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This study addresses the episodic nature of Proterozoic anorthosite-mangerite-charnockite-granite 
(AMCG) plutonism in the Sveconorwegian orogen in South Norway. Field, petrographic, major and trace 
element data are reported on the Gloppurdi and Botnavatn intrusions, dated together at 1236 ± 8 Ma  
(U–Pb zircon, 3 samples). These two small, foliated plutons are dominated by fayalite-bearing  
charnockitoid (mangerite, quartz mangerite and charnockite), and were emplaced some 300 Myr  
before the large and nearby 932–915 Ma AMCG complex, known as the Rogaland Anorthosite Province 
(RAP). The characteristic fayalite-bearing charnockitoid is ferroan (Mg# < 0.1), alkalic and metaluminous.  
The large variation in composition (60 < SiO2 < 75 wt.%) is explained by variable clustering of mafic  
minerals. The rocks display major element compositions similar to the fayalite-bearing quartz mangerite  
of the Bjerkreim–Sokndal (BKSK) layered intrusion in the RAP. Zr, Th, U and REE compositions link the 
group to Zr-rich jotunite, a typical kindred rock type of AMCG plutonism. This suggests the occurrence of  
concealed magma chambers at 1.24 Ga in which anorthosite and related rocks possibly developed.  
Episodic AMCG plutonism thus possibly punctuated the regional evolution between 1.24 and 0.85 Ga.

Highlights
- The Gloppurdi and Botnavatn intrusions, Sveconorwegian orogen, Rogaland, South Norway.
- Fayalite-bearing mangerite, quartz mangerite and charnockite dominate.
- Zircon U–Pb data yield intrusion age at 1236 ± 8 Ma and metamorphism at 1013 ± 12 Ma.
- Fayalite-bearing charnockitoid is ferroan (Mg# < 0.1), alkalic, metaluminous and Zr-rich.
- Fayalite-bearing charnockitoid links Gloppurdi and Botnavatn to AMCG plutonism.
- Fayalite-bearing charnockitoid compares to Zr-rich jotunite in AMCG plutonism.
- Concealed AMCG magmatic system at c. 1240 Ma is possible.
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Introduction
The anorthosite-mangerite-charnockite-granite (AMCG) plutonism, also known as massif-type  
anorthosite plutonism, is specifically Proterozoic in age (Ashwal & Bybee, 2017). It associates  
anorthosites with (coeval) felsic rocks (Emslie, 1978; Emslie et al., 1994). The relationships between the 
felsic rocks and the anorthosites and related mafic rocks are still debated. One model considers that 
the felsic rocks are coeval but not comagmatic with anorthosites (references in McLelland et al., 2004). 
They result from partial melting of crustal rocks, the necessary heat being produced by the  
anorthosite plutonism. A second model links the felsic rocks to a magma of jotunitic composition,  
parental to andesine anorthosite (Demaiffe & Hertogen, 1981; Duchesne & Hertogen, 1988; Robins et 
al., 1997; Bolle et al., 2003), through fractional crystallization and crustal contamination (e.g., Duchesne 
& Wilmart, 1997; Vander Auwera et al., 1998; Bolle et al., 2003). Both models are not exclusive and give 
rise to characteristic rock types. The felsic rocks are charnockitic in that they contain orthopyroxene 
or fayalite + quartz and, frequently, mesoperthitic K-feldspar (Streckeisen, 1973). Chemically, they are  
ferroan and alkalic following Frost et al. (2001), potassic (very high-K, Peccerillo & Taylor, 1976), rich in 
LILE, REE, HFSE and, importantly, anhydrous. The ƒO2 is close to FMQ conditions.

Another debate concerns the duration and periodicity of AMCG plutonism. Collection of reliable 
geochronological data over the last decades shows a significant dispersion of dates for a number of 
anorthosite provinces. It implies that anorthosite provinces commonly comprise distinct suites,  
each of them long-lived (Higgins & van Breemen, 1996; Scoates & Chamberlain, 1997;  
Hamilton et al., 1998; Connelly & Ryan, 1999; Myers et al., 2008; Raith et al., 2014; Bybee et al., 2019;  
Fourny et al., 2019). Proterozoic anorthosite plutons are characterized by the presence of high-alumina  
orthopyroxene megacrysts (HAOMs) (Emslie, 1975). For several anorthosite provinces, Sm–Nd data  
collected on HAOMs yield isochron ages some 80 to 120 Myr older than the intrusion age of their host  
anorthosite (Bybee et al., 2014). This feature is further evidence for a protracted or episodic nature of  
AMCG magmatism. Repetition of AMCG plutonism over time intervals of 100 Myr or more in the same 
area led some authors to propose a relation between AMCG plutonism and persistent lithospheric-scale 
shear zones, weakness zones, lineaments, suture zones or extension zones (Higgins & van Breemen, 
1996; Scoates & Chamberlain, 1997; Duchesne et al., 1999; Krause et al., 2001; Myers et al., 2008).  
Reactivation of these structures above a mantle with a positive temperature anomaly may have  
facilitated reactivation of similar magma sources and channelled emplacement of anorthosite plutons 
to middle crustal levels.

The Rogaland Anorthosite Province (RAP) in South Norway (Fig. 1) is a typical example of Proterozoic 
AMCG plutonism (Duchesne et al., 1985b; Wilson et al., 1996; Marker et al., 2003; Vander Auwera 
et al., 2011). It formed at the end of the Sveconorwegian orogenic cycle at c. 930 Ma (Schärer et al., 
1996; Vander Auwera et al., 2011) and carries HAOMs (Charlier et al., 2010), some of them dated  to 
c. 1040 Ma (Bybee et al., 2014). The present work focuses on two older, fayalite-bearing, charnockitic  
intrusions, the Gloppurdi and Botnavatn intrusions, located in the granulite-facies country rocks of the  
RAP (Fig. 1). New field observations, geochemical data and U–Pb geochronological data are reported.  
They show that the rocks display major element compositions similar to the fayalite-bearing quartz  
mangerite of the Bjerkreim–Sokndal (BKSK) layered intrusion in the RAP, and trace element contents are 
comparable to Zr-rich jotunite, a rock type characteristic of AMCG plutonism. We conclude that these  
AMCG characteristics possibly link both intrusions to concealed anorthosite magma chambers at depth 
and underscore the episodic character of the AMCG plutonism in Rogaland. We propose that the  
Farsund Shear Zone (Bolle et al., 2010), which is well placed to have controlled emplacement of the RAP, 
was possibly active long before the main period of intrusion.
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Geological context
The regional geology in the Sveconorwegian orogen was recently reviewed in Slagstad et al. (2020) 
and Bingen et al. (2021). The Sveconorwegian orogeny itself can be interpreted as a continent-conti-
nent collision with the main orogenic phases between 1050 and 930 Ma (Moller & Andersson, 2018; 
Bingen et al., 2021) or alternatively as an accretionary orogeny controlled by a subduction zone lo-

