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The Koldal and Løyning intrusions are small (1.8 km2 and 0.25 km2,respectively), dominantly noritic to  
gabbronoritic bodies emplaced in the foliated southern margin of the Egersund–Ogna anorthosite 
massif. Modal layering has a different orientation in each of three lobes constituting the Koldal body.  
The Høgåsen and Forefjellet lobes consist dominantly of leuconorites/norites and have similar An% and Mg#opx  

compositions to each other. The Koldal lobe is gabbronoritic with similar An% but more Fe-rich  
orthopyroxenes than the other two lobes. A minor mangeritic unit may represent a fractionation  
product of the Koldal gabbronorites. The Høgåsen and Forefjellet lobes crystallised in two related  
(and maybe connected) small chambers with sloping floors. Parental magma to the Koldal gabbronorites  
was emplaced from an underlying evolving chamber and also crystallised on a sloping floor.  
The underlying chamber eventually produced mangeritic magma which was emplaced into the preexisting  
lobes. The narrow, elongate Løyning intrusion consists of leuconorites to the north and norites ± olivine 
to the south. Modal layering dips 55–80° to the south. The leuconorites and norites have different An% 
and Mg#opx compositions and may not be related to each other by simple in situ fractionation. Modal  
layering in the noritic rocks is laterally discontinuous and contains autoliths, consistent with its formation on  
a steeply sloping crystallisation front. Modal grading suggests that the rocks young to the south. The fact 
that the relatively primitive norites overlie the more evolved leuconorites suggests that the norites are the  
crystallisation product of an influx of relatively primitive magma. 

Introduction
The Rogaland Anorthosite Province (RAP) is well known for its Proterozoic anorthosite massifs and the 
Bjerkreim–Sokndal body (BKSK) that is the largest layered intrusion in Western Europe. The RAP is of  
economic importance because of the presence of ilmenite which is mined at Tellnes from rocks  
emplaced in one of the anorthosite massifs. There are, however, several minor intrusions in the area,  
including many jotunites (Duchesne et al., 1985, 1989). There are also several, very small, broadly noritic bodies,  
including those at Koldal and Løyning (Duchesne, 2001; Vander Auwera et al., 2006). These two intrusions 
have been investigated by Andersen (2004; Koldal) and Schou (2010; Løyning), and this article is largely 
based on these studies.
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Most of the igneous rocks in the RAP are characterised by containing orthopyroxene as the  
dominant mafic mineral; they belong to the charnockitic suite, for which there is a special nomenclature  
(Le Maitre, 2002). Jotunites are monzonorites and mangerites are monzonites with orthopyroxene.  
The term anorthosite is used for plagioclase-rich rocks with less than 10% mafic minerals. With between 
10% and 35% mafic minerals (mostly orthopyroxene and ilmenite) the term leuconorite is used. 

This paper presents new geological maps of the Løyning and Koldal intrusions and new mineral  
compositional data. The aim is to develop models for the crystallisation of these two small layered  
intrusions that are both emplaced in the marginal zone of the Egersund–Ogna anorthosite. It emerges 
that our models differ from those presented by Vander Auwera et al. (2006). 

Regional Geology
The Koldal Intrusion is located near the centre of the RAP in southwest Norway and the  
Løyning body is about 8 km to the west (Fig. 1). The igneous rocks of the RAP were intruded into a  
basement gneiss complex that has been subjected to multiple phases of deformation and meta- 
morphism (Duchesne, 2001). The gneisses are now in granulite facies. They were strongly influenced by the  
Sveconorwegian orogeny that took place about 1.2 – 1.0 billion years ago. The dominantly noritic and granitic  
(charnockitic) host-rock gneisses that enclose the igneous rocks of the RAP, also occur in several  
narrow zones between the intrusions (Fig. 1B). One of these stretches east-west for about 9 km  

Figure 1. (A) Location of Fig. 1B. (B) Simplified geological map of the Rogaland Anorthosite Province (RAP)  
based on fig.1.2 in Duchesne (2001). Abbreviations: Minor noritic intrusions: LØ = Løyning; K = Koldal; B = Bøstølen;  
BM = Blåfjell–Måkevatn shown in yellow. Jotunitic dykes: Vt = Vettaland; Vb = Varberg; Vs= Vaersland; L = Lomland;  
T = Tellnes dyke (ilmenite ore body in black). S = Storgangen; PV–L = Puntevoll–Lien zone. There are many other jotunitic 
dykes. The Egersund dyke swarm is not shown. Many lakes are not shown.
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between the Egersund–Ogna and the Håland anorthosites with a maximum width of about 250 m. It was  
called the norito-granitic series by Michot (1939) and later renamed the Puntevoll–Lien zone by Michot 
(1955); it was subsequently referred to as the norito-granitic zone by Duchesne & Schiellerup (2001).  
The evolution of ideas on the norito-granitic zone has been published by Duchesne (2020).

There are three large massif-type anorthosite bodies in the RAP; Egersund–Ogna, Håland–Helleren and 
Åna–Sira. Two smaller bodies (Hidra and Garsaknatt) occur in the eastern part of the area.

The Egersund–Ogna massif is an anorthositic dome with a diameter of about 20 km (Duchesne, 2001). 
The southwestern part is hidden beneath the sea. The anorthosite is compositionally uniform with  
plagioclase in the range An45–40 with some local megacrysts of orthopyroxene and plagioclase.  
The massif has a broadly concentric structure defined by different varieties of anorthosite and leuconorite  
(Charlier et al., 2010). The plagioclase of the massif locally shows a beautiful play of colours and  
dimension stone is quarried for its iridescence. The marginal zone of the anorthosite has a sub- 
vertical foliation parallel with the contact all around the intrusion. This foliation is believed to have 
formed as a result of the diapiric rise of the massif under granulite-facies conditions (Duchesne, 2001;  
Duchesne & Maquil, 1981; Maquil & Duchesne, 1984). The central part of the intrusion is believed to 
have risen more than the margins. Deformation of the margins is interpreted to have taken place in 
several episodes and gradually became less and less pervasive until it became restricted to discrete 
surfaces (Duchesne, 2001).

