing nodular gneiss and 
quartzite. The sample contains abundant tourmaline, 
and trace monazite and xenotime. Though monazite 
shows significant concentric zoning, 15 SIMS analyses 
in 5 crystals distributed over the different zones define 
a single age cluster with a concordia age at 1127 ±6 Ma 
(Fig. 4f, Table 3). 

Kongsberg Terrane

The quartzite-rich Modum Complex in the Kongs-
berg Terrane is lithologically similar to the Kragerø and 
Nidelva Complexes in the Bamble Terrane (Starmer 
1985). It includes conformable, sulfide-rich layers, com-
monly referred to as fahlbånd. The Skuterud cobalt mine 
is hosted in a muscovite-biotite-sillimanite gneiss. The 
ore displays an assemblage of pyrite, pyrrhotite, chalco-
pyrite, graphite, uraninite and cobalt minerals (Grorud 
1997). It yields a Pb-Pb errorchron age of 1434 ±29 
Ma (Andersen & Grorud 1998). As cobalt enrichment 
is directly correlated with radioactivity, Andersen and 
Grorud (1998) argued that this age constrains deposition 
of the cobalt mineralization and sets a minimun age for 
deposition of the sediment. Molybdenite is not a com-
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mon mineral at the mine. Still, sample BU9601, a float 
collected in the mine dump, has a few mm-size grains of 
molybdenite, corresponding to a whole-rock Mo content 
of 9 ppm. The sample shows rich impregnation of chal-
copyrite, traces of pyrrhotite, and a cobalt-bearing phase 
in a matrix of radiating needles of gedrite with quartz 
and biotite. The sample is enriched in Au (2.3 ppm). 

Re-Os analysis of one molybdenite aggregate yields a 
model age of 1112 ±4 Ma (Table 7). Petrographic evi-
dence from a variety of samples from the mine indicates 
that sulfide minerals were completely recrystallized dur-
ing Sveconorwegian deformation (Grorud 1997). Con-
sequently, molybdenite is regarded as a metamorphic 
mineral formed locally from trace Mo initially present in 
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Fig. 4. Monazite U-Pb data from the Bamble Terrane. See Table 1 for abbreviation of minerals. 



28 B. Bingen et al. NORWEGIAN JOURNAL OF GEOLOGY 

Fig. 5. Monazite, zircon and titanite U-Pb data from the Kongsberg and Idefjorden Terranes. 
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other minerals of the rock. The age of 1112 ±4 Ma is thus 
interpreted to date deformation and metamorphism in 
the ore body.

The Modum Complex locally contains layers of a biotite-
muscovite-sillimanite gneiss with centimetre-scale oblate 
nodules enriched in quartz and sillimanite. A sample of 
such a nodular gneiss, B0030, collected some 5 km along 
strike from the Skuterud mine, contains abundant tour-
maline, common monazite and traces of xenotime. Mon-
azite does not appear zoned on BSE images. ID-TIMS 
analyses were performed on three monazite crystals. Two 
of them are concordant to slightly discordant and yield 
a 207Pb/206Pb age of 1092 ±1 Ma (Fig. 5a, Table 4). The 
third crystal is reversely discordant and yields a 207Pb/235U 
age of 1090 ±1 Ma and a 207Pb/206Pb age of 1088 ±2 Ma 
suggesting that the monazite population of this sample 
may not be strictly homogeneous or that the 206Pb/238U 
age of some grains is affected by intermediate-daughter 
disequilibrium (Schärer 1984). Nine out of twelve SIMS 
analyses in seven monazite crystals are concordant and 
define a concordia age at 1093 ±6 Ma (Fig. 5b, Table 3). 
The three remaining SIMS analyses are reversely discor-
dant, and also suggest significant heterogeneity in the 
monazite population. Ten LA-ICPMS analyses in 5 mon-
azite crystals give a 207Pb/206Pb age of 1095 ±12 Ma (Fig. 
5c, Table 5). The ID-TIMS, SIMS and LA-ICPMS age 
estimates overlap (Table 6). The ID-TIMS age of 1092 
±1 Ma is the most precise one and is interpreted to date 
crystallization of monazite together with the develop-
ment of the amphibolite-facies sillimanite-bearing min-
eral assemblage.

Idefjorden Terrane, west of Oslo rift

West of the Oslo rift, the Idefjorden Terrane contains a 
metagreywacke-rich metasupracrustal sequence, referred 
to as the Veme Complex (Fig. 2) (Bingen et al. 2001b). 
At Hensmoen, a southwest-dipping sequence of variably 
banded and variably foliated ortho- and paragneisses is 
characterized by pervasive amphibolite-facies garnet blas-
tesis. Garnet is present in all lithologies. It has generally a 
rounded habit and predates the last deformation phase 
recorded in this section. Three samples represent three 
main lithologies along this c. 2 km section: a metapelitic 
gneiss (B99137), a granodioritic gneiss (B99143) and an 
augen gneiss (B99140).

Sample B99137, is a kyanite-bearing metapelite layer 
hosted in a migmatitic banded gneiss. The sample con-
tains an equilibrium assemblage of garnet, biotite, K-
feldspar, plagioclase, kyanite, rutile and quartz attesting 
to high-pressure amphibolite-facies conditions. No ret-
rogression of this assemblage is detected. Pressure-tem-
perature conditions were estimated using the garnet-
kyanite-plagioclase-quartz (GASP) barometer calibrated 
by Holland and Powell (1998), and the garnet-biotite 
thermometer. For the garnet-biotite thermometer, three 
calibrations by Perchuk et al. (1985), Krogh et al. (1990) 
and Kaneko and Miyano (2004) were used. Similar pres-

sure-temperature estimates were derived from four sets 
of mineral analyses representing equilibrium micro-
domains. The highest estimates from one of these, range 
from 1.00 GPa-688 °C to 1.17 GPa-780 °C, depending on 
the selected calibration of the garnet-biotite thermom-
eter (Fig. 6). Sample B99137 contains abundant mona-
zite, showing weak internal BSE contrast. Ten out of 15 
SIMS analyses from nine monazite crystals define a tight 
concordant cluster with a concordia age at 1052 ±4 Ma 
(Fig. 5g, Table 3). This age is interpreted to be the age of 
crystallization of the main population of coarse-grained 
monazite belonging to the kyanite-bearing assemblage 
(1.00-1.17 GPa, 688-780 °C). Two analyses in two crystals 
give a distinctly younger age of 1025 ±9 Ma (weighted 
average 207Pb/206Pb age), interpreted as monazite crys-
tallization after peak metamorphism. One of the rarely 
detected cores yields a concordant age at 1539 ±8 Ma 
(Fig. 5e, Table 3). If interpreted as metamorphic, this 
monazite age is evidence for a Gothian metamorphism, 
and implies that sedimentation now represented by the 
paragneiss sequence exposed at Hensmoen took place 
before 1540 Ma.