Figure 1. (A) Sketchmap of Sveconorwegian orogen. (B) Geological sketchmap of the Rogaland–Vest Agder area in South 
Norway following Laurent et al. (2018a) based on geological map by Falkum (1982) with information from Tobi et al. 
(1985; isograds), Marker et al. (2003; Rogaland Anorthosite Province), Bolle et al. (2010; Farsund Shear Zone), Coint et 
al. (2015; Sirdal Magmatic Belt) and Slagstad et al. (2022, Rogaland Extensional Detachment). Positions of the NNW–
SSE and WNW–ESE profiles by Olesen et al. (2013) based on gravity and magnetic data and anchored at the Ullrigg 
borehole are shown. See text for references on geochronology.
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cated to the west of the exposed orogen (Slagstad et al., 2020). Continental crust, in the Telemarkia  
lithotectonic unit (as defined by Bingen et al., 2005; Fig. 1), was accreted in a volcanic arc setting  
between c. 1520 and 1480 Ma. This event is well represented by the Suldal volcanic arc (Roberts et al.,  
2013). The juvenile crust was unconformably overlain by marine quartzite, known as the Seljord  
sequence in Telemark (Lamminen & Køykkä, 2010), and, between c. 1280 and 1140 Ma, by supracrustal 
rocks comprising bimodal (mafic-felsic) volcanic rocks and minor continental metasedimentary rocks  
(Lamminen & Køykkä, 2010). It was also intruded by plutonic rocks, dominated by A-type granites,  
characterized by a ‘within-plate’ geochemical signature (Andersen et al., 2009). Supracrustal rocks  
include the Saesvatn–Valldal supracrustal complex, and in Telemark, the Nissedal supracrustal complex 
and the Bandak sequence. 

In Sveconorwegian times, the crust was shortened, thickened, folded and metamorphosed. The low- 
grade supracrustal rocks, representing the upper crust, are now exposed in synformal structures and  
exhibit partly preserved stratigraphic relations. The underlying gneissic and migmatitic complexes,  
representing the middle and lower crust, were affected by amphibolite- to granulite-facies meta- 
morphism, mainly between 1050 and 930 Ma. This crust is intruded by voluminous plutonic complexes 
between 1060 and 900 Ma (Fig. 1): (i) the magnesian Sirdal magmatic belt (1060–1020 Ma) (Slagstad 
et al., 2013; Coint et al., 2015); (ii) the ferroan hornblende-biotite granite plutons (HBG, 985–925 Ma) 
(Vander Auwera et al., 2003; Andersen et al., 2007; Bingen et al., 2008; Slagstad et al., 2018; Wang et al., 
2021); (iii) ferroan orthopyroxene and hornblende-biotite granite plutons (936–926 Ma), including the 
Farsund pluton (Vander Auwera et al., 2014a; Bolle et al., 2018); (iv) the Rogaland Anorthosite Province 
(RAP) (1041–915 Ma) (Schärer et al., 1996; Vander Auwera et al., 2011; Bybee et al. 2014); (v) granite 
pegmatite (923–893 Ma) (Müller et al., 2017), and (vi) the unfoliated WNW–ESE trending Hunnedalen 
jotunitic dyke swarm at 855 ± 59 Ma (Maijer & Verschure, 1998; Walderhaug et al., 1999). 

In the gneiss complex, metamorphic grade increases south-westwards towards the RAP, perpendicular 
to the north–south trending and east-dipping regional fabric (Kars et al., 1980; Tobi et al., 1985; Maijer 
et al., 1987; Bingen & van Breemen, 1998; Laurent et al., 2018a, b; Slagstad et al., 2018; Slagstad et al., 
2022; Fig. 1). Orthopyroxene-in and osumilite-in isograds are mapped (Tobi et al., 1985; Fig. 1). Osumilite 
is diagnostic of water-poor, ultrahigh temperature (UHT; T > 900°C) granulite-facies conditions (Harley, 
2008). Petrological and geochronological data together provide evidence for protracted metamorphism 
peaking twice in low-pressure (4–6 kbar) UHT granulite-facies conditions, the first regional-scale event 
(referred to as M1) between c. 1030 and 1005 Ma, and the second (M2) between c. 940 and 930 Ma, 
associated with formation of osumilite (Tomkins et al., 2005; Drüppel et al., 2013; Blereau et al., 2017; 
Laurent et al., 2018a, b; Slagstad et al., 2018). Structural studies show that the metamorphic gradient is 
associated with a set of east-dipping extensional shear zones (top-to-east kinematics), collectively called 
the Rogaland Extensional Detachment (RED; Fig. 1), that resulted in exhumation of the highest-grade 
rock after c. 980 Ma (Slagstad et al., 2022). The concentric pattern of metamorphism therefore can not 
be interpreted as an aureole of contact metamorphism as proposed by Tobi et al. (1985).

The Rogaland Anorthosite Province (RAP)
The Rogaland Anorthosite Province (Fig. 1) consists of three large anorthosite massifs (Egersund–
Ogna, Håland–Helleren and Åna–Sira massifs) and smaller leuconoritic bodies (Hidra and Garsaknatt  
intrusions) (Duchesne et al., 1985b; Vander Auwera et al., 2011). It also comprises the large  
Bjerkreim–Sokndal layered intrusion (BKSK; Wilson et al., 1996) that is made up of a series of anorthosite, 
troctolite, leuconorite, norite and gabbronorite cumulates. This layered series is topped by  
igneous quartz mangerite and charnockite among which fayalite-bearing quartz mangerite is considered 
as the residual liquid of the layered series (Duchesne & Wilmart, 1997; Vander Auwera et al., 2011).  
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A dyke system of jotunite, including Zr-rich jotunite, cuts across the whole province (Duchesne et 
al., 1985a; Duchesne & Liégeois, 2015). The three large anorthosite massifs are characterized by  
plagioclase with intermediate anorthite content (An40–An55). Geochemical and petrological  
arguments indicate that their parental magma is a high-alumina basalt, while the parental magma of 
the BKSK and Hidra intrusions is a jotunite (hypersthene monzodiorite) (Demaiffe & Hertogen, 1981; 
Duchesne & Hertogen, 1988; Vander Auwera & Longhi, 1994; Robins et al., 1997; Longhi et al., 1999; 
Charlier et al., 2010). All these rocks were intruded at a pressure of c. 5 kbar between c. 932 and 915 Ma 
(zircon and baddeleyite U–Pb data; Schärer et al., 1996; Vander Auwera et al., 2011).

High-alumina orthopyroxene megacrysts (HAOMs) hosted in the three large anorthosite massifs have 
Al2O3 content ranging from 2.3 to 8.5 wt.% (Charlier et al., 2010). The high Al content implies that 
HAOMs formed at a pressure of 10–13 kbar, deeper than the final pressure of c. 5 kbar of intrusion 
of the massifs (Longhi et al., 1999). It is therefore universally accepted that AMCG plutonism involves 
the development of a magma chamber at the boundary between the mantle and a thickened crust in 
which a high-alumina basalt coexists with HAOMs (Charlier et al., 2010). Models of polybaric intrusion 
of anorthosite plutons have been proposed, in which anorthosite plutons are rooted in a deep magma 
chamber and rose through the crust as a plagioclase-rich crystal mush (Charlier et al., 2010). 

