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A B S T R A C T   

The tectonic setting and mechanisms and duration of emplacement of Proterozoic massif-type anorthosites and 
the significance of typically associated ultrahigh-temperature (UHT) host rocks have been debated for decades. 
This is particularly true of the Rogaland Anorthosite Province (RAP) in the SW Sveconorwegian Orogen. Earlier 
studies suggest that the RAP was emplaced over 1–3 Myr around 930 Ma towards the end of orogenesis, resulting 
in an up to 15–20 km-wide contact metamorphic aureole. However, our structural observations show that the 
RAP is located in the footwall of a 15 km-wide extensional detachment (Rogaland Extensional Detachment, 
RED), separating the intrusions and their UHT host rocks from weakly metamorphosed rocks in the hanging wall. 
U–Pb zircon dating of leucosome in extensional pull-aparts associated with the RED yields ages of 950–935 Ma, 
consistent with Re–Os molybdenite ages from brittle extensional structures in the hanging-wall block that range 
between 980 and 930 Ma. A metapelite in the immediate vicinity of the RAP yields a 950 Ma U–Pb age of matrix- 
hosted monazite, and part of the RAP was intruded by the Storgangen norite dike at ca. 950 Ma, providing a 
minimum age of emplacement. These ages are consistent with Ar–Ar hornblende and biotite ages that show rapid 
cooling of the footwall before 930 Ma, but slow cooling of the hanging wall. Field and geochronologic data 
suggest that the RAP formed and was emplaced over a long period of time, up to 100 Myr, with different 
emplacement mechanisms reflecting an evolving regional stress regime. The distribution of UHT rocks around 
the RAP reflects differential extensional exhumation between 980 and 930 Ma, not contact metamorphism. The 
duration and style of orogenic activity and externally (as opposed to gravitationally) driven extension suggest 
that the RAP formed in a continental back-arc setting.   

1. Introduction 

The origin of monomineralic massif-type anorthosites is riddled with 
unresolved questions regarding their source (mantle or crust), tectonic 
setting (active margin or post-collisional collapse), formation rate (<5 
to > 100 Myr), emplacement mechanism (diapirism or migration along 
active shear zones or conduits), relationship to ultrahigh-temperature 
metamorphic host rocks, and temporal restriction in the global 

geologic record to 2.6–0.5 Ga (Ashwal and Bybee, 2017). Few anor-
thosites have seen more scientific debate of these questions than the 
Rogaland Anorthosite Province (RAP) in the SW Sveconorwegian Oro-
gen (SNO) of SW Sweden and S Norway. The SNO comprises magmatic, 
metamorphic, and deformational events between ca. 1140 and 920 Ma 
at the southwestern margin of Fennoscandia, but the formation of the 
RAP has never been satisfactorily integrated into this regional tectonic 
framework. 
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The RAP is surrounded by UHT rocks, and existing geochronology 
and thermal modeling have argued that short-lived (<3 Myr) emplace-
ment of the RAP resulted in an extensive, 15 km-wide UHT contact 
aureole (Schärer et al., 1996; Westphal et al., 2003). In contrast, other 
studies have argued that emplacement of the anorthosite may have been 
protracted (>100 Myr), and that the duration and distribution of UHT 
metamorphism are incompatible with RAP emplacement alone (Blereau 
et al., 2019; Bybee et al., 2014; Coint et al., 2015). The tectonic setting of 
the RAP is also debated, with some arguing for a post-collisional setting 
(Bingen et al., 2008b; 2021), others for melting of subducted crustal 
“tongues” (Duchesne et al., 1999), and yet others invoking formation at 
an active continental margin associated with basaltic underplating 
(Bybee et al., 2014; Slagstad et al., 2020). 

Here, we present new structural observations coupled with precise 
radiometric age data that provide critical evidence accounting for the 
contrasting metamorphic histories in the host rocks of the RAP. This new 
dataset allows thermo-rheological modeling that, when combined with 
geochronological and petrological evidence, suggest protracted anor-
thosite emplacement, on the order of 100 Myr. The findings show that 
the contrasting metamorphic and magmatic features of the SW SNO, 
compared to other parts of the orogen, reflect late-orogenic exhumation 
along long-lived ductile extensional detachments, and that different 
modes of anorthosite emplacement were controlled by a combination of 
buoyancy and external stresses related to active-margin tectonics. 

This study demonstrates a range of discrete tectonic processes and 
time scales that control the formation and emplacement of such mid- to 
lower-crustal igneous rock complexes and, importantly, highlights the 
regional structural control. Thus, while some features may be universal 
to all massif-type anorthosites, differences in the tectonic evolution, the 
presence of regional-scale structures, and the thermal state of the crust 
into which such bodies were emplaced likely led to diversity in the 
currently observable end-state morphology and lithological relation-
ships of anorthosites and their host rocks. 

2. Geological background 

2.1. The Sveconorwegian orogeny 

The SNO is typically subdivided into five main lithotectonic units 

(Fig. 1), each with its distinct tectonometamorphic and -magmatic 
evolution (Slagstad et al., 2020). The SNO was preceded by a long period 
(ca. 1.3–1.15 Ga) of extensional tectonics at the SW margin of Fenno-
scandia, with widespread bimodal magmatism and deposition of sedi-
mentary sequences generally inferred to represent a continental back- 
arc setting (Brewer et al., 2004; Spencer et al., 2014). The onset of 
Sveconorwegian orogeny is marked by high-pressure metamorphism in 
the Bamble lithotectonic unit at ca. 1140 Ma. In contrast, neighboring 
units either experienced continued extension and sedimentation (Tele-
mark) or did not record any activity at all (Idefjorden), suggesting sig-
nificant separation of the units at that time. A younger, ca. 1100 Ma 
tectonic event in the Bamble unit coincides with cessation of sedimen-
tation in Telemark and has been interpreted to reflect thrusting of 
Bamble onto Telemark (Slagstad et al., 2020). From ca. 1080 Ma, the 
Telemark unit records high-grade metamorphism and voluminous 
granitic magmatism (Bingen et al., 2008a; Granseth et al., 2020) that 
lasted until ca. 930 Ma in the SW SNO (Laurent et al., 2018; Slagstad 
et al., 2018). To the east, the Idefjorden unit records high-pressure 
metamorphism at ca. 1050 and 1020 Ma (Söderlund et al., 2008), 
whereas the Eastern Segment records high-pressure, eclogite-facies 
metamorphism at ca. 990 Ma (Möller et al., 2015). The contrasting 
metamorphic, magmatic, and depositional histories of different units 
comprising the SNO led Slagstad et al. (2020) to interpret the Sveco-
norwegian orogeny as reflecting reamalgamation of the SW margin of 
Fennoscandia, fragmented during the preceding extensional period. 
From 990 to ca. 930 Ma, no compressional tectonic activity is recorded; 
rather, orogen-wide extension is indicated by ca. 980–945 Ma mafic 
dikes in the eastern orogenic foreland (Söderlund et al., 2005) and 
980–930 Ma extensional brittle structures in the SW SNO (this study), 
lasting until 920–860 Ma and 890 Ma in the eastern and central SNO, 
respectively (Mulch et al., 2005; Viola et al., 2011). The lack of high- 
pressure metamorphism and major thrust structures in the central and 
SW SNO has led most workers to suggest that ca. 1080–930 Ma high- 
temperature metamorphism and lower-crustal melting reflect ponding 
of mantle-derived basaltic magmas rather than radiogenic heating 
following crustal thickening (Bingen et al., 2021; Granseth et al., 2020; 
Slagstad et al., 2018). To account for the duration of magmatism and 
metamorphism and considering the absence of significant crustal 
thickening, Slagstad et al. (2020) suggested that much of the SNO 

Fig. 1. Geological map draped over a digital elevation model showing the main features of the Sveconorwegian orogen, samples used for heat production calcu-
lations and thermal conductivity estimates, and outline of the study area. Thick, black lines indicate tectonic boundaries between the different lithotectonic units. 
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represents a wide continental back arc, but with little or no in situ evi-
dence of the actual arc preserved. Some of the lowermost Caledonian 
nappes in south-central Norway, generally inferred to represent vestiges 
of the Baltican continental margin, do, however, contain evidence of an 
active arc system operating until ca. 940 Ma (Corfu, 2019). 

2.2. The SW Sveconorwegian Orogen, high-temperature metamorphism 
and anorthosite emplacement 

Slagstad et al. (2018) subdivided the SW SNO in the Telemark lith-
otectonic unit by way of a”core area” extending ca. 15 km from the RAP 
and the spatially associated Bjerkreim–Sokndal layered intrusion 
(BKSK). Rocks within the core area record apparently continuous (ultra) 

Fig. 2. (A) Geologic map of the main study area in SW Norway. The map is compiled from the 1:250,000-scale Mandal map sheet (Falkum, 1982), the 1:75,000-scale 
map of the Rogaland Anorthosite Province (Marker et al., 2003), and mapping by the Geological Survey of Norway (NGU) since the early 2000s. The map shows 
locations of U–Pb samples; Ar–Ar amphibole ages are indicated, with biotite ages (where available) from the same sample in parentheses. (B) Detailed geologic map 
of the Storgangen intrusion. (C) Detailed geologic map of the Garsaknatt anorthosite in the Farsund Shear Zone. (D) Detailed map of the northern lobe of the 
Egersund–Ogna anorthosite lobe. 
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high-grade metamorphism between ca. 1080 and 920 Ma (Fig. 2A). In 
contrast, rocks outside the core area record high-grade metamorphism 
between ca. 1070 and 1015 Ma, coeval with emplacement of volumi-
nous granites of the Sirdal Magmatic Belt (SMB, Fig. 2A), followed by 
emplacement of a suite of younger hornblende-biotite granites (HBG 
suite). Both suites of granite are largely undeformed and only weakly 
metamorphosed, thus there is a major, sharp contrast in metamorphic 
grade and history inside and outside the core area. 