Sample B99143 is an amphibole-garnet-biotite-allanite-
bearing granodioritic gneiss (SiO

2
 =64.9 %, K

2
O =4.4 

%), collected in a homogeneous outcrop. It probably 
represents an orthogneiss sheet in the sequence. Zircon 
cores with magmatic oscillatory zoning define a concor-
dia age at 1495 ±11 Ma (6 SIMS analyses in 6 cores, Fig. 
5f, Table 2), and date magmatic intrusion of a granodio-
ritic protolith. Uranium-rich (450–550 ppm) metamor-
phic zircon rims are locally present (Fig. 3a). Three SIMS 
analyses, collected with a 12 µm beam from three rims, 
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Fig. 6. Pressure-temperature diagram showing thermobarometric cal-
culation for garnet-kyanite metapelitic gneiss B99137, Idefjorden Ter-
rane, Hensmoen locality. GASP: garnet-kyanite-plagioclase-quartz 
barometer following Holland & Powell (1998). Garnet-biotite thermo-
meter: P1985: calibrations by Perchuk et al. (1985); K1990: Krogh et al. 
(1990); KM2004: Kaneko and Miyano (2004). Intersection of Keq lines 
gives P-T estimates of 1.00 GPa-688 °C to 1.17 GPa-780 °C.
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yield a concordia age at 1091 ±18 Ma (Fig. 5g). Sample 
B99143 was collected close to an outcrop of sillimanite-
bearing (kyanite-free) metapelitic gneiss, showing abun-
dant inclusions of sillimanite inside garnet phenoblasts. 
This association suggests that the metamorphism dated 
at 1091 ±18 Ma was in the sillimanite stability field, and 
took place before kyanite-grade metamorphism recorded 
in sample B99137 (1052 ±4 Ma). Sample B99143 contains 
abundant amber titanite forming oblate discs aligned 
parallel to the fabric of the gneiss. Three titanite fractions 
define a 207Pb/206Pb age of 1043 ±8 Ma (Fig. 5h; Table 4).

Sample B99140 was collected some 300 m from sample 
B99143 in a garnet-bearing augen gneiss with con-
spicuous cm-scale leucosome pods. Sample B99140 is 
richer in biotite than B99143. One titanite fraction has 
a 207Pb/206Pb age of 1040 ±14 Ma, and two fractions, with 
similar characteristics, define an age of 1024 ±9 Ma (Fig. 
5h; Table 4).

Vardefjell Shear Zone and Telemarkia hanging wall

The Vardefjell Shear Zone represents the boundary 
between the Telemarkia and Idefjorden Terranes (Fig. 2). 
It trends NW-SE and dips to the southwest (20–50°). It 
is characterized by amphibolite-facies banded gneiss rich 
in amphibolite layers and 1 to 50 m thick amphibolite 
boudins. Metamorphic garnet is common in both the 
banded gneiss and amphibolite boudins. The shear zone 
is cut by numerous undeformed pegmatite dykes, probably 
related to intrusion of the nearby unfoliated Flå granite 
pluton (Fig. 2). The hanging wall of the shear zone in the 
Telemark Sector is referred to as the Hallingdal Com-
plex (Bingen et al. 2001b) Here, the metamorphic grade 
decreases progressively towards the southwest. 

Two samples of amphibole-bearing banded gneiss were 
collected in the centre of the Vardefjell Shear Zone in the 
Flå area. They show a strong planar gneissic fabric and 
mm-scale quartz ribbons. Sample B99111 was affected by 
grain-size reduction during shearing (mylonitization), as 
is evident from the occurrence of 3 to 6 mm large plagio-
clase and amphibole porphyroclasts hosted in a grano-
blastic matrix. This sample is granodioritic to tonalitic 
in composition (SiO

2
 =63.6 %, K

2
O =0.9 %) and inter-

preted as a sheared orthogneiss. The sample contains zir-
cons with a core-rim structure (Fig. 3b, c). A core is pres-
ent in almost every crystal. The core is oscillatory zoned 
and has a typical magmatic morphology. The rim is rich 
in uranium (260-740 ppm) and poor in Th (<10 ppm) 
and interpreted as metamorphic. A few rounded crystals 
without visible core, but mainly made up of U-rich Th-
poor zircon with a faint sector zoning (Fig. 3c), are also 
interpreted as metamorphic. Seven SIMS analyses in 
seven cores define a concordia age of 1528 ±16 Ma (Fig. 
7a, Table 2). This age is interpreted to record the intru-
sion of the magmatic protolith. Three zircon cores rang-
ing from 1626 ±31 to 1575 ±18 Ma (near-concordant 
analyses) may be inherited from the source of the rock. 
Fifteen analyses of metamorphic zircon define a con-

cordia age at 1012 ±7 Ma (Fig. 7b, Table 2) and date an 
amphibolite-facies metamorphic overprint. It also repre-
sents a maximum age for the mylonitic fabric observed 
in this sample, as grain-size reduction post-dates peak 
metamorphic conditions.