The origin of the basaltic magmas in anorthosite provinces is still debated. Following the model initiated 
by Emslie (1975), the high-alumina basalt has a mantle origin (Ashwal, 1993; McLelland et al., 2010; 
Bybee et al., 2014). Following the experimental work of Longhi et al. (1999), however, this magma is 
the product of remelting of a mafic source previously extracted from the mantle and stored near the 
mantle-crust interface (Schiellerup et al., 2000; Wiszniewska et al., 2002; Shumlyanskyy et al., 2006;  
Duchesne et al., 2007). Both models imply the development of UHT conditions at the base of the crust 
and production of felsic charnockite by contact anatexis (the Emslie model) and / or differentiation of 
ferromonzodioritic / jotunitic magma (the liquid line of descent (LLD) model of Vander Auwera et al., 
1998).

Geology of the Gloppurdi and Botnavatn intrusions
The Gloppurdi and Botnavatn intrusions are hosted in the migmatitic granulite-facies gneiss complex 
between the orthopyroxene-in and osumilite-in isograds (Figs. 1–3). Their geology was first defined 
by Hermans et al. (1975), and subsequently by Rietmeijer (1979). The Gloppurdi intrusion forms the 
highest mountains in the area (Vinjakula) and occurs concordantly / interleaved within granulite- 
facies charnockitic migmatite (Fig. 2). It is a thick layer, some 10 km long, gently dipping (15–20°) to the 
east. The eastern border — the roof of the intrusion — is invaded by migmatitic gneiss and cannot be  
mapped accurately. The main rock in the intrusion is a strongly foliated, medium-grained, fayalite- 
bearing, felsic, mangerite to charnockite, with a characteristic pock-marked weathering surface,  
hereafter also called charnockitoid. 

Finer-grained hololeucocratic layers or dykes, cross-cutting the foliation at low angles (<20°) or parallel 
with it, are ubiquitous (see below Fig. 4C). They range in thickness from a few centimetres to several 
decimetres. Melanocratic rocks are interleaved as layers, lenses or locally as enclaves. A hololeucocratic 
felsic dyke occurs close to the roof of the intrusion.

The smaller (some 4 km long) Botnavatn intrusion is also dominated by fayalite-bearing charnockite, 
concordantly interleaved with charnockitic migmatite (Rietmeijer, 1979) (Fig. 3). The rocks are foliated, 
also showing a pock-marked appearance.
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Figure 2. Geological sketch map of the Gloppurdi intrusion (after Rietmeijer, 1979) with location of samples.
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Published geochronology on the Gloppurdi intrusion includes a whole-rock Rb–Sr isochron age of 1180 
± 70 Ma (Versteeve, 1975), and a zircon U–Pb age of 1233 ± 42 Ma from a sample (RO98B–2001)  
collected in the Gloppurdi rock avalanche field (Slagstad et al., 2018; Fig. 2; same locality as sample  
72–145B of this study). For Botnavatn, a zircon U–Pb upper-intercept date of 1060 ± 15 Ma was  
published by Wielens et al. (1980). However, this date is obtained from non-abraded multigrain zircon 
fractions and is unreliable. Both intrusions have been deformed during the M1 metamorphic event. 

Sampling and petrography
Twenty-eight samples were collected (Figs. 2 & 3). Their petrography is summarised in Electronic  
Supplement Table S1. Fayalite-bearing charnockitoid is the dominant type. It shows a typical  
greenish-brown colour and is made up of quartz (with fluid inclusions), microperthitic to meso- 
perthitic K-feldspar, plagioclase, fayalite, clinopyroxene, traces of orthopyroxene, apatite, Fe–Ti  
oxides and zircon. The mafic minerals form clusters elongated in the foliation plane (Figs. 4C & 5A). 
In some specimens, the mafic minerals can be altered, giving the rock a whitish colour. Following the  
nomenclature of charnockitic rocks (Streckeisen, 1974; Le Bas et al., 1986; Fig. 6D), they vary from 
mangerite (#G9, G11, G15), quartz mangerite (#G1, G19, G21, G23, 72–145B) to charnockite  
(sensu stricto) (#G2, G5). Some rocks are devoid of fayalite: samples #G20 and #G6 are quartz  
mangerite and #G24 is a charnockite.

Figure 3. Geological sketch map of the Botnavatn intrusion with location of samples.
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The fine-grained (<1 mm) leucocratic layers or dykes that crosscut the foliation at low angles are 
common (#G12, G13, G14, G18, G22; Fig. 4C). They show a foliation underlined by mafic mineral strings 
and elongated crystals of quartz and feldspars (Fig. 5C). They are made up of quartz, antiperthitic  
plagioclase, microperthitic orthose or mesoperthite with subordinate amounts of mafic minerals.  
The latter may include subhedral grains of biotite (#G22) or amphibole (#G12, #G13) that also  
occur as alteration products of pyroxenes. Traces of euhedral Fe–Ti oxides, apatite and zircon are  
ubiquitous. Myrmekite is frequent in the plagioclase-bearing samples. When included in the micro- 
perthite, the plagioclase grains show an albite rim. 

Although orthopyroxene is not present in #G14 and #G18 (fine-grained dykes), feldspar in these  
samples is mesoperthitic, typical of charnockites and dry hypersolvus granites (Streckeisen, 1974, 1976).  
We therefore consider that these samples belong to the charnockite family.

The mafic rocks are biotite-bearing amphibolite occurring as enclaves (#G8, #G10) or metre-thick 
layers (#G17). Locally, quartzo-feldspathic veins are present in the mafic rocks (Fig. 4B, D). A foliated  
amphibole-bearing quartz monzonite dyke (#G4), oblique to the main foliation, was sampled in the 
Austrumdalsvatn section (Fig. 2) as was a hololeucocratic leucocharnockite dyke (#G7) close to the roof 
of the intrusion at the top of the mountain Vinjacula (Fig. 2). 

Figure 4. (A) East dipping (20°) gneissic foliation in the Gloppurdi intrusion. (B) Contact between charnockitic and mafic 
layers. The finger indicates a subvertical 3 cm-thick granitic dykelet cutting across the mafic rock. (C) Contact between 
fine-grained charnockitic dykes and fayalite-bearing charnockitoid at a small angle to the foliation. (D) Foliated mafic 
enclave invaded / dissected by quartzofeldspathic melt at dm- and cm-scales.
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In Botnavatn (Fig. 3), the felsic charnockitoids are fayalite-bearing (#B1 quartz mangerite,  
#B2 charnockite) or devoid of fayalite (#B3, B4). Mafic layers (locally crosscut by granitic dykelets,  
Fig. 4B) are biotite-amphibolite with orthopyroxene and opaque minerals (#B5).

Geochemistry
Whole-rock major element analyses were performed by XRF on an ARL 9400 XP spectrometer on 
lithium tetra- and metaborate glass discs (FLUORE-X65®), with matrix corrections following the  
Traill-Lachance algorithm (ARL). Rb, Sr, Ba, Y, Zr, Nb, Pb, and Zn were analysed on pressed powder 
pellets by XRF. Neutron-activation analyses of REE, U, Th, Ta, Hf, Sc, Co and Cs were carried out in the 
Pierre Sue Laboratory (CEN, Saclay, France) following the method described by Jaffrezic et al. (1980).  
Zr was analysed by both XRF and neutron activation to confirm for the absence of nugget effect in Zr 
XRF determination. Results by the two methods are comparable.

