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Abstract. The field occurrence of hornblende gneisses and garnet amphibo
lites, eclogites, anorthosites, and dunit�s with garnetiferous and eclogitic layers 
is described. The hornblende gneisses and garnet amphibolites are thought to 
be the normal basic members of the gneiss complex and reflect its grade of me
tamorphism. The other basic and ultrabasic rocks are foreign to the gneiss com

plex and are probably solid introductions. These masses form lenses of varying 
size within the gneisses. The gneisses belong to the alm_andine amphibolite 
facies and have a complex tectonic history, having been folded three or four 
times in the Caledonian orogeny. Metamorphic or metasomatic events are corre
lated, in so far as is possible, with various structm:al events. The relationships 
in time of the basic and ultra basic rocks are deciphered from their relationships 
to these structural and metamorphic events and from mutual contacts between 
various rock types. It is suggested that the eclogites in the gneiss were intro

duced at a relatively early stage in the tectonic history and have since been 
boudined. The dunites with eclogitic layers on the other hand are late and lie 
in a cross-cutting shear zone. The anorthosites are tentatively placed in an inter
media te position. The eclogites, dunites, and anorthosites are thought to be 
derived from deep crust or from mantle materials. 
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Introduction 

The Stadland and Almklovdal area is situated on the west coast of 
Norway (latitude 61 o 57' to 62° 13', longitude 5° 12' E to 5° 37' E), 
about 180 km N of Bergen and 280 km SW of Trondheim. It Iies 
mainly in Sogn og Fjordane Fylke, but its SE portion is in More og 
Romsdal Fylke. The general area is in fact easily seen upon any map 
of Norway since it Iies at the change from a north trending to a north
east trending coast in southwest Norway. Stadlandet, the long penin
sula that makes up much of the area, is the most northwesterly point 
in mainland Norway. 

The western and northern shores of Stadlandet are largely cliff-girt 
and inaccessible. On parts of the eastern coast S of Eltevik, the land 
falls more gently to the sea, although here older cliffs and a wider 
strandflat are often developed. The Stadland peninsula has a rather 
flat peneplained surface at about 400-500 m high. Exposures are 
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Fig. l. Structural features of and the distribution of rock types in the Stadland
Almklovdal area. 

rather poor here though they become hetter to the south. Features in 
the peneplain, the directions of valleys, and the trend of the coast 
line all reflect dominant structural trends in underlying rocks. Kjode 
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Fjord (Kjodepollen) at the base of the Stadland peninsula is likewise 
surrounded by steep cliffy slopes, although a somewhat wider strand
flat area becomes important around Åheim (Aaheim) and to the north. 
Inland, the mountains also have flat peneplained tops at between 500 
and 600 m high which are dissected by steep-sided, structurally con
trolled valleys. The drainage of the Almklov and its tributaries is 
determined by the outcrop pattern of dunite masses. Exposures are 
quite good in both valleys and on the peneplain tops. 

The rocks of this area are a small part of the basal gneiss complex 
which is said to be the structurally lowest unit of the Norwegian 
Caledonides and which, elsewhere, Iies below metamorphosed Eo
cambrian rocks, metamorphosed Ordovician-Silurian Trondheim 
facies rocks, and also Devonian conglomerates. There are considerable 
arguments in Norway as to the age of the Basal gneisses. They have 
been ascribed to Precambrian metamorphism, to Precambrian meta
morphic rocks metamorphosed in the Caledonian orogeny, and to 
metamorphosed sediments or volcanics of the Caledonian cycle. Age 
determinations (NEUMANN 1960) demonstrate that their final meta
morphism is Caledonian in age. 

The names and characteristic mineral associations of all the rock 
types found within the area are listed in Table l. The rocks of partic
ular interest to this paper are the eclogites, anorthosites, and dunites 
with associated eclogites, all of which occur as inclusions within the 
gneiss complex. The outcrop of eclogite lenses and of the larger anor
thosite and dunite masses is shown in Fig. l. 

To describe the field relationships of the eclogites, anorthosites, 
and dunites, it is necessary to provide a geological setting which, in 
this case, is the structural and metamorphic history of the gneiss com
plex. The first two sections of this paper are thus devoted to these 
topics, although in both sections points of particular interest with 
regard to eclogites, etc. are emphasized. It must be noted that in the 
section concerned with the gneisses no attempt is made to provide a 
detailed petrographical or textural description of the gneisses. In the 
other sections of this paper, the field occurrence of the rock concerned 
is described and, where appropriate, evidence for its relationships to 
other rocks. In this way, a geological history for all these rock types 
has been built up; this is given in Table 4. 
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Previous work 

Eclogites are rare and are of problematical origin, but they have 
attracted a great deal of attention in recent years as a consequence of 
the current widespread interest in the genesis of basaltic magma and 
in the character and composition of the upper mantle (Y ODER and 
TILLEY 1962). The eclogites of Stadlandet and Almklovdalen are of 
particular interest, for it was here that much of EsKOLA's pioneering 
work, described in his classic paper 'On the Eclogites of Norway' 
(1921), was carried out. Further detailed studies have not been made 
in this area, and it seemed that such work would be rewarding, partic
ularly when viewed in the light of the advances of the last forty years. 

In his paper, Eskola provides much det�iled chemical, petrographic, 
and structural information concerning the two distinctive field associ
ations: 

eclogite lenses in gneiss; 
eclogitic and garnetiferous layers in dunite. 

Both of these are found in Sunnmore. 
He noted the association of eclogites with gneisses, schists, marbles, 

calc-silicate gneisses, dunites, and anorthosites and considers that 
these rocks share a common protoclastic foliation and, except for the 
limestones, are essentially the products of the crystallization of one 
magma. The eclogites, however, have a more complex history for 
' ... the inclusions of eclogites are no segregations crystallized within 
the gneiss magma, but more probably true fragments derived from 
larger bodies of eclogite rocks. They have however originated under 
the same conditions as the gneiss' (EsKOLA op.cit. p. 65). Throughout 
this paper, Eskola emphasizes the genetic connection between these 
rock types, giving evidence for their age relationships. An approximate 
order of crystallization can be construed from his statements: firstly 
dunite, then eclogite in dunite, eclogite in gneiss, gneiss, and finally 
anorthosite. 

Elsewhere in Norway, eclogites have been ascribed to metamorphism 
of Caledonian basalts (KOLDERUP 1960), to a basic front connected 
with the granitization of the gneiss formation (HERNES 1954), to solid 
introductions (O'HARA and MERCY 1963), and presumably to a grann
lite facies metamorphism (ROSENQUIST 1956). In the latter context, it 
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should be noted that the garnet-clinopyroxene (-plagioclase) assem
blages of the Bergen-Jotun anorthosites (KOLDERUP and KoLDERUP 

1940) should not be termed eclogites but are typical granulite facies 
associations (WAARD 1965). 

Anorthosites have been described in detail in other parts of the 
Norwegian Caledonides where they are much more abundant (KOLDE
RUP and KoLDERUP op. cit.); they are thought to have an ultimate 
igneous origin, although in their present positions they are probably 
tectonic slices. The only opinion as to the origin of the minor anortho
sites of the Selje-Almklovdal area remains that of Eskola quoted a bo ve. 
BRYHNI (1964b), however, suggests that the anorthosites in SW Nor
way are metamorphosed. 

The structure and petrography of the gneiss coniplex has not been 
described in detail. GJELSVIK (1951) gives a generalized map of the 
distribution of rock types in Sunnmore and some details of major 
structures. He emphasizes the importance of metasomatism in the 
formation of the gneiss complex. STRAND (1949) reaches a similar con
clusion on the basis of a petrographic study of the gneisses at Grotli 
some 100 km to the E. 

Table l. Mineral assemblages and rock types of the Stadland-Almklovdal area 
The bracket symbol denotes minerals found in some of the members of a 

particular association. They do not indicate that these minerals are necessarily 
primary. In most cases, however, obvious secondary minerals are ignored. 

THE GNEISSES 

Grey gneiss 

Wispy banded 
gneiss 

Banded gneiss 

Augen gneiss 
Garnet-mica 

se hist 
Horn blende 

gneiss 
Garnet 

amphibolite 
Quartzite 

Quartz-plagioclase-biotite-(muscovite--:epidote-garnet-horn
blende--microcline). 
Quartz-plagiocla.se--biotite-microcline--(muscovite-epidote--

garnet-hornblende). 
Quartz-plagioclase--biotite--microcline--(epidote--hornblende-

garnet). 
Quartz-plagioclase--biotite--microcline--( epidote--hornblende). 
Quartz-plagioclase--biotite-muscovite-garnet-(kyanite-

microcline). 

Plagioclase--hornblende--( quartz-epidote--biotite-chlorite). 
Plagioclase-hornblende--garnet-(quartz-epidote--biotite-

chlorite-microcline). 
Quartz-plagioclase--muscovite-(biotite-epidote--garnet

microcline). 
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Table l (cont.) 

Sheared gneiss Quartz-plagioclase-microcline-biotite-muscovite-(chlorite
garnet--epidote). 

Concordant 
pegmatites Quartz-plagioclase-(microc line-biotite-muscovite--chlorite). 

Discordant 
pegmatites Quartz-microcline-(muscovite-biotite-plagioclase). 

THE ECLOGITES IN GNEISS 
Gamet--clinopyroxene-kyanite-quartz-(zoisite-amphibole). 
Gamet--clinopyroxene-kyanite-amphibole-(zoisite). 
Garnet--clinopyroxene-quartz-(amphibole-zoisite). 
Gamet--clinopyroxene-( amphibole-biotite). 
Gamet--clinopyroxene--orthopyroxene-quartz. 
Gamet--clinopyroxene--orthopyroxene-(amphibole-biotite). 
Gamet--orthopyroxene-(amphibole). 
Gamet--clinopyroxene--orthopyroxene--olivine-(amphibole). 

THE ANORTHOSITES 
Plagioclase-biotite-homblende-( epidote). 
Plagioclase-margarite--epidote-(biotite-homblende). 

THE FLATRAKET QUARTZ SYENITE MASS 
Quartz-plagioclase--orthoclase-biotite-garnet-(homblende

epidote). 

GARNET METAGABBROS IN THE FLATRAKET MASS 
Plagioclase--orthopyroxene--clinopyroxene-garnet-(quartz

homblende). 
Clinopyroxene-gamet-(plagioclase-quartz-homblende). 

THE DUNITES 
Olivine-(orthopyroxene--clinopyroxene-amphibole-phlogopite

serpentine-talc). 
Olivine--orthopyroxene-(amphibole-phlogopite-serpentine

talc). 
Olivine--orthopyroxene--clinopyroxene-(amphibole-phlogopite

serpentine-talc). 

GARNETIFEROUS DUNITES AND ECLOGITES 
Olivine-gamet-(orthopyroxene--clinopyroxene-amphibole). 
Orthopyroxene-garnet-( olivine--clinopyroxene). 
Gamet--clinopyroxene--orthopyroxene--olivine-(amphibole). 
Gamet--clinopyroxene--orthopyroxene-(amphibole). 
Gamet--clinopyroxene-( amphibole). 
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The gneisses 

The gneisses have been subdivided into a number of field types with 
distinctive macrofabric characteristics (Table 1). Modal analyses of 
typical members of the common gneiss types are given in Table 2. 
It can be seen that some of them have in fact a similar mineralogy 
and, in all probability, a similar chemical composition. These rock 
types are interbanded on all scales and do not seem to form discrete 
units which can be mapped. 

The dominant members of the gneiss complex are grey (plagio
clase-biotite-quartz) gneisses, banded gneisses, and augen gneisses. 
The wispy banded gneisses are a group without distinctive mineralogi
ca! characteristics, gradational between grey and banded gneisses. 
Garnet-mica schists, hornblende schists, garnet amphibolites, quartz
ites, and pegmatites form about 10% of the gneiss complex. Sheared 
gneisses are formed from all rock types listed above. 