Sample B99114 is granodioritic to granitic in composi-
tion (SiO

2
 =70.6 %, K

2
O =4.6 %). It contains small zir-

cons with a core-rim structure. The cores are oscillatory 
zoned while narrow Th-poor (<5 ppm) rims are generally 
located at the tip of crystals (Fig. 3d). Seven out of eight 
SIMS analyses in the core define a concordia age of 1507 
±14 Ma reflecting magmatic intrusion age of the grano-
dioritic protolith (Fig. 7c, Table 2). Six SIMS analyses in 
the rim yield a concordia age at 1008 ±14 Ma (Fig. 7d, 
Table 2). The two gneiss samples contain oblate, amber 
coloured titanite aligned in the planar fabric. In sample 
B99114, three titanite fractions are nearly concordant. In 
sample B99111, two fractions are more discordant and 
less radiogenic (230 <206Pb/204Pb <280). Together, the five 
fractions define a weighted average 207Pb/206Pb age of 985 
±5 Ma (Fig. 7e, Table 4).

In the Hallingdal complex, in the Telemarkia hanging 
wall, a garnet-bearing amphibolite boudin, about 50 
m thick, was sampled. The boudin is weakly deformed 
and contains conspicuous cm-thick leucosome pockets. 
Sample B99130 shows a well-equilibrated garnet-bearing 
metamorphic texture. It is rich in biotite and character-
ized by small (<100 µm) rounded zircons, with a typical 
metamorphic habit. Five zircon fractions were analysed 
by ID-TIMS. Three of them overlap and are nearly con-
cordant. They yield a weighted average 207Pb/206Pb age of 
1014 ±1 Ma (Fig. 7f, Table 4). The two other fractions are 
more discordant and contain an inherited component 
older than 1014 Ma. The age of 1014 ±1 Ma is interpreted 
as the age of crystallization of metamorphic zircon. Met-
amorphic zircon in migmatitic amphibolite may crystal-
lize as a consequence of release of Zr during conversion 
of the magmatic assemblage into a metamorphic one, or 
may be related to the formation of leucosome pockets 
(Bussy et al. 1995; Fraser et al. 1997; Bingen et al. 2001a).

Telemarkia Terrane, Suldal Sector

To the west of the Mandal-Ustaoset Fault and Shear Zone, 
in the Suldal Sector, metasupracrustal rocks of andesite-
dacite composition contain minor staurolite-grade pelitic 
layers (Grjotdokki-Nesflaten supracrustal rocks, Bykle 
area, Fig. 2). These supracrustal rocks are surrounded by 
an amphibolite-facies gneiss complex, called the Bots-
vatn Complex (Sigmond 1978). The Botsvatn Complex is 
made up of banded gneiss and c. 1500 Ma felsic orthog-
neiss (Bingen et al. 2005). The contact between the meta-
supracrustal rocks and the Botsvatn Complex is parallel 
to a strong planar deformation fabric. No unconformity 
can be observed at the base of the metasupracrustal 
rocks. Sample B0234, collected at Rygnestad (Fig. 2), is 
a pelitic layer in a banded gneiss of the Botsvatn Com-
plex. Centimetre-scale leucosomes are present. Sample 

B. Bingen et al. NORWEGIAN JOURNAL OF GEOLOGY  



31

B0234 contains porphyroblasts of garnet in a biotite-sil-
limanite-garnet-plagioclase-bearing matrix. Cordierite 
(now retrogressed to pinite) commonly surrounds gar-
net porphyroblasts, and is interpreted to be the product 
of a decompression reaction. Coarse-grained (commonly 
>200 µm) monazite is abundant and occurs in both the 
matrix and garnet porphyroblasts. Monazite is generally 

not zoned on BSE images. Eighteen analyses, performed 
with LA-ICPMS, define a weighted average 207Pb/206Pb 
age of 1005 ±7 Ma (Fig. 8a, Table 5). This age records 
monazite growth, most probably during partial melting 
and the formation of the sillimanite-garnet assemblage. 
The data demonstrate a Sveconorwegian age for amphib-
olite-facies metamorphism in the Botsvatn Complex.
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Fig. 7. Zircon and titanite U-Pb data from the Vardefjell Shear Zone.
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Telemarkia Terrane, Rogaland-Vest Agder Sector

In the Rogaland-Vest Agder Sector, published monazite 
ID-TIMS U-Pb data from 11 samples distributed in the 
amphibolite- and granulite-facies domains range from 
1024 ±1 to 904 ±5 Ma (Bingen & van Breemen 1998a). 
In the granulite-facies domain, no apparent time gap is 
recorded during this 120 m.y. time span in the monazite 
data set. The question arises as to whether this age pat-
tern reflects (1) continuous crystallization of monazite, 
or (2) a mixture of domains with ages corresponding 
to the M1 and M2 metamorphic events, as defined by 
petrology in this sector (Tobi et al. 1985). The most com-
mon way of handling composite monazite grains is to 
use microanalytical methods, like SIMS, electron micro-
probe, or LA-ICPMS. In order to complement the avail-
able ID-TIMS data set, and preserve full advantage of the 
precision of this method, an alternative way is used here. 
It consists of collecting paired U-Pb and Th-Pb data on 
single monazite grains with the ID-TIMS method (Table 
4). Th and U contents are not directly correlated in mon-
azite. Composite monazite crystals made up of domains 
with distinct ages and distinct Th/U ratios will provide 

distinct apparent U-Pb and Th-Pb ages. A simple calcu-
lation, using typical values for the situation under con-
sideration here, shows that the apparent 208Pb/232Th age 
of a monazite made up of two age domains at 1000 and 
900 Ma, 50 % volume each, will decrease by c. 17 m.y. by 
doubling the Th content in the 900 Ma domain, relative 
to a grain with homogeneously distributed Th and U. 
This calculation suggests that analyses characterized by 
significant differences between the apparent 208Pb/232Th 
and 207Pb/235U ages may be derived from composite mon-
azite grains. The 206Pb/238U age can be affected by inter-
mediate-daughter disequilibrium and is thus regarded as 
less reliable than the 207Pb/235U age for defining the crys-
tallization age of a monazite (Schärer 1984). 