The Håland–Helleren anorthosite consists of two units (Michot, 1961) (Fig. 1B). The Håland massif 
comprises mainly folded and foliated anorthosites and leuconorites and is clearly cut by the Helleren 
unit. The Helleren massif cuts both the Håland unit and the foliated margin of the Egersund–Ogna 
anorthosite and occurs as xenoliths in the BKSK. It is therefore important for the determination of the 
sequence of geological events in the area; BKSK is younger than the anorthosite massifs (Duchesne, 
2001). 

The Åna–Sira body has many features in common with the Helleren anorthosite from which it is  
separated by the Sokndal lobe of the BKSK and the Eia–Rekefjord jotunites. None of the original  
contacts of the Åna–Sira body are preserved; a variety of younger intrusions form all the contacts. 

The BKSK occupies an area of 230 km2 with a length of 40 km and a maximum width of 15 km  
(Fig. 1B). It accommodates a wide variety of rock-types, including anorthosite, troctolite, norite,  
gabbronorite, jotunite, mangerite, quartz mangerite and charnockite. This range of lithologies is very 
rare and important since it spans the entire compositional spectrum of anorthosite-kindred rocks,  
linking the two extremes – anorthosite and charnockite (Wilson et al., 1996). It was intruded after 
the anorthosite massifs and contains inclusions of their lithologies and of the country-rock gneisses.  
It forms a doubly-plunging syncline that is believed to have developed by sinking of the layered  
intrusion at the same time as the surrounding anorthosites rose diapirically (Paludan et al., 1994; Bolle 
et al., 2000).

There are several minor intrusions in the RAP. The Koldal and Løyning intrusions are both located in 
the southern foliated marginal zone of the Egersund–Ogna anorthosite. They occur along the strike 
of the Puntevoll–Lien zone, about 8 km apart. The Tellnes dyke, that is currently mined for ilmenite 
at Tellnes, and the Storgangen intrusion that was formerly mined, both occur in the Åna–Sira massif 
(Duchesne, 2001). The Hogstad body (Vander Auwera & Duchesne, 1996; Vander Auwera et al., 2006) 
is located in the far eastern part of the Åna–Sira anorthosite and consists dominantly of noritic rocks.  
The Bøstølen intrusion is a small noritic and leuconoritic modally layered body in the west-central part 
of the Åna–Sira anorthosite (Schiellerup, 1996). The Blåfjell–Måkevatn intrusion, that is located in  
broadly the same area as the Bøstølen body, is described as an irregular dyke of norite pegmatite by 
Schiellerup (1996). Ilmenite-rich patches have been mined in several places.



4 of 20 5 of 20

J. Richard Wilson et. al                                         The Koldal and Løyning intrusions, Rogaland   

There are about 70 reported Fe–Ti deposits of economic or sub-economic grade in the RAP, including the 
internationally important deposit at Tellnes (Duchesne, 2001). The first mining of ilmenite in Rogaland 
took place in the marginal zone of the Håland anorthosite near Koldal in 1785. 

There are three different modes of occurrence of jotunitic rocks in the RAP. They occur as a major 
unit in the fractionation sequence in BKSK, between gabbronorites of MCU IV (Megacyclic Unit IV) and  
mangerites in the upper part of the layered sequence (Wilson et al., 1996). Jotunites form chilled  
margins to the BKSK (Wilson et al., 1996) and also to the Hidra and Garsaknatt anorthosites  
(Duchesne, 2001). They also form numerous dykes and minor intrusions throughout the area. A major  
occurrence of jotunites is the Eia–Rekefjord intrusion (Fig. 1B) that was intruded between the Sokndal lobe 
of BKSK and the enveloping anorthosites. Jotunitic dykes cut across all of the major rock units in the RAP  
(Duchesne et al., 1989), apart from the Egersund dyke swarm (see below). Some of them can be  
followed for considerable distances. It is evident that large volumes of jotunitic magma were repeatedly 
intruded in the RAP.

The youngest igneous rocks in the RAP are several basaltic dykes that were intruded towards the end 
of the Precambrian at about 616 ± 3 Ma ago (Bingen et al., 1998), known as the Egersund dyke swarm.  
There are 11 of these near-vertical dykes in the area, all of which trend ESE–WNW. The largest one, 
which cuts the northernmost part of BKSK, can be followed for about 60 km and is up to 30 m wide.

Geological background

The Koldal intrusion

The 1.8 km2 Koldal intrusion is a broad, V-shaped body that lies on its side and is open to the east.  
It can be considered to consist of three lobes; the base of the V-shape in the west (the Koldal lobe),  
the NE arm of the V-shape (the Høgåsen lobe), and the SE arm (the Forefjellet lobe).

The Koldal intrusion was first mentioned by Hubaux (1960) and later described by Piron (1981).  
The brief account of the intrusion in Duchesne (2001) is based on Piron´s work. It was further  
described by Vander Auwera et al. (2006). Piron described it as consisting of norites and leuconorites 
with some mangerites, and considered that the Koldal lobe consists of layered norites, whereas the 
Høgåsen and Forefjellet lobes consist of layered leuconorite with some mangerite. Mangerite is not,  
however, shown on Piron´s geological map. Medium-grained Koldal leuconorites sharply cross-cut foliated  
leuconorites of the marginal zone of the Egersund–Ogna anorthosite in the north, and the southern  
margin abuts against gneisses of the Puntevoll–Lien zone. Piron (1981) determined that mineral compositions  
cover the ranges An44 – An38 (plagioclase) and Mg#opx 66–53 (Ca-poor pyroxene). Numerous inclusions 
of both foliated anorthosite and gneiss occur in the intrusion. The Koldal intrusion is cut by at least two 
narrow jotunitic dykes. The geological map of the Kodal intrusion by Vander Auwera et al. (2006; fig. 4)  
is similar to Piron´s, although two small mangerite localities are also shown. Vander Auwera et al. (2006) 
considered that layering in the Koldal lobe was originally horizontal and that the intrusion has been  
rotated into its present disposition. This rotation would have been through about 60° anticlockwise  
viewed from the southwest. Layering in the Høgåsen and Forefjellet lobes is not mentioned. 

