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Geology and Structural Evolution of the Precambrian
Rocks of the Oslofjord-Qyeren Area,
Southeast Norway

OLE GRAVERSEN
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Graversen, O. 1984: Geology and structural evolution of the Precambrian rocks of the Oslofjord—
(Dyeren area, Southeast Norway. Nor. geol. unders. Bull. 398, 1-50.

The area (1200 km?) described covers the northern part of a major thrust segment in the eastern
subprovince of the Sveconorwegian orogenic belt along the southwestern margin of the Baltic Shield.
The oldest rock unit is a supracrustal gneiss, which was later intruded by biotite gneiss (oldest),
augen gneiss, a metatonalite/granite complex, and granitic orthogneiss (youngest). Four fold epi-
sodes, Fo—Fy, of regional importance have been distinguished. In the earliest regional fold structure
(Fe) the biotite gneiss occurs as the core of a large recumbent fold nappe enveloped by supra-
crustal gneiss. After this early fold episode the supracrustal gneiss was intruded by the augen
gneiss, which forms a distinctive unit parallel to the biotite gneiss.

F, folds generally have subhorizontal NNE-SSW fold axes and are overturned to the east; the
deformation is accompanied by medium- to high-grade amphibolite facies metamorphism and
widespread anatexis. F: folds are superimposed on the F, folds nearly at right angles. The F: fold
axes plunge at about 30° to the NW, and the E-W trending axial planes are inclined to the south.
Medium-grade amphibolite facies metamorphism with renewed anatexis accompanied Fi. During
F, the western part of the area acted as a rigid block ,while to the east, earlier structures were
reoriented by the Fy folds. The F; folds trend NNW-SSE with steep axial planes and rather
shallow NNW-plunging fold axes. The deformation took place under medium- to low-grade amphi-
bolite facies conditions, while retrogressive conditions in the greenschist-amphibolite transition
facies occurred during the waning stages of this episode (Fy').

Granitic orthogneiss was intruded at around 1320 Ma between the F; and F; episodes, and the
metatonalite/granite complex intruded shortly before Fy (metamorphism) at around (?) 1500 Ma.
These results indicate that only the youngest deformation (F,) took place in the Sveconorwegian
orogeny. The major tectono-metamorphic evolution took place in pre-(Grenville-)Sveconorwegian
times, and F, and F; presumably relate to a pre-1500 Ma deformation history.

Ole Graversen, Institut for almen Geologi, University of Copenbagen, @Dster Voldgade 10,
DK-1350 Kobenbavn K, Denmark.
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Introduction

The area described in this paper is situated
in southeast Norway and extends from Oslo
southwards and eastwards into Akershus and
Dstfold counties. It includes the Nesodden
peninsula in Oslofjorden to the west, and the
(Dstmarka province between Bunnefjorden
and Lake Qyeren to the east. The area was
glaciated during the Pleistocene and the topo-
graphical relief is gentle with elevations from
sea-level up to 300 m. Numetous lakes form
part of the scenery in the area which is other-
wise characterized by forests and farmland
outside the urban areas.

GEOLOGICAL SETTING

The Precambrian basement in southeast Nor-
way and southwest Sweden is part of the
Sveconorwegian province (Magnusson 1960)
in the southwestern part of the Baltic Shield
(Kratz et al. 1968). The Sveconorwegian
province is the Scandinavian counterpart of
the Grenville province of the Canadian Shield
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Fig. 1. Tectonic sketch of the eastern Sveconorwegian sub-
province in southeast Norway and southwest Sweden (partly
based on Berthelsen 1980), Frame indicates position of the
Mstfold region illustrated in Fig. 2. SNI: Sveconorwegian
front, MZ: the Mylonite zone, DBT: Dalsland boundary
thrust, OSZ: Oslofjord strain zone, G: Géteborg.
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(Wynne-Edwards & Hassan 1970, Wynne-
Edwards 1972, Zwart & Dornsiepen 1978).
Isotopic ages in the 1200-900 Ma range chat-
acterise the Sveconorwegian province (e.g.
Magnusson 1960, Broch 1964, Versteeve
1975, Skisld 1976, Pedersen et al. 1978,
Wielens et al. 1980), and the deformation
and metamorphism are referred to the the
Sveconorwegian (or Grenville-Sveconorwe-
gian) orogeny. Within the Sveconorwegian
province indications of the early history of
the rocks are provided by a number of Rb/Sr
whole rock ages of up to about 1800 Ma;
these have been reported from southwest
Sweden (Skisld 1976, Welin & Gorbatschev
1976 a, b, 1978 a, b, c, d, Daly et al. 1979)
and southern Norway (O’Nions & Baadsgaard
1971, O’Nions & Heier 1972, Versteeve
1975, Jacobsen & Heier 1978, Pedersen et al.
1978, Pedersen et al. 1979, Field & Raheim
1979 a, b, 1980, Wielens et al. 1980). The
evolution of southwest Sweden has most re-
cently been reviewed by Lundqvist (1979),
Gorbatschev (1980) and Gorbatschev & We-
lin (1980); Berthelsen (1980) and Falkum &
Petersen (1980) incorporated the evolution
of southern Norway (Pedersen et al. 1978)
and adjoining parts of Sweden in plate tec-
tonic models culminating in the (Grenville-)
Sveconorwegian orogeny.

The Sveconorwegian orogenic belt exhibits
general N-S trends which to the east (in Swe-
den) cut across the older E-W trending Sveco-
karelian structures. Berthelsen (1980) divided
the Sveconorwegian belt into a western sub-
province comprising the Precambrian of
southern Norway west of the Kongsberg—
Bamble region, and an eastern subprovince
incorporating southeast Norway and south-
west Sweden west of the Svecokarelian oro-
genic belt (Rankama & Welin 1972, Lund-
quist 1979) (Fig. 1). The eastern subprovince
is bounded to the east by the Sveconorwegian
front, along the central Swedish shear zone
or Protogine Zone, and is divided into an
castern, a median and a western (Kongsberg—
Bamble-@stfold) segment by major west-
dipping thrusts (Berthelsen 1980, Hageskov
1980) (Fig. 1). The Kongsberg-Bamble-@st-
fold segment is further subdivided by the
Oslofjord high-strain zone (Berthelsen 1980,
Hageskov 1980) into the western Kongsberg—
Bamble segment and the eastern @stfold seg-
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Fig. 2. Geological sketch map of
the @stfold region, SE Norway,
with location of the Oslofjord-
yeren area indicated. Modified
from a compilation by A. Ber-
thelsen in Pedersen et al. (1978).
DBT: Dalsland boundary thrust.
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ment. The @stfold region (Pedersen et al.
1978) (Fig.2) covers the northern (Norwe-
gian) part of the Qstfold segment and the
adjoining parts of the median segment sepa-
rated by the Dalsland boundary thrust (Ber-
thelsen 1978.

The area described in this paper is situated
within the @stfold region (Pedersen et al.
1978) and comprises the northern part of the
Ostfold segment (Fig. 2). In this segment the
St. Le-Marstrand ‘series’ (Larsson 1956, Lun-
degirdh 1958) in Sweden forms a natural
continuation of the supracrustal gneisses of
the present area. These supracrustal gneisses
are the oldest rocks recognized in the western
segment; the subsequent evolution of the area
is characterized by several periods of emplace-
ment of tonalitic to granitic rocks separated

R
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by intrusion of basic dykes. Major intrusion
periods occur at 1600-1700 Ma, around 1500
Ma and 1400 Ma, between 1200 and 1300
Ma, and around 900-950 Ma (Skisld 1976,
Jacobsen & Heier 1978, Pedersen et al. 1978,
Daly et al. 1979, Berthelsen 1980, Gorbats-
chev & Welin 1980, Hageskov & Pedersen
1980, Skjernaa & Pedersen 1982). The pe-
riods of intrusion were preceded and sepa-
rated by orogenic episodes involving folding
and amphibolite facies metamorphism accom-
panied by widespread migmatite formation.

The anorogenic Iddefjord-Bohus composite
granite batholith (Pedersen et al. 1978, Ber-
thelsen 1980, Gorbatschev 1980) with its
widespread undeformed pegmatite dykes
marks the close of the Sveconorwegian oro-
geny. Radiometric Rb/St whole rock ages of
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the Iddefjord—Bohus granite vary between
923 + 39 Ma (Pedersen et al. 1978) and
881 = 34 Ma (Killeen & Heier 1975).
Towards the end of the Proterozoic the
Sveconorwegian orogenic areas were pene-
planed. Cambrtian alum shale representing
the Cambrian transgression is preserved in a
small downfaulted area along Lake Dyeren
(Holtedahl 1907). Palaeozoic sediments are
also preserved in the downfaulted Oslo gra-
ben delimiting the area to the westnorthwest.
Rocks forming part of the Permian magmatic
province along the Oslo graben intrude the
basement rocks as minor gabbroid (Oslo-
essexite) plugs (Hageskov & Jorde 1980),
and as dolerite and rhomb-porphyry dykes.