Paired U-Pb and Th-Pb data were collected on mona-
zite from five of the samples investigated by Bingen and 
van Breemen (1998a) (Fig. 2, Table 4). Samples B113 and 
B185 are hornblende-clinopyroxene augen gneisses col-
lected in the amphibolite-facies domain to the west of 
the clinopyroxene isograd. Sample B135 is a biotite augen 
gneiss from the same zone. Sample B191 is also a biotite 
augen gneiss collected in the granulite-facies domain 
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close to the contact with the Rogaland AMC Complex. 
Sample B649 is an anhydrous (biotite-free) charnockitic 
gneiss collected to the west of the pigeonite isograd. With 
few exceptions, BSE images of monazite crystals from 
these samples show no visible zoning. Sixteen analyses 
are nearly concordant for the U-Pb system (+1.8 to -
2.5% discordance) suggesting that no significant loss of 
radiogenic Pb occurred after crystallization. Five analyses 
have distinct 207Pb/235U and 208Pb/232Th ages. These have 
apparent 208Pb/232Th ages older than 950 Ma, suggesting 
these monazite crystals are composite and consist of a 
M1 core surrounded by a variably thick M2 rim. Eleven 
analyses yield equivalent 208Pb/232Th, 207Pb/235U and 
206Pb/238U ages (Fig. 9). Accordingly, it cannot be dem-
onstrated that these crysals consist of more than one age 
domain, within resolution of the analytical method. In 
the three amphibolite-facies samples, six of these crystals 
define three 208Pb/232Th ages or age ranges, at 999 ±5, 927 
to 922 ±5, and 914 to 910 ±5 Ma. In the two granulite-
facies samples, five crystals define four 208Pb/232Th ages 
at 1013 ±5, 997 ±5, 980 to 979 ±5, and 947 ±5 Ma (Fig. 
9a). These results suggest, but do not demonstrate, crys-
tallization of more than two generations of monazite in 

Rogaland-Vest Agder, including a minor population of 
monazite at 947 ±5 Ma, midway between the M1 and M2 
metamorphic events.

The geochronology of M1 regional metamorphism is 
also investigated with SIMS using two samples collected 
more than 30 km away from the contact of the Rogaland 
AMC complex, presumably outside of the area affected 
by M2 metamorphism. Sample B00158 is a felsic ortho-
pyroxene-garnet-biotite paragneiss from a lithologically 
homogeneous outcrop at Øvstabø (Fig. 2). The sam-
ple has a granulite-facies assemblage, though collected 
some 10 km to the east of the orthopyroxene isograd, as 
mapped by Tobi et al. (1985). The sample contains abun-
dant coarse-grained monazite (commonly >200 µm) 
with a conspicuous core-rim structure (Fig. 3f). The rim 
is volumetrically minor and forms embayments into the 
core. It is enriched in thorium. Six SIMS analyses from 
the cores of six monazites yield a concordia age at 1032 ±5 
Ma, while seven analyses from the rims yield a distinctly 
younger concordia age at 990 ±8 Ma (Fig. 8b, Table 3). 
Garnet from the coarse-grained orthopyroxene-garnet-
biotite assemblage is locally overgrown by a rim of garnet 
+ quartz. Locally, the biotite is apparently breaking down 
and intergrown with quartz and plagioclase. These petro-
graphic relationships suggest that a local interstitial melt 
was present after formation of the main coarse-grained 
granulite-facies assemblage and resulted in the formation 
of the garnet rim. They also suggest, but do not demon-
strate, that the voluminous 1032 ±5 Ma monazite core is 
coeval with the coarse-grained granulite-facies assem-
blage and that the 990 ±8 Ma rim is coeval with forma-
tion of the garnet rim.

In the Knaben area (Fig. 2), molybdenum mineralizations 
are hosted in a N-S trending amphibolite-facies banded 
gneiss, known as the Knaben gneiss. Sample B0128 repre-
sents the main ore body at the Knaben II mine. It is made 
up of a leucocratic molybdenite-rich biotite-granitic 
gneiss. Monazite forms crystals smaller than 200 µm, and 
these are commonly zoned on BSE images. Eleven SIMS 
analyses in 9 monazite crystals yield a concordia age at 
1002 ±7 Ma (Fig. 8c, Table 3). Monazite growth prob-
ably took place during the prominent hydrothermal ore-
forming event observed at this locality. One monazite 
crystal yields a distinctly younger age at 906 ±20 Ma.

Discussion

Bamble and Kongsberg Terranes

The early Sveconorwegian age of granulite-facies meta-
morphism in the Bamble Terrane was established by 
Kullerud and Dahlgren (1993), on the basis of Sm-Nd 
mineral isochrons, the best of which gave an age of 1098 
±7 Ma. A whole-rock Pb-Pb correlation line, based on 
paragneiss samples from the Kongsberg and Bamble Ter-
ranes, gave an age of 1131 ±30 Ma (Andersen & Munz 
1995). This line, though difficult to interpret in detail, 
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underscores the regional significance of Sveconorwegian 
overprint in these terranes. Recent geochronological data 
indicate the presence of two metamorphic events, a first 
event at 1140-1125 Ma restricted to Bamble and a second 
one at 1110-1080 Ma recorded in both terranes (Fig. 10).

The first phase at 1140-1125 Ma is recorded by a few pub-
lished ages from the granulite-facies domain in the Aren-
dal area. It includes a monazite ID-TIMS analysis at 1145 
±3 Ma from a metapelitic gneiss (Cosca et al. 1998), SIMS 
analyses of metamorphic zircon in two samples at 1125 
±46 and 1124 ±8 Ma (Knudsen et al. 1997b; Knudsen & 
Andersen 1999), and a titanite date at 1137 ±2 Ma from a 
marble collected on Tromøy (Cosca et al. 1998; Fig. 10). 
New monazite data in four samples (Fig. 4) provide a 
narrower age bracket extending from 1137 ±1 to 1127 ±6 
Ma for this event, and show that it is present in both the 
amphibolite-facies domain (samples B0116, B0024) and 
the granulite-facies domain (samples B0109, B0111, Fig. 
2). Monazite in the two granulite-facies samples probably 
dates the sillimanite-bearing granulite-facies assemblage, 
and provides an estimate for peak intermediate-pressure 
granulite-facies metamorphism (0.70 ±0.11 GPa). 

