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The Sveconorwegian Orogen comprises diverse lithotectonic units formed and shaped by magmatic,  
sedimentary and tectonic processes at different times in the Meso- and Neoproterozoic. Evaluations of 
the development of each lithotectonic unit are necessary to verify the still controversial mechanisms  
proposed for the evolution of the orogen. The present study is focused on a particular occurrence within the  
Østfold Gneiss Complex of the Idefjorden lithotectonic unit. The studied locality, near Halden, south Norway,  
offers a 250 m-wide section that was saw-cut with a helical diamond-wire. The country rock is a high-strain 
shear zone in migmatitic biotite gneiss, which contains dismembered (boudinaged, sheared and flattened) 
fragments of garnet amphibolite and several generations of pegmatite pods and veins. Field mapping and 
U–Pb dating of zircon, monazite, titanite and rutile reveal the following: (1) The protolith of the host gneiss 
was likely greywacke, with a Mesoproterozoic detrital zircon population derived from the Gothian Stora 
Le–Marstrand volcanic assemblage. (2) A Gothian event of metamorphism and gneissification occurred 
at 1549 ± 4 Ma (2 sigma uncertainty). (3) Major Sveconorwegian metamorphism and deformation caused 
by SE-directed contraction of the Idefjorden unit spanned several stages between c. 1041 and 1033 Ma. 
(4) Local retrogression, with formation of secondary titanite, followed at around 920 Ma, likely related to 
emplacement of the Bohus–Idefjorden granite intrusion, and possibly linked to uplift and rotation of the 
shear zone and normal faulting, the last of which occurred in the brittle regime. 

Introduction
The western Baltic Shield was the long-lived site of plate accretion and amalgamation throughout the  
Svecofennian and Sveconorwegian orogenies between 1800 and 900 Ma (Gaál & Gorbatschev, 1987;  
Bogdanova et al., 2008; Roberts & Slagstad, 2015). These processes included expansion of the craton by 
magmatism and successive creations of plate fragments now separated by regional shear zones of varying 
tectonic style and metamorphic history (e.g., Berthelsen, 1980; Starmer, 1996; Åhäll & Connelly, 2008; 
Bingen et al., 2008a; Slagstad et al., 2013; Bingen & Viola, 2018). 
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The Sveconorwegian Orogen comprises several lithotectonic units named, from east to west,  
the Eastern Segment, Idefjorden, Bamble–Kongsberg and Telemarkia (Fig. 1; Bingen & Viola, 2018).  
These lithotectonic units consist of diverse combinations of Late Paleoproterozoic to Neoproterozoic 
rocks affected by the Sveconorwegian Orogeny between 1150 and 900 Ma. They are separated by  
multistage shear zones (e.g., Park et al., 1991), locally overprinted by semi-ductile and brittle faults,  
but the interiors of the units have not escaped strong deformation. Although the internal development 
of the various lithotectonic units is increasingly well understood, as summarised below, the overall  
mechanisms that controlled the orogeny remain a matter of debate. The main competing hypotheses 
consider a continental collision between the Baltic and Amazonian cratons (Bingen et al., 2008a, 2021; 
Möller et al., 2015), or alternatively subduction and accretion without collision of an unknown craton 
(e.g., Slagstad et al., 2013, 2017, 2020; Coint et al., 2015). 

This paper makes a contribution towards the resolution of these large-scale tectonic questions by  
documenting the lithological, structural and geochronological relationships concerning the  
development of a shear zone in the Idefjorden lithotectonic unit. The occurrence is very well exposed 
in a 250 m-long section that was saw-cut with a helical diamond-wire at Remmen, close to the Østfold 
University College near Halden, south Norway. 

Geological framework
The easternmost limit of the Sveconorwegian deformation (the Sveconorwegian Frontal Deformation 
Zone; also named Protogine Zone) coincides with the edge of the Eastern Segment (Fig. 1A; Wahlgren 
& Kähr, 1977; Gaál & Gorbatschev, 1987; Stephens et al., 1996, 2020). The Eastern Segment consists 
of rocks of the Transscandinavian Igneous Belt, intruded between 1870 and 1660 Ma, with additional 
subordinate magmatic events at about 1570, 1470–1380, and 1240–1180 Ma (Söderlund et al., 2008; 
Brander & Söderlund, 2009). 

The Eastern Segment is separated from the Idefjorden unit by the Mylonite Zone, which is a complex, 
and predominantly listric, approximately 5 km-wide structure that probably is rooted in the mantle  
(Eugeno-S Working Group 1988). It was formed by top-southeast thrusting of the Idefjorden unit,  
developing into a sinistral strike-slip fault associated with oblique thrusting, and was eventually over- 
printed by E–W-directed crustal-scale extension (Viola et al., 2011; Bergström et al., 2020). A marginal 
zone of the Eastern Segment at the Mylonite Zone was affected by high-grade metamorphism between 
1000 and 970 Ma, including a domain which reached eclogite-facies conditions of 870 oC and 18 kbar 
(Tual et al., 2017). 