The RAP and BKSK are located at the center of the core area and the 
former consists of four nested lobes of anorthosite with cross-cutting 
relationships indicating a progression in age from the northern Eger-
sund–Ogna lobe to the southern Åna–Sira lobe (Fig. 2A) (Marker et al., 
2003). The Egersund–Ogna lobe is concordant with the tectonic fabric in 
the gneissic host rocks and Maquil and Duchesne (1984) and Duchesne 
et al. (1985) argued, based on textural evidence of synmagmatic 
deformation, for diapiric emplacement. The interpretation of diapiric 
emplacement was later substantiated by structural and kinematic evi-
dence (Barnichon et al., 1999; Duchesne, 2001), and Charlier et al. 
(2010) argued that the Egersund–Ogna anorthosite lobe represents a 
nested diapir. In contrast to the dominant, rounded anorthosite lobes 
with largely concordant contacts to their host gneisses, the Garsaknatt 
anorthosite to the SE is elongate and sheet-like and clearly cuts the 
tectonic fabric in the host rocks (Fig. 2C), indicating a different style of 
emplacement. 

The BKSK is a large layered intrusion consisting from bottom to top 
of anorthosite, noritic and gabbroic rocks, and mangerite/charnockite 
and constitutes a through-like intrusion, discordant to both the RAP and 
high-grade host rocks (Robins et al., 1997). Zircon geochronology has 
yielded ages of 932–929 Ma for the RAP (Schärer et al., 1996) and 
932–916 Ma for the BKSK (Vander Auwera et al., 2011). More recently, 
however, Bybee et al. (2014) obtained an age of 1040 ± 17 Ma for a 
high-alumina orthopyroxene megacryst (HAOM) from the Eger-
sund–Ogna lobe and argued for a comagmatic relationship to the 
plagioclase constituting most of the anorthosite. Rather than short-lived, 
2–3 Myr emplacement of the RAP, this work suggested that the RAP and 
other, similar massif-type anorthosites might have been emplaced over 
time scales of up to and exceeding 100 Myr. 

Samples from the core area yield pressure–temperature (PT) esti-
mates of > 900 ◦C and > 6 kbar, followed by isothermal decompression 
to 5–6 kbar (Blereau et al., 2017; Druppel et al., 2013). Although the 
timing of this metamorphism is typically inferred to reflect emplacement 
of the RAP and BKSK at 930 Ma (Schärer et al., 1996; Westphal et al., 
2003), the observed spread in U–Pb ages provides little geochronolog-
ical support for such a link, but rather indicates that UHT conditions 
started much earlier and probably persisted until ca. 930 Ma (Laurent 
et al., 2018; Slagstad et al., 2018). Drüppel et al. (2013) estimated the 
timing of peak metamorphism to 1010–1006 Ma. Outside of the core 
area, the rocks record PT conditions of > 850 ◦C and > 6 kbar (Blereau 
et al., 2017), with most age determinations indicating peak meta-
morphism at ca. 1050–1030 Ma (Slagstad et al., 2018). Decompression 
to ca. 700 ◦C and 5.6 kbar is recorded at 955 Ma (Tomkins et al., 2005). 

The sharp contrasts in the grade and timing of metamorphism inside 
and outside the core area suggest that the SW SNO represents different 
crustal levels juxtaposed during late-orogenic exhumation (Slagstad 
et al., 2018). However, structural and kinematic evidence of regional, 
crustal-scale extensional structures that can account for the spatial and 
temporal distribution of the above geochronological and metamorphic 
relationships has, until now, been lacking. In this work we use detailed 
field mapping combined with temporally constrained structural analysis 
and U–Pb/Re–Os geochronology to determine the geodynamic processes 
responsible for emplacement and exhumation of the RAP and its UHT 
host rocks. 

3. The Rogaland extensional detachment 

Despite mapping of the UHT rocks in SW Norway over several 

decades, major structures capable of explaining the exhumation of deep- 
crustal rocks have not been described previously. The current geo-
morphology of the SW SNO preserves little evidence of the large-scale 
tectonic structures that may be responsible for the regional-scale dis-
tribution and apparent juxtaposition of metamorphic rocks. However, 
field observations northeast of the RAP reveal a nuanced landscape 
geometry consistent with the presence of such structures. Fig. 3A shows 
an atypical landscape scenario for the high-grade gneissic rocks of SW 
Norway. Most of the landscape is ‘symmetric’ or ‘isotropic’; however, in 
individual zones a tendency towards topographic ‘benching’ is 
observed, with the development of low-angle (20–30◦), east-dipping 
planes (Fig. 3B). Detailed structural analysis of these ‘benched’ local-
ities reveals a modest but consistent localization of strain over a rela-
tively broad but weak shear fabric (Fig. 3C). Although no conventional 
mylonitic textures were recognized, we observed modest elongation of 
both quartz and feldspar grains and commonly sharp tectonic contacts 
with the adjacent lower-strain gneisses (Fig. 3C). Within these broad 
zones we also observe truncating fabrics, which we interpret as repre-
senting different tectonic fabrics active at different times in the pro-
gressive deformation history (Fig. 3D). Deformed clasts within the shear 
zones are typically symmetric, displaying limited kinematic informa-
tion, however, the interpreted σ1 is exclusively vertical suggesting 
crustal thinning (Fig. 3E). 

Symmetric, rootless isoclinal folds are common in the shear fabric 
(Fig. 3F). These folds have limited kinematic value but are interpreted to 
represent an early, originally planar version of the shear-zone foliation 
(for example as shown in Fig. 3H) that has been folded and attenuated 
and is testament to the protracted deformation sequence in the shear 
zone. Where shear deformation is observed, porphyroclasts of quartz- 
rich pegmatites or quartz veins are present and commonly form asym-
metric sigma clasts which show consistent down-dip, top-to-E or -NE 
kinematics (Fig. 3G). In addition, asymmetric rotation of layers within 
the shear fabric suggests top-to-NE shearing associated with continued 
extensional deformation (Fig. 3H). Brittle–ductile tension gashes con-
taining granitic/pegmatitic infill and associated with top-to-E or -NE 
movement along the shear fabric are rare but consistently observed. 
These tension gashes have typically suffered deformation within the 
shear zone after their formation and display consistent top-to-E or -NE 
asymmetries with top-to-E or -NE kinematics (Fig. 3I). As shown in 
Fig. 3D, the shear fabric is commonly attenuated, boudinaged, and 
truncated with an asymmetry consistent with the development of 
outcrop-scale extensional shear bands. These bands display a consistent 
top-to-E or -NE extensional displacement (Fig. 3J). Mineral stretching 
lineations, although ubiquitously developed in the shear zone, are 
relatively weak (Fig. 3K). However, on a regional scale they show a 
remarkably consistent geometry, plunging NE or E, implying dip-slip or 
moderately oblique movement on the shear zone. We use U–Pb dating of 
zircon from leucosomes in tension gash geometries related to the RED to 
determine the timing of crustal extension (Fig. 3L). 

A systematic top-to-E shear sense is identified in a broad zone up to 
15 km wide and over a minimum strike length of 40 km in a NNW–SSE- 
trending ductile shear-zone array consisting of at least six separate shear 
zones representing a high-temperature, crustal-scale (cf., Andersson 
et al., 1996) detachment zone (Fig. 4A). We term this shear zone array 
the Rogaland Extensional Detachment (RED). The exact coincidence of 
this previously unrecognized major extensional structure with the 
juxtaposition of metamorphic grades strongly supports an interpretation 
that movement along the extensional detachment was the exhumation 
mechanism, displacing a weakly metamorphosed, hanging-wall block 
towards the east, simultaneously exhuming and exposing the juxtaposed 
high-grade footwall rocks. The interpreted RED outcrop pattern 
(Fig. 4A) was constructed from a combination of our geometric under-
standing of the shear-zone localities, the geometry and nature of the 
underlying bedrock map, and from knowledge of the geometry of major 
extensional detachment zones worldwide. The red lines on the map 
represent our interpretation of the complex geometry of the RED. 
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Fig. 3. Key field localities for the identification of geometry and kinematics of the Rogaland Extensional Detachment (RED). All images show west on the left and east 
on the right. (A) A rather atypical image of the vast swathes of granitic gneiss in SW Rogaland; individual zones show a tendency towards a ‘benched’ topography 
where generally meter-wide, but locally up to several-hundred-meter-wide, zones are observed where a generally weak planarity is observed within the granitic 
gneisses. The foliation dips consistently 20–30◦ towards the E or NE. (B) Well exposed ‘benched’ topography consisting of granitic gneiss. Above the line and the 
kinematic arrow (see other figures) the granitic gneiss is only weakly foliated. (C) Detailed investigation reveals that the ‘benching’ consists of variably but weakly 
foliated granitic gneiss with elongated quartz and feldspar grains. The contact to the more weakly foliated granitic gneiss is very sharp in this case, but is typically 
gradational. We interpret this fabric difference to be a sharp strain gradient between low-strain rock below and high-strain rock above the obvious contact. (D) Two 
tectonic foliations preserved in a ‘benched’ zone, suggesting several phases of movement. (E) Porphyroclastic kinematic indicators are rare and commonly symmetric, 
like the example shown here. However, the symmetric stretching of the clasts suggests a vertical ơ1 and therefore crustal extension. (F) Rootless, symmetric folds 
formed during protracted deformation of the ductile foliation in the RED. These folds represent an early fabric developed in the shear zone (as seen in 3H, for 
example) that was folded and attenuated as deformation progressed. (G) Quartz-rich sigma clasts in granitic gneiss showing top-to-E extensional ductile shearing. (H) 
Clockwise rotation of a quartz-rich layer in granitic gneiss suggesting top-to-E ductile extension. (I) Progressive deformation of a pegmatitic tension gash/vein within 
the RED along the ductile foliation, demonstrating asymmetric top-to-E kinematics. (J) Protracted deformation and the development of asymmetric boudinage of the 
shear-zone foliation shows a top-to-E extensional displacement in these deformation zones. (K) Rare, photogenic mineral stretching lineation looking down onto the 
foliation surface within the RED. The lineation is not particularly well developed but is observed at all shear-zone outcrops and is extremely consistent regionally. (L) 
Quartz-rich pegmatitic hybrid pull-apart/tension gash on a top-to-E extensional detachment (sample 196516 comes from this tension gash). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. (A) Tectonic, structural, and kinematic map showing the newly identified Rogaland Extensional Detachment (RED). Pre-existing structural data, both fo-
liations and lineations are in black symbols. Point localities with our new observations of the shear zone are shown with purple triangles and indicate where 
structural data and observations have been collected. The outline of the interpreted shear zones is shown with a red line and displays a constrictional geometry 
commonly associated with major ductile detachments. This folding is reflected in stereonets for the foliation (inset 1A) and lineation (inset 1B) of our collected data 
for whole shear-zone array. The red dots are recorded osumilite occurrences from Tobi et al. (1985) (B) Schematic cross-section showing the folding of the RED and 
the spatial relationship to the Ørsdalen molybdenite deposit. (C) Detail from 4A showing a selected fold from the interpreted RED showing pre-existing foliation and 
lineation data. The RED is shown in red and the constrictional folds are dashed black lines. Inset 2 shows poles to foliation and associated contours in grey and the 
lineation as purple dots. Insets 3 and 4 show stereonets of brittle structural data from two major molybdenite deposits, Ørsdalen and Gursli, respectively. Both show 
similarly oriented geometries to the RED (NW–SE oriented) and a similar axis of extension (NE–SW). Black great circles are fault planes and breccias and red, dashed 
great circles are veins. Ørsdalen shows conjugate fault planes but asymmetric vein development, mostly SW dipping. In the Gursli deposit, there is sparse data but 
shows a similar geometry to Ørsdalen. Both deposits show an extension axis NE–SW, similar to the RED. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Stereonet data from over 60 shear-zone localities (Fig. 4, inset 1A) show 
a generally shallowly east-dipping fault plane that is folded on a shallow 
NE-plunging fold axis. Lineations are generally dip-slip oriented on the 
RED foliation planes but display a dispersion both to the N and E (Fig. 4, 
inset 1B), which we interpret to be a result of the folding of the foliation 
planes. We selected one previously mapped regional-scale fold (outlined 
by the black polygon in Fig. 4C) in the interpreted RED outcrop pattern 
for comparison with the focussed RED shear-zone localities. Structural 
analysis of the pre-existing bedrock mapping data shows a very similar 
pattern (Fig. 4, inset 2). The foliation displays a generally shallowly NE- 
dipping geometry but dispersed on a great circle, which suggests folding 
on NE-plunging axes. In addition, the mineral stretching lineation 
generally displays a NE plunge, also with dispersion on the NE-plunging 
fold. Therefore, the RED displays a relatively shallow NE-dipping ge-
ometry with a regionally consistent top-to-NE-plunging stretching line-
ation. Combined with the field kinematics (Fig. 3), this suggests a top-to- 
NE extensional displacement. The RED is folded regionally on NE- 
plunging folds that have axes parallel to the transport direction of the 
extension (Fig. 4B). 