PREVIOUS WORK

The precambrian bedrock southeast of Oslo
has attracted little attention compared with
the adjoining fossiliferous Palaeozoic strata
and the rocks of the Oslo graben. The limited
interest in the Precambrian terrain is reflected
in the regional descriptions (Keilhau 1850,
Kjerulf 1857, 1879, Barth 1960, 1963, Ofte-
dahl 1974) and the regional geological maps
(Kjerulf & Dahll 1858-65, Brogger & Sche-
telig 1900, Holtedahl & Dons 1960) which
provide little information about the Precam-
brian bedrock, with only a few granites dis-
tinguished from undifferentiated areas of
gneiss. More detailed descriptions and maps
are, however, available from Nesodden (Brock
1926, Gleditsch 1952) and Eidsberg (Rek-
stad 1921). Detailed mapping and structural
analysis only became possible with the devel-
opment of adequate methods (see e.g. Ramsay
1958 a, b, Berthelsen 1974) and production
of modern, detailed photogrammetric maps
(@Dkonomisk kartverk 1958).

Detailed mapping in the Moss area was
started in 1965 (Berthelsen 1967); during the
following years the area under study was
extended through reconnaissance mapping
and more detailed surveys by geology stu-
dents. Since 1972 systematic mapping has
been carried out by staff members of the In-
stitut for almen Geologi, Kobenhavns Uni-
versitet (Institute of General Geology, Uni-
versity of Copenhagen), through a formalized
arrangement with Norges Geologiske Under-
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sokelse. The results of this work, in simpli-
fied form, are incorporated in the new 1:1 M
geological map of Norway (Sigmond et al.
1984). Detailed descriptions from restricted
areas or papets focusing on subjects of special
interest have been published by Berthelsen
(1967, 1970, 1977, 1978), Graversen (1973,
1974, 1980), Graversen & Hageskov (1971),
Hageskov (1972, 1978, 1980), Hageskov &
Jorde (1980), Hageskov & Pedersen (1980),
Skjernaa (1972) and Zetterstrom (1974). In
the @stfold region Pedersen et al. (1978) de-
monstrated repeated periods of intruison from
about 1800 Ma to around 1300 Ma, with the
younger fold episodes postdating the 1300
Ma intrusions. Pedersen (1979) has suggested
one deformation episode prior to 1631 = 53
Ma and another around 1500 Ma. In later
description of areas in the western and east-
ern parts of the region (Hageskov 1980, Ha-
geskov & Pedersen 1980, Skjernaa et al.
1979, Skjernaa & DPedersen 1982), it was
concluded that the two or three major fold
episodes recognized in these areas postdate in-
trusive periods at 1320 == 22 Ma and 1277 =
20 Ma, respectively; this implies that the
major structures observed were all developed
during the Sveconorwegian orogeny. This
conclusion, however, is not supported by the
present study.

AIMS AND METHODS OF THE
PRESENT WORK

The area described here covers a complete
section across the @stfold thrust segment for-
med during the Sveconorwegian regeneration
of an old basement area. A broad account of
the general geology is given, although special
emphasis is laid on the structural framework
in order to unravel the Sveconorwegian and
pre-Sveconorwegian evolution.

The Precambrian bedrock in the area de-
scribed is mainly composed of granitic gneis-
ses with subordinate basic rocks. Distinctive
key horizons are lacking, and in order to en-
able a structural analysis of the megascopic
structures to be made, mapping of the sub-
conformable granitic gneisses was catried
out as lithostructural mapping (Berthelsen
1960 a). The gneiss tectonostratigraphy es-
tablished in this way provides the basis for
the structural analysis.
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The major petrographic features of each
mapping unit have been determined, and are
described below. However, the main em-
phasis has been the establishment of a rec-
tonochronology for each unit: a chronology
of metamorphic evolution and migmatite for-
mation relative to the structural evolution,
contact relationships with adjacent units and
the presence or absence of metabasite dykes.

The field mapping was based on 1:5,000
and 1:10,000 photogrammetric rmaps (Dko-
nomisk kartverk 1958), while 1:50,000 map-
sheets (Series M 711, 2-NOR edition) were
used for the final compilation . The topo-
graphical relief is moderate (0~300 m), and
the exposure is moderately good in regard to
the extension of the rock units and the size
of the structures. The compilation (Plate 1)
was carried out by the author and included
additional reconnaissance mapping. The field
work was carried out during the summers
196876, and during this period the author
spent 1215 months in the field.

In the description of the rocks, petro-
graphic names follow the classification re-
commended by Streckreisen (1974). The
metamorphic facies is of Barrovian type and
its description is in accordance with Turner
(1968).

In the petrographic descriptions, quartz,
feldspar and other major rock-forming min-
erals are named first, followed by the minor
constituents, usually listed in alphabetical or-
der . The plagioclase An-content was deter-
mined optically by means of extinction an-
gles in suitable sections (Treger 1971). The
mineralogical composition was determined
through modal analysis of thin-sections of
representative samples (Kalsbeek 1970). The
textural descriptions follow the terminology
of Becke (1904) as revised by Berthelsen
(1960a).

Ages cited in the present paper are Rb-Sr
whole rock ages, recalculated where necessary
in accordance with the recommended stan-
dards of Steiger & Jiger (1977), using a
decay constant of A¥Rb = 1.42 X 10" x a',
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Description of the main rock types
and their chronological
significance

SUPRACRUSTAL GNEISS

The supracrustal gneiss is the oldest rock unit
in the area (Table 1). Rocks belonging to
this unit can be traced to the south into
Sweden (Fig. 2) where they join the St. Le-
Marstrand ‘series’ (Magnusson 1958, Larsson
1956), which continues to the south to the
Goteborg area in the Ostfold segment (Fig.
1). In both Norway (Hageskov & Jorde
1980) and Sweden (e.g. Samuelsson 1980)
these supracrustal gneisses were split up by
a number of intrusive granitic bodies, the
oldest of which now outcrop as continuous
layers of orthogneiss.

The supracrustal gneiss is generally uni-
form over most of the area and is typically a
grey, fine- to medium-grained, mainly psam-
mitic gneiss with an overall granitic compo-
sition. The main minerals are quartz (40%),
microcline (30%) and plagioclase (Ani)
(209) which exhibit an interlobate eugran-
oblastic texture. Biotite is the dominant ma-
fic mineral and gives the rock an open to
disperse foliation. Kyanite, and mote rarely
sillimanite, occur in some places. Additional
minot constituents include almandine-rich
garnet, apatite, calcite, chlorite, epidote, mus-
covite, sphene, zircon, rutile and hematite.
Sericite lenses occur abundantly in many
areas; a few outcrops in the southwestern
part of the area have revealed a core of only
partly altered kyanite telics in the sericite
lenses, and it is presumed that kyanite was a
common constituent in alumina-rich parts of
the supracrustal gneiss.

Subordinate quartzitic, semipelitic and pe-
litic layers varying from a few mm to tens
of c¢m in thickness occur within the gneiss
(Fig. 3), in addition to the layering that re-
sults from a varying mica content. Relict
sedimentary structures and calc-silicate layers
and lenses found within the supracrustal
gneiss are described separately below.

The supracrustal gneiss has suffered ana-
tectic transformation in several areas. Al
though the occurrence of veined and layered
migmatite structures is quite common, the
characteristic features noted above can usu-
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Fig. 3. Field sketch of folded
supracrustal gneiss showing
alternating psammitic and peli-
tic layers. ddegérden, Kolbotn.
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ally still be recognized. However, in some
areas, anatectic transformation has destroyed
most of the features of the.supracrustal gneiss
and nebulitic migmatite structures are devel-
oped; the presence of calcsilicate lenses as
resistent xenoliths in the migmatite is then
the only clue to the origin.

Relict sedimentary structures

Rhythmically layered supracrustal gneiss oc-
curs as xenoliths in metatonalite at Nesodden
in the western part of the area (Fig. 4). The
layered rock shows a relict clastic texture with
quartz grains set in a recrystallized matrix
(Fig. 5) of either plagioclase or chlorite (in
the dark layers). Microcline is present in some
layers while other layers are dominated by
plagioclase (oligoclase—andesine). Calcite oc-
curs in small amounts throughout the rock

Geology and structural evolution 7

and clinozoisite-epidote is present in equili-
brium with chlorite.

The various compositions of the different
layers seem to reflect primary sedimentary
differences and suggest an alternation of
mainly psammitic layers with subordinate
pelitic and quartzitic layers. Some layers ap-
pear to be graded and parts of the sequence
could be interpreted as a layered turbidite
sequence, although other interpretations are
possible.

Where partly recrystallized, the metasedi-
ment has a hemigranoblastic saccharoidal (po-
lygonal) texture with some recrystallized
clastic quartz and plagioclase feldspar. How-
ever, in most cases the relict clastic fabric is
completely destroyed in the supracrustal
gneiss, and microcline, together with quartz
and plagioclase, forms an interlobate eugran-
oblastic texture.
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Fig. 4. Rhythmic layering in supracrustal gneiss. Nesodden,
north of Sendre Spro brygge at Oslofjorden, west of Gardar.

Fig. 5. Relict clastic texture in supracrustal gneiss; rounded
quartz grains in matrix of partly altered plagioclase (clouded)
together with biotite. Photomicrograph, plane polarized
light. MM 15314. 350 m westsouthwest of Tangen school,
northern Nesodden.

NGU - BULL. 398

Calc-silicate layers and lenses

Quartz-bearing calc-silicate lenses and layers
5--25 cm thick are found in the supracrustal
gneiss (Fig. 6). A few outcrops demonstrate
that some of the calc-silicate lenses were for-
med through boudinage of competent layers,-
but this does not exclude the possibility that
some were calcareous nodules or concretions.