The second event at 1110-1080 Ma is recorded in the 
Bamble Terrane by a monazite date at 1107 ±9 Ma in the 
amphibolite-facies domain (sample B0116, Fig. 4e), and 
titanite dates between 1106 ±2 and 1091 ±2 Ma in four 
samples located in the amphibolite-facies domain and 
marginal zone of the granulite-facies domain (Cosca et 
al. 1998; de Haas et al. 2002; Fig. 10). The monazite and 
titanite data overlap with the main cluster of amphibole 
40Ar/39Ar plateau ages, between 1099 ±3 and 1079 ±5 Ma 
(18 samples, average value at 1089 ±3 Ma), being from 
samples taken from the amphibolite- and granulite-facies 
domains (Cosca & O’Nions 1994; Cosca et al. 1998). 

Estimates of the timing of amphibolite-facies metamor-
phism in the Kongsberg Terrane are restricted to the 
Modum Complex. They include a SIMS U-Pb age of 
1102 ±28 Ma for zircon rims in a quartzite (Bingen et 
al., 2001), the molybdenite age at 1112 ±4 Ma from the 
Skuterud mine (Table 7) and the monazite age from a 
nearby nodular gneiss at 1092 ±1 Ma (Fig. 5a). These two 
last ages are distinct, even if uncertainty regarding decay 
constants is propagated for calculation of both the Re-
Os and U-Pb systems (1112 ±4 Ma vs. 1092 ±5 Ma). The 
data may suggest that sulfide minerals in the Skuterud 
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Fig. 10. Summary of published geochronological data on metamorphism in the lithotectonic units and main shear zones of the Sveconorwegian belt. 
The data are presented from East (top) to west (bottom). Data and source of data are listed in the text.
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ore body were overprinted during the prograde part of 
metamorphism leading to crystallization of molybde-
nite at 1112 ±4 Ma, while formation of monazite in the 
wallrock took place during peak sillimanite-grade meta-
morphism, slightly later, at 1092 ±1 Ma. A titanite date 
from an albitite constrains hydrothermal activity after 
peak metamorphism at 1080 ±3 Ma (Munz et al. 1994; 
Fig. 10). 

The distribution of data on the Bamble and Kongsberg 
Terranes (Fig. 10) suggests that the 1110-1080 Ma event 
includes the peak of amphibolite-facies metamorphism 
in the Kongsberg Terrane, while in the Bamble Terrane, it 
corresponds to a post-peak phase of regional cooling and 
unroofing, as provided by interpretation of amphibole 
40Ar/39Ar plateau ages (Cosca et al. 1998). The recording 
of both events in monazite from one sample located in 
the amphibolite-facies domain in Bamble (B01016, Fig. 
4e) indicates that the two events affected the same rocks, 
rather than two distinct tectonic slivers.

The 1140-1080 Ma metamorphic events are associ-
ated with widespread lithological banding and isoclinal 
folding, and resulted in the prominent structural grain, 
trending NE–SW in the Bamble Terrane and N-S in the 
Kongsberg Terrane (Starmer 1985). Isoclinal folding in 
Bamble is largely related to northwest-directed shorten-
ing (Henderson & Ihlen 2004). Northwestwards thrust-
ing along the Kristiansand-Porsgrunn Shear Zone repre-
sents a late increment of this deformation (Henderson & 
Ihlen 2004).
No significant metamorphic event younger than 1080 
Ma is recorded in the Bamble and Kongsberg Terranes, 
except in the vicinity of the Kristiansand-Porsgrunn 
Shear Zone, where secondary titanite is dated at 994 ±30 
Ma (de Haas et al. 2002; Fig. 10). 40Ar/39Ar data on mus-
covite porphyroblasts constrain the timing of a phase 
of extensional deformation along the shear zone to be 
between 891 ±3 and 880 ±3 Ma (Mulch et al. 2005).

Idefjorden Terrane

The Idefjorden Terrane bears evidence of two tectono-
metamorphic events, the Gothian and Sveconorwegian. 
Sveconorwegian deformation and metamorphism are 
not everywhere penetrative. For example, in the east of 
the terrane, Mesoproterozoic supracrustal rocks are not 
affected by high-grade metamorphism and still show 
well-preserved primary volcanic features (Åmal area; 
Lundqvist & Skiöld 1993). In the west of the terrane, pri-
mary Bouma sequences are locally preserved in turbiditic 
metasandstone of the Stora Le-Marstrand Formation and 
Veme Complex (Brewer et al. 1998; Bingen et al. 2001b). 
Also in the west of the terrane, a 1555 ±2 Ma dyke is 
shown to cut an amphibolite-facies fabric, demonstrat-
ing both Gothian high-grade metamorphism and lack of 
Sveconorwegian deformation (Burö locality, Connelly & 
Åhäll 1996). 

The timing of Gothian amphibolite-facies metamor-
phism is estimated by U-Pb data on metamorphic zircon 
rims at 1540 ±32 and 1540 ±7 Ma in two samples of 
paragneiss east of the Oslo rift (Nord-Koster psammite 
and Burnholmen migmatite, Åhäll & Connelly 2008) and 
on a monazite core at 1539 ±8 Ma in a metapelitic gneiss 
(sample BB99137, Fig. 5e) west of the Oslo rift. 