We investigated the immediate hanging wall of the RED where, in a 
broad zone up to 10 km wide, we observed enhanced mineral deposi-
tion. Two of the larger molybdenum (±tungsten) deposits in the region, 
Ørsdalen and Gursli, are located in the hanging- and footwall of the RED, 
respectively. In both deposits, the molybdenite is almost exclusively 
deposited in steep quartz veins that are associated with and are 
commonly secondary structures to relatively thin (up to 30 cm-wide) 
breccia zones (Fig. 5A), all with strike orientations similar to those 
observed in the high-grade RED (Fig. 4, insets 3 and 4). These breccia 
zones are typically localized along amphibolite xenoliths within the 
granite. The extreme topography in the Ørsdalen valley provides an 
almost 900 m unique vertical section through different structural levels 
of this mineralized system. In the upper, relatively cold, more brittle part 
of the system we observe steep, extensional veins containing only quartz 
and molybdenite. Fig. 5B shows an extensional quartz vein in the up-
permost part of the mineralized system (950 m above sea level), typi-
fying a brittle system with mostly quartz. Fig. 5C shows the lowest part 
of the mineralized system (50 m above sea level) where the vein ge-
ometries are noticeably different and reflect a more flat-lying vein ge-
ometry but still within a top-to-E extensional system. Here, the veins are 
compositionally different, with the presence of wolframite in domi-
nantly pegmatite veins. We interpret these compositional and geometric 
differences to represent: (1) the deeper part of the extensional detach-
ment system where the extension is manifested in a more shear-related 
geometry similar to the ductile deformation geometry on the RED, 
whereas (2) the more brittle and shallower, quartz-rich steep vein sys-
tems demonstrate a more purely extensional vein geometry and disin-
tegration of the hanging wall above the RED. Despite the geometrical 
and compositional differences in the upper and lower parts of the 
Ørsdalen deposit, the kinematics of the breccia zones and concomitant 
vein material and mineralization is ubiquitously top-to-NE and exten-
sional. The axis of extension is similar to that observed along the full 
strike-length of the RED. In the Gursli molybdenum deposit, lying in the 
footwall of the RED, we observe similarly oriented, steep breccia zones 
and associated steep extensional quartz veins, which demonstrate top- 
to-E or -NE extensional kinematics similar to that seen in the Ørsdalen 
deposit and the RED (Fig. 4, inset 4). 

4. Geochronological evidence for long-lived (980–930 Ma) 
extension, 950 Ma RAP contact metamorphism, and persistent 
high temperatures in the lower crust 

4.1. Samples 

The following groups of samples have been collected to address 
specific questions:  

1. In order to determine the timing of deformation on the RED and 
therefore of regional extension and exhumation along the exten-
sional detachments, we dated:  
a. Zircon U–Pb from pegmatitic leucosome in two extensional pull- 

aparts (tension gashes) in the footwall to the RED (Fig. 3L, sam-
ples 196516, 196517). 

b. Molybdenite Re–Os from four brittle-ductile extensional struc-
tures in the hanging wall to the RED in Ørsdalen (Fig. 5A–D; 
samples ØRS2, STO1, STO3, MJÅ1), as well as from a similar 
structural site at Gursli, in the inferred footwall to the RED 
(sample GUR1). A sixth sample was collected at the Flottorp Mo 
mine ca. 60 km east-northeast of the UHT area (sample FLOT3), 
where molybdenite is located along steep, brittle extensional 
structures within SMB granites.  

2. Monazite from a metapelite sample taken < 100 m from the RAP was 
dated in order to constrain the timing of contact metamorphism 
(sample MM00319).  

3. Baddeleyite from the ilmenite-rich Storgangen norite intrusion, that 
cuts the Åna–Sira anorthosite lobe of the RAP, was dated to provide a 
minimum age of emplacement (sample 196520).  

4. A 2 m-thick andesitic and a 10 cm-thick granitic dike that cut high- 
grade metamorphic fabrics and SMB granites were dated to constrain 
the age of melt production in the deeper-orogenic crust following 
cooling at higher crustal levels (Fig. 4E, F, G, samples BD10.36; 
ROG132405).  

5. New Ar–Ar amphibole and biotite data from samples within and 
outside the core area provide information on cooling rates during 
and following the Sveconorwegian orogeny (Fig. 2). 

Sample information is summarized in Table 1. Analytical methods 
and data are presented in Electronic Supplements 1–4. 

4.2. Timing of extensional detachment 

The two leucosome pull-aparts (samples 196516 and 196517) come 
from the same outcrop consisting of a quartz-diopside gneiss at lower 
structural levels in the RED. Samples of the quartz-diopside gneiss taken 
ca. 4 km away but at the same distance from the RAP, record high-grade 
metamorphism between ca. 1060 and 940 Ma, with detrital zircon ages 
ranging between 1.3 and 1.9 Ga (Slagstad et al., 2018). Zircon grains 
from the two samples are complexly zoned, in some cases with core-rim 
relationships that correspond to older and younger ages, respectively, 
although typically the observed core-rim relationships have little age 
significance. Apart from three, ca. 1.5 Ga grains interpreted to be 
detrital, most of the analyses range between ca. 1100 Ma and 930 Ma, 
but with a clear clustering close to the younger end of the age range. The 
clusters yield weighted average 207Pb/206Pb ages of 950 ± 11 Ma 
(MSWD = 0.31) and 938 ± 11 Ma (MSWD = 0.41) for samples 196516 
and 196517, respectively (Fig. 6A–D). These mean ages are similar 
within uncertainty and interpreted to reflect the age of crystallization of 
leucosome in the extensional pull-aparts. These ages overlap with the 
955 Ma age of decompression recorded at structurally higher levels 
(Tomkins et al., 2005). 

Four molybdenite samples from extensional brittle fractures at 
Ørsdalen, in the hanging wall to the RED, ca. 19 km from the RAP, yield 
Re–Os ages ranging from 977 ± 4 to 931 ± 4 Ma (Fig. 8), interpreted to 
reflect growth and/or recrystallization of molybdenite from hydrother-
mal fluids passing through the extensional fractures. The range of ages is 
interpreted to represent repeated brittle faulting during long-lived 
extension and exhumation, and the formation of a damage zone along 
the RED, and corresponds to the timing of regional extension determined 
from dating of mafic dikes and extensional tectonic fabrics east in the 
orogen (Söderlund et al., 2005; Viola et al., 2011) and inferred from 
granite petrogenesis in central and western parts of the SNO (Granseth 
et al., 2020). The younger ages correspond to ductile deformation in the 
presence of melt at lower structural levels, discussed above. A fifth 
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Re–Os analysis from Gursli, at a significantly lower structural level than 
the Ørsdalen samples (Fig. 2), yields an age of 949 Ma, consistent with a 
progression of brittle deformation to deeper structural levels with 
increased exhumation and progressive cooling. The sample from Flot-
torp, ca. 60 km east-northeast of the UHT area, yields an age of 980 Ma, 
consistent with the earliest recorded extensional structures at Ørsdalen. 
This suggests that extension was widespread at this time. While the ef-
fects of the earlier compressional phase (ca. 1080–1010 Ma) are well 
documented in the SW SNO from geochronological data discussed 
above, we have not been able to document compressional structures 
apart from sparse evidence that the SMB granites in Ørsdalen were 
assembled during top-to-west thrusting, similar to that observed in 
central parts of the SMB (Stormoen, 2015). It is possible that the lack of 
compressional structures in the core area is related to overprinting by 
long-lived extension. 