The history of the gneiss complex can, in its broadest detail, be 
described in terms of the grey gneiss and augen gneiss and banded 
gneiss, its commonest rock types. These rocks share many petrographic 
and textural features. Thus, quartz is commonly found as lentic
ular aggregates, the grains of which have sutured, interlocking bound
aries. Plagioclase is xenoblastic in form and oligoclase-andesine in 
composition. It is commonly antiperthitic. Microcline occurs either 
as antiperthite or as large perthitic xenoblastic to sub-ideoblastic 
grains. In the former case, microcline appears to be of replacement 
origin, for the antiperthite forms a very variable proportion of the 
host plagioclase and antiperthites of constant orientation are some
times seen in adjacent plagioclases. In the latter case, however, micro
cline shows growth features, for small oligoclase-andesine, quartz, 
and disorientated myremekite grains form a pseudo-mortar texture 
between large microclines and seem to have been pushed aside during 
the growth of this mineral. Another noteworthy mineralogical feature 
of these gneisses is the common occurrence and complex zoning of 
epidote (from allanite, through clinozoisite, to a poorly pleochroic 
epidote). 

The grey and banded gneisses have a common foliation which in the 
grey gneisses is often defined by subtle variations in the proportions 
of essential minerals and by the development of additional minerals 
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Table 2. Modal analyses of typical representatives of the commoner gneiss types 

Rock Type l Grey l �åk l Ban<;led l Au�n l G=
t- � �;�� l ��:-l Quartz-gneiss 

gneiss gneJSS gnmss scbist gneiss Ute ite 

Specimen No. l lOlA 1176C l 223B 1164D l 245 l 395B l 395C l 412 

Quartz . . . . .  18.8 32.3 27.6 26.2 47.2 9.9 17.0 49.9 
Plagioclase - . 45.9 35.1 35.6 29.5 12.9 41.0 11.3 34.9 
Microcline ... 0.3 11.3 33.4 36.4 - - - -

Biotite ...... 23.9 17.9 2.9 6.1 17.3 8.1 1.8 0.4 
Muscovite ... - - - - 17.4 - - 14.3 
Horn blende - - - - - 40.5 43.9 -

Epidote ..... 11.0 3.4 - 0.3 - 0.2 - -

Gamet ...... - - - - 5.1 - 19.8 -

Kyanite . . . .  - - - - O.l - - -

Iron ore, ru-
tile, apatite, 
etc. . .. .. .. .  O.l - 0.4 1.4 - 0.3 8.0 0.5 

such as garnet, horn blende, and epidote in certain layers. This foliation 
is emphasized by parallel orientation of biotite and concentration of 
this mineral in thin laminae giving these rocks a characteristic flaggi
ness. The banded gneisses have a foliation emphasized by the segre
gation of biotite-rich and quartzo-feldspathic layers, though banded 
gneisses commonly grade into grey gneisses (and augen gneisses) within 
a single exposure. Intermediate types are often wispy banded gneisses 
in which thin, often folded, quartzo-feldspathic lenticles are present. 
The quartzo-feldspathic foliae of the banded gneisses are elongate, 
flattened plates; they rna y have a pegmatite-like development with 
adjacent biotite enrichment and locally their boundaries may be
come curved and swollen. Podding and shearing of these felsic bands 
are often seen; in biotite rich layers, shear movements are taken up 
by drastic thickening and thinning rather than by fracture. 

The foliation of the microcline augen gneisses is similar to that of 
the grey and wispy banded gneisses, and microcline augen gneisses 
appear to have formed from grey gneisses and wispy banded gneisses. 
Thus, the grey gneisses occur as enclaves within augen gneisses, and 
both grey and wispy banded gneisses grade into augen gneisses. Augen 
grow across the folds in wispy banded gneisses, and, on the rare occa-
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sions when they form in banded gneisses, they distort the banded 
fabric. Microcline augen thus appear to have a replacement origin as 
do larger pegmatitic lenticles of microcline. The characteristis feature 
of microcline is one of positive growth or the pushing aside of relict 
grains. The growth of microcline thus seems to be associated with 
relatively low stress conditions within the gneiss complex. 

The relationships of microcline growth to the fabric of the gneisses 
suggest that in the earlier stages of the history of the complex the 
predominant rock type was a variably banded oligoclase-biotite-quartz 
gneiss in which strongly banded portions were later transformed to 
microcline-rich banded gneisses and in which less strongly banded 
portions remained as grey gneisses or became microcline augen 
gneisses. 

The processes postulated above can be restated in a different fashion. 
It is suggested that microcline nucleates and grows more easily in 
the felsic layers of banded gneisses than in even grained gneisses where 
isolated centres of nucleation (subsequently augen) seem to be the 
rule. Replacement antiperthitic microcline shows that microcline 
nucleation is probably related to plagioclase. In layers of gneiss, the 
amount of replacement by microcline could thus be a function either 
of the amount of plagioclase present or of the number of shared plagio
clasefplagioclase boundaries. 

This replacement process is essentially a potash-silica or a potash 
metasomatism similar to that described by STRAND (1949) in the 
Grotli area some 100 km to the E and by GJELSVIK (1951) throughout 
Sunnmore. 

The pegmatites of the area are of two types, concordant and dis
cordant, which appear to be related to the early metamorphism and 
to the potash metasomatism respectively. The concordant pegmatites 
are the larger masses and have a pod-like shape, commonly up to 6 m 
in length but more rarely between 30 and 40 m in length, as on the 
island of Erseholmen near Selje. These pegmatites vary from trond
jemitic to granitic composition and show textural features similar 
to the felsic hands of the banded gneisses, particularly the presence 
of grid-like networks of antiperthitic microcline, which may form 10-
80% of the surface area of an oligoclase grain. 

Discordant pegmatites are narrow regular veins between l and 5 
cm wide and are non-dilational in form, though in se>me cases various 



FIELD RELATIONS OF BASIC AND ULTRABASIC MASSES 449 

sets of veins cut and appear to displace each other. The veins are 
sometimes roughly zoned with selvages of microcline and inner zones 
of mica and quartz. Pegmatites of this type are rather rare. 

Garnet-mica schists occur as concordant layers, between 10 and 
200 m thick, interbedded with, and with gradational or sharp bound
aries against varied gneissic types. Eclogite inclusions are particularly 
common within this group. The foliation of the garnet-mica schists is 
defined by felt-like aggregates of muscovite and lenticular aggregates 
of quartz which are moulded around larger garnets. Plagioclase and 
biotite are finer grained than muscovite, and biotite seems to have 
been formed largely by replacement of muscovite. Kyanite is rather 
rare and is the only aluminium silicate seen. 

Quartzites are uncommon in the area. They occur as boudin-like 
bodies between l and 20 m thick. The quartzites are massive rocks 
with a poor foliation defined by local concentrations of mica. The 
quartz is of very variable grain size and has a complex amoeboid form. 
Microcline occurs as augen in the borders of quartzite lenses. 

The hornblende gneisses and gamet amphibolites are the basic 
members of the gneiss complex. The former rock type forms layers 
within the banded and grey gneisses, while the latter forms lenses or is 
gradational into hornblende gneiss. The lens-like form of some of these 
amphibolites suggests that they might be related to or derived from 
eclogites, but a careful search revealed no traces of eclogite facies 
mineralogy or of kelyphitic or symplectic textures formed by the 
alteration of eclogite. The garnet amphibolites often have a net

veining of pegmatitic material, not seen in the eclogites, and the gamet 
is much finer grained (0.1-0.4 mm) than in the eclogites and is stable 
even at the edges of the lenses. It is concluded then that these basic 
layers and lenses reflect the conditions of metamorphism of the gneiss 
complex and are in no way related to the eclogites. Similar rocks have 
been described by O'HARA and MERCY (1963) in the Tafjord region. 

Sheared gneisses are formed at various stages in the history of the 
complex. The sheared gneisses have a platy appearance due to the 
development of one, or sometimes two strong foliations. These foli
ations are often very regular in development; however, they sometimes 
become folded, podded, and pinched out. In these cases, darker mafic 
portions and lighter felsic portions of gneiss rna y become interdigitated 
and mixed in a complex fashion giving the rocks concerned a rather 
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'wild' migmatitic a.spect. In thin section, foliation is seen to be de
fined by the parallel orientation of platy minerals, by elongate lenses of 
catacla.stic and recrystallized catacla.stic material, and by the flattened 
elongate habit of recrystallized quartz. Porphyrocla.sts are common in 
many sheared gneisses. 

More detailed textural studies show that two groups of sheared 
gneisses can be recognized. In the first and older group, microcline 
appears to be porphyrobla.stic, and hence shearing is earlier than the 
potash meta.somatism described above. In the second group, micro
cline is affected by a later shearing. This latter group occurs predomi
nantly around some of the larger dunite mas�es. 

THE METAMORPHIC FACIES OF THE GNEISSES 

The presence of kyanite in some of the garnet-mica schists and garnet 
in amphibolites suggests that the gneisses were formed under con
ditions of the almandine amphibolite facies probably within the 
kyanite-almandine-muscovite-subfacies (TURNER and VERHOOGEN 

1960). Some of the sheared gneisses seem to be stable in the low al
mandine amphibolite facies though those found at dunite contacts 
are lower grade, disequilibrium assemblages in which biotite is par
tially replaced by muscovite and albite sometimes occur, although 
garnet, epidote, and sometimes oligocla.se seem to be stable. Such 
assemblages seem to be tending towards an equilibrium in the upper 
parts of the greenschist facies. There are no indications of higher grade 
conditions within the complex, a point of importance in discussing the 
origin of the eclogites and other inclusions. Thus, the granulite facies 
gneisses reported by RosENQUIST (1956) from Stadland have not been 
seen. 

The structural geology of the gneiss complex 

The general dip and strike of foliation (S) is shown in Fig. l. In the 
narrower central portion of the Stadland peninsula, foliation strikes 
predominantly between N-S and NW-SE, dipping at moderate angles 
(less than 40°) towards the E. North of a line joining the villages of 
Drage and Leikanger, however, more complex relationships obtain, 
for local steep-dipping belts of rather variable strike occur although 
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the broad structural trend is similar to S Stadland. In the southern 
part of Stadlandet, a prominent E-W striking, steep-dipping zone, some 
3.5 km wide occurs in the Selje-Aarsheim region. Farther south again 
in the base of the Stadland peninsula, foliations become shallower 
dipping once more. Local steep-dipping beits occur jn this region also. 
South of Kjode and Aaheim, a broad, E-W striking, steep-dipping 
zone occurs. The relationships of foliation in the SW portion of the 
area near, and S of, Flatraket are confused because the steep-dipping 
zone mentioned above has not yet been traced into this area, the dip 
however is predominantly steep towards the E or NE. 

The area has been studied using the normal techniques of structural 
geometry. Thus, poles to foliation (nS), the trend and plunge of minor 
fold axes (F), and lineations (L) have been plotted and contoured on 
the lower hemisphere of the equal area projection. The style of minor 
folds and the general strike and di p of their axial plan es ( even though 
an axial plane schistosity is only rarely developed) were also noted. 

Table 3. Structures in the gneiss complex 

Trend of Style of 
Axial Planes Min or Minor Folds Major Folds 

Structures 

First Parallel to Variable? Rare, root- ? 
Folds layering less recum-

bent 

Second Dip E to SE Plunging at Step-like or Large step-
Folds atabout30- up to 40° to recumbent like folds 

45° ESE 

Third Dip E to NE Variable, Step-like or Few large 
Folds at about 30- plunging to recumbent folds 

45° N, ENE,SSW, 
and S 

Fourth Strike ap- Steeply Zig-zag Shear zones 
Folds proximately plunging 

E-W steep 
dipping 
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A careful study of minor fold styles and directions, as well of indi
vidual refolded folds suggests that the area has suffered four periods 
of falding. The general characters of these folds are shown in Table 3. 
The area has been broken up into various subareas which are based 
upon the relative importance of various fold movements in different 
parts of the area. Subarea numbers and boundaries are shown in 
Fig. l. 

Adequate stratigraphical markers do not seem to occur in this area 
of relatively uniform gneisses, and thus the form of major structures 
is inferred from the style of appropriate minor folds and from the 
gross distribution of the beits of shallow and steep-dipping foliations 
described above. In such circumstances, the synformal or antiformal 
nature of large folds can only be deduced from the geometrical relation
ship between the tendency to closure of the limbs of these folds and 
the strike and dip of the axial plane of minor folds of the same gener
ation. 

The geometrical relationships of the various fold movements are de
scribed in this section. In addition, these structural episodes are corre
lated, as far as is possible, with the metamorphic events which have 
affected the gneisses. 