The calc-silicate lenses are composed main-
ly of labradorite and quartz (309) with a
granoblastic saccharoidal (polygonal) texture.
The lenses may be zoned, in which case they
exhibit a pink and sometimes spotted central
part surrounded by a white rim; a dark inter-
vening transitional zone may also occur. The
spotted central part is characterized by poikil-
oblastic pyroxene (diopside enclosing quartz)
surrounded by pink grossular-rich garnets. In
the dark transitional zone, the pyroxene is re-
placed by amphibole, which in turn is re-
placed by biotite in the surrounding white
rim.

Similar zoning in calc-silicate rocks has
been described by Eskola (1922), in great
detail by Hentschell (1943), and more recent-
ly, among others, by Mehnert (1968) from
the Loftahammar region in southeast Sweden.
The zoning is explained as reaction zones
developed through transformation of impure
limestone during metamorphism and gran-
itisation (anatexis) in migmatitic areas. The
limestone develops a reaction zone, thus form-
ing armed relics (resisters) which are pro-
tected from further reaction with, and dis-
solution in, the surrounding rock.

Metamorphism and migmatization

The mineral content of the supracrustal gneiss
(quartz, microcline, plagioclase (Any), biotite,
muscovite, kyanite, sillimanitite) indicates
amphibolite facies grade metamorphism.
Along with metamorphism, the supracrustal
gneiss has suffered at least two periods of
migmatite formation.

Outcrops in the southwestern part of the
area may contain two generations of relict
kyanite and suggest a two-phase metamor-
phism that can be referred to the Fy and F;
fold episodes (Fig. 7). Kyanite of the first
generation crystallized parallel to the main
biotite foliation of the gneiss. This foliation
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Fig. 6. (A) Zoned calc-silicate lens in supracrustal gneiss, Kolbotn. (B) Calc-silicate lens in strongly migmatized supracrustal
gneiss. Nesodden, Bomannsvik brygge at Bunnefjorden, southsoutheast of Torvet.

was later folded, simultaneous with the devel-
opment of a weakly developed new cleavage,
during the F; deformation. The older kyanite
was often broken up and rotated together
with the biotite, while the second generation
of kyanite lies in superimposed schistosity
planes. The late kyanites have overgrown the
folded biotite and show no crushing. Some
biotite possibly also recrystallized at this
stage.

The early metamorphic phase reached silli-
manite grade. This has been estimated from
a few localities where both sillimanite (partly
altered) and kyanite are overgrown by a later
biotite foliation; in the same rock unaltered
kyanite grains occur parallel with the foli-
ation. This suggests that the sillimanite was
formed together with the older kyanite of the
first generation, and that during the sub-
sequent (F;) metamorphism it was partly al-
tered while kyanite remained stable.

It is thus assumed that the highest P-T
conditions were reached during Fi, where the
sillimanite isograde was reached in some
areas. During the subsequent F; deformation,
a medium-grade amphibolite facies metamor-
phism with kyanite prevailed.

The eastern area was overprinted by a low-
grade amphibolite facies metamorphism dur-

ing Fs-F;’. Steep axial planes witness to
strong lateral compression and the supra-
crustal gneiss commonly shows a recrystallized
cataclastic development. Despite the intense
shearing both garnet and kyanite have sur-
vived, often crushed and set in a matrix of
deformed biotite which forms lensoid bodies
(Fig. 8). These lenses and cataclastic feld-
spar grains occur in a recrystallized quartz
matrix with minute shear zones outlined by
fine-grained impurities and white mica. Al-
tered but undeformed sillimanite(?) inclusions
in crushed gatrnets (Fig. 8) in the eastern area
are relics of the early metamorphism.

The oldest migmatite is characterized by
layered (stromatic) and veined (phlebitic)
sttuctures. During F, these structures were
folded and new migmatitic veins were intro-
duced parallel to the F; axial planes. A sub-
sequent period of migmatite formation is in-
dicated in the eastern part of the area by
pinch-and-swell pegmatitic veins cutting the
folded stromatic structure (Fig.9). The
pinch-and-swell pegmatites are surrounded by
a mafic biotite rim, are generally concen-
trated in shear zones and often follow the
axial planes. This late migmatitization is less
pronounced and may be ascribed to the F;
(or F,) deformation.
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Fig. 7. Two generations of kya-
nite in supracrustal gneiss (MM
4050), south of Pollevannet.
The older kyanite lies parallel
to the folded S1 foliation. Kya-

nite of the second generation &
has crystallized in the superim- ““‘"‘:‘“Q‘-ﬁ:{_ B
posed Sz schistosity planes. ~ Qs_.;—"'

Drawn from a thin-section.

In the southwestern area migmatites also
reflect the two-stage metamorphism. Partly
sericitized kyanite occurs in both the first and
the second generation migmatic veins, The
most thorough migmatization occurred during
the F; deformation and is consistent with the
high P-T conditions (sillimanite grade) reach-
ed during this period.

METAPLUTONIC ROCKS INTRUDING THE
SUPRACRUSTAL GNEISS

After deposition (and folding?), the supra-
crustal gneiss was intruded by several gene-
rations of granitic and basic plutonic rocks.
The intrusive events were separated by major
deformation episodes and the oldest meta-
granites now outcrop as continuous gneiss
horizons, which outline the regional structure
of the area. The basic rocks comprise several
generations of dyke intrusion as well as lar-
ger basic bodies; these rocks have been trans-
formed to a varying degree into garnet am-
phibolites, and are valuable as time markers
in the tectonostratigraphic analysis.

In the following account the metaplutonic
rocks are described in order of decreasing
age: biotite gneiss, meta-anorthosite/leuco-
diorite, augen gneiss, metatonalite/granite
complex and granitic orthogneisses. The me-
tabasites are described subsequently.
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BIOTITE GNEISS

The biotite gneiss delineates the main region-
al structure of the area; to the north it out-
crops in up to 1 km-wide zones in the supra-
crustal gneiss, and to the south the outcrop
widens to cover larger continuous areas
(Plate 1).

The biotite gneiss is a rather homogeneous
unit of monotonous grey augen gneiss of
granitic composition. It is commonly mig-
matitic, showing a layered or veined structure
parallel to the biotite foliation. Neosome
veins also cut the main foliation (Figs 10
& 11).

The main minerals of the biotite gneiss are
quartz (25%), microcline (409%), plagioclase
(Ans) (209), biotite (10%) and garnet. The
composite microcline augen are 2—4 cm long
and 1-2 cm across. The augen are generally
lensoid in shape, occasionally slightly lineated,
but an almost rectangular outline of the au-
gen is found at a few localities. The biotite
laths are parallel to a distinct foliation that
bends around the augen. Garnets of cm size
are also a characteristic constituent in some
areas (Fig. 10).

The texture of the quartz-feldspar minerals
is hemi-granoblastic with a grain size varying
from 0.1-1.5 mm in the matrix and from
1-5 mm in the composite augen. Accessory
minerals include apatite, muscovite, sphene,
zircon and opaque minerals.
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Fig. 8. Supracrustal gneiss (MM
18902) from the thrust zone
southeast of Gjellerdsen, show-
ing crushed and rotated garnets
with inclusions of altered silli-
manite(?) needles. The gamets
are set in a biotite matrix. Pho-
tomicrograph, polars crossed
with an 80° angle. The sillima-
nite(?) might be ascribed to the
metamorphism accompanying
the Fi deformation, and now
occurs as inclusions in anhedral
gamets crystallized during the
F» metamorphism. The euhe-
dral inclusion-free gamet to the
left may have grown during the
Fs metamorphism.

Fig. 9. Small-scale F2 Folding of
(F1) stromatic migmatite struc-
tures in supracrustal gneiss,
north of Lutvatnet. Later pinch-
and-swell pegmatitic veins (Fa?)
cut the folded structures sub-
parallel with the axial planes.

Geology and structural evolution
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Contact relationships and origin
of the gneiss

The contact between the biotite gneiss and
the supracrustal gneiss is generally sharp and
the foliation in the gneisses is neatly always
patallel to the contact. At the contact the
supracrustal gneiss generally rises above the
biotite gneiss by virtue of its being more
resistant to weathering, and the contact is
marked by a scar in the topography.

The origin of the biotite gneiss is difficult
to demonstrate as it has been repeatedly ex-
posed to deformation and recrystallization
under amphibolite facies conditions (see be-
low), so that the nature of the primary con-
tact has been destroyed. In the southwestern
part of the area, different lithologies of the
supracrustal gneiss are in contact with the
biotite gneiss along the strike (B. Hageskov,
pers. comm.) and at several localities within
the biotite gneiss outcrop, a fine-grained
gneiss closely resembling the surrounding
supracrustal gneiss is found in 20-40 cm-
thick layers or sheet; these sheets all show
concordant contacts. Whether the contacts
indicate an intrusive origin for the biotite
gneiss (and a possible angular relationship
being destroyed during later deformation), or
whether they reflect a lateral variation during
sedimentation of the supracrustal gneiss, can-
not be decided because of the discontinuous
nature of the exposure. However, lateral

Fig. 10. Biotite gneiss with len-
soid microline augen from the
southern Bunnefjorden area.
Pegmatitic neosome veins for-
med during the F2 deformation
along shear-zones cutting the
main foliation. Small garnets
are widespread.
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facies variation in the supracrustal gneiss has
not been observed elsewhere, thereby favour-
ing the probability of an intrusive relation-
ship. The exotic fine-grained gneiss sheets
scattered in the biotite gneiss are, however,
most probably xenoliths, suggesting an in-
trusive origin for this unit. This interpre-
tation concurs with the homogeneous and
granitic character of the biotite gneiss. On
the other hand, the complex structural evo-
lution, with possible initial nappe formation
in the biotite gneiss-supracrustal gneiss nappe
(see later) opens the possibility of thrusting
along the contact as being responsible for a
major discordance.