An earlier Re–Os age of 973 Ma from a migmatite in Ørsdalen was 
interpreted to date biotite dehydration melting during regional high- 
grade metamorphism (Bingen and Stein, 2003). Our observations 
show, however, that the migmatites are found as xenoliths inside weakly 
metamorphosed, ca. 1050–1030 Ma granites of the Sirdal Magmatic Belt 
(SMB, Coint et al., 2015) with limited or no deformation and only 
weakly metamorphosed, and that the molybdenite-bearing brittle frac-
tures cut folded leucosome in the migmatite xenoliths (Fig. 5D). We 
therefore consider it highly unlikely that molydenite Re–Os ages from 
Ørsdalen date high-grade metamorphism, as suggested by Bingen and 
Stein (2003). 

4.3. Sustained high temperatures in the lower crust 

Several ca. one meter-thick, subhorizontal andesitic dikes occur 
north in the SW SNO (Fig. 5E, F). The andesitic dikes at Nesflaten, north 
of the main study area, range in thickness from 0.5 to 2 m and can be 
traced laterally for several hundred meters; one dike north of Nesflaten 
is described by Sigmond (1978) to extend for 8 km. The dikes are sub-
horizontal with sharp contacts to the country rock and intrude both 
older (ca. 1500 Ma) supracrustal gneisses and younger, undeformed 
granitic rocks belonging to the SMB. Sample BD10.36 from an andesitic 
dike yielded prismatic zircon with irregular oscillatory zoning, 
providing an age of 955 ± 11 Ma (MSWD = 0.19; Fig. 6E), interpreted as 
the crystallization age of the dike and about 100 Myr younger than the 
metamorphic fabrics and SMB granites that it cuts. 

A decimeter-thick granitic dike cutting ca. 1039 Ma metamorphic 
fabrics (Slagstad et al., 2018) in a metapelite outside of the core area 
(Fig. 5G) yielded prismatic to equidimensional, irregular zircon grains 
that are variably oscillatory and faintly, irregularly zoned. The grains 
display scattered U–Pb ages as old as 1060 Ma, but with the majority of 
grains forming a cluster providing a Concordia age of 920 ± 3 Ma 
(MSWD = 3.4; Fig. 6F), interpreted as the crystallization age of the 
granitic dike. The excluded analyses (red ellipses) display the same 
range of ages as the metamorphic zircons from the UHT core area and 
are interpreted to represent inherited grains from the lower-crustal 
source of the granitic dike. The age of this dike is therefore > 100 Myr 

Fig. 5. (A) Steeply dipping 30 cm cataclastic zone in the shallowest part of the Ørsdalen deposit (950 m above sea level). The breccia is localized in an amphibolitic 
xenolith in granite. Kinematics of the rotated clasts suggest a top-to-NE extensional displacement. Quartz veins form as secondary structures spatially associated with 
the cataclastic zones. (B) Steeply dipping quartz veins with molybdenite in the shallowest part of the Ørsdalen deposit (950 m above sea level) with associated 
molybdenite deposited in the wall-rock–vein interface (yellow arrow). (C) Shallow-dipping, first-order (red) and second-order (yellow) pegmatitic veins (with 
molybdenite and tungsten) associated with low-angle extension in the deepest exposed part of the Ørsdalen deposit (50 m above sea level). The low-angle, first-order 
shear pull-apart shows top-to NE displacement. Second-order tension gashes also show top-to-NE opening associated with the first-order structure. The shallow- 
dipping structures are cut and displaced by steep brittle faults and veins containing only quartz and molybdenite (blue lines). These are equivalent to the struc-
tures in Fig. 5A. (D) Brittle fracture-filling molybdenite cutting older, isoclinally folded leucosome, showing that molybdenite does not date, but clearly post-dates, 
high-grade metamorphism (cf., Bingen and Stein, 2003). (E, F) Subhorizontal andesitic dikes cutting SMB granites and SNO high-grade rocks (sample BD10.36). (G) 
Granitic dike (sample ROG132405) cutting high-grade metamorphic fabric in a metapelite near the mouth of Lysefjorden, the latter dated at ca. 1040 Ma. (H, I) High- 
alumina orthopyroxene megacryst (HAOM) in the Sørskog quarry (Sirevåg), with close-up showing discontinuous lighter-colored zone around the HAOM. (J, K) 
Strongly foliated anorthosite cut by massive anorthosite at the northern margin of the Egersund–Ogna anorthosite lobe. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of samples and analyses.  

Sample Rock type Analysis Longitude Latitude 

MJÅ1 Moly in brittle extensional 
structure, Ørsdalen 

Re–Os 
moly  

6.44157  58.67257 

ØSRS2 Moly in brittle extensional 
structure, Ørsdalen 

Re–Os 
moly  

6.43278  58.67941 

STO1 Moly in brittle extensional 
structure, Ørsdalen 

Re–Os 
moly  

6.43491  58.67332 

STO3 Moly in brittle extensional 
structure, Ørsdalen 

Re–Os 
moly  

6.43491  58.67332 

GUR1 Moly in brittle extensional 
structure, Gursli 

Re–Os 
moly  

6.50467  58.41223 

FLOT3 Moly in brittle extensional 
structure, Flottorp 

Re–Os 
moly  

7.37027  58.47955 

MM00319 Anatectic metapelite, 
contact to Egersund–Ogna 
anorthosite lobe 

U–Pb 
mnz  

5.78201  58.59586 

ROG132405 Granite dike cutting 
metapelite, Lysefjorden 

U–Pb 
zircon  

6.12160  58.90311 

196520 Storgangen norite 
intrusion 

U–Pb 
badd  

6.33431  58.36050 

196516 Leucosome in tension gash, 
Nedrebø 

U–Pb 
zircon  

6.01409  58.68727 

196517 Leucosome in tension gash, 
Nedrebø 

U–Pb 
zircon  

6.01409  58.68727 

BD10.36 Horizontal andesite dike, 
Suldalsosen 

U–Pb 
zircon  

6.81076  59.57628 

ROG092322 Granitic gneiss Ar–Ar, bt  6.14764  58.95181 
MM02272 Medium-grained hbl–bt 

granitoid 
Ar–Ar, bt  6.26996  58.83553 

ROG172 Opx-bearing gneiss Ar–Ar, 
hbl, bt  

5.94641  58.74551 

VAG128025 Megacrystic hbl–bt granite Ar–Ar, bt  6.54141  58.85548 
ROG087 Gray, granodioritic gneiss Ar–Ar, bt, 

cpx  
6.64719  58.88911 

MM01362 Amphibolite Ar–Ar, 
hbl, bt  

5.99623  58.84272 

MM026212 Opx-bearing amphibolite Ar–Ar, 
hbl  

5.95798  58.68134 

MM026213 Opx-bearing migmatitic 
gneiss 

Ar–Ar, 
hbl  

5.79618  58.80158 

MM057973 Gray porphyritic granite Ar–Ar, 
hbl, bt  

6.63159  58.66124 

MM02275 Amphibolite Ar–Ar, 
hbl, opx  

6.04188  58.67795 

VAG128027 Medium-grained bt granite Ar–Ar, 
hbl, bt  

6.50264  58.84115 

84397 Strongly foliated 
porphyritc SMB granite 

Ar–Ar, 
hbl  

58.64801  6.54651 

BM62 Amphibolite Ar–Ar, 
hbl, bt  

58.61326  6.90241 

BM64 Amphibolite Ar–Ar, 
hbl, bt  

58.5374  6.94221 

BM67 Amphibolite xenolith in 
SMB 

Ar–Ar, 
hbl  

58.26501  7.22769 

MM01354 Opx-bearing amphibolite Ar–Ar, 
hbl  

58.80169  5.99497 

Abbreviations: bt–biotite; hbl–hornblende¸cpx–clinopyroxene; opx–orthopyr 
oxene; moly–molybdenite; badd–baddeleyite, mnz–monazite, SMB–Sirdal 
Magmatic Belt. 
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Fig. 6. U–Pb zircon geochronology. (A, B) Tera–Wasserburg plot and 207Pb/206Pb weighted mean age, sample 196516, pull-apart tension gash. (C, D) Ter-
a–Wasserburg plot and 207Pb/206Pb weighted mean age, sample 196517, pull-apart tension gash. (E) Tera–Wasserburg plot, sample BD10.36, subhorizontal andesitic 
dike. (F) Tera–Wasserburg plot, sample ROG132405, cross-cutting granitic dike. 
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younger than the fabric it cuts. Both the granitic and andesitic dike 
indicate that temperatures remained high at deeper crustal levels well 
outside of the core area in the SW SNO. 

4.4. Age of RAP contact (?) metamorphism 

Monazite from a UHT metapelite, sampled < 100 m from the contact 
to the Egersund–Ogna anorthosite of the RAP, was analyzed in order to 
determine the age of contact metamorphism and, indirectly, the age of 
RAP emplacement. The sample is from the same locality as the ‘proximal 
sample’ of Blereau et al. (2017), that records metamorphic conditions of 
ca. 950 ◦C at 5 kbar. In-situ analyses indicate that monazite inclusions in 
garnet yield weighted mean 206Pb/238U ages of 1028 ± 8 (MSWD = 1.5) 
and 1001 ± 9 Ma (MSWD = 2.4; Fig. 9) for monazite in the garnet cores 
and rims, respectively, consistent with previous estimates of the timing 
of regional metamorphism. The matrix monazites, expected to date 
contact metamorphism, yield a weighted mean 206Pb/238U age of 947 ±
10 Ma (MSWD = 1.6; Fig. 9), significantly older than the traditionally 
inferred 930 Ma age of RAP emplacement (Schärer et al., 1996). A 
probability plot of the same data yield prominent peaks at 1020 and 955 

Ma (Fig. 9B), similar to previously published zircon data (Laurent et al., 
2018). 