The analyses are reported in Electronic Supplement Table S2. In the classification diagrams of Frost et al. 
(2001), all felsic rocks are ferroan (except #G22) (Fig. 6B), most fayalite-bearing charnockitoid samples 
are alkalic and the fine-grained dykes are alkali-calcic (Fig. 6A). In the Shand diagram, all felsic rocks 
have Al / (Ca + Na + K) ratios lower than 1.1 (Fig. 6C). In Harker diagrams for major elements (Fig. 7),  
the mafic rocks from Gloppurdi and Botnavatn show the same composition, the enclave #G8 being  
somewhat richer in SiO2, possibly due to contamination by acidic melts. The felsic charnockitoid  
samples vary from 60 to 72% SiO2 and the fine-grained dykes cluster around 72% SiO2, both rock  
types being mostly very-high K (Fig. 7H). A notable feature is the low Mg# or high Fe* (Mg# < 0.1 

Figure 5. Photomicrographs. (A) Cluster of mafic minerals including fayalite olivine (Oliv), clinopyroxene (Cpx), Fe–Ti 
oxides (Fe–Ti ox), apatite (Ap), zircon (Zrn) in fayalite-bearing mangerite sample #G9. The cluster is oriented parallel to 
the foliation (plane-polarized light). (B) Mesoperthitic feldspar enclosing plagioclase grains in sample #G9 (cross-polars 
light). (C) Biotite-bearing fine-grained charnockitic dyke, sample #G22. Note the sub-granular structure with elongated 
grains parallel to a foliation marked by biotite (Biot) flakes (cross-polars light). (D) Biotite- and orthopyroxene-bearing 
amphibolite sample #G10 (cross-polars light) (orthopyroxene: Opx, biotite: Biot, amphibole: Amph).
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with Mg# = (MgO / (FeOt + MgO) or Fe* > 0.9 with Fe* = (FeOt / (FeOt + MgO)) (Figs. 6B & 7D) in the  
fayalite-bearing charnockitoid and the higher Mg# in the fine-grained dykes (up to 0.4). In Harker  
diagrams for trace elements (Fig. 8), Zr, Th, U, Ta, Ce and Y may reach high values in the fayalite-bearing 
charnockitoid, particularly in the low silica samples. Therefore, these rocks classify as A-type granitoid 
following Whalen et al. (1987). The fine-grained dykes are remarkably high in Sr (Fig. 8G) compared 
to the fayalite-bearing charnockitoid. The REE distributions are relatively high in the fayalite-bearing  
charnockitoid (Fig. 9A) with an average (La / Yb)n = 7 and a negative Eu anomaly (average Eu / Eu* = 
0.59). By contrast, in the fine-grained dykes (Fig. 9B), the REE are lower, with a larger (La / Yb)n = 34 and 
no systematic Eu anomaly (average Eu / Eu* = 0.98). A characteristic trait of the fayalite-free charnockite 
is the low REE contents with positive Eu anomaly (Fig. 9C). The hololeucocratic dyke (#G7) reaches 78% 
SiO2 with minimum values of most elements (Figs. 7 & 8). The REE contents (Fig. 9D) are very low and 
the distribution shows a strong positive anomaly (Eu / Eu* = 3.1) and a moderate (La / Tb)n ratio (17). 
The mafic rocks display low REE contents (Fig. 8I, J) and flat distributions (Fig. 9E) with insignificant  
Eu anomaly.

Figure 6. Major element compositions of the different rock types in the Gloppurdi and Botnavatn intrusions in  
classification diagrams. (A & B) MALI (Na2O + K2O–CaO) and Fe* (FeOt/(FeOt + MgO)) vs. SiO2 by Frost et al. (2001);  
(C) Shand diagram (Al / (Na + K) vs. Al / (Ca + Na + K)); D: Normative Or–Qtz–Ab + An triangular diagram for charnockitic 
rocks after Streckeisen (1976).
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Figure 7. (A–H) Harker diagrams showing major element compositions (wt.%) of the Gloppurdi and Botnavatn  
intrusions. (H) divisions following Peccerillo and Taylor (1976).
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Figure 8. (A–J) Harker diagrams for significant trace element compositions (ppm).
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Zircon U–Pb geochronology
Zircon was separated using conventional mineral separation methods from crushed samples.  
Clear zircon crystals were hand-picked in alcohol, mounted in epoxy, polished and imaged in a scanning 
electron   microscope   with  cathodoluminescence (CL)   and  backscattered   electron (BSE)   detectors. 
U–Pb data were collected by laser ablation inductively coupled plasma mass spectrometry (LA–ICPMS) 
at the MIMAC laboratory, Geological Survey of Norway. Zircon samples and standards were ablated 
in a He atmosphere with a Teledyne - Photon Machines Analyte Excite 193 nm excimer laser, using 
a circular beam aperture to obtain ‘spot analyses’ of c. 15 µm in diameter. The fluence for the spot 
analyses was set to 2 J/cm2 with a repetition rate of 6 Hz. The laser is connected to a Nu Plasma 3 multi- 
collector ICP–MS, where 206Pb and 207Pb are measured on Daly detectors, while 202Hg, 204(Pb + Hg), 208Pb are  
measured using ion counters and 238U and 232Th are measured on Faraday cups. The sampling time was 
30 seconds with on-peak baseline measurements of 20 seconds. The GJ–1 zircon (602 Ma) was used 
as a primary standard (Jackson et al., 2004), and analysed between every 5 analyses of unknowns.  
The zircons 91500 (1065 Ma, Wiedenbeck et al., 1995), Plešovice (337 Ma, Slama et al., 2008) and Z6412 
(1160 Ma, GSC Ottawa, unpublished) were used as secondary standards, inserted at regular intervals in 
the analytical session, to monitor the quality of analyses. Data reduction was performed with the IOLITE  
v.4 software which includes baseline calculation, down-hole fractionation correction, selection of  
consistent segments of signal and error propagation (Paton et al., 2011; Petrus and Kamber, 2012).  
No common Pb correction was performed on the analyses. However, 202Hg and 204(Hg + Pb) were 
analysed and portions of analyses or analyses containing detectable common Pb were filtered away.  
Error propagation includes propagation of internal and external uncertainties. The analytical  
procedure is summarized in Electronic Supplement Table S3 (including values for secondary standards) 
and the data are reported in Electronic Supplement Table S4, with propagated 2 sigma uncertainty,  
and in Fig. 10.

Figure 9. (A–D) Chondrite-normalized REE distributions. Normalizing values after Sun and McDonough (1989).
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Three samples were dated: a quartz mangerite (#B1) and a charnockite (#B2) from Botnavatn (Fig. 3) 
and a mangerite (#G15) from Gloppurdi (Fig. 2). The samples contain abundant prismatic and rounded 
zircon crystals with length commonly above 200 µm. Two zones are clearly identified on CL images  
(Fig. 10): variably oscillatory zoned zircon generally forming a core, and zircon with homogeneous 
dark grey CL contrast generally forming a rim. Some prismatic well-terminated automorphic zircon 
crystals show a rounded oscillatory zoned core surrounded by a prismatic rim with homogeneous CL 
contrast or are entirely made of zircon with homogeneous CL contrast. This morphology suggests that  

Figure 10. Zircon U–Pb geochronological data and selected cathodoluminescence (CL) images of zircon with position of 
analyses. (A–C) quartz mangerite sample #B1, Botnavatn; (D–F) charnockite sample #B2, Botnavatn; (G–I) mangerite 
sample #G15, Gloppurdi.
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the zircon with homogeneous CL contrast crystallized inwards at the expense of the oscillatory zoned  
zircon and does not represent an overgrowth. The oscillatory zoned core is best preserved in the silica-rich  
charnockite (#B2). Oscillatory zoned zircon is interpreted as magmatic while the zircon with  
homogeneous CL contrast is interpreted as metamorphic.