According to the 1:75,000 geological map of the Rogaland Anorthosite Province (Marker et al., 2004), 
the Koldal intrusion is entirely located within the marginal, foliated zone of the Egersund–Ogna  
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anorthosite. The northern part of the Koldal body clearly intrudes foliated anorthosite/leuconorite,  
but the map of Piron (1981) shows that the southern margin of the Koldal body is in contact with  
gneisses of the Puntevoll–Lien zone. Vander Auwera et al. (2006; fig. 4) show the southern margin of 
the intrusion as being entirely in contact with anorthosite. 

The Løyning intrusion

This intrusion is lens-shaped and about 1.500 m long from west to east and up to 200 m across,  
occupying an area of about 0.25 km2. The western end of the intrusion crops out on the island of 
Løyningsøya and is partly hidden beneath the sea. The central, low-lying part of the intrusion on the 
mainland is poorly exposed. 

The Løyning intrusion was first mapped as part of the norito-granitic zone by Michot (1955) and  
a geological map was published by Hubaux (1960). It was briefly mentioned in Michot (1960), 
but first described by Ernst (1990) and Ernst & Duchesne (1991), and more recently by Vander  
Auwera et al. (2006). Ernst found that it was entirely located in the foliated marginal zone of the  
Egersund–Ogna anorthosite and that it consisted of leuconorite in the north and norite in the south. 
Modal layering, which is best developed in the norites strikes roughly east-west and dips between 55° and 
80° to the south. He found that olivine occurred in some of the norites. Plagioclase compositions in the  
leuconorite were in the range An41–39 and Ca-poor pyroxene Mg#opx 68–58. In the norites 
the compositions were An38–59, Mg#opx 65–68 and olivine Fo63–66. Since the norites are more  
primitive that the leuconorites, Ernst considered that stratigraphic up is to the north. This means 
that the modal layering is now overturned. He suggested that the parental magma was basic and 
that it assimilated the nearby anorthosite to reach an appropriate composition. The geological map  
published by Vander Auwera et al. (2006) is very similar to that of Ernst (1990), and they agree that the  
leuconorites are the result of fractionation of the norites. They consider that the modal layering was  
originally horizontal and that it has been rotated into its present orientation. Looking from the west, 
this rotation was anticlockwise through between about 100° to 125°.

Field relationships

The Koldal intrusion

The country rocks into which the Koldal intrusion was emplaced consist of foliated anorthosite  
representing the marginal zone of the Egersund–Ogna massif and gneisses belonging to the  
Puntevoll–Lien zone (Fig. 2). The foliation in the deformed anorthosite strikes northeast-southwest and 
dips steeply to the southeast. It is cut sharply by medium-grained (c. 2 mm) leuconorite along the  
northwestern margin of the intrusion (Fig. 3A). Most of the southern margin of the Koldal intrusion is 
with strongly deformed banded gneisses. The foliation in the gneisses strikes about 100° and is sub- 
vertical. The actual contact is not exposed but can be located to within a few metres.

The Koldal intrusion comprises three lithologies; (leuco)norite, gabbronorite and subordinate amounts 
of mangerite. As mentioned above, we have divided the intrusion into three lobes (Fig. 2). 

The Høgåsen lobe consists dominantly of leuconorite and norite with minor amounts of gabbronorite 
in the central part of the area. The gabbronoritic nature of these rocks emerged during petrographic 
studies and they have not been identified in the field. Streaky, poorly developed modal layering is  
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Figure 2. Geological map of the Koldal Intrusion. Strike and dip symbols represent the orientation of modal layering in 
the Koldal intrusion and foliation in the anorthosite. The locations of analysed samples in Electronic Supplement 1 are 
also shown.

locally developed (Fig. 3B), defined by aggregates of orthopyroxene and Fe–Ti oxides. The layering  
generally strikes roughly east-west and dips between 15° and 35° to the north. No modal grading has 
been noted that could indicate a direction of younging, but in view of the quite shallow dip we assume 
that layering youngs to the north. The grain size varies from 1 to 5 mm, with an average of 2–3 mm.  
Local large crystals (1–2 cm long) of plagioclase occur with no preferred orientation. Inclusions of  
foliated anorthosite and gneiss occur locally and are up to several metres across. 

The Forefjellet lobe is less well exposed than Høgåsen. It also consists dominantly of norite and  
leuconorite but is slightly more coarse-grained than Høgåsen with an average grain size of 3–4 mm.  
The rocks are generally more homogenous than at Høgåsen. Sporadic layering, which is mostly present 
in the eastern area, strikes northwest-southeast and dips at about 25° to the southwest (Fig. 3C). 

he Koldal lobe consists dominantly of gabbronorites with an average grain size of about 2 mm  
(Fig. 3D). Locally occurring plagioclase megacrysts do not have a systematic orientation.  
The gabbronorite of the Koldal lobe is generally more homogeneous and uniform than the two other  
lobes. The mafic minerals (two pyroxenes, Fe–Ti oxides and also apatite) are locally concentrated in  
aggregates or lenses. Modal layering is locally present but is generally quite diffuse. However, in some  
places it is reasonably well developed (Fig. 3E). The layering strikes on average 64° and dips 50–60° to 
the northwest. At one notable locality, a concentration of mafic minerals form a trough-shaped structure 
(Fig. 3F). Such structures are commonly explained as having been formed in connection with magma 
currents (Wager & Brown, 1968). There are several inclusions of gneisses. These are up to about one 
metre across and have lithologies similar to the gneissic country rocks. Approximately 250 m west of the 
main Koldal body are two small areas of gabbronorite emplaced in foliated anorthosite. Mineralogically 
and texturally these two patches of gabbronorite closely resemble the Koldal lobe rocks and they are 
considered to represent outliers of the main intrusion. None of the contacts between the individual 
lobes are exposed so their relative ages are unknown.
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Figure 3. (A) The northern margin of the Koldal intrusion is sharply discordant to foliated leuconorites of the marginal zone of the Egersund–Ogna anorthosite 
massif. (B) Modal layering in the Høgåsen lobe. 3C. Modal layering in the Forefjellet lobe. 3D. Gabbronorite of the Koldal lobe. 3E. Modal layering in the Koldal 
lobe. 3F. Trough-like structure in the Koldal lobe. The shape of the trough implies that stratigraphic up is to the right. 3G. Mangerite of the Koldal intrusion contains  
an inclusion of gabbronorite from the Koldal lobe. Photos: RKA.