Based on the structural and metamorphic relationships, the Mylonite Zone has been interpreted by  
Möller & Andersson (2018, and references therein) to represent a major collision zone, where the  
Eastern Segment was underthrust below the Idefjorden unit, doubling the crustal thickness in a  
fashion comparable to the present-day Himalaya. The alternative is that of crustal thickening in an  
overriding plate setting in an overall compressional regime (Möller et al., 2015; Stephens & Wahlgren,  
2020). The latter authors point to some marked distinctions in the evolution of the Eastern Segment and 
the Idefjorden units that could be used to argue for an exotic origin of Idefjorden, but propose instead  
a development of Idefjorden contiguously to, but along strike of the Eastern Segment and Baltica,  
with later juxtaposition by sinistral transpression. 

The Idefjorden unit consists mainly of rocks formed during the Gothian period between 1660 and 
1520 Ma (Åhäll & Connelly, 2008). It comprises the 1660–1640 Ma metavolcanic Horred Formation, 
the 1630–1590 Ma volcanic-sedimentary Åmål Complex and Göteborg intrusive suite (Gothenburgh–
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Åmål belt in Fig. 1B), and the 1580–1520 Ma volcanic-sedimentary Stora Le–Marstrand Formation and  
Hisingen intrusive suite (Brewer et al., 1998; Åhäll & Connelly, 2008). The Stora Le–Marstrand  
Formation continues in the Veme Complex west of the Oslo Graben (Bingen et al., 2001).  
The western margin of the Idefjorden unit is defined by the Østfold–Marstrand and Åmot–Vardefjell  
shear zones, which were originally linked across the Oslo Graben (Larsen et al., 2008). The Åmot– 
Vardefjell Shear Zone juxtaposes Idefjorden onto the Kongsberg unit, which is correlated with the  
Bamble unit. The Kongsberg and Bamble units were in turn thrust onto the Telemarkia lithotectonic unit  
(Henderson & Ihlen, 2004; Bingen et al., 2008a). The dominant Sveconorwegian structure in the  
Idefjorden lithotectonic unit trends N–S to NW–SE but the intensity of the strain is variable, in general 
decreasing northward (Viola et al., 2011; Bingen et al., 2021). Foliations are dominantly subhorizontal 
to moderately NE-dipping, and the poles define a girdle interpreted to reflect later, large-scale upright 
folding along NNE-SSW-trending axes (Bergström et al., 2020). 

There are both similarities and radical distinctions between all these units across the Sveco- 
norwegian Orogen. These factors have been a source of widely diverging interpretations. In terms of ages,  
there is a gradual westward younging of the pre-Sveconorwegian magmatism, from 1870–1660 Ma in 
the Eastern Segment to 1660–1520 Ma in Idefjorden, and 1550–1480 Ma in Kongsberg, Bamble and  
Telemarkia. Older crustal components have not been observed, except as detrital and xenocrystic zircon 

Figure 1. (A) Principal lithotectonic units of the Sveconorwegian Orogen and geographically related units, The figure 
is modified from Berthelsen (1980) and Bingen et al. (2005). (B) Geological map of the Idefjorden lithotectonic unit, 
simplified and modified from Åhäll & Connelly (2008). The island of Koster is directly west of Halden.
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grains, as well as evolved isotopic signatures. These broad features of the orogen have been interpreted 
as indicating the dominance of a westward growing magmatic arc setting (e.g., Andersen et al., 2004; 
Åhäll & Connelly, 2008; Roberts & Slagstad, 2015). 

The Sveconorwegian period was marked by some distinct regional variations between the units,  
especially in the period between 1150 and 1080 Ma, which was characterised by intense magmatic  
activity and high-grade metamorphism in the Bamble and Kongsberg units, magmatism and  
sedimentation in Telemarkia, but no such activity was evident in Idefjorden. Contrasting models 
have been proposed to explain these features. One concept is that of a long-duration continental  
collision and gradual build up of an orogenic plateau, combined with local episodes of delamination and  
foundering of the sub-continental lithospheric mantle (e.g., Bingen et al., 2021). This school of thought 
favours collision of the Baltic margin with another continent, commonly assumed to be Amazonia  
(e.g., Bingen et al., 2008a, 2021; Möller et al., 2015), The alternative is subduction-driven processes 
behind an active margin, with a major magmatic arc in the western sector of Telemarkia, and, in more 
distal parts, mafic underplating, formation of back-arcs, local zones of extension and of compression, 
and local very high-temperature metamorphism (e.g., Slagstad et al., 2013, 2017, 2018, 2020; Coint 
et al., 2015). As mentioned above, the high-pressure record observed at the margin of the Eastern  
Segment and the Mylonite Zone argues strongly for collision and subduction of the Eastern Segment 
below Idefjorden at about 1000–970 Ma (Möller & Andersson, 2018). By itself that does not necessarily 
require collision of the orogen with Amazonia, and the exact manner it happened is still open (Bingen et 
al., 2021). The Idefjorden unit, which is the setting for the present study, has so far provided only little 
evidence related to these events, but it was certainly involved in some of the key evolutionary stages 
and, thus, its deformational and metamorphic history is an important element for reconstructing the 
development of the orogen. 