Folding, migmatization and metamorphic
evolution

The biotite gneiss was folded during four
sucessive fold episodes of regional importance
(Fo-F3). The Fi and F fold episodes domi-
nate the mesoscopic and macroscopic fold
development in the western part of the area,
and an interference pattern between these two
fold systems in the biotite gneiss has been
demonstrated through detailed structural

work on refolded garnet amphibolites (Gra-
versen 1973). During Fi, recumbent isoclinal
folds developed with NNE-SSW trending
axes, and these structures were later refolded
by NW-plunging F, folds which are the most
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common structures found (Fig. 18). Only the
eastern part of the area was folded during
F; (Fig. 28).

The biotite gneiss generally displays a
layered or veined migmatitic structure with
leucosome veins parallel to the biotite foli-
ation. This thorough migmatization occurred
during Fi, while the migmatitic gneiss was
folded during F,. Small-scale intrafolial folds
developed before the migmatization event
may belong to Fy, or to the initial stages of
Fi1. Two types of later pegmatitic veins occur:
1) veins which cut the foliation are found
along shear planes connected with small-scale
flexures formed during F> (Fig. 10); 2) ran-
domly distributed accumulations of neosome
material (Fig. 11) which developed in fissures
and cavities resulting from dilation or boudin-
age (Fig. 11).

In the eastern part of the area (in the @st-
marka syncline folded during Fs), the patchy

pegmatitic neosome pods cut both the old, ¢

intensely folded migmatitic schlieren (Fi) and
the pegmatitic veins which developed along
cross-cutting shear planes (F,) (Fig. 11). The
mesoscopic folds associated with the cross-
cutting shear planes are governed by vertical
F; fold axes and were reoriented by the mo-
derately NNW-plunging F3 ©stmarka sync-
line. The migmatitic neosome patches were
not further deformed and their formation is
thus considered to be associated with Fj.

A three-stage metamorphic evolution of
the biotite gneiss is also suggested by the
garnets., Most garnets show no deformation
and grow in late leucosome veins (F», Fi) as
well as across the augen and layered leuco-
some veins of the first migmatitic phase (Fig.
10). In the paleosome (biotite gneiss) some
garnets have been rotated around the young-
est fold axis (F,2) in the western area. This
rotation is at some localities related to the
development of a new foliation (S:) and with
the folding (and recrystallization) of the pre-
vious Si-foliation (Fig. 12). This points to a
two-stage metamorphic evolution (F;, F) se-
parated by folding (F2). Poikiloblastic gar-
nets sutrounded by a rim of inclusionfree
garnet also indicate successive stages of garnet
growth; the present example may not include
deformation between the two periods of gar-
net growth and might thus represent a third
metamorphic event (F3?).
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Fig. 17. Folded migmatitic biotite gneiss from Haukasen in
the @stmarka syncline. See text for further explanation.

Fig. 72. Garnet with S-shaped inclusion trails in biotite gneiss
from the southern Bunnefjorden area. The S1 biotite foliation
was folded during F2. A new foliation, S2, is developed along
shear-planes parallel to the axial planes of the F2 folds.

The metamorphic and migmatitic develop-
ment appears to be coeval with the structural
evolution. The main migmatite formation
with leucosome veins parallel to the biotite
foliation of the gneiss was formed in connec-
tion with the F; deformation. During F,, the
F: structures were folded and recrystallized
and, in some cases, a new foliation developed
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(S;, Fig.12); the formation of migmatitic
veins along shear planes which cross the S,
foliation is connected with this F, deforma-
tion. The youngest neosome veins outcrop as
homogeneous bodies cutting the earlier struc-
tures, and this migmatitic phase is linked to
Fs.

The mineral association (quartz, microcline,
plagioclase (Any), biotite, muscovite) and
migmatitic development of the biotite gneiss
demonstrate medium- to high-grade amphi-
bolite facies metamorphism. Even though the
chemical composition of the biotite gneiss is
not suited for exact determination of the me-
tamorphic grade, the more intense migmati-
zation during the first deformation suggests
that the highest P-T conditions were reached
at this time (kyanite-sillimanite grade ?), and
that somewhat lower temperatures prevailed
during the later F; and F; events (kyanite
grade ?).

The biotite gneiss in the northeastern part
of the area was retrogressively metamor-
phosed during F5-F5’. Plagioclase is strongly
sericitized, while biotite is distorted and part-
ly replaced by chlorite and prehnite. The
garnets atre slightly anisotropic but not re-
crystallized. It thus seems that low amphib-
olite-greenschist transition facies conditions
prevailed during the last stages of the F; de-
formation; this retrograde metamorphism is
linked to Fy.

At a later stage, unstrained muscovite grew
across the secondary and the earlier formed
minerals both in the eastern and the western
part of the area. This demonstrates either
that the metamorphism outlasted the regional
deformation or that the area was subsequent-
ly metamorphosed under static conditions.

META-ANORTHOSITE/LEUCODIORITE

Several bodies of a distinctive white plagio-
clase gneiss with mafic schlieren, up to about
300 X 1500 m in size, have been mapped in
the northern supracrustal gneiss on Nesodden
and in the southwestern biotite gneiss (Plate
1); the latter occurrences have been described
in more detail by Graversen (1980). The
Nesodden meta-anorthosites were described
as plagioclase-gedrite gneisses and garbens-
chiefer by Broch (1926) and interpreted as
having a sedimentary origin. Broch (1926,
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p. 171) has, however, also reported discor-
dant contacts of a meta-anorthosite dyke (?)
cutting the gneiss foliation. Because of their
similar petrography and textures the Nesod-
den plagioclase-gedrite gneisses are here cor-
related with the intrusive meta-anorthosites
to the south.

On weathered surfaces the meta-anortho-
site has a mottled black and white appearance
(Fig. 13). There is some variation in the ptro-
portion of mafic minerals and the way in
which they are arranged, but in most outcrops
the content ranges between 10 and 209%. The
groundmass is composed of medium-grained
massive plagioclase (Anzsss). Most of the
mafic minerals, fibrous amphibole, antho-
phyllite-gedrite and biotite, are usually con-
centrated in schlieren about 10 cm long and
a few cm broad which exhibit a ‘flame’ or
‘flaser-like’ structure. Observations from lo-
calities showing little deformation suggest
that the structure stems from an original cu-
mulate texture with cumulus feldspar up to
about 5 cm in size and mafic aggregates; on
deformation the latter have become schlieren
(Graversen 1980, Figs 8 and 9).

Plagioclase forms 75-95% of the rock,
while fibrous amphibole, anthophyllite-ged-
rite and biotite together make up 5-25%:;
the accessory minerals include almandine-rich
garnet, chlorite, muscovite, phlogopite, rutile,
staurolite, zircon, hematite, ilmenite, magne-
tite, pyrite and pyrrhotite.

Deformation and metamorphism

Mesoscopically folded schlieren follow NW-
plunging axes (F;) and suggest an earlier de-
formation (F,) as being responsible for the
initial formation of the schlieren through de-
formation of the original cumulate texture.
These considerations place the intrusion of
the anorthosite/leucodiorite prior to the F,
fold episode, and subsequent to the emplace-
ment of the biotite gneiss.

The fibrous amphibole in the schlieren re-
presents an early phase of recrystallization
(F1?). Later, presumably during F, subhedral
to euhedral prismatic anthophyllite-gedrite
crystals grew both in the mafic schlieren and
in the plagioclase matrix. During a subse-
quent metamorphism, euhedral garnets, with
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Fig. 13. Meta-anorthosite/leu-
codiorite with mafic bands and
schlieren. Outcrop from the
southern anorthositic bodies in
the biotite gneiss southeast of
Bunnefjorden.

diameters up to 8 cm, have in some cases
grown across the contact between the mafic
schlieren and the plagioclase host, with no
sign of later rotation. In the Nesodden meta-
anorthosite, euhedral staurolite crystals have
grown in the plagioclase matrix. The crystal-
lization of euhedral garnet and staurolite in-
dicates a late amphibolite facies grade meta-
morphism of the staurolite-kyanite zone. This
development may be due to a metamorphism
which outlasted either the F, or more likely
the Fi, deformation. Garnet and mafic min-
erals may later be replaced by chlorite, indi-
cating subsequent greenschist facies or green-
schist-amphibolite transition facies conditions

(F3).

AUGEN GNEISS

Extensive outcrops of augen gneiss, enveloped
by the supracrustal gneiss, occur in the Gjer-
sjo dome, in the Dstensjp anticlinorium and
in the adjoining Mysen and @stmarka syn-
clines where the augen gneiss follows the
major structures outlined by the biotite gneiss
(Fig. 23, Plate 1).