The general, orogen-parallel, N-S to NW-SE structural 
trend in the Idefjorden Terrane and the shear zones par-
allel to this trend (Fig. 1), are undoubtedly Sveconorwe-
gian in age. Mafic dykes with a high-pressure granulite-
facies overprint are locally reported in the eastern part of 
the terrane, east of the Göta Älv Shear Zone (Trollhättan 
locality; Söderlund et al. 2008). Pressure-temperature 
conditions range from c. 1.5 GPa, 740 °C to c. 1.0 GPa, 
700 °C. The timing of this metamorphism is estimated 
by means of U-Pb, Sm-Nd and Lu-Hf data to be between 
1046 ±6 and 1026 ±4 Ma (Söderlund et al. 2008, Fig. 10). 
Amphibolite-facies metamorphism west of the Göta 
Älv Shear Zone and Dalsland Boundary Zone is dated 
at 1043 ±11 Ma and 1024 ±52 Ma by zircon data and c. 
1023 Ma by titanite data (Hansen et al. 1989; Åhäll et al. 
1998; Austin Hegardt et al. 2007) (Fig. 10). 

West of the Oslo rift, zircon, monazite and titanite U-Pb 
data reported in this study from the Hensmoen locality, 
define three age groups probably corresponding to three 
metamorphic events (Fig. 5, 10). The first group includes 
a few zircon rims at 1091 ±18 Ma in one orthogneiss sam-
ple (B99143), and presumably records amphibolite-facies 
metamorphism in the sillimanite stability field. The evi-
dence for this metamorphic event is comparatively weak 
today, but cannot be entirely neglected. The second group 
corresponds to monazite at 1052 ±4 Ma in one kyanite-
bearing metapelitic gneiss sample (BB99137) and titanite 
at 1043 ±8 - 1040 ±14 Ma in two samples (BB99143-
140). The third group, arguably distinct from the second 
one, corresponds to a minor population of monazite in 
one sample at 1025 ±9 Ma (BB99137), and to titanite in 
one sample at 1024 ±9 Ma (B99140). The coarse-grained 
monazite population at 1052 ±4 Ma probably reflects 
peak high-pressure amphibolite-facies metamorphism 
(kyanite stability field, 1.00-1.17 GPa, 688-780 °C). The 
young group at c. 1025 Ma possibly records local decom-
pression partial melting, as it is recorded in a leucosome-
bearing sample. Available titanite apparent ages pertain 
to the second and third age groups, and cannot be inter-
preted in a unique way. They can reflect crystallization 
ages or cooling ages. Preservation of titanite ages at 1043-
1024 Ma indicates that the exposure at Hensmoen was 
not reworked or heated above c. 610 °C after 1024 ±9 Ma, 
and was thus probably exhumed to upper crustal condi-
tions no later than 1024 ±9 Ma. 

Orogen-parallel shear zones in the Idefjorden Terrane 
are interpreted as transpressive thrust zones (Park et al. 
1991). To the west of the Oslo Rift, one of these shear 
zones (an extension of the Ørje Shear Zone) is parallel 
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to the amphibolite-facies fabric recorded at Hensmoen 
and presumably coeval with amphibolite-facies meta-
morphism at c. 1050 Ma (sample B99137, Fig. 5d). So it 
is reasonable to infer that some of these shear zones were 
active at c. 1050 Ma. One zircon rim U-Pb date at 974 
±22 Ma in the vicinity of the Göta Älv Shear Zone (Ahlin 
et al. 2006) nevertheless suggests that the latter was either 
formed or reactivated at c. 970 Ma in the southern part 
of the Idefjorden Terrane. Similarly, approaching the 
Mylonite Zone, zircon U-Pb data record amphibolite-
facies metamorphism, migmatitization and associated 
ductile deformation at 980 ±13 and 971 ±8 Ma (Larson 
et al. 1999; Andersson et al. 2002; Fig. 10).

Telemarkia Terrane

The four sectors of the Telemarkia Terrane expose rocks 
from variable paleo-crustal levels. Sveconorwegian meta-
morphism ranges from low-grade to granulite-facies. 
Coverage of geochronological data on metamorphism is 
uneven. Available information nevertheless indicates that 
the four sectors share a common metamorphic phase in 
the 1035-1000 Ma interval. 

In the low-grade area of central Telemark (Telemark Sec-
tor), a mineral Pb-Pb isochron in a 1476 ±13 Ma granite 
reflects isotopic homogenization at 1031 ±32 Ma, prob-
ably related to deformation and metamorphism (Ander-
sen et al. 2002b). In the low-grade area of the Suldal Sec-
tor (Sæsvatn-Valdal sequence), a molybdenite Re-Os age 
of 1032 ±2 Ma defines epidote-amphibolite-facies defor-
mation in a metabasalt (Stein & Bingen 2002; Fig. 10).

Large gneissic areas in the Telemark, Hardangervidda and 
Suldal Sectors are affected by amphibolite-facies meta-
morphism. This metamorphism is poorly documented, 
and has commonly been assumed to be pre-Sveconorwe-
gian, though this assumption has very little support in 
the geochronological data. On Hardangervidda, a zircon 
U-Pb date at 1468 ±12 Ma in a migmatitic gneiss possibly 
defines pre-Sveconorwegian migmatitization (Sigmond 
et al. 2000). A zircon rim at 1066 ±56 Ma from the same 
area nevertheless attests to Sveconorwegian amphibolite-
facies overprint (Birkeland et al. 1997).

In the northeast of the Telemark Sector, zircon U-Pb 
data in one sample from the Hallingdal Complex records 
amphibolite-facies metamorphism at 1014 ±1 Ma (sam-
ple B99130, Fig. 7f). In the southeast part of the Tele-
mark Sector (South Telemark Gneisses), the timing of 
peak amphibolite-facies metamorphism is not directly 
established, though evidence for metamorphic overprint 
in 1220-1130 Ma plutons and titanite ages at c. 913 to 
901 ±7 Ma implies Sveconorwegian high-grade meta-
morphism (Heaman & Smalley 1994; Bingen et al. 1998). 
In the Suldal Sector, a monazite date at 1005 ±7 Ma in a 
pelitic gneiss (sample B0234, Fig. 8a) reflects amphibo-
lite-facies metamorphism and migmatitization, in accor-
dance with a titanite date at 1009 ±10 Ma in a c. 1035 Ma 
granite (Andersen et al. 2002a).