FIRST FOLDING 

First folds are represented by rare, recumbent, rootless folds whose 
limbs and axial planes are parallel to the foliation of the gneiss (Plate 
lA, Fig. 4) and this foliation is seen to be distorted by all subse
quent fold movements. Moreover, the �s girdle for subarea l (Fig. 2A), 
which is the result of F2 foliling, has a simple form which indicates that 
befare this folding the foliation was essentially planar, suggesting per
haps that this subarea has been subject to a wholesale shearing out 
prior to F2• 

The gneissic foliation of the early stages in the metamorphism of 
the gneiss complex may perhaps be S1 jn age (produced by shearing), 
and the metamorphism which formed the variably banded oligoclase
biotite-quartz gneisses must have occurred befare or during these move
ments. There is little evidence as to still earlier stages in the history 
of these rocks apart from the occurrence of garnet-mica schists and 
quartzites, which are obviously sedimentary types. 



FIELD RELATIONS OF BASIC AND ULTRABASIC MASSES 453 

SECOND FOLDING 

Minor folds of the second generation are dominant in subarea l and 
are often well developed in subareas 2, 3, and 4. These folds, except 
where affected by later movements, have a step-like profile (Figs. 4A, 
B, G) though they may become rather recumbent (Fig. 4E), overturned, 
and complex in form (Figs. 4D, F, H). They have the general character
istics of similar folds (DE SITTER 1956) though the term passive flow 
fold, as defined by DoNATH and PARKER (1964), is perhaps more 
appropriate since an axial plane schistosity is rarely developed. The 
axial planes of these minor folds, however, seem to di p fairly consistent
ly to the S or SE at about 40°. Occasional N-dipping planes have been 
noted. Lineations of various types, chiefly minor wrinklings, mineral 
lineations of biotite and hornblende, and elongation of augen, are 
parallel to the minor folds (Fig. 3A), which have a ENE trend and a 
plunge of 10-20° towards the E. Major structures of this generation 
can be mapped as a sequence of shallow dipping and steep or vertical 
dipping foliations, the latter defining the axial zones of these structures. 
The style of the large folds thus seem.:; to resemble that of the minor 
step-like folds, and their synformal or antiformal nature is determined 
in the manner outlined above. The axial traces of these major struc
tures are shown in Fig. l. The structures are the Selje-Aarsheim syn
form, the corresponding antiform to the south, and the Aaheim
Kjode synform whose axial trace crosses the Almklov valley south 
of the former village. To the W of Kjode, the relationships of this syn
form become more complex, and the structure evidently becomes 
rather recumbent, thus the axial trace of this fold has not yet been 
followed into the Flatraket-Seljenes area. 

The simple nS girdle of subarea l (Fig. 2A) indicates that F2 folding 
is almost cylindrical in type, and the positions of the major concen
trations give the dominant trends of steep and shallow limbs of the 
large structures. The nS girdle for subarea 4 (Fig. 2D) suggests a similar 
relationship except that it is complicated by a peripheral concentration 
related to F 4 movements. Girdles for subareas 2 and 3 (Figs. 2B and 
C) have a different trend from those of subareas l and 4 although 
their strongest maxima are coincident with the shallow limb maxima 

of subarea l. These girdles indicate refolding on the shallow limbs of 
the major F2 structures. 
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Fig. 2. nS diagrams. 

A. Subarea l. 600 nS. l, 3, 6, 9% 
B. Subarea 2. 350 nS. l, 2, 3, 5% 
C. Subarea 3. 300 nS. l, 2, 3, 5% 
D. Subarea 4. 400 nS. l, 2, 3, 5% 

There is considerable recrystallization during F 2 fold movements. 
Thus, one of the quartz fabrics to be discussed later shows a girdle 
coaxial about an F2lineation. Of major interest, however, is the growth 
of microcline augen which distort and are thus later than S1 foliations. 

In subarea l, augen are elongate in the F 2 axis direction and locally 
under shear rna y become pencil-like or smeared-out plates. In subareas 
2 and 3, however, augen have a more variable orientation. The di
rection of elongation of augen thus suggests that the augen formed 
during (or before) F2 folding and have been reorientated by F3 move-
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Fig. 3. Fold axes and lineations. 

A. Subarea l. 103 fold axes and lineations (F2 and L1). 2, 5, 10, 15, 20% 
B. Subarea 2. 150 fold axes (F3). 2, 4, 8% 
C. Subarea 2. 120 lineations, (predominantly L1). 2.5, 5, 10, 20% 
D. Subarea 3. 100 fold axes (predominptly F3). 2, 4, 8% 
E. Subarea 3. 42 lineations (L1 and La). 
F. Subarea 4. 78 fold axes and lineations (F2, L1, F,, and L,). 

ments (also by F4 as is described below). Angen also cut across folds, 
which are pro ba bly of F 2 age, in some wispy banded gneisses. This 
latter point can be reconciled with the earlier conclusions if it is 
assumed that microcline grows in the later waning stages of the 
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F 2 movements. This hypothesis is further supported by the evi
dence from the amphibolitic borders of eclogite lenses which have 
increased potash, hydroxyl, and ferric iron, relative to a decrease 
in silica, and are thus the result of a potash metasomatism (LAPPIN 
1962). The amphibolitic borders are thought to have formed after the 
folding and breakup of the eclogites during the F 2 deformation. 

THIRD FOLDING 

The northern part of the Stadland peninsula forms the long shallow 
limb of the Selje-Aarsheim synform. Minor folds of the third generation 
are apparently restricted to this limb and become common north of 
the line separating subareas 2 and 3 from subarea l (Fig. 1). The 
intensity of this phase of deformation seems to increase to the N and 
E. F3 folds have, like F2 folds, a step-like profile which may become 
overturned, recumbent, isoclinal, and complex (Figs. 4K, L, N, 0). 
Their trend varies from NE to N or S, though the plunge i<> generally 
at medium angles into the eastern hemisphere (Figs. 3B and D). They 
can be seen to refold earlier, recumbent, probably F2 folds and definite 
L2 lineations (Figs. 4 I, J, Plate lB). 

In the cliff sections at Hovden and NW of Hovdevik (Hoddevik) 
(Fig. 4M), small, rather recumbent F3 folds occur as complex stacks. 
In these cases, the gneiss forms units up to 6 m thick, w hich seem to 
react in an individual fashion. Thec;e folds are thus layer-confined folds 
and the mutual boundaries between individual layers have acted as 
movement horizons. Folds of this type have been described from the 
Hebrides and termed glide folds by KuRSTEN (1957). In other respects, 
these folds also have the general characteristics of passive flow folds 
(DoNATH and PARKER 1964). Despite abundant minor folding, major 
folds of F3 age cannot be traced, except probably upon the east coast to 

+- Fig. 4. Fold profiles. 

A, B, D, E, F, G, H. Step-like and recumbent second generation folds. Subarea l. 
C. First generation fold? Subarea l. 
I, J. Recumbent.second.�en6mti(llll rolds :refoltied by step-like..third..gElJ).eration 

folds. 
K, L. Step-like and recumbent third generation folds. Subarea 2. 
M. Stacks of recumbent third generation folds. Subarea :2. 
N, O. Step-like third generation folds. Subarea 3. 
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the S and SE of Eltevik where the NNW trending foliations are steep 
dipping and probably represent the steeper limb of an F3 fold. Some 
moderately large folds of this generation with a consistent axial trace 
are shown in Fig. l. The general absence of large folds may perhaps be 
attributed to the fact that movements are concentrated in the move
ment zones between adjacent layers in the gneisses. 

Fold axes recorded in subareas 2 and 3 (Figs. 3B and D) have a 
variable trend and plunge. Together with the {3 poles to nS for these 
subareas (Figs. 2B and C), they share and define a common axial plane 
(see WEISS 1959) which strikes between N-S and NNW-SSE and dips 
towards the E at about 30-40°. This axial plane is subparallel to the 
shallow limb foliations of F2 folds and is in agreement with numerous 
field observations of the general strike and dip of the axial plane. As 
in the case of F2 folding, an axial plane schistosity is rarely developed. 

In contrast to the fold axes, lineations in subareas 2 and 3 are pre
dominantly of L2 age. They are best examined in the hornblende 
gneisses upon the southwestern shores of Hovdevik bay. In this area, 
the lineations have typical ESE trend of F2 structures and, upon re
folding, maintain this trend though they have a variable plunge. This 
tendency is expressed in the partial girdle for linear structures in sub
area 2 (Fig. 3C). A well exposed F2, F3 fold (Plate lB) shows a similar 
relationship. 

The nS diagrams of subareas 2 and 3 (Figs. 2B and C) can be broken 
up into two or more distinct girdles whose poles are often coincident 
with concentrations of F3 axes. Geometrical relationships (WEISS 
1959) show that the direction of such folds is given by the intersection 
of their axial plane and the foliation on which they are impressed. 
The fact that the shallow limb foliations have a somewhat variable 
strike and yet are approximately subparallel to the F 3 axial plane 
doubtless accounts for the varied trend of F3 folds (a series of planes 
of broadly similar strike and dip would give a large variety of {3 inter
sections). 

FOURTH FOLDING 

Elongate, vertical dipping lenticular shear zones, which may vary 
from 2 cm to more than 200 m in width, occur in the gneiss complex. 
The foliation of these zones cuts across the earlier gneissic foliations. 
Minor folds are sometimes seen within these shear zones .. They may be 
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Fig. 5. Outcrop and structural relationships of the Almklovdal dunites. 

isoclinal folds with a well-developed axial plane schistosity or complex 
zig-zag folds. The latter are characteristic of Almklovdalen where 
sheared gneisses are well developed adjacent to and along the strike 
from the large dunite masses. These folds are of similar style and 
suggest a more brittle type of deformation than the plastic defor
mation during earlier folding. The distinctive style of these small 
folds suggests that they are a fourth fold generation ; the close asso
ciation with dunite masses indicates that the shearing may in some 
way be related to the introduction of the dunites. 
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The Almklovdalen dunites (Fig. l) lie in the steep axial zone of the 
Aaheim (F2) synform. They possess a strong foliation parallel to their 
contact and are, in a general sense though not in detail, conformable 
with the surrounding gneisses even though they lie oblique to the 
regional F2 structure. Two of the larger dunites, the Gusdal-Hellebost 
and the Grubse-Sunndal masses (Fig. 5) have an arcuate outcrop 
pattern and are in part surrounded by sheared gneiss. The third, 
Sunndal-Lien mass, is essentially conformable with regional structures 
and differs in that it is interfingered with gneiss and contains numerous 
small folds. These small folds have a plastic style and long, near 
parallel limbs (Plate lE). They have (except for those involving 
dunitefeclogite layers) steeply plunging axes (Fig. 6E) which are paral
lel to structures recorded in the sheared gneisses, although the plastic 
style of these folds differs from the rather brittle zig-zag folds of the 
sheared gneiss. This is probably because olivine deforms and recrystal
lizes as easily as the minerals of the gneisses. The occurrence of sheared 
gneisses near the contacts is rather sporadic, and, in many cases, rela
tively unsheared, though conspicuously biotite-rich types occur at the 
contacts and grade away from the contacts into strongly sheared types. 
Even in relatively unsheared rocks, however, the gneissic banding and 
the pegmatite and quartz veins are often broken up, shredded, and 
folded about steeply plunging axes (Fig. 6A). The sheared gneisses 
are best exposed in the stream draining Sunndal Vatn and E and WNW 
of the farm Ekremseter. The sheared rocks near contacts are platy, 
fin el y laminated, relatively fine grained rocks with occasional porphyro
clasts; they resemble the German bacillar gneisses. They often have 
two linear structures. The first (L4) is a prominent steep plunging 
(Figs. 6B, C) lineation which is due to alternating dark and light 
stripes upon the foliation planes. This stripe lineation is in fact caused 
by the intersection of two obliquely striking subvertical S planes. 
Thus, the {1 intersections of all foliations measured at the contact 
along the Sunndal stream section (Fig. 6D) are coincident with the 
locus of stripe lineations at the same contact (Fig. 6C). The second 
lineation is caused by the intersection of minor S planes, defined by 
uccasional biotite plates, with the predominant foliation. It has a 
variable trend and moderate plunge and is of problematical origin. 