The 3 samples show similar geochronological results (Fig. 10). In each sample, a group of analyses of  
cores define an old age of c. 1236 Ma (207Pb / 206Pb age) and a second group of analyses on zircon 
with dull homogeneous CL contrast define a younger age of c. 1013 Ma. A third group, generally on 
cores with poorly defined zoning, range between the two first groups with intermediate 207Pb / 206Pb  
apparent age, asymptotic towards the old age. Zircon in the three age groups is characterized by similar 
Th / U ratio (average values of 0.64, 0.64 and 0.67 for groups 1 to 3 respectively). 

The group of analyses at c. 1236 Ma is interpreted to date magmatic crystallization of the rocks, while 
the group at c. 1013 Ma is interpreted to date metamorphism. The third group represents magmatic  
zircon affected by partial recrystallization or partial radiogenic lead loss. In more detail (Fig. 10), the 
three samples yield overlapping 207Pb / 206Pb ages for the magmatic event at 1234 ± 12 Ma (n = 6, MSWD 
= 0.5) for quartz mangerite #B1, 1235 ± 8 Ma (n = 20, MSWD = 0.8) for charnockite #B2, and 1239 ± 
15 Ma (n = 6, MSWD = 1.0) for mangerite #G15. The three samples also yield overlapping 207Pb / 206Pb 
ages for the metamorphic event at 1014 ± 15 Ma (n = 9, MSWD = 1.6) for quartz mangerite #B1, 1012 ± 
29 Ma (n = 2) for charnockite #B2, and 1009 ± 30 Ma (n = 2) for mangerite #G15. These dates indicate 
that the two intrusions are part of the same magmatic event at 1236 ± 8 Ma (pooled weighted average 
207Pb / 206Pb age, n = 31, MSWD = 0.8), corroborating the age of 1233 ± 42 Ma by Slagstad et al. (2018).  
They were both affected by a common metamorphic event at 1013 ± 12 Ma (n = 13, MSWD = 1.1),  
inside the time interval for the well-established M1 regional metamorphic event peaking in  
granulite-facies conditions in Rogaland (Tomkins et al., 2005; Drüppel et al., 2013; Laurent et al.,  
2018a, b). 

Genesis of the Gloppurdi and Botnavatn intrusions
Fayalite-bearing charnockitoid

Fayalite-bearing charnockitoid is the most abundant and characteristic rock type in the  
Gloppurdi and Botnavatn intrusions. In the classification diagrams of Frost et al. (2001), this rock type is  
characterized by an alkalic signature with low Mg# (Mg# < 0.1; Fig. 11). At the regional scale in South  
Norway (Fig. 1), it is distinctly more alkalic than the calc-alkalic to alkali-calcic trends of the  
Hidderskog, Gjeving and Hovdefjell charnockitic intrusions formed at c. 1160–1140 Ma (Zhou et al., 
1995; Bingen & Viola, 2018) and the charnockitic facies of the Farsund pluton formed at c. 930 Ma  
(Bolle et al., 2010; Vander Auwera et al., 2014a; Fig. 11). Its combined alkalic and low Mg# signature is  
similar to that of the quartz mangerite of the BKSK layered intrusion in the RAP, especially the  
fayalite-bearing quartz mangerite (Fig. 11). This group of rocks is known as the olivine-bearing trend (OLT)  
or fayalite-bearing trend (Duchesne & Wilmart, 1997; Bolle & Duchesne, 2007; Fig. 11). In the 
BKSK intrusion, the fayalite-bearing quartz mangerite lies on top of layered norite and is considered  
to result from the fractional crystallization of a jotunitic parental magma with some assimilation of  
country rocks (Nielsen et al., 1996; Duchesne & Wilmart, 1997; Vander Auwera et al., 2011). 
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Fig. 12 shows the overlap of major elements between the fayalite-bearing charnockitoid from Gloppurdi 
and Botnavatn and the fayalite-bearing trend from BKSK. Significant differences, however, appear when 
the trace elements are considered (Fig. 13). In the fayalite-bearing charnockitoid from Gloppurdi and 
Botnavatn, Zr is more variable and may reach high values (Fig. 13A), Th, U, and Ce are on average higher 
than the fayalite-bearing trend in BKSK (Fig. 13B–D), and the REE distributions show higher values and 
larger negative Eu anomalies (Fig. 13 D–F).

Figure 11. (A & B) Classification diagrams by Frost et al. (2001) comparing the fayalite-bearing charnockitoid of  
Gloppurdi and Botnavatn to other charnockitic intrusions in South Norway, including the Hidderskog, Gjeving and  
Hovdefjell intrusions (Zhou et al., 1995; Bingen & Viola, 2018), the charnockitic facies of the Farsund pluton  
(Bolle et al., 2010; Vander Auwera et al., 2014a), and the quartz mangerite of the BKSK layered intrusion, including  
the 2 pyroxene-bearing trend and fayalite-bearing trend (Duchesne & Wilmart, 1997; Bolle et al., 2003).
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Figure 12. (A–H) Variation diagrams of major elements (wt.%) vs. Mg#, comparing the fayalite-bearing charnockitoid 
of Gloppurdi and Botnavatn to (1) the fayalite-bearing trend (OLT) of the BKSK layered intrusion (Duchesne & Wilmart, 
1997); (2) the jotunitic liquid line of descent in the RAP (Vander Auwera et al., 1998); (3) the Zr-rich jotunite in the RAP 
(Duchesne & Liégeois, 2015).
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Variations within the group

A challenging property of the fayalite-bearing charnockitoid is the large variation of the SiO2 content 
(Fig. 7) from 60% to 71% in Gloppurdi and from 68% to 75% in Botnavatn, a variation correlated to Zr, 
U, Th, Ta, REE, Ba, and Zn (Fig. 8). This variation cannot be explained by density-controlled fractional 
crystallization because of the small variation of the Mg# (from 0.05 to 0.10). We suggest that it is due 
to a mixing process between an end-member made up of quartzo-feldspathic minerals and another 
end-member made up of all mafic minerals together. This mixing is suggested by a linear array in the  
triangular diagram of Fig. 14 and by the observation under the microscope of the grouping of  
mafic minerals in clusters (Fig. 5A). High correlation factors between TiO2 and Zr (0.78) suggest that 
zircon belongs to the mafic minerals group, and high correlation factors between Zr and Nb (0.90), 
and Ce (0.88) show that the mafic pole controls the distribution of these elements. U and Th have low  
correlation factors with Zr, implying a control by other minerals. Variations in compositions between 
two end-members has been documented in the BKSK noritic cumulates (Duchesne & Charlier, 2005) and 
attributed to variable nucleation rate of the plagioclase rather than to density-controlled crystal sorting, 