The augen gneiss has a coarser-grained and
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more massive appearance than the supra-
crustal gneiss and the biotite gneiss. It is
relatively resistant to erosion and usually
forms higher ground than bordering rock
units. The augen gneiss is a grey, weakly
foliated migmatitic gneiss dominated by Iarge
microcline augen (Fig. 14). Tt has a granitic
composition and the main minerals are quartz,
microcline, plagioclase (Anas-3), hornblende,
biotite and almandine-rich garnet. The coarse
and migmatitic character of the rock hinders
any reliable modal anlysis. Accessory minerals
identified under the microscope include apa-
tite, sphene, zircon and opaque minerals.
The large microcline augen are commonly
up to 5 ¢m in length and may make up about
1/3 of the rock. The augen sometimes have
a near-rectangular shape but are generally
rounded or pointed at the ends (Fig. 14 A).
Individual augen may be composite or single
microcline grains. A subparallel arrangement
of the augen and biotite in the matrix forms
a rather weak foliation in the rock. The
linear development of the augen is more pro-
nounced, and in most cases is the only struc-
ture that can be recorded. Towards the con-
tact with surrounding rocks, the augen gener-
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Fig. 14. Augen gneiss outcrops in the stensje anticlinorium.
A) Foliated augen gneiss, B) Veined and layered migmatitic
development of the augen gneiss. C) Folded migmatitic
augen gneiss.
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ally become completely destroyed and the
rock is transformed into a well-foliated, ban-
ded gneiss. The foliation is parallel to the
contact and to the foliation in the surround-
ing supracrustal gneiss.

Metamorphism and migmatization

The mineral paragenesis of the augen gneiss
(see above), indicates amphibolite facies me-
tamotrphism. The augen gneiss is anatectic,
generally displaying a veined or layered mig-
matitic structure (Fig. 14 B & C). The leuco-
some is characterized by quartz and plagio-
clase, often found in the pressure shadow
zone at the end of larger microcline augen.
The microfabric is hemi-heterogranoblastic
with sinuously curved grain boundaries. Late
distortion and even crushing of some grains
is an additional characteristic feature.

The leucosome veins are sometimes folded
on a mesoscopic scale (Fig. 14 C); folding and
recrystallization clearly took place after the
migmatization (Mehnert 1968).

Origin, relative age and deformation
of the augen gneiss

The granitic composition, homogeneous na-
ture, and the presence of xenoliths of supra-
crustal gneiss 1-2 m across (Fig. 15), all sug-
gest that the augen gneiss is of intrusive ori-
gin. The augen gneiss appears to have been
intruded later than the biotite gneiss, since
anorthositic rocks and garnet amphibolites
which abundantly intrude the latter are not
found in the augen gneiss. The interpretation
of the regional structures (see later) also sug-
gests that the augen gneiss was intruded later
than the emplacement of the biotite gneiss
but participated in the major F; to F; defor-
mations.

It seems likely that the migmatization oc-
curred during Fi, and the later amphibolite
facies recrystallization during ?F,. The late
deformation of the rigid gneiss may be as-
cribed to Fi-Fy".

METATONALITE/GRANITE COMPLEX

In the northern part of the area large volu-
mes of tonalitic and granitic rocks were in-
truded into the supracrustal gneiss. The in-
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Fig. 15. Xenoliths of supracru-
stal gneiss in migmatitic augen
gneiss. Gjerse dome west of
Kolbotn.

trusive rocks show a variable but weak foli-
ation and are sometimes lineated. The main
constituents of the metatonalite are quartz,
plagioclase (Any.3s) and biotite, while the
colour index is 20-25. The metagtranite
is composed largely of quartz, microcline and
plagioclase (Any); biotite is less important
and the colour index is around 5.

Compared with the biotite gneiss and the
granitic augen gneiss, the metatonalites and
metagranites have a fresher appearance, and
are not restricted to a specific structural level
in the supracrustal gneiss. The mapping in-
dicates that the contacts cut the foliation in
the supracrustal gneiss discordantly, and that
the tonalitic rocks contain xenoliths of supra-
crustal gneiss from dm scale to mappable size
(100200 m). The tonalitic and granitic
rocks were intruded between the F; and F;
fold episodes, possibly prior to the F, fold
episode.

The outcrops are concentrated in two main
areas; the eastern (Dstmarka area where only
tonalitic rocks occur, and a western area
around the Gjetsje dome which is character-
ized by the occurrence of both tonalitic and
granitic rocks (Plate 1). In the @stmarka
area, the metatonalites are situated in the
supracrustal gneiss below the augen gneiss in
the tectonostratigraphic sequence, whereas in
the western area the tonalitic and granitic
rocks are intruded into the supracrustal gneiss
above the biotite gneiss.

The Dstmarka metatonalite area has been
studied mainly by Christian Mohr (University
of Copenhagen) and his detailed map was
generously placed at the author’s disposal.
Only the northwestern part was mapped by
the present author.
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The description of the metatonalite/gra-
nite complex which follows is mainly based
on the Nordstrand-Sermarka area east and
north of the Gjersjg dome where fresh and
clean outcrops, exposed during the building
activity in the newly extended suburb areas
around Oslo, enable clear and detailed obser-
vations to be made.

On weathered surfaces, both the meta-
granite and the metatonalite are whitish or
grey in colour and the difference between
them can be so small that if both types are
not present in the same outcrop they are
liable to be indistinguishable in badly exposed
areas. This difficulty also affects estimates of
their relative proportions and their areal dis-
tribution. Generally, both types occur within
a relatively small area and no distinction be-
tween the two has been made on the map.

The metatonalite is a dark, medium-grained
massive rock. Biotite is the dominant dark
mineral and constitutes an open foliation in
the rock. Quartz and feldspar occur in small
augen that may be lineated and sometimes
flattened parallel to the foliation. The min-
erals identified in thin-section are quartz
(33%), plagioclase (Ans-3s) (409%) and bio-
tite (2096), together with accessory amounts
of almandine-rich garnet, apatite, chlorite,
muscovite, sericite, sphene, zircon and opaque
minerals. The texture is characterized by
composite plagioclase augen, generally up to
5 mm in size, set in a finer grained (0.2-2
mm) quartz-plagioclase matrix. The plagio-
clase grains in the augen may be up to 1 mm
across and show a granoblastic polygonal
texture. The texture of the quartz and plagio-
clase grains in the augen may be up to 1 mm
across and show a granoblastic polygonal
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texture. The texture of the quartz and plagio-
clase in the matrix is granoblastic. The pla-
gioclase is andesine with albite twins in near-
ly all grains while combined Carlsbad-albite
twins are also common.

The metagranite is a whitish grey, medium-
to coarse-grained rock. The first impression
is that of a more massive rock than the meta-
tonalite, but this is mainly due to the low
(5%) biotite content; however, both quartz
and feldspar are elongated and flattened
parallel to the open biorite foliation. The
microscopically identified minerals are quartz
(309), microcline (35%), plagioclase (Ana)
(309%) and biotite, together with accessory
almandine garnet (?), apatite, calcite, chlorite,
epidote, muscovite, sericite, zircon and opa-
que minerals. The compositional variation ex-
pressed by the microcline/plagioclase ratio is
rather variable and ranges from about 1:1 to
5:1.

The age relationships between the tonalitic
and the granitic phase are rather obscure. The
contact between the two is always sharp (Fig.
16). The foliations of both rocks are parallel
and generally show a large angle with the
contact, thus indicating that the foliation

¥
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Fig. 76. Contact between metagranite (right) and metatona-
lite with xenoliths of supracrustal gneiss. East of Dstensjo-
vannet.
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must have developed simultaneously in both
rocks during a postintrusion deformation.
However, the fact that only the metatonalite
contains xenoliths of supracrustal gneiss sug-
gests that this phase is somewhat older, and
that the granite later preferentially intruded
the tonalite.

The metatonalite/granite complex was em-
placed after the F; deformation. This is indi-
cated by dykes of the tonalite as well as the
granite, which cut both the regional foliation
and the main migmatization of the supra-
crustal gneiss (formed during the F; deforma-
tion), and by the fact that the tonalite intru-
des migmatitic augen gneiss.

Rb-Sr reference ages of 1525 and 1480
Ma have been obtained by Pedersen (1979)
and Pedersen et al. (1978) from whole rock
analyses of metatonalite and metagranite sam-
pled between Kolbotn and Nordstrand in the
Nordstrand—Seormarka  metatonalite/granite
area. The ages may reflect a methamorphic
episode around 1500 Ma shortly after the
emplacement of the rocks (Pedersen 1979).

Deformation and metamorphism of the
metatonalite [ granite complex

The metatonalite/granite complex reacted as
a competent body during deformation and
only few mesoscopic folds have been obser-
ved. The regional structures around @sten-
sjevannet in the northern part of the Dsten-
sjo anticlinorium (Fig. 24) demonstrate that
the complex was folded during the last ma-
jor (F3) deformation (Plate 2 section XVII-
XIX).

The small metatonalite area which out-
ctops along the southeastern part of the
Gjersjo dome (in the northern part of Gjersjo
vannet, Plate 1), is situated in a major open
fold ascribed to the F; fold episode (Plate 3).
This fold is furthermore believed to be re-
sponsible for the refolding and culmination
of the N-S trending F; fold which forms the
Gjersjo dome. The weak development of the
superimposed F; fold and the well preserved
nature of the F; fold is in striking contrast
to the fold development in the surrounding
areas. It is thought probable that the restric-
ted development of F, folds in this area is due
to the competent Nordstrand-Sermarka me-
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tatonalite/granite body to the north and east
acting as a shield during the F, deformation.
According to this supposition, the metatona-
lite/granite complex was in existence during
Fs, and was thus intruded between the F; and
F, fold episodes.