The orientation of [0001] axes of quartz has been determined for two 
sheared gneisses and one unsheared gneiss all occurring near dunite 
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Fig. 6. Fold axes, lineations, and petrofabric patterns in Almklovdalen. 

A. 7 fold axes (F4) in shredded pegmatite. S contact Gusdal-Hellebost mass. 
B. 20 lineations (L4) in sheared gneisses. N contact Gusdal-Hellebost mass. 
C. 23 lineations (L4) in sheared gneisses. NE contact of Grubse-Sunndal mass. 
D. {J intersections of 20 S planes from same contact. 
E. 20 fold axes (F4) in dunites. Sunndal-Lien mass. Those involving eclogitic 

layers are shown with a cross. 
F. 100 poles to mica cleavage (biotite and muscovite). Specimen 354. L. is a 

stripe lineation, L' is a lineation in mica. Stream draining Sunndal Vatn, 3 
m dunite contact, Sunndal-Grubse mass. l, 3, 10, 20, 30%. 

G. 200 [0001] axes quartz. Specimen 411. Wispy banded gneiss near S border 
Sunndal-Lien rna&<;_ l, 2, 3, 4, 5%. 

H. 100 [0001] axes quartz. Specimen 351. Sheared gneiss. Stream SE of Ekrem
seter farm. L. is stripe lineation. l, 2, 3, 4, 6%. 

I. 100 [0001] axes quartz. Specimen 354 (cf. 6F). l, 2, 4, 6, 8, 10%. 
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contacts. These have also been described elsewhere (LAPPIN, in 
press). The unsheared gneiss (Fig. 6G) has a simple girdle symmetri
cally distributed about S. The axis of this girdle is parallel to a faint 
L2 linear structure plunging E at low angles. This girdle reflects the 
reorientation of quartz during F2 movements and seems to have been 
unaffected by later movements. The petrofabric pattern of elongate 
quartzes from sheared gneisses is of a girdle associated with a strong 
maximum in the SW quadrant (Figs. 6H, I). This girdle is of al
most orthorhombic symmetry and is essentially coaxial with the 
L4 stripe Iineation. The symmetry of specimen 354 at !east is lowered 
to triclinic by the superimposition of the mica fabric which forms a 
strong maximum perpendicular to S (Fig. 6F). The shallower plunging 
Iineation in biotite is not reflected in this fabric. 

In each case, the girdle concerned can be identified as an ac girdle 
and the lineations (L2 and L4) as symmetrological b Iineations. The 
girdle of the sheared gneisses are typical in that they are perpendicular 
to the direction of elongation of the quartz grains. 

The :nS diagram for subarea 4 (Fig. 2D) included foliations measured 
in gneisses, sheared gneisses, and dunites. It can be broken down into 
two girdles, one with p coincident with F4 minor folds in subareas 4 
and l, and a second peripheral girdle with p coincident with the loci 
of stripe lineations, folded pegmatites, folds in dunites, and coaxial 
with quartz girdles in sheared gneisses. The congruent nature of all 
these structures suggests that the introduction of dunites occurred 
during fourth folding and that the general axial plane of these folds 
(within which these structures lie) is probably steep dipping or vertical. 

The structural and tectonic correlation 
of the Stadland-Almklovdal area 

GJELSVIK (1951) describes the structures of the northern part of Sunn
more as anticlines and synclines steeply folded about E-W plunging 
axes. He also records minor folds with N-S axes. BRYHNI (1962) states 
that the dominant trend of linear structures in Sogn og Fjordane is 
W to WNW or E to ESE. These structures can obviously be equated 
with F2 folds as defined in the present paper. The critical areas for the 
understanding of Caledonian tectonics are however towards the east, 
where basal gneisses and Eocambrian and Trondheim group rocks of 
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Cambro-Silurian age are folded together and may define complex 
nappe-like structures. WEGMANN (1959) and MURET (1960) describe 
a sequence of events in which the formation of recumbent nappes is 
followed by folding about E-W axes with subsequent falding about 
N-S axes. This sequence bears a considerable resemblance to that 
proposed by various authors (RAMSA Y 1963, RAST 1963) for the Moine 
and Dalradian series of the Scottish Caledonides where the large nappes 
are now recognized as the earliest structures. These folds are defined 
by the complex interdigitation of Lewisian basement and Moinian 
psammitic rocks in the western borders of the orogenic belt, while 
within the Moine outcrop these earliest structures may be represented 
only by rare recumbent minor folds. By analogy then, it seems at 
least possible that the F1 minor folds may be equivalent in age to the 
nappes described by Wegmann and Muret. 

F 2 folds as indicated above are probably important throughout 
Sunnmore and Sogn og Fjordane. In the area described here, their 
most interesting feature is that they are apparently formed by folding 
of almost planar S, which may thus be S1 in age. These folds were 
probably formed in regional compression although the relationships 
of boudins formed during this falding suggest rotational shear and 
thus possibly an element of axial flow. F3 folds form on the shallow 
limbs of F2 structures and refold F2 folds and lineations. Fold axes, 
etc. of this generation share a common easterly dipping axial plane, 
and it seems likely that shallow plunging N-S folds would also Iie 
within this plane and thus that the F3 folds may be correlated in 
a general fashion with the N-S folds of GJELSVIK (1952), WEGMANN 
(1959), and MURET (1960). 

The orientation of tectonic forces in relationship to refolded folds 
can often be determined from the geometrical relationships of earlier 
deformed lineations. RAMSAY (1960) and WEISS (1959) describe the 
path in projection of folded lineations during concentric and similar 
falding. In the former case, the deformed lineations follow a small 
circle, while in the latter they follow a great circle and tectonic a is 
given by the intersection of the great circle defined by folded lineations 
and the axial plane of the fold movements. In subarea 2 (Fig. 3C), 
folded L2 lineations form an alm ost vertical, E-W trending partial 
girdle, which unfortunately gives little indication of whether the fold
ing is of great circle or of small circle type. Jf it be assumed that these 
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Fig. 7. Possible orientation of tec
tonic a in F8 movements. The statis
tical axial planes for subareas 2 
and 3 (solid lines) are deri ved from {3 
maxima for :rr:S girdles (Figs. 2B and 
C) and from fold axis maxima (Fig. 
3). They dip to the E. The girdle 
of derformed L1 lineations (dashed 
line) from Fig. 3C intersects these 
axial structures at a position almost 
coincident with the maximum for 
F2 folds (Fig. 3A 2% contour shown 
as dotted line). 

folds approximate to passive flow folds, then kinematic a for F 3 

(Fig. 7) coincides approximately with the locus of F2 folds, thus indi
cating that F2 and F3 folds might be produced by a reversal of stresses 
(if F 2 folds formed by simple compression of a planar sheet, then the 
orientation of these folds would coincide with kinematic b). 

The fourlh folds are of similar type and have a steep plunging axial 
plane which contains the symmetrological b axis. It seems likely that 
the axial plane trends approximately E-W, since: 

l) Fold axes in the dunites (Fig. 6E) tend to form a partial E-W trend
ing girdle. The fold axes will Iie within the axial plane of these 
movements. An E-W striking, steeply dipping axial plane schis
tosity is sometitnes seen in the dunites. 

2) The outcrop of dunites in Sunnmore expresses the general position 
of these shear zones. GJELSVIK (1951) described two or more such 
E-W trending zones. 

3) At Tafjord, O'HARA and MERCY (1963) describe dunite masses 
within a vertical shear zone which, in this case, cuts across the 
shallow limbs of an earlier, rather recumbent fold. According to 
their inferred section, this shear zone should have an E-W exten
sion. It may in fact represent (cf. the map of GJELSVIK 1951) the 
continuation of the Almklovdalen shear zone, since it seems likely 
that such zones would form in an en-echelon pattem. 
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The general symmetry relationships of this vertical, approximately 
E-W axial plane to older {F2) structures indicate that kinetic b will 
probably be closely related to symmetrological b, and therefore the 
direction of tectonic transport may be shallow dipping within the axial 
plane. That it is a dominantly horizontal shear with, according to the 
outcrop pattern of the folded dunites (Fig. 5), a sinistral movement 
may be responsible for the introduction of the dunite masses. Such 
an E-W shear zone is parallel to the prominent fjord directions and 
to the deformation zones and hinge faults whose scarps defined the 
Old Red Sandstone basin of Hornelen to the south (BRYHNI 1964a), 
although these are said to be normal faults. 

The eclogites in the gneiss 

As recorded by EsKOLA (1921) , the eclogites in the gneiss have a lens
like form; they vary from about O.l to 250 m in length. The mineral 
associations, excluding secondary breakdown products, recorded from 
this area are shown in Table l. Subjective impressions are that the 
commonest type is the gt-cpx-qu association followed by gt-cpx and 
gt-cpx-qu-ky. The gt-cpx-opx association is rather less common, and 
all other associations are apparently rare. The olivine bearing asso
ciation described by Eskola-who does not record the common occur
rence of orthopyroxene in this specimen from Lygenes, specimen dona
ted by Professor T. F. W. Barth-has not been seen in the field by 
the author. 

The garnets vary from pinkish red to dark red in colour; they gener
ally have a rounded form, though in some cases they are almost 
idiomorphic. The largest garnets are some 3 cm in diameter, though 
the common grain size is between 0.2 and l cm. Larger garnets are 
often granulated and full of pyroxene inclusions. The green clino
pyroxenes are generally finer grained than the associated garnet and 
have an elongate habit. Lamellae and strain features are rare. Quartz 
is always interstitial in form. The blue kyanite has lath-like form (up 
to 8 mm in length) and occurs in coarser grained eclogites, occasionally 
in schlieren or vein-like form. Orthopyroxene varies from yellow 
brown to dark brown in colour, has an elongate, randomly oriented, 
lath-like form and is generally coarse grained. 
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Amphiboles occur in most of the associations listed in Table l. They 
are dark green in colour and pale green and slightly pleochroic in 
thin section. These amphiboles form along gametfclinopyroxene grain 
boundaries or have an elongate, poikiloblastic, lath-like form contain
ing on occasions pyroxene grains with constant orientation and a 
resorbed appearance indicating replacement. In the field, these laths 
are seen to be randomly and tectonically orientated, in the latter case 
forming a linear structure within the eclogite lenses. These generations 
of amphibole are earlier in age than the symplectic amphiboles formed 
at the edges of eclogite lenses. 

Zoisite occupies a position analagous to the amphiboles. It often 
occurs with amphibole, in relatively aluminous associations, forming as 
large, white plates which are replaced during amphibolitization. These 
plates are generally randomly orientated, though in some cases they are 
tectonically controlled and form parallel to the edges of the eclogite lens. 

The amphiboles and zoisite are thus not primary minerals. Their age 
is problematical for, though tectonically orientated crystals seem to 
have formed or rotated under stresses related to the gneiss complex, 
the randomly orientated varieties may have formed much earlier than 
the marginal amphibolitization. The micas seem to show similar 
relationships, though in some cases they form as symplectites with a 
general lath shape during amphibolitization. 

Rutile and apatite are consistently developed accessory minerals, 
while iron ore, zircon, monazite, pyrites, pyrrhottite, and calcite are 
occasionally present. Much of the iron ore, however, is ilmenite, which 
is secondary after rutile. 

A border zone of amphibolite is often developed against the adjacent 
gneisses, though some lenses are completely converted to gamet am
phibolite or amphibolite, while others are completely fresh. Amphib
olitization begins with the development of turbid zones along pyrox
ene grain boundaries and proceeds through the development of diop
side-plagioclase and then homblende-plagioclase symplectites from 
clinopyroxene and homblendic kelyphites from gamet. Considerable 
recrystallization may occur and lead to the development of a granular 
textured, gamet-free amphibolite. The minerals form ed during amphibo
litization are homblende, anthophyllite (from orthopyroxene), epidote, 
zoisite, biotite, chlorite, plagioclase, quartz, ilmenite, and leucoxene. 
Diopside and corundum form as transient symplectites with plagioclase. 
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THE LAYERING IN ECLOGITES 

The eclogites generally have a strong foliation defined by mineral 
orientation due to the bladed habit of pyroxenes and kyanite, by 
variations in grain size of the minerals concerned, and by a composi
tional layering reflected largely in variations, sometimes extreme, of 
essential minerals in successive layers. 