Figure 13. (A–E) Variation diagrams for significant trace elements (ppm) vs. Mg#. (F) chondrite-normalized REE diagram 
comparing the fayalite-bearing charnockitoid of Gloppurdi and Botnavatn to the fayalite-bearing trend of the BKSK 
intrusion (Duchesne & Wilmart, 1997) and to Zr-rich jotunite (Duchesne & Liégeois, 2015).
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Similarity with Zr-rich jotunite (ferromonzodiorite) in AMCG 
complexes

Although the exact composition of undifferentiated fayalite-bearing charnockitoid cannot be  
determined, differentiation diagrams (Figs. 12 & 13) show that this group plots in the  
continuation of the Zr-rich jotunite / ferromonzodiorite trend towards low Mg# values, as defined  
by Duchesne and Liégeois (2015), and can thus belong to this family. The saturation temperature of 
zircon, following Boehnke et al. (2013), ranges from 802°C to 924°C (Electronic Supplement Table S2).  
The undifferentiated compositions had thus a temperature within this range and resulted from the 
evolution of a parental magma at even higher temperatures, in UHT conditions (>900°C). The Zr-rich 
jotunite is a relatively rare rock that has been identified in well-studied anorthosite provinces such as 
the Laramie Anorthosite Complex (Wyoming) (Mitchell et al., 1996; Scoates & Chamberlain, 2003),  
the Adirondack mountains (Grenville orogen, USA) (Seifert et al., 2010), or the RAP (Duchesne &  
Liégeois, 2015). In the last province, this rock type is well documented. It defines a coarse evolution 
trend parallel to the jotunitic liquid line of descent (Vander Auwera et al., 1998; Figs. 12 & 13) and can 
thus be explained by a similar fractional crystallization process. Duchesne and Liégeois (2015) proposed 
that the parental melt of the Zr-rich jotunite is a Fe-rich basaltic melt resulting from an immiscibility 
process at a 6–13 kbar pressure range, deeper than the emplacement of the anorthosites (c. 5 kbar). 
It is noticeable that the immiscible Fe-rich melt can concentrate not only Zr and REE but also U and Th.

In conclusion, the peculiar compositions of the fayalite-bearing charnockitoid in the Gloppurdi and  
Botnavatn intrusions support their origin as differentiated products of Zr-rich jotunite / ferro- 
monzodiorite related to AMCG magmatism.

because the mafic pole comprises minerals of very contrasting densities. It is thus suggested here that 
variable nucleation rates of the quartzofeldspathic minerals also explain the differentiation within the 
fayalite-bearing charnockitoid group.

Figure 14. Normative composition of 
the fayalite-bearing charnockitoid in  
Gloppurdi and Botnavatn projected 
in the triangular diagram ilmenite +  
magnetite – diopside + hypersthene – 
quartz.
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Fayalite-free charnockitoid

Some of the charnockitic rocks are devoid of fayalite. Samples #G6 and #G20 are quartz mangerite and 
#G24 is a charnockite (Fig. 6D). They plot at the end of the fayalite-bearing charnockitoid trend in Harker 
diagrams (Figs. 7 & 8). Nevertheless, they show higher values of Mg# (Fig. 7D). Their typical feature is a 
relatively low REE content with a positive Eu anomaly (Fig. 9C). This characteristic can be explained by 
accumulation of feldspar, and we consider that these rocks are feldspar-laden magmas. 

Fine-grained charnockite

In Harker diagrams, the fine-grained charnockite (#G12, G13, G14, G18, G22) plots close to 71% SiO2 at 
the end of the general trend for most elements (Fig. 7). However, it shows Mg# that vary from 0.2 up to 
0.4 (Fig. 7D) and Sr concentrations up to 517 ppm (#G22 in Fig. 8G) in clear contrast to other charnockitic 
rocks at the same SiO2 content. Could the high Sr content of the fine-grained charnockite correspond 
to plagioclase-laden magmas? Plagioclase, as observed for instance in the BKSK intrusion (Roelandts 
& Duchesne, 1979; Charlier et al., 2005), shows a large positive Eu anomaly. Addition of plagioclase to 
sample #G12 (Eu / Eu* = 1.8; Electronic Supplement Table S2) to obtain #G22 (Fig. 8G) would increase 
this ratio, a fact not observed in G22 in which the Eu / Eu* ratio is 0.8; Electronic Supplement Table S2). 
This scenario is thus not realistic. In fact, relatively high Sr content and high Mg# in granite suites are 
not rare in nature. Our Sr-rich charnockite showing A / CNK < 1.10 (Fig. 6C) can be considered as I-type 
granite (Chappell, 1999). According to Whalen et al. (1987), I-type granite on average shows high Sr  
concentration with a large interval of variation (247 ± 178 ppm), together with large and variable Mg# 
= 0.43 ± 0.34. In conclusion, the fine-grained charnockite can be considered as I-type granite. It may  
represent anatectic melts that have intruded into the fayalite-bearing charnockitoid before being  
affected by the same deformation episode (M1).

Leucocharnockite dyke

In the field, the leucocharnockite (#G7) is a foliated dyke in the fayalite-bearing charnockitoid. 
The rock is hololeucocratic and depleted in mafic minerals and HFSE trace elements (Figs. 7 & 8).  
The characteristic trait is a low REE content with a positive Eu anomaly (Fig. 9D). Since the  
pioneering work of Barbey et al. (1989) and Sawyer (1991), this is diagnostic of anatectic processes in  
disequilibrium conditions with rapid extraction from the source rocks and possible sorting of  
quartzofeldspathic minerals in the injection process. Similar rocks are observed in the BKSK  
intrusion (Duchesne & Wilmart, 1997), in leucosomes of migmatitic gneiss (Duchesne & Hertogen, 2021),  
and in norito-granitic septa around the Egersund–Ogna anorthosite massif (Duchesne & Grard, 2021). 
We suggest this dyke #G7 results from a back-veining process of such anatectic melt. 
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Late-stage quartz monzonite dyke

The late-stage quartz monzonite dyke #G4 has many characteristics common with the charnockitic  
facies of the Farsund charnockite-granite pluton (Bolle et al., 2010; Vander Auwera et al., 2014a). Except 
for a higher Mg#, its composition is close to sample #AD011 (Fig. 15) that is considered as the parental 
magma at the start of the charnockitic evolution trend of the Farsund pluton in the model developed 
by Vander Auwera et al. (2014a). The age of the dyke is unknown but the obliquity of the dyke to the 
main foliation shows that it intruded in a late stage of the magmatic evolution. Its foliation, however,  
points to an emplacement before the main stage of deformation (M1). 