The geochronology of high-grade metamorphism in 
Rogaland-Vest Agder is well documented (Fig. 10). SIMS 
data on metamorphic zircon from nine samples range 
from 1068 ±28 to 901 ±18 Ma (Möller et al. 2002; Möller 
et al. 2003; Tomkins et al. 2005). The data define two 
modes, a mode between 1030 and 990 Ma related to M1 
metamorphism and a mode at 930-920 Ma attributed to 
M2–M3 metamorphism. A specific zircon population 
at 955 ±8 Ma has been observed included in cordierite 
coronas around garnet in a metapelite in the granulite-
facies domain (Tomkins et al. 2005). Cordierite coronas 
are interpreted as a product of a decompression reaction 
(Jansen et al. 1985; Tomkins et al. 2005) and consequently 
the 955 ±8 Ma zircons record this regional decompres-
sion following M1 metamorphism. The existence of 927 
±7 Ma zircon rims in apparent equilibrium with M2 
ultrahigh temperature granulite-facies assemblages links 
the osumilite and pigeonite isograds to intrusion of the 
Rogaland AMC complex (Möller et al. 2003).

Monazite SIMS U-Pb data from a granulite, situated 
outside the area affected by M2 metamorphism (sample 
B00158, Fig. 8b), provides evidence for two monazite 
crystallization events at 1032 ±5 and 990 ±8 Ma, the first 
one probably pertaining to granulite-facies conditions, 
and both of them related to M1 metamorphism. 

Monazite U-Pb ID-TIMS data (Bingen & van Breemen 
1998a, this work) define three main age groups (Fig. 
11). In the amphibolite facies domain (to the west of the 
clinopyroxene isograd), the most frequent group ranges 
from 1012 ±1 to 974 ±2 Ma (207Pb/235U ages) and is attrib-
uted to regional M1 metamorphism. The second group, 
from 930 ±2 to 924 ±2 Ma, is attributed to M2 metamor-
phism. The third group is restricted to U-poor mona-
zite in hornblende-rich samples. It ranges from 912 ±3 
to 904 ±5 Ma, and is attributed to a hydrothermal event. 
In the granulite-facies domain, the same three groups are 
evident, except that the first group covers a larger inter-
val from 1024 ±1 to 970 ±5 Ma, and a scatter of dates is 
detectable between these three main groups. Paired Th-
Pb and U-Pb ID-TIMS data in the same sample collec-
tion (Fig. 9, Table 4) yield overlapping age groups from 
1013 ±5 to 980 ±5 Ma for M1 and from 927 ±5 to 922 
±5 Ma for M2, (208Pb/232Th ages equivalent to 207Pb/235U 
and 206Pb/238U ages). A few dates between and after these 
events are also recorded. The paired Th-U-Pb data con-
firm an unusually long time span, of at least 33 m.y., for 
M1 metamorphism (1013-980 Ma), and a tight bracket 
for M2 metamorphism (927-922 Ma) linking this event 
to intrusion of the Rogaland AMC plutonism (932 ±3 to 
920 ±3 Ma; Schärer et al. 1996). In detail, these data cor-
roborate observations based on U-Pb data (Bingen & van 
Breemen 1998a; Fig. 11), namely that (1) anhydrous sam-
ples collected close to the contact of the AMC complex, 
west of the pigeonite isograd, paradoxically contain only 
monazite related to M1 metamorphism (sample B649, 
1013-980 Ma), (2) monazite related to M2 metamor-
phism occurs mainly in the amphibolite-facies domain 
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between the clinopyroxene and orthopyroxene isograds 
(samples B135, B185), and (3) monazite crystallization 
between M1 and M2 metamorphism (930-970 Ma inter-
val) is probably a marginal feature of samples situated in 
the granulite-facies domain west of the orthopyroxene 
isograd (sample B191, 947 ±5 Ma). 

Available monazite data patterns provide support for four 
important implications of regional magnitude, namely 
that (1) M1 regional metamorphism peaked in granu-
lite-facies conditions, (2) M1 metamorphism left char-
nockitic gneisses in the granulite-facies domain without 
enough reagent minerals and fluid to crystallize another 
generation of monazite during M2 metamorphism, (3) 
the clinopyroxene isograd relates to M2 metamorphism, 
and (4) the rocks exposed today to the west of the ortho-
pyroxene isograd were probably not exhumed to upper 
crustal conditions between the M1 and M2 metamorphic 
events, but probably resided in “reactive” middle crustal 
conditions. 

Molybdenite associated with quartz veins, leucosomes 
or pegmatite bodies from seven localities yields Re-Os 
ages ranging from 982 ±3 to 917 ±3 Ma (Bingen & Stein 
2003; Bingen et al. 2006). Molybdenite probably crystal-
lized from trace Mo liberated from biotite, magnetite and 
ilmenite after peak M1 metamorphism. In the Ørsdalen 

deposit, west of the orthopyroxene isograd, 973 ±4 Ma 
molybdenite is the product of biotite dehydration melt-
ing and is taken as evidence for granulite-facies decom-
pression melting after the peak of M1 metamorphism 
(Bingen & Stein 2003; Stein 2006; Fig. 10). The molyb-
denite data were collected from deformed Mo deposits. 
Consequently, they constrain the last increment of duc-
tile deformation to be younger than 947 ±3 Ma in the 
amphibolite-facies domain to the east of the clinopyrox-
ene isograd, and younger than 931 ±3 Ma to the west of 
this isograd (Bingen et al. 2006). A deformation event 
younger than 917 ±3 Ma is recorded in direct contact to 
the anorthosite plutons. Molybdenite data suggest that 
the regional N-S trending structural pattern is largely 
younger than c. 950 Ma, and imply that intrusion of the 
anorthosite plutons was associated with ductile defor-
mation, at least up to 10 km away from the plutons. This 
rules out models featuring M2 metamorphism as a phase 
of static contact metamorphism controlled only by ther-
mal conductivity (Westphal et al. 2003). 