The metamorphosed tonalite and granite
exhibit amphibolite facies parageneses (see
above). In some samples the biotite is strai-
ned and bent around both the garnets and
the feldspar augen, and may also be partly
replaced by or intergrown with chlorite. Idio-
morphic epidote has overgrown the biotite-
chlorite laths. This metamorphic retrogres-
sion seems to be connected with sericitization
of the plagioclase and trectystallization of the
quartz. Late growth of muscovite has also
been observed.

The late retrogression involves the crystal-
lization of chlorite, sericite, epidote and al-
bite, which characterize greenschist or greens-
chist-amphibolite transitional facies conditions
during the last F5—Fy’ deformation. The pre-
ceeding deformation under amphibolite facies
conditions has been responsible for the weak
foliation and subordinate migmatite formation
along transecting shear planes resembling the
second (F2) period of migmatization in the
supracrustal gneiss and the biotite gneiss. The
amphibolite facies conditions were probably
imposed during the F; and/or possibly the Fs
deformation.

GRANITIC ORTHOGNEISSES

To the south and west the area is bounded by
poorly foliated granitic orthogneisses (meta-
granites) which cut the contacts of the previ-
ously described major units, with the excep-
tion of the augen gneiss (Plate 1). A cor-
relation between the orthogneisses and the
augen gneiss has previously been proposed by
Graversen & Hageskov (1976) and Hageskov
& Jorde (1980); this view, however, is no
longer favoured by the present author.

The relation between the western ortho-
gneisses on Nesodden and the southern ortho-
gneiss area is unclear as only few and scat-
tered exposures exist in the transitional
boundary area between Hallangpollen and
Arungen. In the following, a brief account
of the two areas is presented.
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Fig. 17. Amphibole-biotite metagranite from the southern
orthogneiss area east of Tomter.

The southern orthogneiss area

The orthogneiss zone trending WNW-ESE
along the southern boundary of the area
(Plate 1) consists mainly of even-grained,
poorly foliated hornblende-biotite metagran-
ites. They are generally medium- to fine-
grained, although coarser varieties do occur
(Fig. 17). The orthogneisses have a granitic
composition and both microcline- and plagio-
clase (Anss-w)-rich varieties occur. Horn-
blende and biotite together make up about
15% of the rock. Minor constituents include
almandine-rich garnet, apatite, epidote, sphene
zircon and opaque minerals, The hornblende
is commonly replaced by biotite; both horn-
blende and biotite may be replaced by epi-
dote. In addition, single grains of twinned
and zoned epidote also occur as a characte-
ristic minor constituent in the orthogneisses.

The orthogneiss can be seen on a large-scale
map (Plate 1) to take up a structural position
in continuation of the augen gneiss in the My-
sen syncline southeast of Lyseren. However,
in contrast to the augen gneiss unit, the ortho-
gneiss appears to cut the biotite gneiss/supra-
crustal gneiss contact discordantly (Plate 1,
Fig. 23). Although the exposure south of Ski
is rather poor, detailed mapping and structur-
al interpretation of the biotite gneiss/supra-
crustal gneiss contact has revealed a set of Fa
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folds that are not shared, but on the contrary
are cut off by the orthogneiss unit (Plate 2
section XV, Plate 3). If these observations
are correct, the southern orthogneisses must
postdate the F, deformation and are thus con-
siderably younger than the augen gneiss in
the (stensjo anticlinorium and the Mysen
syncline, which were folded during both the
F1 and the F; fold episodes.

The orthogneisses exhibit amphibolite fa-
cies parageneses with subsequent recrystalli-
zation in greenschist-amphibolite transitional
facies. It is suggested that amphibolite facies
conditions were reached during the Fs de-
formation and that the downgrading of the
rocks took place during the Fs’ fold episode.
In contrast to the augen gneiss and older
units, these orthogneisses have not been ex-
posed to anatexis subsequent to their emplace-
ments.

The western orthogneisses on Nesodden

The western granitic orthogneisses on Nes-
odden are the northern continuation of the
Moss—Filtvet orthogneiss complex mapped to
the south by B. Hageskov (Hageskov & Jor-
de 1980, Hageskov & Pedersen 1980). A
granitic augen gneiss constitutes the southern
area on Nesodden, while the northern area
consists of a fine- to medium-grained, poorly
foliated aplitic granite (Plate 1).

Hageskov & Jorde (1980) correlate the au-
gen gneiss around Garder in the central part
of the Nesodden peninsula with the granitic
augen gneiss from the western orthogneiss
complex. This correlation, however, is not
supported by the present results. The contact
of the western orthogneisses against the
supracrustal gneiss (including the metatonalite
/granite complex, Fig. 23) indicates a possible
primary intrusive relationship with discordant
contacts; this applies especially to the contact
between the supracrustal gneiss and the meta-
tonalite/granite complex which always occurs
together with the supracrustal gneiss outside
the orthogneiss areas (Plate 1). The Gardar
augen gneiss is deformed by superimposed F;
and F, antiforms (Plate 3), while the ortho-
gneisses to the west apparently do not share
these structures. In the southern Bunnefjor-
den-Hallangspollen area, F; folds are cut by
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the western orthogneiss (Fig. 27, Plate 3). It
is suggested, therefore, that the western or-
thogneiss complex was intruded after the F,
fold episode. The orthogneisses thus appear
to have a young structural age in both areas,
and were most probably intruded between
the F; and F; fold episodes.

The granitic augen gneiss in the south-
western orthogneiss area is part of the Moss—
Filtvet augen gneiss which has yielded a Rb-Sr
whole rock isochron age of 1320 = 22 Ma
(Hageskov & Pedersen 1980), viewed as the
age of intrusion and in the present context
indicating a lower age limit for the F; de-
formation. These conclusions, however, are
not in agreement with Hageskov & Pedersen
(1980), who state that the emplacement of
the Moss-Filtvet complex predates all the
major fold episodes (N-S and E-W trending
structures) that outline the regional struc-
tures in the area.

AMPHIBOLITES AND METADOLERITES

Metabasites of several generations occur
widely distributed in the gneisses; only the
larger bodies are shown on the map (Plate 1).
The metabasites belong principally to two
main groups: an old group of concordant gar-
net amphibolites intruded before the F, fold
episode, and a group of younger cross-cutting
metadolerites and metagabbro bodies which
were intruded between the F, and F; fold epi-
sodes. The younger group can sometimes be
divided into two separated by the F, defor-
mation.

The garnet amphibolites and oldest meta-
dolerites are generally fine-grained and are
essentially composed of hornblende and oligo-
clase feldspar. Accessory minerals include
apatite, biotite, chlorite, epidote, almandine-
rich garnet, sphene and opaque minerals. The
hornblende is generally oriented parallel to
the F, fold axes, plunging at around 30° to
the northwest. Larger hornblende grains and
garnet may be poikilitic with numerous
quartz inclusions. Quartz may also be pre-
sent as interstitial grains and constitute up to
10% of some samples. The plagioclase is
commonly saussuritised, while the amphibole
is occasionally replaced by epidote and chlo-
rite.
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In the youngest metadolerites, plagioclase
laths or the recrystallized equivalents can still
be recognized and outline an original (sub)-
ophitic texture. The garnets in this group
are subhedral and generally occur in irregular
aggregates, a feature that can be observed as
a cauliflower structure on weathered sur-
faces. The mineral parageneses, mimetic ophi-
tic textures and subhedral garnet aggregates
suggest recrystallization under static (?) con-
ditions of the amphibolite facies. These con-
ditions probably prevailed in the southwest-
ern part of the area during the last deforma-
tion (F3) outside the main deformation area
to the east.

Refolded garnet ampbhibolites (old group)

Concordant garnet amphibolites are restricted
to the supracrustal gneiss and biotite gneiss
where they outcrop as continuous layers 10
cm—1 m thick. They occur abundantly over
large areas and constitute a characteristic fea-
ture (up to 209%) of the gneisses.

The garnet amphibolites are fine- to me-
dium-grained with red cm-sized almandine-
rich garnets (Graversen & Hageskov 1971,
Fig.9). A faint biotite-amphibole foliation
is parallel to the contacts and to foliation in
the surrounding gneiss. The amphibole is
generally lineated parallel to the F, fold axes.

In the southwestern part of the area the
biotite gneiss reveals continuous outcrops of
tight to isoclinally folded and refolded amphi-
bolite horizons (Fig. 18 a). The structural in-
terpretation (Fig. 18 b) demonstrates F folds
refolded during the F, deformation. A more
complete picture of these outcrops and a more
thorough discussion of the interpretation is
given by Graversen (1973) and Graversen &
Hageskov (1971).

Although the majority of the garnet am-
phibolites show no mesoscopic F; folds, the
repeated folding which they have undergone
is demonstrated here by the existence of an
older internal foliation within the garnets in
contrast to the later developed external tex-
ture,

The garnet amphibolites occur both in the
supracrustal gneiss and in the biotite gneiss
and are interpreted as former dolerite dykes
or sills. They were intruded prior to the F;
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fold episode but their relationships to Fo (see
later) are unknown. The mineral parageneses
and structural evolution demonstrate repeated
amphibolite facies metamorphism during the
F; and F; fold episodes, in agreement with
the metamorphic evolution of the supra-
crustal gneiss and the biotite gneiss.