Figure 15. (A–H) Harker diagrams and (I) chondrite-normalized REE diagram comparing quartz monzonite dyke sample 
#G4 to the trend of the charnockitic facies in the Farsund pluton (931 ± 2 Ma; Vander Auwera et al. 2014a; Fig. 1).
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Mafic rocks

As shown earlier, mafic rocks (biotite-bearing amphibolite) that are interlayered in the Gloppurdi and 
Botnavatn intrusions were not mafic magmas contemporaneous with the felsic magmas. Indeed, multi-
ple lines of evidence show that they were already solid rocks when invaded by felsic magma with sharp 
contacts (Fig. 4B, D). This suggests that they were septa or enclaves of host gneiss in the felsic magma 
chamber. The geochemical composition of the mafic rocks supports this interpretation. In Fig. 16, the 
mafic rocks (#G10, #G17, #G8, and #B5) are compared to mafic rocks from the country gneiss complex 
close to the RAP (Duchesne & Hertogen, 2021). Three types of mafic rocks were defined in that work: 
amphibolite (without biotite), biotite-bearing amphibolite and jotunitic amphibolite. Harker diagrams 
for immobile elements such as Ti, P and Zr show that mafic rocks in Gloppurdi and Botnavatn plot 
between the biotite-bearing and jotunitic amphibolites (Fig. 16A–C). The REE distributions (Fig. 16E) 
confirm the similarity with the biotite-bearing amphibolite. The geochemical composition of the mafic 
rocks is thus consistent with the mineralogy of biotite-bearing amphibolite. In conclusion, the mafic 
rocks are interpreted as septa or enclaves of country rocks and do not result from the crystallization of 
a mafic magma coeval with the felsic magma. A bimodal association of mafic and felsic magmas is thus 
precluded. 

Figure 16. (A–D) Harker diagrams and (E) chondrite-normalized REE diagram comparing mafic rocks from Gloppurdi 
and Botnavatn to various types of amphibolite in the gneiss complex forming the wall rocks of the RAP (Duchesne & 
Hertogen, 2021).
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Implications
Concealed anorthosite magmatic system 

Fayalite-bearing charnockitoid in the Gloppurdi and Botnavatn intrusions has major elements  
similar to the fayalite-bearing trend of the BKSK layered intrusion (Figs. 11 & 12). It shows Zr, Th and 
REE compositions (Fig. 13) that relate / bind it to the Zr-rich jotunite / ferromonzodiorite in the RAP.  
As noted above, these Zr-rich rocks are typically related to anorthosites in a number of AMCG  
provinces, particularly in the RAP (Duchesne & Liégeois, 2015). The fayalite-bearing charnockitoid in 
the Gloppurdi and Botnavatn is therefore interpreted to represent fractionated products of the Zr-rich  
jotunite trend, typical of AMCG provinces. It can represent the top of a layered structure similar to 
the BKSK intrusion, where the fayalite-bearing trend lies above layered anorthosite and norite and is  
associated with large anorthosite massifs. Here we speculate that an AMCG magmatic system,  
itself resulting from a complex polybaric petrogenesis, was therefore present at c. 1240 Ma. 

While the geochemical link is clear, the geological evidence for a concealed AMCG magmatic system is 
tenuous. Regional scale gravity and magnetic geophysical data do not show specific anomalies in the 
Gloppurdi and Botnavatnet area interpretable as evidence for a separate anorthosite complex east of 
the much larger RAP (Olesen et al., 2013, their line 3 in their Fig. 12.39). However, specific modelling 
along a NNW–SSE transect southeast of Stavanger (anchored at the Ullrigg borehole, Fig. 1) proposes 
a c. 3 km thick body with properties of anorthosite and norite sandwiched in felsic gneiss at a depth 
of c. 4 km (Olesen et al., 2013, their line 4 in their Fig. 13.14). This body could have any age between 
0.93 and 1.52 Ga. This model is thus compatible with the interpretation of a concealed 1.24 Ga AMCG 
magmatic system. 

Episodic AMCG plutonism

Geochronological data for a number of Proterozoic AMCG provinces show a significant spread of  
dates. This dispersion can be interpreted in terms of episodic magmatism or alternatively protracted  
magmatism. Episodic means that several independent AMCG magmatic systems recur at different  
points in time in the same area, while protracted means that individual magmatic systems are long-lived 
and producing a diversity of products over an extended time interval. The two lines of interpretation 
are not mutually exclusive. For example, in the Nain batholith (Labrador; Hamilton et al., 1998; Connely 
& Ryan, 1999; Myers et al., 2008; Fourny et al., 2019), the Laramie Anorthosite Complex (Wyoming;  
Scoates and Chamberlain, 1997), the Lac-Saint-Jean anorthosite suite (Grenville orogen, Québec;  
Higgins & van Breemen, 1996; Higgins, et al., 2002), the Kunene Anorthosite Complex (Namibia;  
Bybee et al., 2019) and the Turkel Anorthosite Complex (Eastern Ghats, India; Raith et al., 2014),  
AMCG plutonism is organized in up to three distinct magmatic suites, each up to 30 Myr long, typically 
starting each with anorthosite and closing with granite.

The most intriguing evidence for periodicity comes from Sm–Nd isochrons collected on high- 
alumina orthopyroxene megacrysts (HAOMs) hosted in anorthosite plutons. For three of the  
anorthosite provinces, HAOMs yield Sm–Nd isochron age older by c. 80 to 120 Myr than the  
intrusion age of their host anorthosite as defined by zircon U–Pb geochronology (Bybee et al., 2014).  
In the RAP, samples of HAOM with Al2O3 content higher than 8 wt.% hosted in the Egersund–Ogna 
anorthosite massif yield an Sm–Nd isochron at 1040 ± 17 Ma (Bybee et al., 2014). This indicates that the 
anorthosite plutonism began at greater depths some 110 Myr before final intrusion. These data can be  
interpreted as evidence for extremely long-lived magma chambers carrying antecrystic HAOMs  
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formed at the base of the crust (Moho depth; Bybee et al., 2014) or alternatively evidence for episodic 
magmatism carrying xenocrystic HAOMs inherited from a source situated at Moho depth or inherited 
from a previous independent magmatic event (Vander Auwera et al., 2014b). 

In Rogaland, AMCG plutonism culminated with the emplacement of the RAP at mid-crustal level  
between c. 932 and 915 Ma (Schärer et al., 1996; Vander Auwera et al., 2011). Independently of their 
petrological interpretation, the HAOMs reveal an earlier pulse of this magmatism at 1040 ± 17 Ma  
(Bybee et al., 2014; Vander Auwera et al., 2014b). The present work leads to the interpretation of a 
first independent episode of AMCG plutonism at c. 1236 Ma associated with the Gloppurdi and  
Botnavatn intrusions. This long history had a final surge with intrusion at 855 ± 59 Ma of the  
Hunnedalen dyke swarm, made up of jotunite in all points similar to the BKSK and Hidra parental magmas  
(Maijer & Verschure, 1998). These dykes are not deformed which implies that they postdate the last 
regional deformation phase.

Geotectonic setting

As bluntly stated by Ashwal and Bybee (2017), “virtually every known tectonic setting has been  
proposed for the generation of massif-type anorthosites”. Early studies showed that AMCG provinces 
occur in cratonic zones and therefore suggested that AMCG plutonism is product of mantle plumes or 
continental rifting (Emslie, 1978, 1985). However, these studies also pointed out that anorthosite occurs 
in Proterozoic orogenic zones, some of them juvenile, and that the tectonic setting of intrusion may be 
difficult to evaluate. This is the case for the RAP in the Sveconorwegian orogen, for which two lines of  
interpretation dominate. Anorthosite massifs are related to orogenic decay, meaning that they are  
linked to crustal extension following Sveconorwegian collision and crustal thickening (Duchesne et al., 
1999; Vander Auwera et al., 2011; Bingen et al., 2021). Alternatively, they are located in a back-arc  
setting, behind a retreating subduction zone (Ashwal & Bybee, 2017; Slagstad et al., 2018; Granseth et 
al., 2020; Slagstad et al., 2022). Both these settings are extensional, are characterized by a hot Moho and 
provide a heat source via asthenospheric mantle upwelling.