Mangeritic rocks occur in an area between the Koldal and the Høgåsen lobes (Fig. 2). The amount 
of mangerite is estimated to represent about 5% of the intrusion as a whole at the current level of  
exposure. The mangerite is a pale, massive, homogenous, relatively fine-grained (c. 1–2 mm) rock that 
consists largely of feldspars. Where it is exposed, the boundary between leuconorites and mangerite is 
quite sharp. It is noteworthy that the mangerite contains an inclusion of gabbronorite from the Koldal 
lobe (Fig. 3G).

It is important to emphasise that the orientation of modal layering is different in the three lobes. In the 
Høgåsen lobe it dips to the northeast, in the Forefjellet lobe it dips to the southwest and in the Koldal 
lobe to the north. In the light of these discordant relationships and in the absence of any gradational 
contacts between the lithologies in the three lobes, we conclude that the three lobes represent three 
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small, separate intrusions. It is, however, possible that the Forefjellet and Høgåsen rocks were formed 
in different parts of the same chamber, as will be discussed later. The fact that the mangerite unit has 
a sharp contact with the gabbronorite of the Koldal lobe and contains at least one inclusion of this  
lithology indicates that it also represents a separate intrusion. There is no question that the mangerite 
unit is the youngest, but the relative ages of the three lobes is a matter of speculation. 

A series of veins and narrow dykes of charnockite cut all the lithologies in the intrusion. A roughly  
1 m-thick, fine-grained dyke cuts the Forefjellet and Koldal lobes as well as the anorthositic country 
rocks. A similar dyke occurs in the western part of the Koldal lobe and continues to the north. Both 
of them strike roughly north–south. These two dykes have been identified as jotunites (Piron, 1981;  
Duchesne, 2001).

As noted by Piron (1981), a 10–15 m-thick basaltic dyke of the Egersund dyke swarm occurs just south 
of the southern border of the Koldal intrusion. The main road to Egersund closely follows the course of 
this dyke in the vicinity of Koldal.

The Løyning intrusion

Our map (Fig. 4) is very similar to that of Ernst (1990). The foliation in the marginal zone of the  
Egersund–Ogna anorthosite strikes roughly east-west and dips steeply (about 60°) to the south.  
The gneisses of the Puntevoll–Lien zone do not extend as far west as the area shown in Fig. 4.  
The northern contact of the intrusion with the foliated anorthosite is well exposed, is sharp, and  
sub-parallel with the gneissic foliation. The marginal leoconorites are medium grained and show 
no signs of chilling. The southern contact is not exposed but can be located to within a few metres.  
The northern half of the Løyning intrusion consists of leuconorites with a grain size of 2–3 mm.  
On a small headland on the northern margin, leuconorite interfingers with foliated anorthosite,  
interpreted by Ernst (1990) as leuconoritic dykes intruding into the country rocks. Leuconoritic  
dykes associated with the Løyning intrusion have been briefly discussed by Duchesne et al. (1991).  
Ernst (1990) mentioned the occurrence of small-scale, modally graded layers in the leuconorites that 
indicate younging to the north. We have not observed convincing examples of graded layering in the 
leuconorites, with the exception of the example shown in Fig. 5B. Normally-graded modal layering is 
well developed in parts of the Bjerkreim–Sokndal intrusion (e.g., fig.4a in Wilson et al., 1996) where it 
is a reliable ’way-up’ criterion. In Løyning, the grading in Fig.5B would indicate younging to the south. 
The layered rocks locally contain angular or rounded fragments of plagioclase-rich rocks (Figs. 5A, B), 
interpreted as cognate xenoliths (autoliths). This indicates crystallisation in a dynamic environment,  
as will be discussed later. The contact between the leuconorite and the norite to the south is not  
exposed but can be located to within approximately one metre. On Løyningsøya, the norite extends 
into a narrow dyke that intrudes into the foliated anorthosite. Modal layering is commonly developed 
in the norite and some of the mafic layers approach the modal composition of an orthopyroxenite.  
Some mafic layers bifurcate and some appear to be folded (Fig. 5A). Petrographic studies reveal the  
presence of olivine in some of the noritic rocks, in complete agreement with the observation of Ernst (1990).  
At the western end of the intrusion on Løyningsøya, the leuconorites are cut by a body of ilmenite norite 
pegmatite that covers an area of about 100 m2. A steeply plunging lineation in the plane of the layering 
is locally developed in both the norites and the leuconorites.
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Figure 5A. Modal layering in the leuconoritic unit of the Løyning intrusion. The right extremity of the bottommost layer on the left 
(black arrow), and possibly the layer above, appears to be folded. Just above the uppermost felsic layer above the hammer there is a 
sub-rounded block of plagioclase-rich material (yellow arrow). This is interpreted as an autolith.
5B. The modally graded layer at the bottom left beneath the black arrow indicates that stratigraphic up is to the left (south).  
The bottom part of this layer contains an angular plagioclase-rich fragment identical to the adjacent felsic layers (black arrow). There is 
also an angular fragment of a felsic rock just to the right of the larger fragment (yellow arrow). These are also interpreted as autoliths. 
It is, however, conceivable that the mafic layers containing the two fragments actually bifurcate. The exposure does not allow us to 
distinguish between these two interpretations. Photos: TFS.