Figure 2. Overview of selected parts of shear zone at the Halden locality. (A) Segment A and in Fig. 3. (B) Northernmost part of segment C in Fig. 3. The important 
features, sample labels and other details are highlighted in the map of Fig. 3.
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The Halden high-strain occurrence
The present study area is situated within the realm of the Østfold Gneiss Complex of the Idefjord  
lithotectonic unit, which is part of the Stora Le–Marstrand Formation (Fig. 1B; Larsson, 1956;  
Lundegårdh, 1958; Graversen, 1973; Graversen & Pedersen, 1999). The key locality is a N–S-oriented 
250 m-long and up to 6 m-high exposure. The outcrop was saw-cut with helical diamond-wire and 
offers 100% exposure along the main entrance road to the Østfold University College in Halden (UTM 
6560111N–291234E) (Figs. 1 & 2). The main rock type is strongly sheared migmatitic biotite gneiss,  
typically with stretched leucosomes in a grey paleosome matrix. The gneiss encloses boudinaged  
(garnet) amphibolites and several generations of pegmatites (Figs. 2 & 3). 

Figure 3. Detailed map of the complete shear zone at Halden, with sample sites (in red) and location of pictures shown in figures 4 and 7 (in blue).

Migmatitic biotite gneiss 

The gneiss is well-banded, and locally has a pronounced S-L foliation (Fig. 4B). The less strained domains 
(Fig. 4A) are medium grained with diffuse leucosome lenses in a crudely granodioritic matrix dominated 
by quartz (40–55%) and plagioclase (20–25%), together with biotite (5–10%), alkali feldspar (10–20%), 
muscovite (1–2%), opaque minerals, mainly pyrite (locally up to 5%) and accessory zircon and monazite. 
Quartz occurs as a mosaic and in trains of anhedral grains, 0.2–2 mm across and exhibiting undulose 
extinction. Plagioclase, in part with polysynthetic twinning, occurs as 0.5–3 mm-long trains of anhedral 
grains, porphyroblasts and porphyroclasts. Brown biotite displays a strong preferred orientation and 
contributes strongly to the mineral banding and gneissosity whereas muscovite is randomly oriented.

Garnet amphibolites

The three, garnet amphibolite boudins in section C (Figs. 3 & 4D, F) have square to trapezoid shapes. 
They are 3–4 m thick and up to 8 m long, whereas the thinner amphibolite bodies more commonly 
are characterised by lozenge shapes (Figs. 2 & 3). This distinction is also observed in sections B and 
C. The foliation of the surrounding gneiss generally envelops the garnet amphibolite bodies, but local 
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Figure 4. Critical elements of the shear zone. The labels 1, 2, 3a, 3b and 4 indicate the pegmatite types. The N-arrow at 
the bottom applies to all the individual figures (A) Country rock: migmatitic biotite gneiss. (B) Irregular, sheared Type 
3b-pegmatite accumulated in fold closure. Note a shear zone that transects pegmatite body (red arrow) demonstrating 
that the Type 3b-pegmatites  intruded before the last stage the of shear zone development. (C) A strongly migmatitic 
domain of garnet amphibolite with various neosome varieties, including amphibole bearing leucosome, locally folded 
and crossed by pegmatite. (D, F) Relation between garnet amphibolite boudins and various generations of pegmatites. 
(E) Type 1 pegmatite in garnet amphibolite boudin. Note preferred orientation of pegmatitic veinlets indicating that σ1 

(blue arrows) was oriented with a dip-angle of c. 30o towards the north relative to the present vertical during pegmatite 
formation. The shear foliation in the granodioritic biotite gneiss country rock also dips c. 30o towards the present north. 
Also note that a Type 2-pegmatite intrusion transects the Type 1. (G) Zone in the biotite gneiss with disharmonic folds 
that includes Type 3a-pegmatite pods. Note that Type 3a-pegmatite pods occur with contrasting geometries and shear 
intensity, suggesting a syn-tectonic development. (H) Relations between overturned top-south tight to isoclinal fold, 
main foliation and Type 3a pegmatite.
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faint discordant relations suggest a magmatic intrusive origin of the amphibolites. They are therefore  
considered to represent sills that were boudinaged during flattening. The contrasting shapes likely  
reflect their varying original thickness and hence bulk mechanical strength. On a map scale of  
hundreds of metres, the amphibolite bodies can be seen controlling the topography as they define NW-SE- 
trending (210–220°) ridges and valleys, which suggests they are highly elongated bodies in SW–NE  
sections whereas they are compact and short in the N–S direction.

The matrix of the amphibolites is generally homogeneous with an equigranular texture. The  
mineral assemblage consists of c. 70% subhedral to anhedral pleochroic brownish-green hornblende 
with subordinate pale-yellow augite, both with a typical grain size of 0.5 mm. There is >5% plagioclase 
with indications of poly-stage growth, generally unaltered, but with intergrowth of secondary sericite. 
Quartz (>5%) displays undulose extinction. Almandine crystals, 1.5 to 2.5 mm wide, are commonly 
fractured and overgrown by a microcrystalline phase (crushed garnet?) and feldspar. Hematite and 
ilmenite constitute up to 5% of the rock, and tabular brown biotite <5%. 