Cross-cutting metadolerites (younger groups)

Metadolerites which cross-cut the regional
foliation are found in all the gneiss groups.
The dolerites have undergone amphibolite
facies metamorphism and may also be folded
and boudinaged, although they do not exhibit
the intense F; folding demonstrated by the
old group of concordant garnet amphibolites.
The metadolerites were intruded between the
Fi and F; fold episodes. At several outcrops
it is possible to distinguish two generations.
The major structural and metamorphic evo-
lution suggests two main phases of younger
dolerite intrusions separated by the F, fold
episode.

Metadolerites in the metatonalite/ granite
complex

Metadolerites in the metatonalite/granite
complex occur as dykes, agmatitic bodies and
minor net-veined intrusions. The dykes range
up to a few metres in width but are generally
less than a metre wide. Apophyses and chil-
led margins are commonly preserved and, in
a few cases, rotated xenoliths of the wall
rock are present (Fig.19). Some dykes cut
the S, foliation in the host rock and are found
both in the tonalitic and the granitic varieties
of the metatonalite/granite complex. Al-
though recrystallization and growth of al-
mandine-rich garnet under amphibolite facies
conditions is characteristic, relict feldspar
phenocrysts and an ophitic texture may still
be identified outside the main area folded
during Fs. It is suggested that these meta-
dolerite dykes intruded between the F, and
F; fold episodes.

A few agmatitic metabasites are found in
the tonalitic part of the complex (Fig. 20).
They outcrop as zones up to a metre wide
veined by the surrounding tonalitic material.
The metabasite fragments are angular and
their mutual relationships demonstrate that
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Fig. 19. Metadolerite dyke cutting foliated metatonalite in
the northern dstmarka metatonalite area. The metatonalite
contains xenoliths of supracrustal gneiss.

they must have been brecciated more or less
in situ, possibly from an originally unbroken
dolerite dyke. Some of the larger doleritic
lumps, even in the central part of the ag-
matite, exhibit a finer grained margin against
the tonalitic material, which can be inter-
preted as a chilled margin and suggests that
the original intrusive dyke was itself back-
veined by the host rock. This would imply
that these doleritic rocks must have been in-
truded into the tonalite when it was suffi-
ciently cooled to enable the formation of
joints which served as pathways for the mag-
ma. During the cooling of the dyke, however,
the surrounding tonalite was locally remelted
and subsequently involved the partly solidi-
fied dolerite. The agmatitic metabasites were
intruded between F; and F, dated by the in-
trusion of the metatonalite/granite complex.

Any immediate distinction between ag-
matitic metadolertites and dykes as time mar-
kers must, however, be viewed with reser-
vation, as the development of agmatitic meta-
dolerites in this context depends on the tem-
perature of the tonalite at the time of in-
trusion. If the temperature gradient was uni-
form — which would be unexpected in rela-
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Fig. 20. Agmatitic metadolorite dykes in metatonaltite out-
cropping in the augen gneiss southeast of Neklevannet.

tion to the present erosion level — agmatitic
dykes at low levels might outcrop as normal
dykes at higher levels. It is thus difficult to
estimate the extent to which different dykes,
including agmatitic dykes, may correspond
in age.

Where an agmatitic dolerite is cut by a
metadolerite dyke (Fig. 21), it is, however,
possible to distinguish two main generations
of basaltic magma emplacement: an eatly in-
trusion prior to the F, deformation exhibiting
an agmatitic nature, and also later intrusions
outcropping as normal dykes.
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Fig. 21. Metadolerite dyke cut-
ting partly deformed agmatitic
metadolerite in metatonalite.
Nesodden, 50 m south of Tor-
vik brygge at Bunnefjorden,
northeast of Torvet.

Metadolerites outside the metatonalite/
granite complex

Metadolerites in the older gneisses generally
show characteristics of intrusion under crato-
genic conditions. Metadolerites with a pre-
served, but recrystallized, ophitic texture may
have been intruded between the F, and F;
fold episodes. Older metadolerites outside
the metatonalite/granite complex often show
conspicuous boudinage with a NW-plunging
axis (F;). Amphibolite facies metamorphism
and NW-plunging amphibole lineation are
additional characteristic features of these me-
tadolerites; these indicate intrusion prior to
the F,, and presumably subsequent to the F)
deformation as they also, in places, cut the
foliation in the surrounding gneiss.

Larger metabasite intrusions

Large metabasite intrusions crop out in the
southeastern part of the area around Solberg-
foss and Vagvannet along the lower, southern
and eastern contact zone between the augen
gneiss/orthogneiss and the supracrustal
gneiss. Further to the northnorthwest, nar-
row, elongate metabasite bodies occur along
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the thrust zone between the Dstensjo anti-
clinorium and the @stmarka syncline (Plate
1).
The metabasites are generally dark, mono-
tonous amphibolites, and several generations
seem to occur. Northwest of Lyseren an am-
phibolite body is deformed by megascopic F;
folds (Fig. 25), demonstrating that at least
some larger metabasites were intruded prior
to the F, deformation.

In the Vigvannet area the metabasite pre-
served ophitic textures and at several locali-
ties it is possible to demonstrate repeated
magma intrusion. The Vigvannet and, very
probably, the Solbergfoss metabasites were
intruded between the F; migmatization (Fig.
22) and the last, Fy’, deformation event (Fig.
24).

The southern metabasite bodies associated
with the granitic orthogneiss around Solberg-
foss include coarse-grained metagabbro which
exhibits a magmatic layering in some areas.
In addition, several deformed, agmatitic meta-
basites outcrop with a fine-grained aplitic
granite. The close association of agmatitic
metabasite, aplitic granite and the orthogneiss
suggests a mutual connection, and if this is so
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the age of the Solbergfoss metabasite complex
may be useful in determining the age of the
orthogneiss.

Agmatitic metabasites which outcrop in
the orthogneiss in the western limb of the
southern Fy synform (Fig.24) have been
sheared and recrystallized to form biotite
gneiss/schist fragments. The rocks in this
area show no marked lineation, and this could
indicate intrusion of the metabasite between
the F, and Fy’ deformation. On the other
hand, a NW-plunging lineation in the Sol-
bergfoss area situated in the hinge zone of
the southern Fy” synform may be connected
with either the F, folding and/or the Fs-Fy’
folding. However, a definite age is at present
difficult to establish.

SUMMARY - RELATIONSHIPS OF
METAMORPHISM AND STRUCTURES

The metamorphic evolution of the area is
characterized by repeated episodes of amphi-
bolite facies metamorphism. The mineral
parageneses (see above) belong to the amphi-
bolite facies of Barrovian type (Turner 1968).

Although the occurrence of diagnostic
alumina-silicates is scarce, and information as
to their time of crystallization in relation to
the deformation episodes restricted, it is still
possible to suggest a general correlation be-
tween folding, metamorphism and migmatite
formation from F; onwards. The migmatitic
developments permit distinction of three
main periods of migmatite formation related
to the deformation episodes.

The most thorough migmatization occurred
during F;. This migmatitic development was
simultaneous with the early crystallization of
sillimanite and/or kyanite and indicates me-
dium- to high-grade amphibolite facies meta-
morphism, reaching sillimanite grade at least
in parts of the area.

During F; kyanite remained stable, A new
biotite foliation is sometimes present in the
gneisses associated with rotation of F; garnets
and development of an amphibole lineation
in amphibolites. A second generation of peg-
matitic leucosome veins developed along axial
planes of minor folds during this (F») defor-
mation, and is distinct from, and separates,
the migmatitic schlieren which developed
during the F; and F; fold episodes. A me-
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Fig. 22. Raft of migmatic supracrustal gneiss in metabasite
from the Vagvannet metabsite area. Yire Enebakk east of
Viagvannet.

dium-grade amphibolite facies metamorphism
with kyanite accompanied the F, deformation.

Recrystallization during F; affected the
whole area, although only the eastern part
was severely affected by macroscopic folding.
Amphibolite facies conditions still prevailed,
as demonstrated by scattered migmatitic ac-
cumulations, and crystallization of amphibole
and idiomorphic garnet porphyroblasts across
older structures in the southwestern part of
the area. The growth of idiomorphic stauro-
lite porphyroblasts in meta-anorthosite is
ascribed to this period and indicates recrystal-
lization under medium to low amphibolite
facies conditions.

F3’ is characterized by the widespread oc-
currence of epidote, and chlorite that may
partly replace biotite, hornblende and garnet;
this demonstrates retrogressive conditions
during waning metamorphism. Intensive my-
lonitization affected the rocks in the eastern
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part of the area. Early formed garnets partly
survived this deformation, although they are
commonly rotated and partly crushed. Biotite-
chlorite aggregates are common in the partly
recrystallized mylonite texture. Greenschist-
amphibolite transitional facies conditions pre-
vailed.

Late crystallization of muscovite across
earlier formed textures is a characteristic fea-
ture throughout the area. This demonstrates
either that the last metamorphism outlasted
the regional deformation, or that the area
was metamorphosed under static, low-grade
conditions at an even later stage.