Figure 4. Geological map of the Løyning Intrusion. The locations of analysed  
samples in Electronic Supplement 1 are shown.

Mineralogy and petrography

The Koldal intrusion

It is common for the rocks in layered intrusions to have cumulate textures (Wager & Brown, 1968).  
In the large BKSK layered intrusion, however, cumulate textures are not very apparent. This is  
probably due to widescale recrystallisation and subsolidus adjustments that may have taken place 
during sinking of the intrusion into a double-plunging syncline (Paludan et al., 1994; Wilson et al., 1996). 
The textures of the Koldal rocks are similar to those of BKSK with plagioclase as the dominant phase. 
Plagioclase grain sizes vary widely in individual thin-sections and compositional zoning is rarely evident. 
Many of the plagioclase grains have exsolved spots or patches of alkali feldspar – antiperthite. Ca-poor  
pyroxenes commonly contain lamellae of exsolved Ca-rich pyroxene. It is quite common for the  
exsolved phase to be concentrated along the margin of the host Ca-poor pyroxene. This is proba-
bly due to subsolidus migration of Ca-rich pyroxene during slow cooling of the intrusion. In some  
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cases, Ca-poor pyroxenes in rocks from the Høgåsen and Koldal lobes show two sets of lamellae and  
a relatively large proportion of Ca-rich pyroxene. This is interpreted as representing inverted  
pigeonite. The gabbronorites generally contain about 10% Ca-rich pyroxene, both as primary grains and  
exsolved from Ca-poor pyroxene. The primary Ca-rich pyroxenes commonly contain quite broad  
exsolution lamellae of Ca-poor pyroxene, but the latter is sometimes concentrated in grains along 
the margin of the host phase. A Schiller structure of exsolved brown hematite is in some cases  
present in both primary pyroxene phases. Very minor amounts of brown hornblende occur in all the  
norites and gabbronorites, but larger amounts (up to 15%) of dark green hornblende are present in the  
mangerites. Fe–Ti oxides generally occur together with the pyroxenes in amounts of 1–15%. Apatite is  
present in amounts up to about 5% in most of the gabbronorites and in all of the mangerites.  
Microperthitic alkali feldspar comprises about 20% of the mangerites. Accessory amounts of zircon are  
present in the mangerites. Vander Auwera et al. (2006) also noted the extensive evidence of subsolidus 
textural readjustment in the Koldal intrusion.

The Løyning intrusion

Mineralogically and texturally, most of the Løyning rocks resemble those from Koldal. There are,  
however, some very mafic layers that consist mostly of Ca-poor pyroxene with minor ilmenite and  
plagioclase. The Ca-poor pyroxene in these ultramafic layers is generally granular and forms aggregates 
with 120° triple junctions. As in Koldal, the Ca-poor pyroxenes have exsolved Ca-rich pyroxene that  
occurs as lamellae or patches within the host or grains along the margins. An important contrast to the 
Koldal intrusion is the presence of olivine in some of the Løyning norites. The olivine is granular with 
a grain size of 0.5 – 2 mm. Many of the olivine grains are in contact with plagioclase and there is no 
evidence of olivine being in a reaction relationship with orthopyroxene, unlike in the Layered Series of 
the BKSK.

Mineral chemistry

Analytical conditions

The compositions of plagioclase, Ca-poor and Ca-rich pyroxene for the Koldal intrusion were  
determined by microprobe analysis in 2003 at the Institute for Geoscience, Aarhus University,  
under the supervision of Sidsel Grundvig, using wavelength dispersive spectrometry. The instrument  
was a JEOL–JXA 8600 using a voltage of 15kV and a beam diameter of 5 µm. Counting times were up 
to 40 seconds. Plagioclases are remarkably homogenous; there is no significant compositional zoning.  
Both plagioclase and pyroxene compositions represent the average of three analyses in each of 
three grains, i.e., nine point analyses. Exsolutions were avoided as far as possible when analysing the  
pyroxenes. In a few cases, anomalous calcium values indicated that these efforts had not been entirely  
successful. Such analyses were rejected. Standard deviations (s.d.), based on about 20 analyses in one  
thin-section of gabbronorite, are as follows: plagioclase An43.3 (s.d. 1.38); Ca-poor pyroxene Mg#opx 55.4 
(s.d. 0.72); Ca-rich pyroxene Mg#cpx 64.3 (s.d. 0.12). 

Microprobe analyses of Løyning samples were carried out in 2010 under the supervision of Alfons  
Berger at the Institute for Geography and Geology at the University of Copenhagen. The instrument was 
a JEOL JXA-8200 using a voltage of 15 KV and a beam diameter of 2 µm. Standard deviations (s.d.) are as 
follows: plagioclase An39.3 (s.d. 0.88); Ca-poor pyroxene Mg#opx 62.0 (s.d. 0.43); Ca-rich pyroxene Mg#cpx 
70.2 (s.d. 1.70); olivine Fo63.3 (s.d. 1.30).
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All of the mineral chemical analyses are presented in Electronic Supplement 1.

The Koldal intrusion

It is apparent from Table 1 that plagioclase compositions are quite similar in the three lobes,  
although the Forefjellet lobe may have slightly more calcic compositions (average An43) compared with  
An41 and An40. The mangerite has considerably more sodic plagioclase (An24). Ca-poor pyroxenes in the  
Forefjellet lobe are somewhat more magnesian (average Mg#opx 65) than in the two other lobes that 
have very similar compositional ranges to each other. The mangerite surprisingly contains only slightly 
more iron-rich Ca-poor pyroxenes than the Koldal and Høgåsen lobes. Ca-rich pyroxenes show the same  
tendencies as Ca-poor pyroxenes.

Mineral Høgåsen Forefjellet Koldal Mangerite

(10) (4) (10) (5)

Plagioclase 
An%

[37-45] 40 [41-45] 43 [36-44] 41 [21-31] 24

Ca-poor px 
Mg#opx

[52-64] 59 [62-67] 65 [52-63] 55 [51-54] 53

Ca-rich px Mg#cpx [63-76] 70 72 
(only 1 sample)

[62-67] 65 [62-66] 65

Table 1. Average mineral compositions from the Koldal intrusion.