Episodic AMCG plutonism over time intervals exceeding 100 Myr in a specific area rules out a  
relationship between AMCG plutonism and a single mantle plume (presumably short-lived).  
Instead, it suggests that AMCG plutonism can result from repeated activation of lithospheric-scale  
structures above a Proterozoic mantle persistently hotter than today’s normal mantle (Korenaga, 2018). 
Detailed structural work has emphasized the role of linear delamination leading to UHT conditions in  
lithospheric-scale tectonic structures such as large faults (Bogdanova et al., 2004; Myers et al., 2008; 
Duchesne et al., 2010), terrane boundaries (Ryan, 2000) or shear zones (van Breemen & Higgins, 1993; 
Bolle et al., 2010). Importantly, in a number of these cases the weakness zone is much older than the 
anorthosite intrusion, which suggests its possible reactivation (Scoates & Chamberlain, 1995; Hamilton 
et al., 1998; Vander Auwera et al., 2014b). Episodic activation of large-scale weakness zones possibly 
activated magma sources several times and facilitated diapiric rise and ballooning of anorthosite massifs 
to middle crustal level.

In South Norway, east–west trending offshore deep seismic profiles, perpendicular to the Sveco- 
norwegian structural trend are interpreted as stacking of the Sveconorwegian crust with  
subduction / underthrusting of the lower crust (decoupled from the upper crust) forming crustal  
tongues in the mantle and Moho offsets (Andersson et al., 1996). On this premise, Duchesne et al.  
(1999) proposed that delamination and asthenospheric upwelling along these tongues could have  
brought sufficient heat to melt mafic rocks in them, to produce the high-alumina basaltic melt and other  
parental melts and to form the deep-seated magma chambers in which anorthosite magmatism could  
develop. Scars of this process are still visible in the seismic profiles as major lithospheric structures  
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linked to Moho offsets. Recent structural studies suggest that the surface expression of a Moho offset 
SE of the RAP probably corresponds to the NNW–SSE trending Farsund Shear Zone defined by Bolle et 
al. (2010) and Vander Auwera et al. (2014a) (Fig. 1). This shear zone is situated along the margin and 
in the country rock of the RAP and is interpreted to have controlled emplacement of the anorthosite  
province at c. 930 Ma. Northwards, the Farsund Shear Zone links to the Rogaland Extensional  
Detachment (RED) defined by Slagstad et al. (2022) (Fig. 1). The Farsund Shear Zone was active for a long  
time,  at least between 1050 and 930 Ma as revealed by incorporation of augen gneiss of the Sirdal  
magmatic suite in its eastern contact zone (Duchesne & Hertogen, 2021). Also, jotunitic rocks older  
than the c. 930 Ma (Duchesne & Hertogen, 2021) could well be related to the pulse of HAOM  
crystallisation at 1040 ± 17 Ma identified by Bybee et al. (2014). Intrusion of the Hunnedalen jotunitic 
dykes at 855 ± 59 Ma, east of the Farsund Shear Zone and east (in the hanging wall) of the Rogaland 
Extensional Detachment, represents a youngest limit for displacement along these shear zones.

The geotectonic setting prevailing between 1280 and 1140 Ma, i.e., the time interval that  
includes the intrusion of the Gloppurdi and Botnavatn intrusions (1236 ± 8 Ma), is continental,  
extensional and within-plate over the entire Sveconorwegian orogen (Bingen et al., 2021). In the  
Telemarkia lithotectonic unit, this time interval is characterized by several pulses of bimodal  
(mafic-felsic) magmatism (plutonism and volcanism), intrusion of voluminous ferroan A-type  
granite plutons and continental fault-bounded intramontane sedimentary basins (Andersen et al.,  
2009; Lamminen, 2011; Bingen & Viola, 2018). Considering the signature of magmatism,  
sedimentation and tectonic regime, Bingen & Viola (2018) argued that a first (pre-Sveconorwegian)  
event of subcontinental lithospheric mantle delamination took place after 1280 Ma in the  
Telemarkia lithotectonic unit. That would be favourable to genesis of AMCG plutonism. Interpretation 
of the geochemistry of the c. 1236 Ma Gloppurdi and Botnavatn intrusions is compatible with this  
geotectonic interpretation. It is important to note that amongst A-type granites, the Hidderskog  
(1159 ± 5 Ma), Gjeving (1152 ± 11 Ma), Ubergsmoen (1150 ± 13 Ma) and Hovdefjell (1140 ± 13 Ma)  
intrusions (in the Telemarkia and Bamble lithotectonic units; Fig. 1) are known charnockitic  
metaplutons (Touret, 1967; Zhou et al., 1995; Bingen & Viola, 2018). These intrusions contain foliated 
orthopyroxene-bearing quartz mangerite and charnockite and attest to more charnockitic plutonism in 
the 1280–1140 Ma time interval. However, their calc-alkaline geochemical signature (Fig. 11) suggests 
they are not related to any concealed AMCG complex. 

The Gloppurdi and Botnavatn intrusions are located just east of the Farsund Shear Zone and the  
Rogaland Extensional Detachment. Here we speculate that precursors of Farsund Shear Zone and 
Rogaland extensional detachment were possibly activated as early as 1.24 Ga in a context of crustal 
extension. 

Conclusions
- The Gloppurdi and Botnavatn intrusions are composite intrusions dominated by fayalite-bearing  
charnockitoid (mangerite, quartz mangerite and charnockite), associated with fine-grained  
leucocratic charnockite, leucocharnockite dykes, late-stage quartz monzonite dykes and biotite- 
amphibolite xenoliths. They formed at 1236 ± 8 Ma and were metamorphosed during the regional M1 
event at 1013 ± 12 Ma. 
- The characteristic fayalite-bearing charnockitoid is ferroan (Mg# < 0.1), alkalic and metaluminous.  
The large variation in composition (60 < SiO2 < 75 wt.%) can be explained by variable clustering of mafic 
minerals. It has a major element composition similar to the fayalite-bearing quartz mangerite of the 
Bjerkreim–Sokndal (BKSK) layered intrusion. The Zr, REE, Th and U compositions link them to the Zr-rich 
jotunite kindred, typically found in AMCG provinces. 
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- The fine-grained leucocratic charnockite is interpreted as product of anatexis of country rock.
Geochemistry links the Gloppurdi and Botnavatn fayalite-bearing charnockitoid to AMCG plutonism, 
leading to the following suggestions and speculations: 
- A concealed AMCG magmatic system was possibly present at depth at c. 1240 Ma. 
- At regional scale, there is evidence for episodic AMCG plutonism, with a possible early episode at  
c. 1240 Ma, a main episode at 932–915 Ma with the RAP and a final episode at c. 850 Ma with the  
jotunitic Hunnedalen dykes. 
- AMCG plutonism at c. 1240 Ma is compatible with continental, within-plate, extensional tectonic  
regime inferred in the 1280 and 1140 Ma time interval. 
- The Farsund Shear Zone (and Rogaland Extensional Detachment) that controlled the emplacement of 
the RAP at c. 930 Ma were possibly active at c. 1240 Ma to channel the intrusion of the Gloppurdi and 
Botnavatn intrusions.
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