Individual lenses are generally of relatively uniform grain size and 
mineral association, though exceptions occur. Thus, the so-called peg
matite eclogite of Grytingen type (EsKOLA 1921) consists of a coarse 
grained (garnet 1-2 cm diameter) gt-cpx rock gradational into an 
equally coarse grained gt-cpx-opx rock, these rocks being interbedded 
with much finer grained (garnet 2-4 mm diameter) gt-cpx rock which 
contains more clinopyroxene than the coarser units. A similar kind of 
variation with coarse grained gt-cpx-opx and finer gt-cpx layers is 
recorded from a large lens l km SE of Sandviknes. Here an extreme 
type consisting of gt-opx (-amphibole) (Fig. 8G) occurs in the core of 
a fold within the lens and may represent a segregation product. 

Biminerallic and monominerallic layers of such unusual bulk com
positions are fairly common in the eclogite lenses. Thus garnet, quarlz, 
and, more rarely, clinopyroxene form layers up to l cm wide, while 
garnet-quartz layers are particularly common in kyanite-bearing 
eclogites and may form layers up to 10 cm wide. These extreme varie
ties of compositional layering are completely concordant and, like the 
layering in general, actually lenticular in form. Regular or rhythmic 

variations, suggestive of an igneous origin, were not seen, nor were 
igneous sedimentation features seen. 

The layering is in some cases strongly folded (Figs. 8D, G), while 
in others it is affected by tension jointing. At the edges of lenses 
it may be streaked and sheared out. It is often emphasized by zones 
of preferential amphibolitization and by concordant quartz veins. 

Vein-like forms, which might indicate a local approach to liquidus 
conditions or metasomatic activity within the eclogite facies, are 
rather rare. Kyanite, together with quartz, occasionally forms clot
or sheaf-like schlieren and in some cases, such as the kyanite-zoisite 
vein described by LAPPIN (1960), it seems to have a vein-like origin. 
Garnet forms thin anastomosing veins in the amphibole-bearing lenses 
exposed between Flatraket and Gangeskar Kap. These veins are up 
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to l cm wide and are generally bordered by large plates of tremolitic 
amphibole. Perhaps the most unusual fabric displayed by the eclo
gites is that seen in a lens displayed in a road cut l. 7 km S of Stokke, 
Stadland. This eclogite has a nodular texture in which aggregates of 
clinopyroxene form ovoids up to 7 cm long and between 2 and 5 cm 
wide, which are sometimes streaked out. Garnet and quartz occur 
sparingly in the ovoids but together form an irregular branching 
development of veins up to 3 cm wide which separate the nodules. 
Both varieties of the rock are amphibolitized along joint planes. A 
similar, though much more amphibolitized rock was seen about 2.9 
km ENE of Selje. 

FIELD RELATIONSHIPS OF THE ECLOGITES 

The distribution of all masses thought to be of eclogitic origin is shown 
in Fig. l. It seems that these masses rna y define a broad, folded horizon 
within the gneiss complex. 

Individual masses are generally lozenge or lens shaped and have 
their shortest direction perpendicular to, and their longest direction 
parallel, or slightly oblique to the foliation of the surrounding gneisses 
(Fig. 8), which sweep around and enclose the eclogite masses. The 
internal foliation of the eclogite lenses is generally parallel to the 
foliation of the surrounding gneisses and thus, in cross section, lenses 
are eye shaped with a concentric structure (Fig. 8B). In some lenses, 
however, the foliation of the eclogites is folded andfor discordant to 

+- Fig. 8. The form of eclogite lenses. (Eclogite no ornament or circle ornament. 

Amphibolite dotted. Vein quartz vertical ruling. Gneiss line ornament.) 
A. Shore l km N of Selje Church. Note necking down and folds in cicatrice. 
B. Cross section of eclogite lens. l km W of Drage. 
C. l km W of Drage. 
D. Folded eclogite lens with discordant amphibolitization. Sandviknes point. 
E. Nipped ont amphibo1ite bdrder of a lens. 1.5 km NNW of Aarsbeim. 
F. Plan view well-exposed lens. Sandviknes. Joint pattern shown. 
G. Fold in layered eclogite. Discordant layering. Locality as for SE. 
H. Foliated eclogite lens with discordant ends. Amphibolitization cuts across 

foliation 0.5 km W of Drage. 
I. 0.6 km W of Flatraket (Gangeskar). 
J. Disc.ordant foliation in small lens. 0.4 km SSE of Stokke. 
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the structures in surrounding gneisses (Plate lD, Figs. 8H, J). Ad
jacent lenses may be separated by distances up to 2 or 3 times the 
length of the lenses. Separation between lenses also occurs within the 
plane of the enveloping foliations in the direction of dip. Steep plung
ing folds and nipped out folds are often developed in the cicatrice or 
gap between adjacent lenses, and the foliation of the gneiss may wrap 
around a lens, flow through the cicatrice, and envelop adjacent lenses 
(Figs. SA, C, 1). Pegmatite, or more commonly vein quartz, may form 
partial infillings in the cicatrice; these may have a triangular outline 
at the ends of lenses or they may have an irregular, knot-like form. 

Some of the gneisses and pegmatites adjacent to the eclogites are 
the normal types recorded elsewhere in the gneiss complex. Microcline 
poor types, however, seem to be dominant, and a white gneiss greatly 
enriched in muscovite and quartz is· often noted near the eclogite 
lenses. Garnet-mica schists are also common. Mixed rocks composed 
of streaked out amphibolitized eclogite and gneiss also occur. 

THE ORIGIN OF THE LENS FORM IN THE ECLOGITES 

The eclogite lenses are thought to be boudins similar to those produced 
in many metamorphic terrains and in sedimentary sequences as a 
result of the greater competency (brittleness) of the boudined rock 
relative to its more incompetent (ductile) host. The following evidence 
supports this view: 

l) Mineralogically distinctive eclogite lenses can be traced along 
structural horizons in the gneiss. Thus, the amphibole eclogite from 
Gangeskar Kapp W of Flatraket (EsKOLA 1921 p. 47) forms a NW-SE 
trending structural horizon up to 30 m wide and traceable for some 400 
m (Fig. 1). It contains over one hundred individual masses of roughly 
parallelepiped shape separated by pegmatites and gneisses. Similarly, 
the kyanite eclogites described by LAPPIN (1960) follow single horizons, 
which, in the case of the lenses near Dybedalsvatn, can be traced for 
about l km. 

2) The foliation of some eclogites is transected by the foliation of 
the adjacent gneisses (Plate lD). Such structures can only result 
from the breakup and rotation of a larger, already foliated eclogite. 

3) Tension jointing and 'necking down', the intermediate stages in 
the formation of boudins (RAMBERG 1955), can be seen in many eclo-



FIELD RELATIONS OF BASIC AND ULTRABASIC MASSES 471 

Fig. 9. Possible mode of 

formation of eclogite 

boudins due to compres

sion and rotational shear 
stresses combined with 
plastic deforniation in 
eclogites. �DDDDC 

�ooooc 

gite lenses. There is every transition from tension joints to the typical 
cicatrice separating adjacent boudins. Tension joints are often asso
ciated with folds in eclogites. 

Although the eclogite boudins probably form by brittle fracture in 
regional compression, the lozenge shape of the boudins and the fact 
that the cicatrice, although recognizable, is strongly oblique to the 
general trend of enveloping foliations suggest that their present form 
is the result of shear and plastic deformation in outer layers, and 
the rotation of the boudins into a position of approximate tectonic 
equilibrium as envisaged in Fig. 9. It should be noted in this context 
that ductility differences occur between eclogite layers of differing 
composition as well as between eclogite and gneiss and as a result 
most lenses will have a relatively uniform mineralogy and grain size. 

The age of this boudinage in relation to the various tectonic and 
metamorphic events can be assessed from the following evidence: 

l) Minor folds occur in some eclogites and on occasion appear to 
be related to tension jointing. These folds occur in areas not subject 
to strong third folding. 

2) The eclogites of Stadland seem to form a broad folded horizon 
within a major second fold. 

3) The amphibolitic border of eclogite lenses is related only to the 
shape of the lenses and to cross cutting joints or microcline pegmatites. 
It transects the internal foliation of eclogite lenses which show dis
cordance or folding (Fig. SD, H). Amphibolitization is thus post
boudin formation. 
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Fig. 10. 10° rose diagram of 
direction of elongation in 96 
eclogite boudins. Subareas l, 
2, 3. 

4) The direction of elongation of boudins (a lineation) should be 
parallel to a particular set of fold axes. As shown in Fig. 10, boudins 
have a rather varied orientation, though maxima suggest an approxi
mate relationship to F2 folds. More detailed analysis, however, indi
cates that the direction of elongation will depend upon the initial 
orientation of the eclogite masses with respect to compressive forces 
and again that the combination of compression and rotational shear 
required to deri ve the actual shape of the eclogites (Fig. 9) may produce 
lenses whose elongation is oblique to folds produced by the same 
compressive force. Such a mechanism may account for 60--70° and 
280° rose diagram concentrations. Boudins may also have been rotated 
during subsequent fold movements, although it must be noted that 
there were few significant differences between a rose diagram for 
eclogite lenses in subareas 2 and 3 (refolded) and those in subarea l. 

It is suggested that the breakup of the eclogites occurred during 
F 2 fold movements and that prior to amphibolitization (pro babl y a 
late F2 event) the eclogites were already layered, boudined bodies. 

If the present form of the eclogite lenses is regarded as the result of 
extensive boudinage, it would seem that at some earlier stage in the 
history of the complex the eclogites were much larger, already foliated 
bodies perhaps comparable in size with the dunite masses. 

The anorthosites 

Anorthosites are not common in the Selje-Almklovdal area and seem 
to be loc_aJized mainly ,within steep-dipping axia:l zones. The larger 
masses have a steep-dipping concordant sheet-like form. They are 
up to 200 m in width and are traceable for about l km along strike. 
Smaller pod-like anorthosites occur in the gneisses around these larger 
masses and also randomly throughout the gneiss complex. Minor folds 
are sometimes seen in the smaller pods but not in the larger masses. 
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� GneissD Mixed rock(onorthosite,amphibollte) 

i:i!:1 EclogiteEJ Quartz syenite 

Fig. 11. Interlayering of mixed rock consisting of eclogite amphibolite and 
anorthosite with (amphibolitized) eclogite, gneiss, and eclogite together with 

gneiss inclusions. Seljenesholmen. 

A large quartz syenite mass with affinities for the anorthositic kin
dred occurs near Flatraket. Rocks within this mass show traces of 
granulite facies mineralogy. They will be described in detail elsewhere. 

The anorthosites have a typically granoblastic mosaic texture with 
a foliation defined by biotite, hornblende, margarite, or saussuritic 
knots. Both mineral associations, recorded in Table l, are probably 
stable in the almandine amphibolite facies, though the second, always 
associated with saussuritization, represents the lower grade conditions. 
The mineralogy and textures of these anorthosites show no relation
ships to the more typical anorthosites of granulite facies terrains, though 
they do resemble sheared anorthosites in the Bergen Arcs (KoLDERUP 
and KoLDERUP 1940). The absence of granulite facies (or of an igneous) 
mineralogy and the probable similarity in facies of the anorthosites 
and the gneisses suggest that the anorthosites have suffered, in part 
at least, the metamorphism of the gneisses. BRYHNI (1964b) describes 
anorthosites from many localities in southwestern Norway. These 
have a broadly similar mineralogy, and he suggests that they have 
been subjected to various stages of metamorphism and hydrothermal 
alteration. GJELSVIK (1951) notes that some anorthosite lenses are 
affected by granitization (K metasomatism). 

There is little evidence which can be used to date the two mineral 
assemblages of the anorthosites in relation to metamorphic events. It 
is suggested however that saussuritization and the development of 
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Fig. 12. Idealized relation
ship between dunite and an
orthosite at the S contact of 
the Sunndal-Lien mass. 

M. A. LAPPIN 

'!�i�!��!:!!�i!�;�ø 
� Garnet-mica schist ,Grey gneiss 

E3 Dunite • Anorlhosite 

margarite may be associated w!th increased PH,o and thus possibly 
with the F2 potash metasomatism. 