Pyroxene compositions are expressed as Mg# = (100Mg/Mg+Fe). Numbers in brackets (xx) represent 
the number of samples from the relevant unit. The numbers in square brackets [xx-yy] indicate the 
compositional range; the number to the right is the average composition. The compositions here are 
very similar to those reported by Piron (1981) and Vander Auwera et al. (2006).

In Fig. 6 it is clear that the majority of the samples from the Høgåsen and Forefjellet lobes lie together 
in a group that is separate from the Koldal samples. The two groups cover similar ranges of An% in  
plagioclase, but the Koldal samples have more iron-rich Ca-poor pyroxenes. The compositional variation 
of both suites of samples points roughly towards the mangerites that lie in a separate field with more 

Figure 6. Coexisting An% in plagioclase and Mg#opx 

in Ca-poor pyroxenes from the Koldal Intrusion.  
Coloured symbols represent our samples. Black letters 
represent samples from Vander Auwera et al. (2006).  
The approximate fractionation trends of the Forefjellet/
Høgåsen (F+H) lobe rocks and the Koldal (K) lobe rocks 
are shown by arrows. 
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sodic plagioclase than the Koldal lobe samples. Analyses of two samples from the Koldal lobe and one 
from the Forefjellet lobe from Vander Auwera et al. (2006) plot together with our samples from these 
units. Their two Høgåsen samples, however, plot together with our samples from the Koldal lobe.  

Five of the Høgåsen samples contain primary Ca-rich pyroxene (Fig. 6). They are not, however, the most 
evolved samples and have similar mineral compositions to the Høgåsen norites and leuconorites. 

The Løyning intrusion

Plagioclase and Ca-poor pyroxene in the leuconorites have average compositions of An39.6 (range An38–42): 
Mg#opx66.2 (62–68) compared with An47.0 (An39–55): Mg#opx 64.7 (59–66) in the norites and An50.1 (An47–53): 
Mg#opx 67.1 (66–68) in the olivine-bearing norites. Olivine has an average composition of Fo62.2, covering 
a range of Fo60–64. These compositions are in close agreement with those reported by Ernst (1990). 

In Fig. 7, all of the olivine-bearing norites and three of the norites cluster in a tight group at about 
An51±4:Mg#opx66±2, but two of the norites have more evolved compositions and plot with or near the 
leuconorites. The latter also form quite a tight group at about An40±2.5:Mg#opx 65±3. Three olivine 
norite and three norite analyses from Vander Auwera et al. (2006) plot together with our samples with 
the same lithology, as do all five of their leuconorite analyses. One of their norite analyses plots together 
with the leuconorites. Two possible scenarios arise. The three evolved norite samples plotting with the 
leuconorites could indicate that there is a compositional transition between the two units, although 
there is a lack of samples with plagioclase compositions between about An44 and An47. Alternatively, 
one could suggest that there is no gradual compositional transition between the noritic and leuconoritic 
rocks and that these two units lie in separate fields, apart from three noritic samples that have evolved 
compositions equivalent to the leuconorites. This issue is elaborated below.   

Figure 7. Coexisting An% in plagioclase and Mg#opx 

in Ca-poor pyroxenes from the Løyning Intrusion.  
Our samples are shown by coloured symbols. Black  
symbols represent data from Vander Auwera et al. 
(2006).
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Discussion 

The Koldal intrusion

It was noted above that some of the Høgåsen samples contain primary Ca-rich pyroxene. The possible 
reason for this is that the magma in the Høgåsen lobe was close to having Ca-rich pyroxene as a liquidus 
phase and that it started to appear sporadically when plagioclase reached about An43.5 and Ca-poor 
pyroxene reached Mg#opx 62.5. It did not become a constant primary phase in the Høgåsen lobe at the 
present level of exposure.

In large layered intrusions, modal layering is believed to have formed on a near-horizontal floor  
(Wager & Brown, 1968), and it is widely accepted that it represents the crystallisation front (Naslund &  
McBirney, 1996). In small magma chambers the orientation of the cooling front will be strongly  
dependent on the proximity and geometry of the magma chamber floor and/or walls. It is now  
generally accepted that modal layering can form in situ and not necessarily by crystal settling  
 
(Wilson & Larsen, 1985; Naslund & McBirney, 1996). If the modal layering in all three lobes of the Koldal  
intrusion was originally horizontal, it would require some remarkable tilting processes to get them to 
their present orientation. This tilting would also have to have influenced the adjacent country rocks. We 
therefore believe that modal layering in the Koldal intrusion formed on sloping crystallisation fronts and 
that it has essentially retained its original disposition. In the Hyllingen Series of the Fongen–Hyllingen 
intrusion the orientation of the modal layering varies systematically along strike from close to horizontal 
to a slope of about 20° (Wilson & Sørensen, 1996), and the Marginal Border Series of the Skaergaard 
Intrusion is a classic example of modal layering forming on a very steep surface (McBirney, 1996).

As noted above, if the layering in the Koldal lobe has been rotated to its present orientation from  
horizontal, it was through about 60° anticlockwise viewed from the southwest. This rotation is  
suggested to be related to diapirism of the host Egersund–Ogna anorthosite (Vander Auwera et 
al., 2006). The inner parts of the massif are believed to have risen more than the marginal parts  
(Duchesne, 2001). This would mean that the northern margin of the Koldal intrusion should have 
been elevated more than the southern margin. This would give clockwise rotation viewed from the  
southwest – opposite to that required to tilt the layering from horizontal to its present orientation.