The garnet amphibolite bodies include and are crossed by different generations of pegmatite dykes 
(described below) but locally also show evidence of in situ partial melting with leucosomes that impart 
a migmatitic appearance (Fig. 4C–F).  

Pegmatites

Five populations of pegmatites (types 1, 2, 3a, 3b & 4) are recognised (Figs. 3 & 5). Pegmatite pods 
and veins are most clearly observed in the competent amphibolite boudins, whereas the shapes and 
borders to the pegmatite bodies included in the strongly sheared biotite gneiss can be distinguished 
less easily. 

Type 1-pegmatites consist of evenly distributed 10–15 cm-wide irregular pods (Figs. 4E & 5) and 
are found exclusively inside the garnet amphibolite bodies. The patches have grossly similar shape 
and in many cases common orientation of the long axes defining a faint spaced foliation, perhaps  
indicating that they developed under the influence of flattening with σ1 = σv oriented at an angle tilted 
c. 30–35o to the present vertical. The pegmatite pods commonly have a starfish shape and have equal 
amounts of anhedral quartz and plagioclase with a grain-size between 0.1 and 0.4 cm. Parts of the  
plagioclase grains are commonly altered to sericite. This type of pegmatite is not observed out-
side the large garnet amphibolite boudins and has not been affected by shear. The absence of  
deformation is likely due to protection by the relatively strong mechanical properties of the amphi- 
bolite host. The fact that Type 1-pegmatites have common orientations probably implies that they  
formed during early tectonic phases, likely during formation of the boudins but before the development 
of the main foliation in the biotite gneiss. 

Figure 5. Schematic representation of the relationships between amphibolite boudins, the various generations of  
pegmatites and the main structures.
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Type 2-pegmatites form up to 20 cm-wide veins restricted to the amphibolite boudins. They  
invariably terminate abruptly at the borders of the boudins (Figs. 4D & 5) and are never seen to  
penetrate the biotite gneiss. These pegmatite veins cross-cut the faint foliation defined by elongate Type  
1-pegmatites in the garnet amphibolite (Fig. 4E) and in some cases even pegmatite pods of Type 1,  
indicating that the Type 2-pegmatites are younger than Type 1 but older than the main stage of  
shearing. The veins vary from almost straight to mildly buckled (Fig. 5). Rare Type 2 pegmatites are 
folded and disrupted by spaced sub-horizontal shear planes, suggesting that some members of this  
population intruded simultaneously with vertical flattening of the basic dykes. This pegmatite  
generation is composed of 60% quartz and 40% plagioclase, and has a grain-size between 0.5 and 1.0 
cm. 

Type 3a-pegmatites are found exclusively in the biotite gneiss, where they occur as lensoid pods and 
veins and contribute to the dominant foliation of the main shear zone (Figs. 4G, 5 & 6A). The pegmatite 
bodies commonly have lengths between 10 and 20 cm with aspect ratios varying between 1:10 and 
1:20. Type 3a-pegmatites are generally concordant with the dominant foliation in the high-strain shear 
zones, but some local low-angle angular discordances between the main foliation and the Type 3a- 
pegmatite lenses suggest that some pods of this pegmatite generation crossed the earlier gneiss  
banding and hence were pre-kinematic. Still, the bulk of Type 3a-pegmatites are intimately associated 
with the stage of maximum shear.

Figure 6. Stereoplots of structural data. (A) Foliations, stretching lineations and extensional fault planes (B) Fold  
axial planes and fold axes. ENE–WSW-trending fold axes represent recumbent folds associated with major shear.  
N–S-oriented fold axes represent late gentle to open cross-folds. (C) characteristic orientation of pegmatites. 



8 of 21 9 of 21

B. M. M. N. Narum et. al                             Tectonometamorphic history of the Østfold Gneiss Complex

Type 3b-pegmatites are larger and less intensely sheared as compared with the Type 3a-pegmatites. 
Type 3b was still affected by isoclinal folding. It is locally concentrated in closures of shear folds, where 
it defines up to 0.5–1 m-thick pods and moderately sheared irregular bodies (Figs. 4B & 5). Hence,  
these pegmatites took part in continued folding and shearing, demonstrating that they intruded during 
a later stage of development of the shear zone and that they can be regarded to represent a late-stage 
equivalent of Type 3a.

Type 4-pegmatites are either parallel to, or intrude the rims of several amphibolite boudins (Fig. 4F). 
This pegmatite type occurs as up to 30 cm-wide veins, which locally follow the rims of amphibolite  
boudins and also penetrate into the biotite gneiss. The (shear) foliation of the biotite gneiss is cut 
at high angles by the Type 4-pegmatites veins. The veins have not themselves been affected by the  
shear and thus Type 4-pegmatite is the youngest generation. Type 4-pegmatites are composed of alkali 
feldspar (60%), half of which is microcline, muscovite (20%), plagioclase (5–10%) and quartz (<5%) and 
has a grain size up to 1.5 cm. 