The relationship of anorthosite to other rock types is largely equiv
ocal for most mutual contacts show tectonic interdigitation. A vail
able evidence, however, suggests that the anorthosites may be later 
than the eclogites. Thus, an anorthosite and altered eclogite at Seljenes
holmen (Fig. 11) are complexly interbanded. The altered eclogite, 
gneiss, and eclogite and gneiss together form massive inclusions with 
gradational contacts in the anorthosite, while inclusions of the latter 
rock in eclogite have not been seen. (It must be mentioned here 
that the relations at this locality are complicated by the development 
of zoisite-feldspar-margarite (wollastonite) nodules (Es:KOLA 1921 pp. 
67-79), which can be shown, however to be later than the tectonic 
interleaving described above.) The interleaving suggests that eclogite 
and gneiss have been broken and enveloped in anorthosite. Again, 
some further evidence is given by the fact that one of the larger 
anorthosites (Fig. 5) appears to split around a big eclogite lens. 

The only contact between dunite and anorthosite is seen at the 
southern boundary of the Sunndal-Lien mass 1.25 km WSW of Lien 
(Fig. 12) . A thin, 5 m wide band of biotite-bearing anorthosite within 
garnetiferous schist and gneiss can be traced for some 100 m till it 
abuts against the serpentinized dunite contact (incidentally proving 
that the dunite mass is slightly disconformable with respect to sur
rounding rocks). At this contact, there is a limited 15 cm wide am
phibolite reaction zone composed of large ragged tremolite grains 
and lath-like aggregates of tale set in a finer grained tremclitic matrix. 
Local feldspathic pods occur within this zone. There is no evidence of 
the formation of eclogite at these mutual contacts as suggested by 
YoDER and TILLEY (1962 p. 512). The reaction is in fact typical of 
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the grade of metamorphism within the gneiss complex. An anorthosite 
inclusion occurs within the dunite along strike from this anorthosite 
layer. It is of a type and mineralogy essentially similar to the anortho
site in the gneiss and rna y be interpreted as a tectonic inclusion within 
the dunite since there is no evidence of cross faulted relationships at 
this contact. 

The anorthosites, like the gneisses (see below), seem to show reaction 
against the dunites and form tectonic inclusions within them. It is 
thus suggested that the introduction of the anorthosites predated that 
of the dunites but postdated the introduction of eclogites into gneiss. 

The dunites 

In Stadlandet, dunites are rare, occurring as lenses between l and 200 
m in length. Such lenses also occur in Almklovdalen where there are 
also several much larger bodies. These masses are almost completely 
unaltered and provide extensive reserves of fresh dunite, which the 
firm A/S Olivin quarries as a source of olivine furnace sand and also 
as the raw material for forsterite bricks. 

Minerals recorded in the dunites are olivine, orthopyroxene, diop
side, garnet, hornblende, tremolite, a pale green chlorite, a purple-grey 
chlorite akin to kammererite, phlogopite, serpentine (chrysotile) , tale, 
dolomite, chromite, iron ore, and rutile. 

There are two distinct varieties of dunite, characterized by light 
green and dark grey-green colour, respectively. Both varieties have a 
similar range of olivine composition and of additional minerals, ortho
pyroxene, clinopyroxene, garnet, and chromite, though they seem to 
differ somewhat in texture and petrofabric pattern. Large ovoids of 
olivine up to lO cm in size occur occasionally in both varieties of dunite, 
and at some localities the rock is largely made up of much fractured 
olivine ovoids separated by more finely comminuted material. The 
dunites have a strong, steep-dipping or vertical foliation due mainly to 
the elongate, slightly flattened habit of the olivine grains, though it 
is emphasized by stringers of small chromites, the platy habit of phlog
opite, chlorite, etc., and by preferential serpentinization along foli
ation planes. The relationships of olivines and chromite suggest a 
complex history of recrystallization. Chromite stringers seem in some 
cascs to represent an early foliation or lineation and can be traced 
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through large, single, strained ovoids of olivine, which are themselves 
relicts within the almost equigranular strain-free mosaic that defines 
the main foliation. 

Occasional saxonite and rarer lherzolitic layers occur (Table 1) . 
Garnetiferous dunites, garnetiferous saxonites, and garnetiferous 
lherzolites together with eclogite rocks occur as layers or pods in four 
of these larger masses. 

FIELD RELATIONSHIPS OF THE DUNITE MASSES 

The three large dunite masses, the Gusdal-Hellebost mass, the Sunn
dal-Lien mass, and the Sunndal-Grubse mass, together with a number 
of smaller masses, are exposed in the valley of the river Almklov 
(Fig. 5), The !argest mass is some 5 km long and up to 1.25 km wide. 
The Almklovdal dunites lie in the steep-dipping, E-W trending, aJåal 
zone of a major second generation fold. The main structural features 
of the dunites and surrounding sheared rocks have been described in 
a previous section, and it will be recalled that the congruence of line
ations, fold axes in dunites and gneisses, and quartz fabrics in gneisses 
suggest that the sheared gneisses and dunites share a steep-dipping 
axial plane which is distinct from the axial plane of the second or third 
fold movements. 

Chemical activity at the dunite contact is extremely limit ed: 
gneisses up to 2 m from the contact are biotite rich and sometimes 
form a matted biotite sheath. The dunite at the contact is converted 
to a radiating tremolite or tremolite-talc rock. This contact association 
is similar to that of the V ermont serpentin es described by PHILLIPS 
and HEss (1936) and to the zoned ultrabasics of Unst (READ 1934). In 
Vermont, tale was developed in the serpentine contact and chlorite in 
the country rock under low grade conditions, while under higher grade 
conditions tremolite forms in the serpentine and biotite in the sur
rounding rock. These higher grade conditions, similar to those of Alm
klovdalen, may be equated with the almandine amphibolite or upper 
green schist facies. 

The dunite adjacent to the contact is often serpentinized, though 
fresh contacts are locally preserved. The maximum width of the ser
pentinized zone is some 70 m, though it is generally less than 10m. 
According to TuRNER and VERHOOGEN (1960) , serpentine is normally 
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developed in the green schist facies. However, if serpentine formed 
at 500°C (the limiting temperature of BoWEN and TuTTLE 1949), 
it might be within or dose to the almandine amphibolite facies. There 
is some evidence for this higher grade association since eclogites within 
the serpentinized zone are converted to hornblendites or garnet am
phibolites, the garnet being almandine rich in contrast to the pyropic 
garnets of fresh eclogites. 

AGE RELATIONSHIPS OF THE DUNITES 

The introduction of the dunites is considered to be one of the latest 
events within the gneiss complex on the basis of the following obser
vations: 

l) The dunites and adjacent sheared gneisses share a steep-dipping 
axial plane distinct from the shallower dipping axial planes of 
second and third fold movements. The transition from moderately 
dipping to steep-dipping axial plane can be considered to represent 
a time transition from plastic to brittle conditions. 

2) The textures of the sheared gneisses indicate the onset of brittle 
conditions. 

3) Sheared out eclogite lenses occur in the sheared gneisses adjacent 
to the dunites (200 m NW of Ekremseter Farm). These rocks are 
now chlorite amphibolites with relict garnet and clinopyroxene. 
The introduction of the dunite is thus later than the introduction 
of the eclogites in the gneisses. 

4) Microcline in the sheared gneisses is affected by shearing move
ments. This indicates that these movements postdate the develop
ment of microcline in the gneisses (postulated as a second folding 
event). Garnet and oligoclase seem to be stable. Biotite is partially 
overgrown by muscovite, and albite occurs, thus indicating that 
the shearing may take place at a somewhat lower facies than the 
primary facies of the gneisses. 

The garnetiferous dunites and eclogites 

The terms as used above are intended as a means of differentiating in 
field description between rocks in which olivine is the dominant com
ponent and those in which olivine is present in minor amounts or 
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absent. They are not specific petrographic names since in the first 
case the rocks are often gametiferous lherzolites or garnetiferous 
saxonites. 

These eclogite facies rocks differ from eclogites in the gneiss in the 
absence of any kyanite andfor quartz-bearing associations and in the 
common occurrence of olivine and orthopyroxene-bearing types, both 
of which are rarer in eclogites from the gneiss. The mineral associations 
recorded are given in Table l. 

The texture of the garnetiferous dunites and eclogites is dominated 
by the large rounded garnets which are commonly between 8 mm and 
l cm and may reach as much as 3 cm in diameter. In the garnetiferous 
dunites, the garnets and pyroxenes are set in a much finer grained oli
vine matrix, while in the eclogites they lie in a coarse-grained (average 
grain size 0.5-1 cm) rudely foliated ground mass of elongate pyroxene 
grains. The garnets are either orange-red or purple in colour, the 
latter being richer in pyrope. 

Both pyroxenes are coarse grained, the clinopyroxene varies from 
bright green to sage green in colour and the orthopyroxene is yellow 
brown in colour. Most grains show remarkable strain features, undulose 
extinction, strain lamellae, mortar texture along cracks (Plate lC) , 
crenulate plucked boundaries, and partial recrystallization into an 
equant, finer grained (up to 2 mm) mosaic of smaller grains, which 
may on occasion ghost the shape of larger lath-like grains. Lamellar 
structures often form in strained grains. In this final cataclastic de
formation, these pyroxenes are sharply contrasted with the pyroxenes 
of the eclogites in gneiss, where the foliated fabric and elongate habit 
of the pyroxenes indicates conditions of plastic deformation. The 
olivines are dark or light green in colour and, when present in minor 
amounts, lie interstitially between coarser garnets and pyroxenes. 
In these types and in gametiferous dunites, the olivine forms an equi
granular strain-free mosaic. Iron ore and rutile are consistently devel
oped accessory minerals. 

A dark green, poorly pleochroic amphibole is developed in many 
of the eclogites. This amphibole is commonly found along garnet
pyroxene grain boundaries and often embays single grains, leaving 
atolls of constant orientation. It is not a primary mineral. 

The normal alteration of the eclogites and gametiferous dunites is 
similar to that of eclogites in the gneiss. Kelyphites, often of fibrous 
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tremolitic amphibole, tale, or chlorite, are developed around garnet, 
and the pyroxenes break down in symplectic fashion into a strongly 
pleochroic hornblende and plagioclase, though in some cases large 
poikiloblastic plates of this hornblende form without any intermediate 
stage. The final product of amphibolitization is a garnet or biotite 
amphibolite. This amphibolitization seems to be associated with the 
border serpentinization since the two eclogitic layers of the Gusdal
Hellebost mass contain only relics of their primary mineralogy and 
Iie within the wide serpentinite border of this mass. The garnets from 
the garnet amphibolites at this locality are much finer grained and 
much richer in grossular and almandine than true eclogite garnets. 
The garnet amphibolites are thus almandine amphibolite assemblages 
though field relationships indicate the possibility of a more complex 
metamorphic history since, occasionally, garnet amphibolites vein a 
tremolite rock containing relicts of eclogite pyroxene (Gusdal-Sunndal 
mass). The tremolite may indicate a lower facies at some period in the 
history of the eclogite layers. 

FIELD RELATIONSHIPS OF THE GARNETIFEROUS DUNITES 

AND ECLOGITES 

Eclogites and associated garnetiferous dunites are best exposed on 
Rodhaugen in the Gusdal-Hellebost mass and near the lake Helges
hornvatn in the Sunndal-Lien mass, while the altered eclogites of the 
Sunndal-Grubse mass are found in the valley draining Sunndal Vatn 
and cross the road about 200 m N of the lake. The general relation
ships at these localities are shown in Fig. 5. A small exposure of eclo
gite occurs in the stream that crosses a smaller dunite mass near Due
stol. In all four masses, the eclogites and garnetiferous dunites have 
a distinctive locale since they occur near the structurally lower bound
ary of the dunites and are only found in the central, northern, or eastern 
areas of their respective masses. In three of these masses, two distinc
tive eclogitic layers occur, though there are many thinner pyroxene 
andfor garnet-rich layers and pods. At Rodhaugen and Helgeshorn
vatn the layers are impersistently exposed due to small-scale folding 
about steeply plunging axes. Isolated exposures, up to l km to the S 
and E respectively, indicate that the layers Iie at a single horizon. 
In the Sunndal-Grubse mass, however, the amphibolitized eclogite 
layers are not folded and can be traced continuously for some 300 m. 
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Fig. 13. Sections through main eclogitic layers in the Gusdal-Hellebost and 

Sunndal-Lien masses; modal analyses from Helgeshornvatn section. Garnet 

open circle, clinopyroxene filled circle, orthopyroxene square, olivine cross. 