In view of the lithological variations, orientation of layering and the mineral compositional  
variations, it is hard to see how the Koldal intrusion could have crystallised in a single magma chamber.  
The compositional variations in Fig. 6 strongly suggest that the rocks in the Høgåsen and Forefjellet 
lobes are related to each other, but the different orientation of the layering in these two lobes implies 
that they crystallised in separate chambers, or in different parts of the same chamber. The fact that 
the rocks of the Koldal lobe are compositionally different from the other two lobes implies that they  
crystallised from magma with a slightly different, more evolved composition in a separate chamber.  
The age of the Koldal lobe relative to the other two lobes cannot be determined from the data  
presented here. The mangerite was intruded into the preexisting rocks of all three lobes and is  
therefore the youngest unit. It is, of course, more evolved than the norites and gabbronorites of these 
lobes. It could have evolved from fractionation of the parental magma(s) that formed the Koldal or the 
Høgåsen/Forefjellet lobes – or from a totally separate magma. 

It is interesting to compare the compositional evolution of the Koldal intrusion with that of the BKSK  
layered intrusion (Fig. 8). The BKSK is believed to have crystallised from jotunitic parental magma  
(Wilson et al., 1996). In Fig. 8, jotunites lie between layered rocks of Megacyclic Unit IV and the  
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mangerites in what is called the Transition Zone. Extensive fractionation of this jotunitic magma  
resulted in the extremely wide compositional range of the BKSK. Some of the Forefjellet and Høgåsen lobe  
samples have somewhat more sodic plagioclases for the same Mg#opx than MCU IV in the BKSK,  
whereas the Koldal lobe rocks entirely overlap with the upper part of MCU IV. The compositions of the 
Koldal mangerites are very different from mangerites in the BKSK. 

By comparison with the BKSK, it seems likely that the parental magmas for the Høgåsen/Forefjellet 
rocks and the Koldal rocks lie somewhere between the evolved ends of their compositional fields and  
mangerites. This is where jotunites would lie, close to those in the Transition Zone of the BKSK.  
The Høgåsen/Forefjellet and Koldal parental magmas must have had slightly different  
compositions. The Høgåsen/Forefjellet magma evolved in a trend more or less parallel to the BKSK  
magma evolution, whereas the Koldal magma evolved along a different, shallower trend in Fig. 8.  
If the Koldal mangerites are related to one of these magmas by fractionation, it seems more likely 
that this is the Koldal magma since the Høgåsen/Forefjellet fractionation trend would be expected to  
produce mangerites more similar to those of the BKSK. 

It is noteworthy that plagioclase compositions in the Koldal mangerites cover a similar range to those 
in BKSK, whereas the Ca-poor pyroxenes are much more magnesian. A possible explanation for this 
is that significant amounts of iron were removed from the parental magma to the Koldal mangerites.  
This is possible by the crystallisation of magnetite and/or ilmenite that remove iron but not magnesium. 
The removal of magnetite could be explained by relatively high oxygen fugacity. There is no evidence for 
this at the present level of exposure, but it may have taken place in an underlying chamber.

Two reasonable assumptions have been made during construction of Fig. 9. Firstly, the  
Forefjellet and Høgåsen lobes are shown as being older than the Koldal lobe; secondly, the mangerite is  
considered to have developed from the same magma as the Koldal lobe. In Fig. 9 (1), the Forefjellet and 
Høgåsen rocks are crystallising from the same jotunitic magma in different parts of the same chamber.  
By comparison with the BKSK it is possible that anorthosites may have developed before the noritic rocks 
that dominate these two lobes. The floors of the two lobes are shown as sloping in different directions,  

Figure 8. Compositional fields of the  
Koldal Intrusion from Fig. 4 and the Løyning  
Intrusion from Fig. 7 compared with  
variations in the Bjerkreim–Sokndal layered 
intrusion (BKSK). The latter compositions 
are from Wilson et al. (1996), Wilson & 
Overgaard (2005) and unpublished data. 
The three norites from Løyning that plot 
together with the leuconorites in Fig. 7 are 
included in the brown leuconorite field.
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parallel with the relevant modal layering. The Høgåsen lobe reached the saturation point for Ca-rich  
pyroxene close to the present level of exposure. More evolved rocks (jotunites and mangerites) may  
have been removed by erosion. The Koldal lobe gabbronorites are shown as representing the product of  
fractionation of jotunitic magma in an underlying magma chamber (Fig. 9 (2)). More primitive rocks 
(anorthosite and norite) are shown as having formed in this chamber, after which some of the  
residual magma was emplaced in the Koldal lobe in a higher chamber whose floor sloped down to the  
northwest. The modal layering in the gabbronorites that crystallised here developed sub- 
parallel to the floor. Possible more evolved rocks have been removed by erosion. Not all of the residual  
magma in the underlying chamber was expelled when the Koldal lobe was formed. The remaining magma  
continued to fractionate, crystallising gabbronorites and jotunites (Fig. 9 (3)). When this magma  
attained a mangeritic composition it was expelled upwards and emplaced between the Koldal and  
Høgåsen lobes.

Figure 9. Schematic model for formation of the Koldal Intrusion. Section CD is parallel with the strike of layering in 
the Koldal lobe and is therefore shown as horizontal. It dips away from the reader. The size of the magma chamber 
that is parental to the Koldal lobe and the mangerite would have been larger than shown in order to provide so much  
gabbronoritic parental magma. See text for explanation.
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The Løyning Intrusion

In Fig. 8, the Løyning leuconorites plot close to the most primitive Høgåsen–Forefjellet samples from  
Koldal but do not overlap with the BKSK rocks. The norites and olivine norites have more calcic  
plagioclases than any of the Koldal rocks, but most of them have compositions similar to cumulates from 
the lower part of MCU IV in BKSK (Wilson et al., 1996). 

It was noted above that the leuconorites and norites ± olivine may be considered to plot in  
separate fields. A gradual compositional transition would be expected if the leuconorites are the result of  
fractionation of the norites, as suggested by Ernst (1990) and Vander Auwera et al. (2006). If the three 
evolved norite samples are products of fractional crystallisation of the norites, then small batches of 
relatively evolved magma must have crystallised in local patches. An argument against the leuconorites 
being a product of fractionation of the norites ± olivine is comparison with the BKSK where norites  
evolve to magnetite norite. There is no transition from norite ± olivine to leuconorite. Such a transition is 
not easy to explain in terms of a phase diagram where there is no abrupt increase in the modal amount 
of plagioclase. This compositional jump from norite ± olivine to leuconorite (or vice versa) can, however, 
be explained if they represent the crystallisation products of two different magmas. 