Structure

The Halden migmatitic biotite gneiss is an SL-tectonite. It encompasses two sets of structures.  
One is defined by zones of relatively homogeneous high strain and is overprinted by overturned tight  
harmonic and less common isoclinal folds (Fig. 7A). The folds have typical wavelengths of 1–2 m and 
amplitudes of 0.5 m (Fig. 4B, H). The second structural set is represented by very complex zones of 
deformation and are characterised by disharmonic fold systems. These are particularly common in the 
pressure shadows around the boudinaged amphibolite bodies and near the corners of such structures. 
Fig. 7A, B illustrate the transition between two such zones. 

The dominant foliation in the domains of penetrative shear (Fig. 3) strikes c. 285–290o and dips  
10–30o to the NNW (Fig. 6A), but it becomes more irregular and generally steeper when approaching the  
amphibolite boudins. Stretching lineations trend NW to NNW (Fig. 6A), except for an anomalous zone 
at the edge of Block A (Aa in Fig. 3), where the lineation plunges NNE (Fig. 6A) indicating late-stage  
superimposed shearing. The dominant fold population in the shear zone defines fold trains with 
NNW-dipping axial planes (Fig. 6B) and reflects dominant top-SSE contractional shear.

Some undeformed to relatively mildly deformed pegmatite veins in the migmatite gneiss cut the  
foliation of the gneisses at high angles, but are overprinted by folding and become abruptly sheared 
and disrupted once they approach and are included in the pressure shadows around the amphibolite 
near the tops of the boudins. 

Another population with less frequent isolated folds and fold trains also have WNW–ESE- 
oriented fold axes, but SSE-erly dipping axial planes and spaced shear zones (Fig. 6B) that indicate  
a subordinate phase of top-NNW contractional shear. These shear zones are characterised by a semi-brittle  
deformation style in some cases (Fig. 7E). Both the NNW-vergent folds and the associated shear  
zones occur in isolated bands and zones that are sandwiched between areas of dominant SSE-transport.  
We therefore suggest that the top-NNW translation represents an event of relaxation and reversed 
transport following the main deformation (top-SSE). 

Horizontal exposures show that both SSE- and NNW-vergent folds have the character of  
sheath folds, complicating firm inference of transport direction on the scale of 5–10 m. The stretching  
lineation is developed on the major shear surfaces and likely represents the major transport direction  
associated with the top-SSW transport. It may have been slightly reactivated and disturbed by the later 
top-NNE-transport.
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Figure 7. (A, B) Examples of the transition from regular mylonite gneiss, cut by straight or only slightly deformed  
pegmatite, to complex superimposed deformation in the shadow zones of large amphibolite boudins, also strongly  
affecting the pegmatites. (C) Example of mantled winged porphyroclast. (D) Shear bands transecting the foliation in 
the biotite gneiss and rotation of the clasts. Indicating a top to the south movement. (E) Normal fault with top to north 
movement, displacing a garnet-amphibolite vein by 16 cm. (F) Late cataclastic fault (site C1 in Fig. 3). N-arrow applies 
to all the figures.
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Although the regional significance of these structures remains unclear, they show that a late transverse 
shortening of the shear zone at Remmen took place.

The stretching lineation is developed on the major shear surfaces and likely represents the major  
transport direction associated with the top-SSE transport. It may have been slightly reactivated and 
disturbed by the later top-NNW-transport. 1–3 cm-long quartz and feldspar porphyroclasts and  
porphyroblasts in high-strain zones locally define trains that reach lengths of 15 cm or more (Fig. 7C). 
There are δ-type σ–type and φ–type clasts, which are consistent with both top-south and top-north 
displacement, including both coaxial and non-coaxial deformation (Fig. 7C–D).

All ductile and semiductile structures are in turn overprinted by brittle normal faults. These are  
mainly sets of <0.5 mm-wide fractures with vertical displacements in the order of centimetres. One larger  
S-dipping normal fault associated with a c. 10 cm-wide zone of cataclasite and a displacement in the 
order of several metres is found in the southernmost outskirts of the locality (site C1 in Fig. 3; Figs. 6A 
& 7F), but the fault rocks associated with this fault did not yield any datable minerals.

In summary, the Halden College locality represents a section through a high-strain shear zone which 
was dominated by top-SSE tectonic transport. This event occurred during high-grade metamorphism.  
The deformation mode was followed by less intense top-NNW shearing indicating stress relaxation 
and back-thrusting. The latter event was characterised by decreasing temperature and semi-brittle  
deformation. During uplift the shear zone underwent mainly top-S brittle normal faulting and northerly 
directed tilting of 15–18° (assuming that the original orientation of the shear zones was dipping towards 
the hinterland direction (S) of the major shear). 