Variation of garnet (solid line) and of clinopyroxene (dashed line) shown. 
(Secondary amphibole ignored in assemblages and modal analyses.) 

The garnetiferous dunites lie structurally both above and just below 
the eclogitic layers. They are interbanded with normal dunites and 
would seem to grade into this rock along the strike. It should be noted 
however that they may have had a wider exposure, for garnet is the most 
easily altered mineral and, when kelyphites after garnet become sheared 
out, as happens within the garnetiferous dunite horizon, the resulting 
rock cannot easily be distinguished from typical slightly altered dunites. 

Detailed sections of the eclogitic layers of Rodhaugen and Helges
hornvatn are shown in Fig. 13. The eclogitic layers of Rodhaugen 
are all olivine bearing, with a purple pyrope-rich garnet and rela
tively small variations in the proportions of major minerals. Both 
layers show serpentinization and the development of amphibole to a 
variable degree. Gt-cpx, gt-opx, and gt-opx-ol types form sheared 
pod-like masses in the stream section E of Rodhaugen. The garnets are 
both red and purple in colour. 
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The exposures at Helgeshornvatn are more extensive and, on the 
ground, the layers have a complex folded outcrop pattern. These 
layers differ considerably from those of Rodhaugen: most are olivine 
free and contain a red, rather than purple, garnet. The type section 
was taken from the quarried out limb of a fold; apart from garnetif
erous dunite layers, it is olivine free. Elsewhere at this locality, how
ever, what seems to be the lower part of the structurally higher layer 
becomes olivine bearing, and in both layers the amount of orthopy
roxene seems to vary along the strike of single horizons. This type of 
variation seems to be normal for the eclogitic layers. Although many 
layers have a distinct boundary, often marked by the incoming of an 
additional mineral, the other minerals of the assemblage often grade 
towards and cross the boundary. Many layers, particularly the thinner 
olivine-rich ones, are lenticular in form and are of very variable 
thickness. 

The eclogite layers are cut by strong, dose set jointing and oc
casionally become sheared out, forming small pods. The gt-cpx 
association of the dunites, apart from its subordinate occurrence in 
the layered series at Helgeshornvatn, occurs only as pods, 2 or 3 m 
in length, below and above the main eclogitic layers. These pods are 
thought to be boudins since the gt-cpx association is probably compe
tent when compared with olivine-bearing eclogites and dunites. 

The eclogite layers and lenses above the main eclogitic layers are 
always olivine bearing and seem to represent local variants of dunites 
enriched in garnet and/or pyroxenes. These layers are rarely more than 
30 cm wide and can rarely be traced for more than 30 m along the 
strike. 

The mineral assemblages recorded in the eclogites and gametiferous 
dunites seem to be stable assemblages reflecting the considerable 
variations in composition of the rocks concerned. The only exception is 
the rare orthopyroxene-garnet assemblage found at Helgeshornvatn, 
which forms a 2-5 cm wide zone at some garnetiferous dunite-eclogite 
contacts and would seem to be the result of mutual reaction within the 
eclogite facies. 

The field relationships of the garnetiferous dunites and eclogites 
indicate that they have a characteristic structural position within the 

dunite, but, equally, despite occasional sharp contacts, there is a com

plete passage from dunite through garnetiferous dunite, olivine and 
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orthopyroxene-bearing eclogites to a garnet-clinopyroxene rock. This 

passage must be interpreted as due to variations in bulk compositiou, 
all assemblages, including the dunites, crystallizing in the eclogite 
facies. 

A�e determinations in eclo�ite rocks 

McDouGALL and GREEN (1964) have determined the K-Ar ages (and 
some Rb-Sr ages) on three groups of minerals from eclogites of both 
the field associations described in previous pages. These ages are of 
critical interest in relation to the various events which have been 
outlined above. 

The primary pyroxenes of eclogites in the gneiss and in the dunite 
give anomalous ages and are said to contain excess argon. It is evident 
that the assemblages in dunite crystallized in a different, higher partial 

pressure of argon than the eclogites in the gneiss. 
The second group of minerals is the slightly pleochroic amphiboles 

which form by grain boundary replacement and are common to both 
eclogite field associations. They give ages of about 1,800 million years 
and, if valid, indicate a minor potash metasomatism (these minerals 
rarely form more than 5% of a rock) shared by eclogites in the gneiss 
and those in the dunite. Field relationships described earlier suggest 
only that these amphiboles are pre-pervasive amphibolitization and 
probably pre-serpentinization respectively. Some of these amphiboles 
in lenses in gneiss have a tectonic orientation which may be related to 
Caledonian events. 

The third group of minerals consists of amphiboles and phlogopites 
which are found only in the eclogites from the gneiss. They are ap
parently formed during border amphibolitization, which is thought 
to be an F2 event. The ages of these minerals range from 1,100 to 
385 million years, the youngest ages, given by phlogopites (Rb-Sr 
and one K-Ar determination), being typically Caledonian. The older 
ages cannot be related to this same event, and their large spread, 
though the specimens are from the same lens, may indicate that these 
minerals also contain excess argon-possibly related to the relatively 
argon-rich environment from which they form or again perhaps because 
the borders of eclogite lenses may act as sponges for argon from the 
gneisses. In the environment of the eclogites, the Rb-Sr method would 
seem to give more reliable ages. 
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Further age determinations are necessary before the age relation
ships and sequence of events described by McDougall and Green can 
be substantiated. Such determinations should be made upon minerals 
which can be related to and emphasize the critical field relationships. 
In this context, and particularly in view of the strongly contrasting 
facies of eclogites and surrounding rocks, one must distinguish between 
ages related to the introduction or to the reaction of the eclogites 
with the gneisses and to ages which precede such events. The 1,800 
million-year ages in amphiboles are probably an example of the latter 
type. They do not provide evidence of a Karelian metamorphism in 
Norway (McDouGALL and GREEN 1964). 

Discussion 

Field relationships indicate that the gneisses of Stadlandet and Alm
klovdalen have suffered four periods of relatively plastic movements. 
Quartz fabrics and textural relationships of the gneisses demonstrate 
a considerable history of recrystallization which can be generally 
related to these structural events, though, in the absence of minerals 
showing polyphase growth, a detailed correlation is impossible. The 
gneisses are thus metamorphic as there is no evidence of the igneous 
process envisaged by EsKOLA (1921), for granites do not occur within 
the area and only local granitic veins are found. This conclusion is 
borne out by the fact that sedimentary types (garnet-mica schists and 
quartzites) occur within the area studied and limestones become com
mon a few kilometres to the N. 

The three main datable events within the gneiss complex are: 
l) The formation of the variably banded oligoclase-biotite-quartz 

gneisses involving drastic metamorphism under conditions of rela
tively high temperature, high directed pressures, and high PH,o· 
The soda-rich composition of such rocks suggests the possibility 
of a sodametasomatism. The complex may thus represent either 
a) Precambrian gneisses (STRAND 1949) or b) Precambrian or 
Eocambrian sediments or volcanic rocks affected by the Caledonian 
orogeny {GJELSVIK 1951). The evidence of early Caledonian (590 
million years) ages in Nordfjord and Sogn (NEUMANN 1960) some
what favours the latter hypothesis, though it seems probable that 
the basal gneisses as a group are of mixed origin. 
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2) The development of potash feldspar in the gneisses, either as dis
crete angen or within the felsic hands of the banded gneisses. This 
potash metasomatism occurs at relatively high temperatures, rela
tively low directed pressures (during the waning of F2 movements), 
and variable P H,o· The border amphibolitization of eclogite is 
a manifestation of this metasomatism. It can thus be dated 
about 410 million years ago (Rb-Sr dates, McDouGALL and GREEN 
1964). 

3) The formation of lenticular shear zones within the gneisses, this 
shearing being associated with the introduction of the dunite 
masses. Shearing occurred under conditions of high directed pres
sure, rather lower temperatures, and local and variable PH,o · 

The survival of masses of eclogite and larger masses of dunite within 
this amphibolite facies complex provides a commentary on the physical 
conditions within the gneisses, for the former rocks are manifestly 
unstable within the T, P conditions of amphibolite facies thus indi
cating the importance of a third variable, categorized as PH,o· The 
locally fresh, as well as the more normal amphibolitized or serpenti
nized gneissfeclogite and gneissfdunite contacts testify to the large, 
local and timewise variations in this quantity. It seems, in fact, unlikely 
that the eclogites and dunites could have survived a major metasoma
tism or metamorphism; an opinion which supports the age relationships 
deduced below. Similar relations have been observed elsewhere. Thus, 
the eclogites of Glenelg, Scotland, have suffered Precambrian and lower 
grade Caledonian metamorphisms and survive only as small kernels 
within large amphibolite masses. The early ultrabasic masses of many 
orogenic terrains are largely serpentinized. 

The eclogites, dunites, and anorthosites occupy similar positions 
within the gneiss complex, for all occur as lenticular masses of varying 
size. The border reactions of eclogites and dunites indicate that these 
rocks are foreign to the complex-a view strengthened in the case of the 
eclogites by the presence of garnet amphibolites and hornblende 
gneisses as the typical basic members of this complex. The latter rocks 
are mineralogically and texturally distinct from eclogites and eclogite 
amphibolites and show no signs of derivation from or alteration to 
eclogite. The anorthosites, on the other hand, have a mineralogy es
sentially similar in grade to that of the complex, though related rocks 
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have traces of granulite facies mineralogy: the primary facies of 
anorthosites. This and the contrasting mineralogy of the two amphib
olite facies associations indicate that the anorthosites are also foreign 
to the complex and have reacted in a variable fashion to stages of its 
metamorphism. 

All three rock types may thus be regarded as introductions into the 
gneiss complex. Their shapes are a function of their common tectonic 
milieu; they share a tectonic history and not a genetic one as envisaged 
by EsKOLA (1921). The age of introductions suggested by converging 
lines of structural, mineralogical, and petrographical evidence are 
suggested in Table 4, which lists all the datable evidence described in 
previous pages. The strength of these predictions naturally diminishes 
when the earlier events are considered, for these relationships have 
probably been affected by later events. For example, while the intro
duction of the dunites can be related to the late shearing, there is no 
direct evidence as to the original relatioriship between gneiss and eclo
gites, for no original contacts are preserved. The dating of the eclogites 
thus depends upon their subsequent history, upon views of the strong 
tectonic forces and drastic metamorphism associated with the early 
stages of formation of the gneiss complex, and upon the commonly 
accepted extreme position of the eclogite facies (YoDER and TILLEY 
1962). 

lf the eclogites, dunites, and anorthosites are accepted as being 
foreign to the gneiss complex, then three major hypotheses, or combi
nations of these, could account for their origin. These are: 

l) direct crystallization from a magma of appropriate composition; 
2) metamorphism of basic or ultrabasic intrusions; and 
3) introduction as solid masses with their present mineralogy. 

In the following paragraphs each rock type is considered in relation 
to these hypotheses. 

THE DUNITES, GARNETIFEROUS DUNITES, AND ASSOCIATED 
ECLOGITES 

Experimental evidence shows that at normal pressures a dunitic 
magma would be completely molten at about 1800°C and that this 
temperature would increase somewhat with pressure. An eclogite 
might be expected to crystallize from an appropriate magma at about 
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1200°C at 20 kilobars (Y oDER and TILLEY 1962). There is no evidence 
of such temperatures in the contact zones of the dunites; their limited 
zones of chemical reaction are consistent with a low temperature 
gradient and higher gradient of P H,o across contacts. This indicates 
that the dunites are relatively 'cool', that is, at temperatures akin to 
those of the surrounding complex and considerably lower than the 
temperatures required by BoWEN (1928) in his 'crystal mush' hypo
thesis. Similarly, the minerals in the surrounding gneisses do not re
flect the pressures necessary for the crystallization of eclogite. 