Titanite data in 12 samples from Rogaland-Vest Agder 
define a regional scale age cluster at 918 ±2 Ma, inter-
preted as cooling through c. 610 °C (Bingen & van Bree-
men 1998a; Fig. 10). Amphibole 40Ar/39Ar plateau or 
inverse isochron ages range from 1059 ±8 to 853 ±3 Ma 
(Bingen et al. 1998). The main age group at 871 ±10 Ma 
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Fig. 11. Cumulative probability dia-
gram with monazite ID-TIMS data 
in the amphibolite-facies (west of 
the clinopyroxene isograd) and gra-
nulite-facies (west of the orthopyro-
xene isograd) domains in the Roga-
land-Vest Agder Sector. Two curves 
are presented for each domain, a 
curve with 207Pb/235U ages and a 
curve with 208Pb/232Th ages sup-
ported by equivalent 207Pb/235U 
ages (Fig. 9). Data from Bingen and 
van Breemen (1998a) and Table 4.
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is interpreted as a cooling through c. 550-500 °C and 
overlaps with biotite Rb-Sr ages (Verschure et al. 1980).

Zircon, monazite, titanite and molybdenite geochro-
nology in the Rogaland-Vest Agder Sector (Fig. 10) col-
lectively indicates that this domain was affected by pro-
tracted high-grade metamorphism between c. 1035 and 
900 Ma, including two main metamorphic events, M1 
(1035-970 Ma, intermediate-pressure) and M2 (930-
920 Ma, low-pressure, high-temperature). Both peaked 
in granulite-facies conditions, and both were associated 
with deformation. The data show that the orthopyroxene 
isograd is a composite M1-M2 isograd, while the clino-
pyroxene, osumilite and pigeonite isograds relate to M2. 
The data record regional decompression between M1 
and M2 at 970-955 Ma. M2 metamorphism is a phase of 
high- to ultrahigh-temperature, low-pressure metamor-
phism related to intrusion of the Rogaland anorthosites 
and spatially restricted to the west of the clinopyroxene 
isograd. 

The Vardefjell Shear Zone between the Telemarkia 
and Idefjorden Terranes (Fig. 1) dips to the southwest, 
implying that the Telemarkia Terrane is overlying the 
Idefjorden Terrane along this boundary. The timing of 
amphibolite-facies metamorphism in rocks affected by 
deformation along the Vardefjell Shear Zone is estimated 
at c. 1010 Ma by zircon data in two samples (1012 ±7 Ma 
for B99111, 1008 ±14 Ma for B99114, Fig. 7b, d). This is 
consistent with the observation that the Heddal group 
at the top of the Telemark supracrustal sequence (<1121 
±15 Ma, Bingen et al. 2003) is affected by deformation 
and metamorphism along the shear zone. Deformation 
along the Vardefjell Shear Zone is coeval or younger than 
peak amphibolite-facies conditions at 1010 Ma. Post-
peak mylonitization (grain-size reduction) is younger 
than 1010 Ma. Fabric-parallel titanite may record con-
tinued deformation at 985 ±5 Ma. The c. 1010-985 Ma 
metamorphism in the shear zone (samples B99111-114, 
Fig. 7) largely overlaps with metamorphism in the Tele-
markia hanging wall of the shear zone at 1014 Ma (sam-
ple B99130, Fig. 7f), but is younger than metamorphism 
in the Idefjorden foot wall at 1050-1025 Ma (samples 
B99137-140-143, Fig. 5). The geometric and geochrono-
logic relations along the Vardefjell Shear Zone allows for 
a component of northeastwards thrusting at or after 1010 
Ma. Nevertheless, they exclude the possibility that meta-
morphism in the foot wall is a consequence of loading 
related to thrusting along the shear zone. A significant 
strike-slip component is possible, in accordance with 
sinistral strike-slip relations recorded in the Østfold-Mar-
strand Boundary zone, along strike, and east of the Oslo 
rift (Hageskov 1985). Additional structural investigations 
are necessary to establish a tectonic scenario along the 
Vardefjell Shear Zone. Titanite data (Fig. 7e) suggest that 
the Vardefjell Shear Zone did not accommodate late oro-
genic extensional deformation after c. 985 Ma.

Conclusions

The four terranes exposed in the Sveconorwegian belt in 
south Norway are characterized by distinct Sveconorwe-
gian metamorphic histories (Fig. 10). The Bamble and 
Kongsberg Terranes bear evidence of an early Sveconor-
wegian metamorphism between 1140 and 1080 Ma peak-
ing in granulite-facies conditions in the Bamble Terrane 
at 1140-1125 Ma. These terranes were not significantly 
overprinted after 1080 Ma by younger metamorphic 
events recorded in the Telemarkia and Idefjorden Ter-
ranes.

The Idefjorden Terrane was possibly affected locally at c. 
1090 Ma by this early metamorphism. The main meta-
morphism took place between c. 1050 and 1025 Ma. This 
metamorphism generally reached high-pressure, upper 
amphibolite-facies conditions with pressure-tempera-
ture conditions estimated at 1.00-1.17 GPa, 688-780 °C. 
Coeval high-pressure granulite-facies conditions are 
locally recorded in the east of the terrane (Söderlund et 
al. 2008). After c. 1025 Ma, internal and bounding shear 
zones, namely the Göta Älv Shear Zone and the Mylonite 
Zone were active under amphibolite-facies conditions at 
c. 980-970 Ma.

The Telemarkia Terrane was reworked at and after c. 1035 
Ma. Amphibolite-facies metamorphism in the Telemark 
and Suldal sectors peaked between c. 1035 and 1000 Ma. 
Metamorphism in the Vardefjell Shear Zone between 
the Telemarkia and Idefjorden Terranes is estimated at c. 
1010 Ma, and is coeval with metamorphism in the Tele-
markia hanging wall. The Rogaland-Vest Agder Sector 
was affected by two main metamorphic events peaking 
in granulite-facies conditions. Medium-pressure, pro-
tracted, regional M1 metamorphism took place between 
1035 and 970 Ma and was followed by a phase of decom-
pression at 970-955 Ma. Low-pressure high-temperature 
M2 metamorphism peaked at 930-920 Ma around the 
Rogaland anorthosite-mangerite-charnockite (AMC) 
Complex and was related to intrusion of this complex.
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