U/Pb geochronology
Analytical procedures 

Samples were crushed and pulverised before mineral separation by a sequence of steps on Wilfley 
table, sieving, magnetic separation, heavy-liquid flotation and finally hand-picking under a binocular  
microscope. The selected zircons were chemically abraded (Mattinson, 2005) by annealing for 3 days at 
900°C before partial dissolution overnight in HF at 185°C. Strongly metamict zircon as well as monazite, 
titanite and rutile grains were instead subjected to air abrasion (Krogh, 1982). After a final selection and 
cleaning stage, and the addition of a mixed 205Pb–202Pb–235U spike, zircon and rutile were dissolved in 
HF at 195°C for 5 days (Krogh, 1973), titanite with HF on a hot plate, and monazite with 6N HCl on a hot  
plate. The Pb and U were extracted with ion exchange resin and then loaded with silica gel and  
phosphoric acid on rhenium filaments and measured on a MAT262 mass spectrometer. Details of the 
procedure are given in Corfu (2004). The data were calculated with the decay constants of Jaffey et 
al. (1971) and 238U/235U = 137.88. Plotting and regressions were done with the program Isoplot 4.1  
(Ludwig, 2009). 

Migmatitic biotite gneiss

The two gneiss samples (G1 & G2; Fig. 3), taken within the strongly sheared migmatitic biotite 
gneiss, contain populations of subhedral to subrounded, short-prismatic zircon. The analyses are  
variously discordant (Fig. 8; Table 1 - Electronic Supplement). They are not co-linear but in a  
Concordia diagram they show a crude alignment along an array between 1700 and 1600 Ma at the  
upper end and 1000–800 Ma at the lower end. The array reflects a multistage history of growth and  
Pb loss. The analysis of one zircon grain from the cataclasite plots along the same discordant array.
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Gneiss I (G1) also contains monazite, two analyses of which yield concordant and slightly discordant 
data. They fit on a line projected from 1040 Ma defining an upper intercept age of 1549 ± 4 Ma (Fig. 8).

Figure 8. Concordia plots with the U–Pb data for biotite gneiss samples G1 and G2, cataclasite C, amphibolites A1 and 
A2, and pegmatites of Type 2 (P2), Type 3b (P3b) and type 4 (P4-1). Sample P4-2 gave discordant data that plot outside 
the diagrams. Ellipses indicate 2 sigma uncertainties. Data in Table 1.

Garnet amphibolite

Two zircon grains from amphibolite A1 yield discordant analyses that plot along the same array as the 
gneisses (Fig. 8). Two analyses of titanite are concordant defining a Concordia age of 1036.6 ± 1.8 Ma.

Three analyses of zircon from amphibolite A2 plot close to the Concordia curve but with a range of 
207Pb/206Pb ages between 1038 and 1069 Ma. Two data points for deep brownish–red rutile grains from 
the same sample are also slightly discordant with ages between 1025 and 1005 Ma. Titanite yields even 
younger results: the two data points, imprecise because of the combination of low U and presence of 
initial common Pb, define a Concordia age of 939 ± 33 Ma. 

Pegmatites 

There are five generations of pegmatites with distinct relations to the gneiss and garnet amphibolite and 
with distinct composition and texture (see above; Fig. 5). In this study we have dated types 2, 3b and 4. 
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Type 2 pegmatite defines vein-systems that affect most of the garnet amphibolite boudins. They are 
restricted to the boudins and abruptly terminate at their borders. They are never seen to penetrate 
the biotite gneiss. Nevertheless, they postdate the earlier structure defined by the orientation of Type 
1-pegmatites inside the boudins. The sample representing the Type 2 generation (P2) yielded three 
zircon analyses with variable degrees of discordance. The two most concordant analyses define a line 
with an upper intercept age of 1041 ± 4 Ma, the more discordant one deviates from the line, reflecting 
more complex Pb loss (Fig. 8; Table 1). 

Sample P3b represents a pegmatite which is subconcordant with the main foliation and assigned to 
Type 3b. Two analyses of zircon from this sample give older discordant results, suggesting that the 
grains were inherited from the surrounding rocks. Interestingly, however, the oldest analysis plots on 
the discordia line of the 1549 Ma old monazite in gneiss G1 (Fig. 8), suggesting growth during this early 
event. One analysis of monazite provides instead a 207Pb/235U age of 1034 ± 9 Ma. 

Type 4-pegmatites coincide with and intrude the rims of several garnet amphibolite boudins.  
This pegmatite type also occurs as up to 30 cm-wide veins into the boudins and into the biotite 
gneiss as well. The (shear) foliation of the biotite gneiss is cut by the Type 4-pegmatites at high angles  
without the veins being affected by shear (Fig. 4F), so that Type 4-pegmatites are clearly post-kinematic.  
Two samples represent this generation. Sample P4-2 yielded just a few extremely metamict  
zircon grains, due to U contents of more than 15,000 ppm, and two analyses of such grains are very  
discordant (Table 1). By contrast, sample P4-1 contains monazite, two grains of which yield slightly 
reversely discordant data. This behaviour is a common feature of monazite, due to the incorporation 
of initial excess 230Th, which eventually decays to excess 206Pb (Schärer, 1984). The analyses define a 
mean 207Pb/235U age of 1033.2 ± 1.2 Ma. The sample also contains titanite, one analysis of which gives  
a younger age of 921 ± 3 Ma, hence representing a secondary younger retrogressive stage. 