4.5. Minimum age of RAP emplacement, the Storgangen norite intrusion 

The Storgangen norite intrudes the Åna–Sira anorthosite (Fig. 2B) 
and therefore provides a minimum age for the anorthosite. A 949 ± 7 
Ma U–Pb zircon crystallization age for the norite intrusion was proposed 
by Andersen and Griffin (2004), but the implications of this norite age 
have not been widely appreciated, most likely because their sample was 
collected from the flotation waste from the mine. However, the age may 
be of key importance for constraining the timing of emplacement of the 
RAP. Despite processing several kilos of in-situ norite rock sample, we 
were unable to extract zircon for U–Pb analysis. However, a few bad-
deleyite grains and fragments of baddeleyite–zircon intergrowth were 
recovered. Textural relationships visible under cathodoluminescence 
(CL) of these grains and fragments (Fig. 7) provide important clues about 
the relationship between zircon and baddeleyite in this rock. A badde-
leyite intergrowth truncates oscillatory zoning in an inherited zircon 
grain (dated at ca. 1670 Ma), indicating that zircon was replaced by 

Fig. 7. U–Pb baddeleyite geochronology. (A) Tera–Wasserburg plot and 207Pb/206Pb weighted mean baddeleyite age, sample 196520, Storgangen norite. Data from 
Andersen and Griffin (2004) shown for comparison. CL images showing the (B) zircon–baddeleyite intergrowth and (C, D) heterogeneous baddeleyite crystals. 
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baddeleyite at some point in the history of this rock (Fig. 7B). Further-
more, other CL images of the dominantly baddeleyite crystals show that 
they are internally heterogeneous (Fig. 7C, D), similar to crystals formed 
by alteration related to influx of Ca-rich fluids (Lewerentz et al., 2019). 
These baddeleyites are, therefore, unlikely to represent primary 
magmatic crystallization, but rather relate to a later alteration event that 
involved mobilization of Zr from zircon. 

U–Pb baddeleyite and baddeleyite–zircon intergrowth analyses were 
carried out at Curtin University and NGU. At NGU, the analytical pro-
tocol was similar to that of zircon, i.e., using GJ zircon as the primary 
reference material, whereas at Curtin University Phalaborwa badde-
leyite was used. It is well known that baddeleyite analyses are sensitive 
to U–Pb elemental fractionation in secondary ionization mass spec-
trometry due to crystal orientation effects and dissimilar ablation 
response to the reference material (e.g., Wohlgemuth-Ueberwasser 
et al., 2018). Laser analyses are typically less sensitive to crystal orien-
tation effects; however, the intimate nature of the intergrowths and the 
heterogeneous ablation signal (as evident especially in Th) highlight the 
complexity of matrix matching this material. Ablation integration pe-
riods were chosen on the most homogeneous part of the ablation signal. 
Given the textural evidence suggesting that the dated material repre-
sents intergrowth of baddeleyite and zircon, we interpret the spread in 
238U/206Pb ratios to reflect matrix mismatching and hence this ratio has 
little chronometric resolution for this material. Thirty-three analyses of 
the most pristine baddeleyite yield a weighted average 207Pb/206Pb age 
of 894 ± 19 Ma (MSWD = 1.7). This age is within error of the youngest 
phases of the BKSK (Vander Auwera et al., 2011) and considering that 
both the Storgangen intrusion and its host rock show signs of defor-
mation related to emplacement of the BKSK (Schiellerup, 2001), we 
interpret the baddeleyite to have grown as a result of fluid activity 
linked to intrusion and deformation at this time. 

While these baddeleyite 207Pb/206Pb data only provide a minimum 
age for the Storgangen intrusion, we note that several of the crystals 
dated by Andersen and Griffin (2004) display bright, irregular patches in 
backscatter electron images, consistent with the presence of baddeleyite 
intergrowths in their zircon. This characteristic textural relationship of 
the crystal cargo of the Storgangen intrusion supports the interpretation 
that the material dated by Andersen and Griffin (2004) is indeed locally 
derived. Hence, their 949 ± 7 Ma age for the zircon component provides 
the best estimate of the primary magmatic crystallization of the Stor-
gangen intrusion. This ca. 950 Ma zircon age provides a minimum age 
for emplacement of the Åna–Sira anorthosite lobe – notably the 

youngest lobe in the RAP. 

4.6. Ar–Ar amphibole and biotite ages constrain the timing and rate of 
cooling 

Sixteen samples within and outside of the core area were collected 
for Ar–Ar geochronology in order to constrain the cooling history of the 
SW SNO. The samples include amphibolites, amphibolite- to granulite- 
facies granitoid gneisses, and granites of the SMB. New and existing 
Ar–Ar amphibole ages range between 983 and 902 Ma (Fig. 2A; Bingen 
et al., 1998; this study), but with the majority (10 of 15) between 932 
and 918 Ma (Fig. 2). There is no apparent difference in age with distance 
from the RAP. Ar–Ar biotite ages, like amphibole, show no difference 
across the extensional detachment, ranging from 906 to 867 Ma. The 
difference between Ar–Ar amphibole and biotite ages for the same 
sample ranges from 22 to 65 Myr, with an average of 45 Myr. 

5. Discussion 

5.1. Timing and distribution of high-grade metamorphic rocks in SW SNO 

The (U)HT rocks in the SW SNO were traditionally inferred to 

Fig. 8. Re–Os molybdenite model ages with 2σ uncertainties. Red bars from 
Ørsdalen, orange bar from Gursli, blue bar from Flottorp. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 9. U–Pb monazite data from sample MM00319. The data have been sub-
divided texturally into monazite inclusions in garnet cores and rims, as well as 
monazite in the matrix. Abbreviations: Mnz – monazite; grt – garnet; incl 
– inclusion. 
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represent the high end of a gradational metamorphic spectrum, from 
(upper) amphibolite facies in central parts of the SNO to granulite facies 
in the SW, thus accounting for a westward change from hydrous to more 
anhydrous magmatism across an orthopyroxene-in isograd (Vander 
Auwera et al., 2011). The UHT rocks, confined to an area within 10–15 
km of the RAP, were interpreted to reflect contact metamorphism during 
short-lived (ca. 3 Myr) emplacement of the RAP and BKSK at 932–929 
Ma (Westphal et al., 2003). Coint et al. (2015), however, showed that 
there is no such gradual, regional transition and that the ‘orthopyroxene- 
in isograd’ is, in fact, an intrusive contact between granulite-facies rocks 
and the SMB granites, with the only amphibolite-facies rocks east of the 
‘isograd’ occurring as screens and xenoliths in the granites. Similarly, 
the previously interpreted osumilite-in contact-metamorphic isograd 
around the RAP was shown by Blereau et al. (2019) to be related to 
much older (ca. 1070 Ma) regional metamorphism. Nevertheless, the 
nearly symmetric distribution of osumilite (and pigeonite) around the 
RAP and BKSK (Tobi et al., 1985) (Fig. 2A) does seem to suggest some 
sort of relationship. This relationship can now be understood within the 
structural context of the RED, which coincides with the osumilite and 
pigeonite-in isograds. In this case, the isograds simply represent tectonic 
juxtaposition of different crustal levels, consistent with the onset of 
high-T metamorphism and crustal melting at ca. 1070 Ma, followed by 
differential exhumation along the RED, giving the impression of a wide 
contact aureole. 

The geologic history of the SW SNO became even more confounding 
when the high-Al orthopyroxene megacrysts (HAOMs) in the RAP yiel-
ded a Sm–Nd isochron age of ca. 1040 Ma (Bybee et al., 2014), i.e., >100 
Myr older than the accepted age of the anorthosite. The HAOMs have 
compositions indicative of crystallization at pressures of 11–13 kbar 
(Charlier et al., 2010; Longhi et al., 1993), thus both age and depth 
suggest that emplacement of the RAP could not have caused UHT con-
tact metamorphism of its host rock at ca. 6 kbar at 930 Ma, consistent 
with the extended duration of (U)HT metamorphism. The ca. 950 Ma 
age of the Storgangen norite intrusion (Andersen and Griffin, 2004; this 
study), cutting the RAP, also suggests emplacement well before the 
widely accepted age of 930 Ma. This interpretation is supported by 
monazite age data presented here for a metapelite sample taken<100 m 
from the RAP that records a range of metamorphic ages from 1028 to 
947 Ma, but with no indication of a high-grade metamorphic overprint 
at 930 Ma. Ti-in-zircon temperatures from UHT rocks in the footwall of 
the RED show an increase from ca. 760 ◦C to 820 ◦C at 970 Ma (Slagstad 
et al., 2018), consistent with emplacement of at least part of the RAP 
significantly earlier than 930 Ma and, lastly, Ar–Ar amphibole data show 
that the UHT rocks close to the RAP had cooled significantly by ca. 930 
Ma, inconsistent with a major thermal pulse at this time. 

Until the discovery of the RED, the distribution of metamorphic and 
non-metamorphic rocks required impossibly large lateral temperature 
gradients in the deep orogenic crust and although zircon from the an-
orthosites undoubtedly yield ca. 930 Ma ages, short-lived emplacement 
of the RAP and BKSK at ca. 930 Ma, with a large contact-metamorphic 
overprint, is inconsistent with the currently available data. The newly 
identified RED, a 15 km-wide zone of diffuse but broad and consistent 
high-temperature ductile deformation on which the northeastern 
hanging-wall block was displaced orthogonally to the NE, accounts for 
the spatial and temporal distribution of metamorphism in the SW SNO 
and removes the need for large lateral thermal gradients in the deep 
orogenic crust. At approximately 980 Ma, the crust began to extend in 
the SW SNO (Mulch et al., 2005; Scheiber et al., 2015; Slagstad et al., 
2020; Viola et al., 2011). This extension was focused on the NW–SE- 
striking, relatively shallowly E-dipping RED, exhuming the high-grade 
rocks in the footwall and contributing to upper crustal emplacement 
of the RAP, discussed below. In addition, the presence of steeply dip-
ping, brittle cataclastic zones and fractures in the hanging wall, the ki-
nematics and timing of which are similar to that of the RED, shows that 
these are secondary structures related to movement on the RED and 
most likely represent the at least partial disintegration of the hanging- 

wall block. 

5.2. Varied mechanisms for long-lived anorthosite emplacement 

Crustal heating during orogeny results either from crustal thickening 
and internal radiogenic heat production and/or heat supplied by 
mantle-derived melts ponding at the Moho or intruding the overlying 
orogenic crust. The average heat production in the western and central 
SNO from 1689 whole-rock geochemical analyses (Fig. 1 and Electronic 
Supplement 5) is 1.81 μW/m3, whereas weighting the data by area of the 
sampled geological units (50,000 map scale, see Slagstad, 2008 for 
procedure) yields a slightly higher average heat production of 2.16 μW/ 
m3. Such values can only account for temperatures in the lower crust 
(40 km depth) of up to ca. 600 ◦C (Clark et al., 2011), which is clearly at 
odds with the PT conditions in the SW SNO, particularly considering a 
maximum crustal thickness on the order of 40–45 km based on the 
HAOM data. These observations suggest that heat was primarily added 
from below in the form of mafic magma and that this process was long 

Fig. 10. Thermo-rheological modeling with relevance to anorthosite 
emplacement. See text for details. The thermal model reproduces the observed 
PT conditions in SW SNO (box). 
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lived, probably spanning most of the 1080–930 Ma time interval (Bingen 
et al., 2021; Granseth et al., 2020; 2021; Slagstad et al., 2018). 