Ernst (1990) and Vander Auwera et al. (2006) suggested that modal layering in the Løyning intrusion  
youngs to the north and has been rotated from horizontal to its present orientation. This means that 
rotation was through vertical and that the layering is now overturned, requiring rotation through some 
100° to 125°. According to Vander Auwera et al. (2006), the same sense of rotation has taken place 
in both the Koldal and the Løyning intrusions; anticlockwise observed from the (south)west. This is,  
however, the opposite sense of rotation to be expected if it is related to diapirism of the Egersund–Ogna 
anorthosite.

The locally developed steeply plunging lineation in the Løyning intrusion may have developed during 
the waning stages of diaprism of the Egersund–Ogna massif when deformation became restricted to 
discrete surfaces (Duchesne, 2001). 

As for the Koldal Intrusion, we consider that modal layering in the Løyning intrusion has  
essentially retained its original orientation. We suggest that the modal layering formed on a steeply  
dipping crystallisation front. The parental magma, that was probably jotunitic, crystallised leuconorites, 
maybe after more primitive, unexposed rocks, on a steeply dipping surface. After some time, there was a 
new influx of magma that was more primitive than the resident magma. This new magma expelled most 
of the resident magma and started to crystallise norites and olivine norites. The fact that three of the 
samples in the noritic unit have compositions that plot with the leuconorites in Fig.7 could be explained 
by some of the resident magma not being expelled by, or mixing with, the new influx and crystallising 
later in local pockets. 

Crystallisation on such a steeply sloping crystallisation front (at an angle of 55–80°) means that  
modal layering, formed by in-situ processes, was at times susceptible to slumping. Fragments locally  
became detached and rolled or slid down-slope where they became trapped in the advancing  
crystallisation front as autoliths (Fig. 5). Autoliths are not uncommon in layered intrusions that  
crystallised both from the bottom up and the top down, like the Skaergaard Intrusion (Wager & Brown, 
1968; Irvine et al., 1998). At Skaergaard, blocks of the crystallising roof rocks became detached and sank to 
the floor where they became enveloped by the upwardly-crystallising floor rocks as autoliths. When they  
collided with the floor, the impact may have disrupted the underlying layered rocks and gave rise to both 
slump structures and fragments. These fragments, that represent locally produced autoliths, usually  
occur in cumulates that have been disturbed by the impact of sinking inclusions.  Autoliths, however,  
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are extremely rare in layered intrusions that exclusively crystallised upwards. None has been  
described from the BKSK (230 km2). A few have been observed in the 160 km2 Fongen–Hyllingen layered  
intrusion where they represent locally derived fragments derived by the impact of sinking country-rock 
inclusions; they are accompanied by slump structures (Wilson, 2010). It is therefore significant that 
at least two have been observed in the 0.25 km2 Løyning intrusion. The Løyning intrusion is entirely  
enveloped by anorthositic rocks, but no inclusions of anorthosite have been reported,  
so disruption caused by the impact of inclusions on the sloping crystallisation front is considered  
unlikely. Slumping could also explain the occurrence of apparently disrupted and folded layers (Fig. 5A). 
A possible explanation for both the disrupted and folded layers as well as the autoliths is that they are 
the result of the impact of a block or fragment from the disruption of layers farther up-slope. 

We are in complete agreement with Vander Auwera et al. (2006) that the rocks from the Koldal and 
Løyning intrusions show extensive evidence of subsolidus reactions. The microtextures are similar 
to those in rocks with similar compositions in the BKSK layered intrusion. The latter rocks, however, 
are commonly foliated and/or lineated as a result of deformation during sinking of the intrusion into  
a doubly-plunging syncline (Paludan et al., 1994). Vander Auwera et al. (2006) suggested that the  
extensive subsolidus reactions in the BKSK are, at least partly, a result of this deformation. In a similar 
manner, they suggested that the subsolidus reactions in the Løyning and Koldal intrusions developed 
as a result of their deformation during rotation in the solid state. We consider that the extensive  
subsolidus reactions in these two intrusions is simply a result of their very slow cooling after 
crystallisation.

Parental magma compositions

Vander Auwera et al. (2006) provided a thorough account of the parental magma compositions of 
the Løyning and Koldal intrusions, concluding that they both had jotunitic parents. They found that  
Løyning crystallised from a composition slightly more primitive than a typical primitive jotunite,  
and Koldal from an evolved jotunite, as defined by, for example, Vander Auwera et al. (1998). We cannot add  
significantly to this discussion and agree with their conclusions on this topic.

Conclusions
It seems very likely that the Koldal lobe and the mangerites of the Koldal intrusion are the fractionation 
products of a jotunitic magma. In view of the widespread availability of broadly jotunitic magmas in 
the RAP, it is probable that the Høgåsen/Forefjellet lobes of the Koldal Intrusion, as well as the Løyning 
Intrusion, also represent the relatively primitive products of fractionation of slightly different jotunitic 
parents. 

It is extremely difficult to see how the different orientations of modal layering in the three Koldal lobes 
could all originally have been horizontal. The lack of evidence for rotation of the Koldal intrusion or 
the Løyning intrusion, where the modal layering dips quite steeply, implies that the layering formed on  
sloping surfaces. This, in turn, makes a crystal settling model for layer formation unlikely, and implies 
that the layering was formed by in situ processes, as described by Maaloe (1978). The fact that the 
Løyning intrusion has a locally developed lineation whereas the Koldal intrusion does not, implies that 
Løyning was emplaced slightly earlier than Koldal relative to the timing of the final stages of diapirism 
of the Egersund–Ogna anorthosite.
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The Koldal and Løyning intrusions are very small, but present evidence for a wide variety of features. 
These include the formation of modal layering on sloping surfaces, the availability within a small area of 
different jotunitic parental magmas and magma replenishment. 
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