Discussion 
Origin of the gneiss

The migmatitic biotite gneiss is structurally a strongly sheared tectonite and likely a section through a 
shear zone of regional significance inside the Østfold Gneiss Complex. 

The primary origin of the biotite gneiss is not firmly established. The Østfold Gneiss Complex  
includes both para- and orthogneisses (Larsson, 1956; Lundegårdh, 1958; Skjernaa, 1972; Graversen, 
1973; Skjernaa & Pedersen, 1982; Graversen & Pedersen, 1999; Åhäll & Connelly, 2008; Bergström 
et al., 2020). However, quartz-rich bands found in the biotite gneiss elsewhere in the Østfold Gneiss 
Complex point towards a sedimentary origin (e.g., Bingen et al., 2005; Viola et al., 2011). The zircon 
U–Pb results (Fig. 8) show excess scatter, which is consistent with an origin as a metagreywacke formed 
by erosion of 1660–1600 Ma volcanic units of the Stora Le–Marstrand volcanic terrane (Figs. 9 & 10; 
Brewer et al., 1998; Åhäll & Larsson, 2000; Bingen et al., 2001; Andersen et al., 2004; Åhäll & Connelly, 
2008). The rectangular shape and straight side-walls of the northernmost amphibolite boudin in section 
C (Figs. 2 & 3) points to a high viscosity contrast between the original sills and their host, supporting that 
the latter was a relatively soft sediment at the time of stretching.
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Gothian tectonothermal event

Monazite growth at 1549 ± 4 Ma in biotite gneiss likely indicates that an early metamorphic event  
affected the protolith of the gneiss. On the larger scale of the Idefjorden unit it corresponds to an event 
of migmatisation of SLM-2 greywackes and deformation recorded by Åhäll & Connelly (2008) between 
1560 and 1545 Ma in the Koster segment, west of the Østfold–Marstrand Shear Zone and the Bohus 
Granite (Fig. 1A). The lower time limit of this migmatisation event is defined by intrusion of members of 
the Hisingen suite. Hisingen magmatism lasted until about 1500 Ma, as documented on Nesodden near 
Oslo (Fig. 1B; Bue, 2005).

Figure 9. Tectonic and metamorphic evolution of  
Halden gneiss and shear zone inferred from this study. 
The Type 1 pegmatites were not directly dated, thus their  
assignment to the 1549 Ma event remains conjectural.

Figure 10. Thermo-tectonic history of the Østfold Gneiss Complex (modified from Narum, 2016).
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Although we could not directly date pegmatite Type 1, it appears quite likely that it formed during 
the Gothian event at around 1549 Ma, in which case 1549 Ma is also a minimum age for intrusion of 
the mafic sills which eventually were transformed into amphibolite boudins. The orientation of the 
sills suggests that intrusion occurred during a period where maximum stress remained sub-horizontal  
(σ1 = σHmax). The boudinage must have taken place before the development of the foliation in the biotite 
gneiss (Fig. 9). 
 
 
Tectonothermal event at 1040–1030 Ma: Agder phase 

The entire Idefjorden lithotectonic unit, which includes the Østfold Gneiss Complex, was strongly 
reworked in the Agder phase. The metamorphism generally varied from greenschist to amphibolite 
facies, but locally reached granulite facies between c. 1043 and 1023 Ma (Hansen et al., 1989; Hegardt 
et al., 2007; Bingen et al., 2008b; Söderlund et al., 2008; Bergström et al., 2020; Stephens et al. 2020). 

The Type 2-pegmatites, which are enclosed within the amphibolite boudins and do not progress across 
the gneissic foliation, yield a zircon age of 1041 ± 4 Ma. Thus, the Sveconorwegian tectonothermal 
event appears to have completely overprinted and obliterated the earlier macro-structures of Gothian 
age (Fig. 9). 

Titanite in amphibolite A1 yields an age of 1036.6 ± 1.8 Ma reflecting metamorphic crystallisation. 
Types 3a and 3b pegmatites are syn-kinematic and related to the early development of the main  
shear zone (Fig. 9). Monazite in sample P3b provides an age of 1034 ± 9 Ma. The younger generation 
of Type 4-pegmatites, which cut the gneissic foliation, define an age of 1033.2 ± 1.2 Ma for monazite in  
pegmatite P4-1. 