In order to address the juxtaposition of isograds in the SW SNO and 
possible emplacement mechanisms for the RAP, we calculated a simple, 
1D crustal thermal profile (Fig. 10A). The thermal parameters used are 
presented in Table 2, and include a temperature-dependent thermal 
conductivity in the upper 15 km of the crust (2.8 W/m*K at the surface 
(5 ◦C) following Zoth and Hänel, 1988). The thermal conductivity is 
constrained by 62 samples from the SW SNO (Fig. 1; Electronic Sup-
plement 5). Between 15 and 40 km depth, a constant conductivity of 2.1 
W/m*K is assumed as conductivities tend to converge at temperatures >
400 ◦C (Clauser and Huenges, 1995). Heat production was set at 2 μW/ 
m3 in the upper 10 km (similar to surface values) and 0.8 μW/m3 at 
depths of 10–40 km. With a ‘Shield-like’ basal heat flow of 15 mW/m2 

(Jaupart and Mareschal, 1999), these values yield a surface heat flow of 
59 mW/m2, which is consistent with the observed present-day heat flow 
in the SNO (Slagstad et al., 2009). In the SNO model, the basal heat flow 
is set to 43 mW/m2, which corresponds to a Moho temperature (at 40 km 
depth, constrained by the HAOM data) of 1200 ◦C, similar to the esti-
mated liquidus temperature of the parental melt to the anorthosite 
(Westphal et al., 2003). This model yields temperatures between ca. 800 
and 1000 ◦C at pressures of 6–8 kbar (Fig. 10A), consistent with PT 
estimates from SW SNO, and a surface heat flow of nearly 90 mW/m2. 
The extreme lower-crustal temperatures (1200 ◦C at 40 km depth) 
would be alleviated by assuming convective heat transfer in the lower 
crust or a thinner crust, both of which are possible given the available 
data. By assigning appropriate rheological parameters and densities to 
the different crustal segments (see Table 2), the thermal model also al-
lows us to calculate the strength of the crust (given a moderate stress 
regime) and compare with the buoyancy force of an anorthosite body of 

a certain thickness (Fig. 10B). The rheological parameters are the same 
as those previously used by Slagstad (2006) in the central SNO. Magnetic 
data suggest that the anorthosite is ca. 2 km thick (Maystrenko et al., 
2017), whereas gravimetric data suggest a thickness of 4 km (Smithson 
and Ramberg, 1979), but the thickness lost to erosion is unconstrained. 
Assuming thicknesses of 2 and 4 km, with a density contrast of 150 kg/ 
m3, the modeling shows that in a moderate external stress field, the 
anorthosite can rise buoyantly to depths corresponding to 5–6 kbar, 
which is similar to petrologically based estimates (Charlier et al., 2010) 
and the modeling of Barnichon et al. (1999) and Mukherjee et al. (2020). 
Barnichon et al. (1999) estimated that this process would take on the 
order of 2.5 Myr, however, a compressional stress field, as documented 
for the SNO in the period 1070–1010 Ma, would have prevented the 
anorthosite from rising to these depths by pure buoyancy – at least until 
the regional stress field changed to moderate or extensional. Data from 
mafic dikes in the SNO foreland show that extension had started there by 
970 Ma (Söderlund et al., 2005), and an increase in temperature to form 
granitic melts from more refractory sources from ca. 990 Ma onwards 
suggests increased and more widespread influx of basaltic melts to the 
base of the crust at this time (Granseth et al., 2020). The increased 
basaltic influx was interpreted to reflect a change from a compressional 
to an extensional stress regime at this time, consistent with the kine-
matics, structural geometries, and geochronological data presented 
here, and could have allowed the anorthosite lobes to rise to shallower 
levels, in keeping with their polybaric evolution (Charlier et al., 2010). 

Although emplacement of the RAP and BKSK is typically inferred to 
have happened over only 2–3 Myr at ca. 930 Ma, the available 
geochronological data, geological/structural observations, and thermo- 
rheological modeling discussed above suggest a significantly longer- 
lived process. Field relationships also suggest a comparatively long- 
lived event; for example, the oldest anorthosite bodies had time to 
cool sufficiently to acquire tectonic fabrics before being cut by younger, 
undeformed anorthosites (Marker et al., 2003). The oldest anorthosite 
body, the Egersund–Ogna lobe, shows complete parallelism with its UHT 
host rocks, compatible with emplacement by diapirism (Fig. 11A), pre-
viously suggested based on petrological, structural, and kinematic evi-
dence (Barnichon et al., 1999; Duchesne, 2001; Duchesne et al., 1985; 
Maquil and Duchesne, 1984). The northern part of the deformed Eger-
sund–Ogna lobe and its immediate host rock is, however, cut by a sheet 
of undeformed anorthosite (Fig. 4J, K; Blereau et al., 2017; Marker et al., 
2003) which must be younger, intruding a previously up to 3 km-wide 
margin of strongly foliated anorthosite and possibly accounting for 
zircon diffusion modeling suggesting a short-lived thermal pulse there 
(Blereau et al., in press). 

In contrast, the elongate, NNW–SSE-oriented Garsaknatt anorthosite 
body clearly cuts the high-grade fabrics of its host rocks (Marker et al., 
2003) and shows no signs of diapirism (Fig. 2C). Emplacement of the 
Garsaknatt body could be related to migration along the continuation of 
the RED (Fig. 11B), possibly merging into the extensional Farsund Shear 
Zone (Fig. 2C, Bolle et al., 2010). Directly dating the crystallization of 
the Garsaknatt anorthosite remains an important test of this model. 

We posit a long-lived emplacement history of the RAP, possibly in 
excess of 100 Myr, based on geochronology, thermal and buoyancy 
modeling, and field relationships, and argue that the notion of 
emplacement of the RAP and BKSK on time scales of 2–3 Myr is highly 
unlikely. Our interpretation is consistent with previous interpretations 
that long-lived magmatism and high-grade metamorphism in the SW 
SNO was largely driven by near-continuous emplacement of mantle- 
derived mafic magma (Granseth et al., 2020; 2021; Slagstad et al., 
2018) – there is no reason to believe that anorthosite magma would only 
have formed once during this process. These features also suggest that 
the long-lived extension along the RED was not only integral in 
exhuming the UHT rocks, but also allowed anorthosite magmas to rise 
buoyantly and/or along active structures to mid-crustal levels and that 
this exhumation was driven by crustal thinning along a NW–SE-striking 
array of wide ductile detachments with top-to-E or -NE displacement. 

Table 2 
Thermal and rheological parameters used in thermo-rheological modeling.  

Thermal parameters  Rheological parameters2  

Temperature at surface 
(◦C): 

5 Gas constant (R) 8.314 

Heat flow across Moho 
(mW/m2): 

43 Strain rate (epsilon) 1.00E- 
15   

Density upper and middle 
crust 

2700   

Density lower crust 2850 
Layer 1 Upper crust  g 9.81 
Top of layer (km) 0 Pore fluid factor (λ) 0.37 
Base of layer (km) 10 Numerical factor (alpha) 0.75 
Heat production (μW/ 

m3): 
2 Pre-exponential stress 

constant (MPa-n/s) 
A 

Conductivity (W/m*K) Temp. 
dep.1 

Power-law exponent n   

Activation energy (kJ/mol) E 
Layer 2 Middle crust    
Top of layer (km) 10 Upper and middle crust 

(quartz diorite)  
Base of layer (km) 15 A 1.26E- 

03 
Heat production (μW/ 

m3): 
0.8 n 2.4 

Conductivity (W/m*K) Temp. 
dep.1 

E 219 

Layer 3 Lower crust  Lower crust (undried 
diabase)  

Top of layer (km) 15 A (MPa-n s− 1) 2.00E- 
04 

Base of layer (km) 40 n 3.4 
Heat production (μW/ 

m3): 
0.8 E 260 

Conductivity (W/m*K) 2.1    

1 Temperature-dependent thermal conductivity K(T) of upper and middle 
crust, with K at surface temperature (5C) of 2.8, calculated from: K(T) = A + B/ 
(350 + T(z), where A = 0.75 and B = 705. 

2 Ductile and brittle strength calculated following Afonso and Ranalli (2004) 
using rheological parameters from Slagstad (2006). 
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The tectonic significance of this long-lived evolution is discussed further 
below. 

The generally accepted age of 930 Ma for the RAP stems from U–Pb 
analysis of zircon “extracted from orthopyroxene megacrysts” (Schärer 
et al., 1996). However, given the much older, ca. 1040 Ma age of the 
HAOM themselves, exactly how the zircons found their way into these 
crystals remains elusive. We have rigorously searched for zircon in 
polished HAOM slabs via repeated polishing to expose deeper parts of 
the slabs. However, no zircon was found. Instead, the dominant Zr- 
bearing phase identified was baddeleyite, forming small grains within 
ilmenite exsolutions. We suggest that the 930 Ma zircons with well- 
developed, igneous sector zoning (Slagstad et al., 2018) did not form 
inside the HAOMs. Field observations of the HAOMs reveals that many 
of them are partially rimmed by cm-thick, light-colored anorthosite 
(Fig. 5H, I). The lighter rims do not appear to represent post-magmatic 
bleaching, which would be expected to be more homogeneously devel-
oped around the HAOMs. A testable hypothesis is that the light rims 
represent evolved melt that was trapped in pressure shadows around the 
HAOMs, possibly as the melt was migrating from deeper crustal levels. A 
similar feature has been observed in the mafic–ultramafic Lower Zone of 
the Bushveld Complex, where Karykowski and Maier (2017) argued that 
dating interstitial zircon from cumulates is unlikely to record the timing 
of emplacement (see also Latypov and Chistyakova, 2021). 