The textural relationships of the dunites and associated eclogites 
likewise give no support to an igneous hypothesis. Thus, olivine shows 
two stages of recrystallization (large ovoids and equigranular mozaic) 
relative to early chromite stringers. The eclogitic rocks do not re
semble the only eclogite with unequivocally igneous affinities yet 
described (Y oDER and TILLEY 1962), that from Hawaii, where garnets 
are a minor component and occur as small xenomorphic grains between 
larger intergrown pyroxenes. The layering of the eclogites and garnetif
erous rocks is not, as far as can be discerned, rhythmic, nor can the 
small scale features of igneous cumulate masses be seen; it does how
ever bear considerable resemblances, apart from mineralogy, to the 
flow layering of the Alpine type peridotite-gabbro complexes (THAYER 
1963) where lenticular mono- or polyminerallic layers occur in any 
order and where the boundaries between layers may be sharp or 
gradual and may change along the strike. THAYER (1963) interprets 
this layering as due to the intrusion of a semi-solid crystal mush. The 
absence of characteristic igneous laminations and textures and the 
general relationships at dunite contacts lead to the conclusion that 
the dunite and associated garnetiferous rocks have not been produced 
by igneous processes, at least at the levels at which they now occur. 

In the light of recent experimental work (Y ODER and TILLEY 1962), 
it would seem that dunites, garnetiferous dunites, and eclogites could 
likewise not form under the conditions of metamorphism of the upper 
green schist or almandine amphibolite facies. Many theories of the 
origin of eclogites call into play an additional variable. Thus, Y oDER 
(1950) in his review of eclogite facies lists metasomatism, migmatiza
tion, hydrothermal contact metamorphism, and dynamic metamor
phism. Some of these factors are clearly not applicable in the context 
of the structural locale of the dunite masses which is related to the 
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waning, relatively brittle stages of metamorphism. Water, in particu
lar, evidently produced serpentinization of the dunites and amphib
olization of associated eclogites and not the strongly prograde reac
tions demanded. Thus, the influence of metasomatism and migmatiza
tion can be largely ignored. 

Strong stress has been shown to be important in the introduction of 
the dunite masses and the stress hypothesis may in certain cases be 
valid, though it may be doubted whether tectonic overpressures of 
sufficient magnitude exist to change crystallization from the alman
dine amphibolite or lower facies to the eclogite facies. Similarly, field 
and microscopical evidence indicates that olivine deforms in the 
stress field of the shear zones, while the pyroxenes of the eclogites 
react in a cataclastic fashion, showing that both minerals are earlier 
than the shearing. No unequivocal example of the production of 
eclogite and dunite from strongly sheared basic and ultrabasic rocks 
has yet been described in the literature, though extreme shearing of 
these rocks has been reported (SurroN and WATSON 1950). It must 
again be concluded that the dunites and associated garnetiferous rocks 
have not been formed by metamorphism at the levels at which they 
are now exposed. 

The hypothesis of solid introduction, on the other hand, explains 
numerous features of the occurrence of the dunite masses. Thus, they 
occur in a complex shear zone which may have an axial extension for 
some hundred kilometres and may thus represent a fundamental 
tectonic feature of the Norwegian Caledonides. The congruence of tec
tonic features in the dunites and associated sheared gneisses suggests 
a definite relationship between the shearing forces and the introduc
tion of the dunites. This hypothesis also explains the limited reactions 
at the dunite contacts for the masses were evidently 'cool' (limited 
chemical reaction at contacts) and 'dry' (the masses have locally 
fresh mechanical contacts). Serpentinization is thus a later feature 
related to dunite contacts and dependent on local values of PH,o 
in the gneiss. The mechanism of introduction of such 'cool, dry' masses 
is considered to be due to internal recrystallization. This hypothesis 
is supported by the evidence of various periods of recrystallization 
in the dunites. Internal recrystallization, by analogy with hotworked 
metals and calcite (GRIGGS et al. 1960), will cause flow in a polygonal 
aggregate and hence movement under shear. 
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THE ANORTHOSITES 

The anorthosites are foliated rocks with a mineralogy typical, it is 
suggested, of varied conditions within the almandine amphibolite 
facies. Related rocks, however, show relicts of granulite facies associ
ations. Cross-cutting veins and contact metamorphic effects are not 
seen in or adjacent to the anorthosites, and the textures and mineralogy 
of layered anorthosites of igneous origin are absent. WINKLER and 
VON PLATEN (1960) suggest that the anorthosites may represent the 
residual fraction of a partial melting process in sedimentary rocks. 
O'HARA and MERCY (1963) advocate such a process in the case of the 
Tafjord anorthosites. YoDER and TILLEY (1962), on the other hand, 
draw attention to the fact that feldspar is the lowest melting fraction 
of an amphibolite and hence that the association of hornblendite mas
ses with anorthosites may indicate such an origin for the latter rocks. 
There is little evidence to support either hypothesis, for anatectic 
granitic masses do not occur, and the anorthosites have sheared tec
tonic boundaries against banded gneisses whose felsic layers might 
represent the molten fraction. Similarly, hornblendites are rare. It 
would thus seem that the anorthosites have neither a primary igneous 
origin nor an origin in partial melting at the levels now exposed. 

The anorthosites are metamorphic rocks derived, it would seem, 
from rocks of similar composition. The first question of their origin 
thus concerns their introduction into, rather than their metamorphism 
within, the gneiss complex. It is suggested that a solid introduction 

hypothesis explains the tectorucally controlled nature of these masses, 
and also the presence of quartz syenite and other masses, apparently 
members of the Bergen-Jotun stem (GOLDSCHMIDT 1916), for all 
these rocks may be derived from a deeper zone of Bergen-Jotun rocks. 
The presence of large allochthonous anorthositic masses at Bergen 
and in Jotunhejmen proviC.es abundant evidence for such a deeper 
zone. 

THE ECLOGITES IN THE GNEISS 

The experimental evidence quoted earlier in relation to the dunites and 
their garnetiferous variants can be equally applied to the eclogites in 
the gneiss . There is no evidence in the mineralogy and textures of 
closely related gneisses that the pressures or temperatures required 
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of a molten eclogite magma were ever extant. Similarly, the textural 
relationships of the eclogites show no resemblance to the Hawaiian 
eclogites with igneous affinities. The banding of the eclogite lenses is 
not rhythmic or regular in development, though it does have certain 
resemblances, apart from mineralogy, to the flow banding of perido
tite-gabbro complexes (THAYER 1963). The eclogites cannot thus be 
interpreted as ha ving crystallized from a magma at levels now exposed. 

Secondly, experimental evidence indicates that the eclogites could 
not form by metamorphism under the conditions of the almandine 
amphibolite facies. The eclogites have however a considerable struc
tural and metamorphic history, and stress and the pressure of water 
vapour might be considered to extend the crystallization field of 
eclogites.1 

It should be emphasized, however, that the eclogitic layering and 
mineralogy are earlier than most of the structural events (it was pro babl y 
folded and broken up by F2 movements) and that the influence of 
water upon eclogites produces retrograde reactions with the formation 
of amphibolite as it does in the laboratory studies (Y oDER and TILLEY 
1962) . Prior to F2 movements, the eclogites were undoubtedly much 
larger, layered bodies (of the size of the dunites ?), and, if their miner
alogy was the result of locally increased stresses or activity of water 
within the complex, it seems likely that local relicts of earlier mineral
ogy would survive. The lack of such relicts, the nature of the experi
mental evidence, discussed in more detail in relation to the eclogites 
in dunite, and the presence of garnet amphibolites and amphibole 
gneisses suggest that thf eclogites have not been produced by meta
morphism within the complex, but were in fact intruded as solid masses 
into the complex and were probably derived from much greater depths. 
Tentative evidence indicates that the date of such intrusion might be 
during or later than F 1 falding and certainly earlier than F 2 movements. 

1 The author has noted within the Flatraket quartz syenite the local devel

opment of eclogite-like rocks (garnet-clinopyroxene (plagioclase)) from the 

pyroxene-feldspar rocks of igneous aspect. The clinopyroxene so formed is 
jadeite rich. In this case, which is being studied in detail, stress may be an 
important factor. 
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The ori�ins of the forei�n inclusions 

It is considered that the presence of all these 'foreign' rock types 
within the gneiss complex can be best explained on a solid introduction 
hypothesis: that is, these masses have been thrust as plate or large pip
like bodies along deep, fundamental thrusts. The movement of these 
masses, though controlled by tectonic forces, is probably facilitated 
by strong competency differences and local recrystallization. If an 
analogy with flow banding (THAYER 1963) is accepted, the banding of 
eclogites and of dunites may be formed during these movements, 
though it seems to the author that it may well be formed at some 
earlier stage. The abundant anorthosites of the Norwegian Caledonides 
are usually considered as solid introductions (STRAND 1961), and the 
origin of many ultrabasic masses is explained in this way (TURNER and 
VERHOOGEN 1960). 

The whole history of the Norwegian Caledonides is in fact dominated 
by thrusting, ranging from the early formed nappe-like structures of 
WEGMANN (1959) and MURET (1960) to the late jotun nappes (STRAND 

1961). According to Strand's review, most major units within the 
Caledonides have tectonic boundaries. Such an orogenic belt would 
obviously be the ideal site for the deep basement-type thrusts and 
shears required to explain the emplacement of the eclogite masses and 
the dunites with their associated eclogites, and it may be noted that 
these rock types are confined, as far as it is known to the author, to 
the basal gneisses, the structurally lowest members of this orogenic 
zone. The occurrence of similar rock types in the Hercynian and Alpine 
mountain belts of Europe among gneisses and schists of various 
facies and origin (see BRIERE 1920) could perhaps best be explained on 
a solid introduction hypothesis. Some of the larger amphibolite man
tled eclogitic masses in the Alps may represent the earlier stages of the 
eclogite boudins described above. 

It is suggested that the eclogites in the gneiss and dunites with 
associated eclogites occupy different places in the tectonic history of 
the gneiss complex although they belong to the same facies. Differ
ences between the two types are further emphasized by their bulk chem
istry, reflected in the extreme rarity of olivine-bearing assemblages 
in eclogites from the gneiss and by the absence of quartz and kyanite 
in the dunitic assemblages. The two types may thus have a fundamen-
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tally different ong:m, though both reflect conditions within lower 
crust or mantle where feldspar is no longer stable. The origin of the 
eclogites is thus to be sought in the roots of the orogen where, if the 
older ages of McDouGALL and GREEN (1964) are valid, the rocks were 
formed and slightly metasomatized much earlier than any of the Cale
donian events described here. 

One may speculate as to the nature of the lower crust and upper 
mantle in Caledonian times. It is obvious that these regions have a 
complexity at least as great as that of the fragments derived from 
them. This complexity seems to be almost equal to that of overlying 
regional metamorphic units, and it seems impossible to systema.tize 
a series of simple concentric, compositional, or phase transition zones. 
Thus, for instance, a single oceanic Mohole will give only limited in
formation about the nature of the mantle. 

The lower crust in Norway undoubtedly contains anorthosites rep
resented within the Caledonides by the allochthonous Bergen and 
Jotunheimen masses. The complexity of anorthosites and their inter
relationships with granulite facies rocks are perhaps best seen in the 
Precambrian Egersund area of South Norway. At still greater depths, 
where feldspar becomes unstable (probably below the Mohorovicic 
discontinuity), basic and ultrabasic rocks are common and belong to 
the eclogite facies. Thrusting has in fact sampled two such groups of 
eclogites of different chemistry and, to a certain extent, mineralogy. 
The relationships at depth of these two groups are unknown. The 
many igneous and metamorphosed igneous rocks of the Caledonian 
orogeny presumeably also represent modified samples derived from 
greater depths and, eventually, must also be reflected in any sub
division of deep crust and mantle rocks. 

The mineralogy and chemistry of the two eclogite field associations 
will be described in detail elsewhere; further discussion on the origin 
of these rocks will be reserved till then. 
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PLATE l 

A. First genetation, rootless recumbent fold. 0.5 km W of Drage. 

B. Refolded fold. Second generation fold axis and associated lineation in left 
foreground. Third generation fold has an axis parallel to the hammer head 
and second generation lineations are folded around the hinge of this fold. 
0.4 km NW of Hovdevik (Hoddevik). 

C. Strained fractured orthopyroxene grain. Grain consists of two sets of la
mellae with orientations related through X [010] as an approximate axis 
of rotation. Fine grained mosaic crystals occur along fracture zones. Cleav
age is {210}. Width of field: 4 mm. 

D. Folded layered eclogite lens showing discordant structures at its upper 
margin. 0.5 km SE of Årdalen (Ordal). 

E. Weathered out, steeply plunging fold in dunite. Plan view. S shore of Helges
homvatn near Lien. 
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