These new ages are broadly consistent with other information known on the tectonometamorphic  
development of the northern Idefjorden unit. Typically, the rocks underwent amphibolite- 
facies metamorphism and acquired a NE-dipping foliation (Viola et al., 2011; Bergström et al., 2020;  
Bingen et al., 2021). Geochronology in the northern sector constrains these episodes to the time period  
between 1039 ± 17 and 997 ± 16 Ma (Bingen et al., 2021). Farther south, ages of metamorphism 
and pegmatite emplacement range from about 1043 to 984 Ma (Romer & Smeds, 1996; Åhäll et al., 
1998; Hegardt et al., 2007; Bingen et al., 2008b; Hegardt, 2010). The ages for peak metamorphism and  
deformation at Halden fit well within this temporal framework, refining it with more tight constraints for 
the key events. On the scale of the orogen, the period between 1040 and 1030 Ma was characterised by  
widespread and very intensive plutonism throughout Telemarkia, but was a time of quiescence both to 
the east in the eastern Segment and to the west in Bamble and Kongsberg (e.g., Bingen et al., 2021).  
These authors proposed a mechanism of mantle downwelling and lithospheric mantle de- 
lamination and foundering under Idefjorden to explain the high-pressure, low-temperature,  
granulite-facies conditions reached locally in this period. The deformation related to SE-directed 
compression is linked to the subsequent exhumation. Bingen et al. (2021) further explain the extensive 
coeval plutonism in Telemarkia by an opposite process of mantle upwelling under their postulated 
orogenic plateau. The contrasting proposal is that these tectonomagmatic events were all related to 
processes fueled at an active Sveconorwegian subduction margin (e.g., Slagstad et al., 2020). 

The evidence for top to the SSE transport in the Halden shear zone is consistent with the regional  
evidence for broadly coeval sinistral transpression along the Mylonite Zone and the eventual  
overriding of the Eastern Segment, forming the c. 980 Ma eclogites (Viola et al., 2011; Möller et al., 2015).  
Such a mechanism of sinistral strike-slip translation of Idefjorden (Stephens & Wahlgren, 2020) does 
not resolve the distinction in crustal evolution between the adjoining terranes, with the possibility 
of bringing Idefjorden in contact with even older crust than that in the present Eastern Segment.  
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The SSE direction of translation of Idefjorden is also inconsistent with the commonly discussed model 
of collision of the Sveconorwegian Orogen with Amazonia, since that would require an E to NE direction 
of compression. Thus, an exotic origin may still have to be considered in the Sveconorwegian tectonic 
models (e.g., Lamminen & Köykkä, 2010).

Late faulting and retrogression during the Falkenberg phase

The crystallisation of secondary titanite during retrogression in amphibolite A2 and pegmatite P2 at 
about 920 Ma corresponds to the time of emplacement of the Bohus granite (Eliasson & Sjöberg, 1991). 
Given the vicinity of the pluton to the Halden locality the formation of titanite is likely a consequence of 
circulating hydrothermal fluids, although without substantial heating since older monazite and titanite 
remained unaffected. Also, rutile coexisting with the late titanite in A2 shows little evidence of resetting. 
Normal faults, with both plastic (mylonitic) and brittle (sealed fractures) character, offset all other  
structures (Fig. 7D) and are tentatively ascribed to post-orogenic uplift. Along the Mylonite Zone,  
Viola et al. (2011) documented the occurrence of local extensional shear zones and faults resulting from 
late-tectonic E–W-directed crustal extension. They reported Ar/Ar mica ages between 920 and 960 Ma 
for this event. The faults at Halden could potentially also be much younger (Goodfellow et al., 2017). 
Overprinting normal faults with ductile and brittle modes of deformation are well known from several of 
the major shear zones flanking the Idefjorden and Bamble units (e.g., Park et al., 1991; Åhäll & Schöberg, 
1999; Andrėasson & Rohde, 1994; Henderson & Ihlen, 2004; Söderlund et al., 2004; Torgersen et al., 
2014, 2015; Gabrielsen et al., 2018).

Conclusions
It is concluded that the Halden locality displays an exposure of a low-angle penetrative shear zone.  
It is a composite structure, originally formed during the Gothian events and then overprinted by  
shearing during Sveconorwegian tectonism in the Idefjorden lithotectonic unit. The protolith of the  
dominant felsic gneiss is inferred to have been a syn-volcanic greywacke, which contains detrital  
zircon grains received from the eroded Gothian arc assemblage preserved in the Stora Le–Marstrand  
Formation. The complex was intruded by mafic igneous bodies, which were boudinaged and meta- 
morphosed, presumably during the events at 1549 ± 4 Ma, the age of monazite in the biotite gneiss.  
The earliest Type 1-pegmatite could not be dated, but structural relationships suggest that it is of  
Gothian age. The tectono-magmatic activity resumed during the period of main Sveconorwegian  
shortening and shearing that affected the Idefjorden unit. Type 2-pegmatites, which cut amphi- 
bolite boudins but do not penetrate the surrounding gneiss, yield an age of 1041 ± 4 Ma. Metamorphic  
titanite in the amphibolite formed at 1036.6 ± 1.8 Ma. Type 3 a and b pegmatites formed during the 
period of peak deformation, monazite in one sample yielding an age of 1034 ± 9 Ma. The younger Type  
4-pegmatites, which cut the gneisses formed at 1033.2 ± 1.2 Ma. These data fit in the period of major 
tectono-metamorphism in the Idefjorden unit, but defining a much more tight age bracket for the peak 
activity. These events reflect SE-directed compression and translation of Idefjorden against the Eastern 
Segment. On the larger regional scale, the timing of these events corresponds to the intensive and  
extensive plutonism documented throughout Telemarkia, but also with a period of no significant activity 
in both the neighbouring Eastern Segment to the east and the Bamble and Kongsberg segments in the 
west. 
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