The Ar–Ar amphibole data show that cooling through the closure 
temperature of Ar in amphibole (taken here as 550 ◦C) took place before 
930–920 Ma in most samples. For samples in the hanging wall of the 
RED, cooling from high-grade metamorphism (ca. 850 ◦C) at 
1050–1030 Ma was protracted and slow, on the order of 3 ◦C/Myr. 
Samples from the footwall, on the other hand, appear to have been at (U) 
HT conditions until just before cooling through the closure temperature 
of Ar in amphibole (see Blereau et al., in press; Drüppel et al., 2013). A 
conservative estimate of peak T of 850 ◦C at 950 Ma implies a cooling 
rate of 25–30 ◦C/Myr in the footwall, which requires tectonically driven 
exhumation (Fig. 11B; Scibiorski et al., 2015). Cooling through the 
closure temperature of Ar in biotite (taken here as 350 ◦C) took on 
average 45 Myr, corresponding to a slow cooling rate of ca. 4 ◦C/Myr, 
consistent with slow, post-orogenic cooling of the foot- and hanging wall 
together during erosional exhumation (e.g., Scibiorski et al., 2015). 

The thermal model and cooling rates also provide a means to 
constrain the amount of displacement along the RED. Although the 
timing of peak temperature in the footwall is difficult to constrain, a 
compilation of U–Pb data suggests a peak at ca. 1000 Ma (Drüppel et al., 
2013; Slagstad et al., 2018), at a temperature of ca. 900 ◦C (Blereau 
et al., 2017; Drüppel et al., 2013) corresponding to a depth of 27 km (7 
kbar) in our temperature model. Based on the long-lived nature of high- 
grade metamorphism in the SW SNO, we infer that these PT conditions 
remained essentially unchanged until extension started at 980 Ma. 
Temperatures in the hanging wall have been estimated by assuming 

peak T of 850 ◦C at 1040 Ma, followed by slow cooling of 3 ◦C/Myr, 
which yields a temperature of 670 ◦C at 980 Ma, corresponding to a 
depth of 19 km (5 kbar) in our temperature model. These estimates 
suggest 8 km of vertical displacement (19 km of dip-slip displacement at 
an average dip of 25◦) along the extensional detachments, amounting to 
a pre-extensional temperature gradient of ca. 29 ◦C/km in the mid-crust. 

5.3. Implications for the thermal evolution of the deep crust in the SNO 

Extensional detachments are widely recognized as important com-
ponents in extending the crustal pile in the later stages of orogenesis 
(Andersen, 1998; Jackson, 1987; Platt and Vissers, 1989; Tirel et al., 
2008; Wernicke, 1981). These low-angle shear zones can rapidly 
exhume high-grade rocks from depth and juxtapose crustal blocks 
showing different tectonic and metamorphic evolution (Campani et al., 
2010; Platt et al., 2015). Lithospheric delamination (Harris et al., 2002; 
Wells and Hoisch, 2008) or orogenic collapse (Osmundsen et al., 2006; 
Viola et al., 2011) are often cited as major driving forces for the for-
mation of such major crustal thinning structures. The formation of 
metamorphic core complexes (Armstrong, 1982; Lister and Davis, 
1989), where opposing senses of shear on coupled extensional shear 
zones exhume lower crust in whale-back geometries (Harris et al., 
2002), appear to be an intrinsic part of this tectonic style (Holm et al., 
1994; Osmundsen et al., 2006). In addition, such extensional de-
tachments commonly display constrictional folding patterns where the 
detachment surfaces are folded into tight to isoclinal folds with fold axes 
parallel to the downdip transport direction (Braathen et al., 2004; 
Osmundsen et al., 2006). Extensional detachments have been widely 
recognized to be an intrinsic part of orogenic denudation in orogenic 
belts throughout geologic time (Aoya et al., 2005; Armstrong, 1982; 
Coney and Harms, 1984; Holm et al., 1994). 

Previous evidence for extensional ductile tectonics is limited to the 
eastern parts of the SNO (Mulch et al., 2005; Scheiber et al., 2015; Viola 
et al., 2011), characterized by pre-extensional thrusting, crustal thick-
ening and high-pressure metamorphism, in contrast to the SW SNO 
where geologic evidence suggests the crust remained thin. In the newly 
discovered RED, we observe top-to-NE orthogonal extensional ductile 
displacement with the development of tight to isoclinal folds in the shear 
zone representing a constrictional geometry that is typical of major 
extensional detachments in the crust (Holm et al., 1994; Platt and 
Vissers, 1989). Whether the combination of juxtaposed metamorphic 
grades and the presence of crustal-scale extensional structures in this 
case represent a metamorphic core complex is still enigmatic since a 
kinematically opposing set of detachments is not observed south and 
west of the RAP as it is unexposed in the North Sea. 

As discussed by Slagstad et al. (2020), the duration of extension and 
localization in both thick and thin orogenic crust as well as in the 
orogenic foreland point to an external driving force, such a slab rollback, 

Fig. 11. Simplified tectonic model of SW SNO, subdivided into an early compressional phase (ca. 1080–1010 Ma) and a later extensional phase (ca. 980–930 Ma). 
(A) During compression, mantle-derived basaltic magmas provide heat and material to the lower crust. Partial melting of the lower crust and variable mixing with the 
basaltic melts generate the SMB granites. Models for anorthosite petrogenesis either suggest fractionation from the mantle-derived basaltic melts or large degrees of 
partial melting of the lower crust to form the basaltic melt. We do not present new data either way, but the thermo-rheological modeling suggests that the anorthosite 
bodies could rise diapirically into the lower-crustal UHT rocks, although not to their current level of exposure (at most 6–7 kbar). (B) During extension, diapiric rise to 
shallower crustal levels (ca. 5 kbar) would be possible, but progressively less efficient as exhumation and cooling of the anorthosite host rocks took place. Continued 
flux of mantle-derived basaltic melts means that anorthosite could have been produced continuously, but with a greater structural control on anorthosite 
emplacement along discrete shear zones (e.g., Garsaknatt). As discussed in the text, flow or percolation of younger anorthosite through older bodies may also account 
for the 930 Ma ages from the RAP. This continued flux of anorthosite could be responsible for the comparatively young zircon ages obtained from the RAP. An 
implication of this model is that the BKSK and RAP are genetically unrelated. The BKSK formed relatively late in the orogenic history and has typically been ascribed 
to a delamination event. Considering the apparent lack of crustal thickening, we propose that the dense cumulates following anorthosite formation may have 
delaminated and triggered one last, short-lived magmatic event forming the BKSK, prior to the onset of widespread cooling and tectonic quiescence. The spatial and 
temporal coincidence of the RED and BKSK suggest that migration and emplacement of the latter was structurally controlled. (C) Zoom-in on the RED and its 
immediate foot- and hanging wall. Disintegration of the hanging wall resulted in brittle extensional structures that accommodated deposition of Mo between 980 and 
935 Ma (Ørsdalen). Brittle deformation progressed to deeper structural levels during exhumation and cooling of the footwall (Gursli). Differential exhumation 
resulted in a tilted isotherm, which accounts for the distribution of HT/UHT rocks in the SW SNO. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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rather than gravitationally driven ‘collapse’. Slab rollback has previ-
ously been inferred to drive mafic underplating and lower-crustal 
melting well after the peak of orogenic activity (defined here as the 
end of widespread contractional deformation) at ca. 1000 Ma (Granseth 
et al., 2020) and several other lines of evidence suggest that the deep 
crust of the SNO remained hot well after the main orogenic event. A 920 
Ma granitic dike in the hanging wall to the RED cuts leucosomes and 
high-grade metamorphic fabrics dated at 1039 Ma, suggesting that 
partial melting was still taking place at depth in the crust. This is perhaps 
unsurprising considering that emplacement of the BKSK a few tens of 
kilometers farther south took place between 930 and 916 Ma (Vander 
Auwera et al., 2011). However, emplacement of the granites until 930 
Ma (Granseth et al., 2020) and pegmatites as young as 901 Ma in the 
central SNO (Müller et al., 2017), show that the deep crust was pro-
ducing melt well after the main orogenic event. In the central SNO, 
isotopic data are consistent with continuous addition of juvenile mate-
rial, and east in the SNO, in the Idefjorden lithotectonic unit, emplace-
ment of the Hakefjorden norite-anorthosite complex at 916 Ma 
(Scherstén et al., 2000) suggests that upwelling of mantle-derived 
basaltic melts (see Årebäck and Stigh, 1997 for petrogenetic interpre-
tation) continued throughout the orogen well after the main tectonic 
activity had ceased. Along with 970–960 Ma anorthosite in the Cale-
donian Jotun Nappe Complex, widely believed to represent the pre- 
Caledonian margin of Fennoscandia (Lundmark and Corfu, 2008), the 
available data from the SNO suggest that anorthosite was being formed 
throughout the duration of the orogeny. Present-day exposure is most 
likely related to differential exhumation, i.e., Caledonian nappe stacking 
for the Jotun anorthosite and extensional exhumation for the RAP. 
Exhumation of the Hakefjorden complex is less clear, but extension on 
the Mylonite Zone, separating the Idefjorden lithotectonic unit and 
underlying Eastern Segment, and the Porsgrunn–Kristiansand Shear 
Zone, separating the Bamble and Telemark lithotectonic units, until 860 
Ma (Viola et al., 2011) and 880 Ma (Mulch et al., 2005), respectively, 
may have been important. However, the ductile extension we observe in 
the RED represents a deeper structural level, with more through-going 
structures and as such probably represents the most tectonically signif-
icant extensional detachment seen in the SNO. 

5.4. Tectonic significance of Proterozoic massif-type anorthosites 

In recent years, debate on the tectonic setting of the SNO has seen 
one camp advocating Himalayan–Tibetan-style continent–continent 
collision (e.g., Bingen et al., 2021; Möller et al., 2015) and another 
arguing for development of a wide continental back-arc coupled with 
accretionary tectonics behind an active margin (Granseth et al., 2021; 
Slagstad et al., 2020). As discussed elsewhere, a Himalayan-style colli-
sion is clearly at odds with the recorded (U)HT metamorphic conditions 
in the SW SNO, the duration of > 100 Myr, as well as the trend towards 
higher grades at lower structural levels. By comparison, Hima-
layan–Tibetan metamorphism rarely reaches temperatures in excess of 
750–800 ◦C, with durations up to at most 20–30 Myr, and characterized 
by inverted metamorphic isograds (e.g., Goscombe et al., 2018; Jamie-
son et al., 2004). The very hot crust of the SW SNO is unlikely to have 
been able to sustain significant crustal thickening, with shortening 
accommodated by lateral crustal flow (e.g., Vanderhaeghe and Teyssier, 
2001). A similar process has been inferred for the Himalayan–Tibetan 
system (Clark and Royden, 2000), however, with orogen-wide extension 
in the SNO from ca. 980 Ma, any radiogenic heat source would have all 
but disappeared and unable to account for continued (U)HT meta-
morphism. In the case of the SW SNO, the slow cooling observed from as 
early as 1050–1030 Ma suggests that it may never have reached sig-
nificant crustal thickness (e.g., Fossen et al., 2017), consistent with the 
lack of high-pressure metamorphism. Interestingly, recent attempts at 
explaining the SNO in terms of continent–continent collision invoke pre- 
collisional thickening of the crust followed by thinning (not thickening) 
at the onset of purported collision at 1050 Ma, with the crust remaining 

thin throughout the orogenic period (Bingen et al., 2021). The obvious 
problems with this model have been discussed elsewhere (Slagstad et al., 
2020), suffice it to say that it shares few, if any, similarities to the 
evolution of the Himalayan–Tibetan system, characterized by crustal 
thickening at the onset of collision, sustained by continued convergence 
between India and Asia. 

Despite decades of work on Proterozoic massif-type anorthosite 
around the world, no consensus has been reached as to their source, 
emplacement mechanism, tectonic setting, and temporal restriction 
(2.6–0.5 Ga; Ashwal and Bybee, 2017). The most widely accepted 
petrogenetic model invokes ponding and fractionation of mantle- 
derived basaltic melts near the Moho that produced large volumes of 
low-density, plagioclase-rich flotation cumulates along with dense, 
mafic cumulates (Ashwal, 1993; Ashwal and Bybee, 2017). An alterna-
tive scenario, developed mainly by work on the RAP, poses that sub-
duction and melting of lower-crustal tongues provided the anorthositic 
parental melts (Duchesne et al., 1999). Proposed emplacement mecha-
nisms range from buoyancy-driven diapirism to conduit ascent, and 
while some workers have argued that diapirism is implausible (Royse 
and Park, 2000), others have provided structural and finite element 
modeling data arguing for its feasibility, including for the RAP (Barni-
chon et al., 1999; Duchesne et al., 1985). Most tectonic settings have 
been proposed for anorthosite formation at one time or another, but in 
recent years consensus has shifted towards convergent margin settings, 
either related to late-to post-collisional delamination events that provide 
short-lived influx of asthenosphere-derived basaltic magma (e.g., Cor-
rigan and Hanmer, 1997) or longer-lived Andean-type margins (Bybee 
et al., 2014; Bybee et al., 2019; Lehmann et al., 2020). An important 
recent development is the recognition that massif-type anorthosites 
were emplaced over long periods of time, in some cases up to or 
exceeding 100 Myr (Bybee et al., 2014; Bybee et al., 2019; Lehmann 
et al., 2020; Myers et al., 2008). This provides important constraints on 
both petrogenesis and tectonic setting, and also opens for the possibility 
that anorthosite formation and final emplacement may occur in different 
settings (Ashwal and Bybee, 2017). 

Geochronologic data from the RAP, discussed above, suggest that its 
oldest known component, the Egersund–Ogna anorthosite lobe, started 
forming at ca. 1040 Ma, coeval with voluminous granitic magmatism 
and high-grade metamorphism in a regional compressional setting. 
There is no evidence for significant crustal thickening in the SW and 
central SNO, thus the only viable heat source is from undeplating of 
mantle-derived mafic magmas. Sm–Nd isotopic data from the coeval 
granites and anorthosites (Bybee et al., 2014; Granseth et al., 2020) 
show that the anorthosites are significantly more juvenile than the 
granites, thus requiring mantle-derived basaltic magmas not only as a 
source of heat but also material to anorthosite formation. The available 
data from the SW SNO therefore clearly point to ponding of mantle- 
derived basaltic magma as the source of the anorthosite (see also 
Bybee et al., 2014). This realization also has significant implications for 
the cause of regional compression. Slagstad et al. (2013) suggested that 
east-dipping flat-slab subduction west of the SNO might have resulted in 
compression; however, the crust in the central and SW SNO was thin, hot 
and weak at this time and most likely incapable of transmitting signif-
icant stress to the eastern parts of the orogen that experienced coeval 
high-pressure metamorphism (Söderlund et al., 2008). A more likely 
scenario is, therefore, that accretionary events farther inboard on the 
fragmented continental margin, possibly driven by convection under-
neath the continental back-arc (e.g., Bial et al., 2015; Hyndman, 2019) 
caused the compression (Slagstad et al., 2020). The onset of RAP mag-
matism is related to long-lived, crustally derived granitic magmatism 
and associated high-grade metamorphism unrelated to crustal thick-
ening but in an overall compressive setting, thus invalidating tectonic 
scenarios including short-lived delamination, crustal tongues, or rifting. 

Compression in the SNO peaked around 1000–990 Ma and involved 
high-pressure metamorphism and crustal thickening east in the orogen, 
while the central and SW SNO crust remained relatively thin. The 
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ensuing extension started shortly thereafter and lasted until at least 930 
Ma and involved the entire SNO and its eastern foreland. While gravi-
tationally driven extension might have contributed in the previously 
thickened eastern part of the orogen, extension in central and SW parts, 
as well as in the foreland, require an external driving force such as slab 
roll-back (Slagstad et al., 2020), as indicated by higher lower-crustal 
temperatures interpreted to reflect increased basaltic underplating 
(Granseth et al., 2020). The Garsaknatt intrusion is still undated but 
appears to be structurally located in the southern continuation of the 
RED, the Farsund shear zone. Unlike the rest of the RAP, which has a 
distinct nested-lobe geometry ascribed to diapirism, the Garsaknatt 
anorthosite is elongate and most likely formed sometime during the 
980–930 Ma extensional phase. 

The tectonic setting of the SNO at or behind the SW active margin of 
Fennoscandia and the link between different orogenic stages and anor-
thosite formation over a period of around 100 Myr, are similar to recent 
interpretations of anorthosite petrogenesis in other parts of the world. 
Many of the Paleo- and Mesoproterozoic anorthosites in southeastern 
Laurentia (Grenville and Nain provinces) and the Kunene anorthosite 
complex in southern Africa are now ascribed to active-margin processes 
with durations of tens of million years up to and exceeding 100 Myr 
(Bybee et al., 2014; Bybee et al., 2019; Myers et al., 2008). Bybee et al. 
(2014) argued that the RAP and similar massif-type anorthosites formed 
in an arc setting. While this accounts for the apparent duration of 
anorthosite formation and associated metamorphic and magmatic pro-
cesses, the dry basaltic magmas needed to stabilize large volumes of 
cumulate plagioclase appear incompatible with formation in the arc it-
self. A more likely scenario, based on the duration, conditions, and 
compositions of metamorphism and magmatism, as well as the struc-
tural evolution delineated here, is formation in a continental back-arc 
setting, as suggested by Slagstad et al. (2020) for the SNO and dis-
cussed more generally by Collins et al. (2021). 

Although the RAP has been extensively studied, we now know that 
many of the previous models were based on erroneous assumptions, in 
particular the short duration (2–3 Myr) and anorogenic “character” 
(Schärer et al., 1996), but also the presence of a regional orthopyroxene- 
in isograd that was supposed to account for dry lower-crustal conditions 
(Vander Auwera et al., 2011), and melting of crustal tongues (Duchesne 
et al., 1999). Rather, the RAP appears to have formed over a period of 
about 100 Myr during long-lived compression and extension, both 
operating on time scales of many tens of million years, behind an active 
continental margin with a distribution of metamorphic rocks (isograds) 
that is largely related to late-stage differential exhumation. It seems 
likely that many of the controversies and disagreements regarding 
anorthosite petrogenesis will become smaller as more geochronological 
data is collected from these rocks and their relationship to and history of 
their host orogens are better understood. 

6. Conclusions 

The main outcomes of this study are:  

(1) The exposed rocks in the SW SNO do not constitute a horizontal 
slice through orogenic crust, but structural juxtaposition of 
different crustal levels along ca. 980–930 Ma extensional ductile 
detachments, collectively referred to as the Rogaland Extensional 
Detachment (RED).  

(2) The RED forms an array of NW–SE-striking, E–NE gently dipping, 
ductile shear zones with a presently mapped minimum 40 km 
strike length in an anastomosing zone at least 15 km wide. These 
shear zones are not typically mylonitic but display high- 
temperature asymmetries such as sigma clasts, delta clasts, 
asymmetric boudinage, extensional shear bands, and a weak 
E–NE stretching lineation, recording a top-to-E or NE extensional 
dip-slip to oblique displacement from ca. 980 to 930 Ma. The RED 

is folded on regional scale constrictional folds with NE-plunging 
tight to isoclinal folds, parallel to the transport direction.  

(3) The RED represents the first identified major crustal-scale 
detachment within the western part of the orogen and arguably 
the largest extensional structure in the whole SNO. Thermal 
modeling suggests approximately 8 km of vertical displacement, 
with approximately 19 km of horizontal displacement.  

(4) The steep brittle extensional structures in the hanging wall to the 
RED, which host numerous small Mo deposits, display similar 
kinematics to the regional-scale crustal extension and reflect the 
disintegration of the hanging wall during exhumation through 
the brittle–ductile transition; thus we suggest that the distribu-
tion of the mineral deposit is closely linked to the evolution of the 
large-scale tectonic structures.  

(5) The weight of geochronological data, cooling history, and field 
constraints suggest that the RAP was emplaced well before the 
generally accepted age of 930 Ma, most likely > 950 Ma. 
Emplacement was probably polybaric, consistent with petrologic 
data, and long-lived (on the order of 100 Myr).  

(6) Early anorthosite emplacement was by diapirism, inhibited or 
facilitated by changing compressional and extensional regional 
stress fields, respectively, whereas later anorthositic magmas 
may have migrated along active extensional detachments.  

(7) The lower SNO crust remained hot until ca. 915–900 Ma, i.e., well 
after termination of orogenic activity recorded at higher crustal 
levels, and capable of producing melt. 
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