Geometrical and chronological analysis
of the regional structure

INTRODUCTION

The regional structure of the area described
is outlined by stratiform bodies of biotite
gneiss and augen gneiss emplaced into older
supracrustal gneiss. The outcrop pattern is
governed by three well defined fold episodes,
and possibly a fourth (Fy), which have been
traced throughout the area. The individual
folds and their suggested correlations are
shown on the structural map (Plate 3) and
the accompanying cross sections (Plate 2). A
structural stereogram of the contact between
the supracrustal gneiss and the biotite gneiss
is shown in Plate 4.

The structure of the area is dominated by
folds which plunge into the northwest and

Gijersjo dome:
supracrustal gneiss
biotite gneiss
supracrustal gneiss
augen gneiss

In the following account synforms and anti-
forms are described as synclines and antic-
lines with respect to this succession, which
permits discussion also of inverted folds.
The rock sequence, or tectonostratigraphic
succession, is intruded by rocks of the meta-
tonalite/granite complex in the upper and
lower supracrustal gneiss, while abundant

Mysen syncline:

biotite gneiss
supracrustal gneiss
augen gneiss
supracrustal gneiss

NGU - BULL. 398

northeast quadrants, with a maximum of fold
axes plunging about 30° NW (to NNW)
(Plate 3). NE-plunging folds are overrepre-
sented in the stereograms, as structures
which deviated from the dominant NW-
plunging structures were preferentially mea-
sured in the field. In general, the orientation
of T-axes is in agreement with fold axes and
lineations measured in the same area.

The regional analysis of the area involves
folds of kilometre size, evident only on the
scale of the map. The fold mechanism ob-
served in mesoscopic folds of outcrop size ap-
pears to comprise both buckling and shearing,
and it appears that shearing followed initial
buckling. The large-scale structures probably
originated in the same way, and it is assumed
that the large folds were developed in a
cylindrical manner (Turner & Weiss 1963)
forming prominent linear structures. The
orientation of fold axes and refolding rela-
tionships have therefore been important tools
in the geometrical analysis in respect of extra-
polation and cotrelation of folds developed at
different levels. The low topographical relief
does not allow analysis using structural con-
tours (Berthelsen 1960 b).

The geometrical analysis of the structures
is mainly based on the tectonostratigraphic
sequence observed in the Gjersjo dome and
in the major F; synforms (Fig. 23). The cen-
tral augen gneiss in the Gjersjo dome is sur-
rounded by supracrustal gneiss with a layer
of biotite gneiss marking the outer shape of
the dome. This succession is also found in
the Fs synforms to the east where the augen
gneiss is, in addition, underlain by supra-
crustal gneiss:

Dstmarka syncline
supracrustal gneiss
biotite gneiss
supracrustal gneiss
augen gneiss
supracrustal gneiss

bodies of metabasites occur in the lowest
supracrustal gneiss close to the augen gneiss
contact (Plate 1). However, none of these
rock units form significant parts of the tec-
tonostratigraphic succession used to decipher
the major structures, and they are not shown
on the simplified tectonostratigraphic map
(Fig. 23). The tectonostratigraphy given
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above is valid between Bunnefjorden and
Qyeren and forms the basis for the geo-
metrical analysis and interpretation of the
structural evolution. In the following out-
line and detailed descriptions the youngest
structures are described first, followed by a
progressive unravelling of the older struc-
tures.

In the eastern part of the area, major F;
folds with moderately NW-to NNW-plunging
fold axes dominate the outcrop pattern (Fig.
24). These young structures refold older folds
(Fa, Fi, Fo), occurring now as inconsistently
oriented minor folds on the flanks of the F;
folds (Fig. 30).

The influence of the F; fold episode de-
creases to the west and southwest, where the
outcrop pattern is dominated by interference
between the Fi and F; fold systems. The trend
of the axial planes of the F, folds is here
mainly E-W, with fold axes plunging about
30° to the NW. The F; folds, originally
trending NNE-SSW with subhorizontal axes,
now plunge at moderate angles towards the
northeast quadrant. The Gjersjo dome is an
outstanding example of superimposition of
F1 and F; antiforms.

It is possible that the supracrustal gneiss
and biotite gneiss were folded together during
an Fo fold episode prior to the intrusion of
the augen gneiss. The assumption of the
existence of an early Fy structure (the biotite
gneiss-supracrustal gneiss nappe, Fig. 29)
could explain why the biotite gneiss does not
appear on Nesodden west of Bunnefjorden;
this implies that the supracrustal gneiss above
the biotite gneiss is equivalent to that below
(Fig. 23), and would require a revision of the
tectonostratigraphic succession.

The vertical cross sections (Plate 2) that
accompany the geological and structural maps
(Plates 1 and 3) have been constructed at in-
tervals of 2.5 km. The general orientation
is SW-NE (from left to right), such that the
sections are viewed in the general direction
of plunge, to the northwest. Fold hinges
from the map are projected into the sections
according to the local orientation of fold axes.
During construction of the Fi synclines, a
plunge angle of 15-20" was used. Minor F
folds (the Selvdobla syncline and anticline,
SS and SA), plunging south on the eastern
flanks of major F; synclines (the @stmarka
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and Mysen synclines), thus rise when fol-
lowed northnorthwest in the general direction
of plunge (Plate 2, section XI-XIX). It must
also be borne in mind that when older folds
ate refolded by younger folds, the hinge zo-
nes of the younger folds relative to a parti-
cular horizon may be elevated (or lowered)
along the plunge direction; this is seen in
Plate 2, section X-XII, where the hinge
zones of the Vagvannet (VS) and Holasen
(HS) F; synclines and adjacent anticlines (GA
and PA) have been elevated when traversing
the F; Selvdobla syncline and anticline (SS
and SA). This mutual relationship is also
illustrated in Plate 4.

MAJOR F, STRUCTURES: THE MYSEN
SYNCLINE, THE @STENSJ@ ANTICLINORIUM
AND THE @STMARKA SYNCLINE

The largest structures in the eastern part of
the area were formed during the last main
fold episode (F3). The augen gneiss outlines
two conspicuous synforms; the Mysen syn-
cline to the southeast and the @stmarka syn-
cline between @yeren and Bunnefjorden, The
Dstensjo anticlinorium separates the synclines,
but as it has been modified by shearing it is
less obvious on the map. These folds trend
NNW-SSE, controlled by axes plunging NW
to NNW at moderate angles.

In the Mjeren—Lyseren area south of the
eastern metatonalite complex, the Mysen syn-
cline and the southern part of the Dstensjo
anticlinorium are deformed by flexure. This
late deformattion episode is referred to as
Fy' (Fig. 24).

In addition to the augen gneiss, the Mysen
and Dstmarka synclines are outlined by the
structurally more complex outcrops of biotite
gneiss in the fold cores. The biotite gneiss se-
parates the intermediate and high-level supra-
crustal gneisses and the trace of the Fs axial
plane is drawn through the major hinge
zones from the lowest to the highest tecto-
nostratigraphic levels (Plates 2 and 3).

In the @stensjo anticlinorium, the outcrop
pattern of the dominating augen gneiss is
governed by relatively flatlying, undulating
fold axes. The general NW to NNW plunge
is reversed in two minor depressions, one
through stensjovannet to the north, and
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Fig. 23. Tectonostratigraphic map. The map is based on the tectonostratigraphic sequence established prior to the intrusion of
the metatonalite/granite complex; the latter is omitted for simplicity and replaced by supracrustal gneiss. Major faults are also

omitted.

another southwest of Végvannet in the
southeast; these are related to the late Fy
flexure.

There is a pronounced symmetry around
the depression to the north centered on the
Dstensjo anticline (DA) on the western flank
of the anticlinorium (Plate 3). This anticline

is correlated to the southeast with the young
(F5) anticline on Meieridsen in the Mjzren—
Lyseren area (Fig. 24). The adjacent syncline
(LS) to the north on Meieridsen lies on a
parallel course through the NNW-plunging
wedge of supracrustal gneiss along Lake Lan-
gen (LS Plate 2, section XIII), continuing
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Fig. 24. Major Fa and F3’ folds. The trace of the axial plane of @stensje-Meieriasen anticline {@A)is shown in the Dstensjo antic-

linorium. MS: Mysen syncline, @S: @stmarka syncline.

northnorthwest to the area west of Nokle-
vannet (Plate 3).

The eastern part of the anticlinorium is
poorly defined. The easternmost anticline
around Selvdobla is extremely flattened and
the augen gneiss limb, also common to the
Ostmarka syncline, is disrupted by intense

shearing. West of the eastern anticline and
east of QDstensjo anticline and Langen syn-
cline, another anticline and syncline fold pair
occurs (Plate 3). The southern termination
of this fold pair towards Végvannet is some-
what obscure; at the augen gneiss-supracrustal
gneiss contact the folds may be concealed in
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Viégvannet, or they might be disrupted, or
die out.

The major Fy structures refold older folds
(F2, By, Fy), which now outcrop as imper-
sistent smaller structures on the flanks of the
F; folds.

PRE F,-STRUCTURES IN THE MJAREN-
LYSEREN AREA

Around Mjeren and Lyseren, south of the
eastern metatonalite complex, the otherwise
simple Mysen syncline (F3) exhibits a compli-
cated outcrop pattern (Plates 1 and 3). Here,
the major F; syncline has an E-W trend, and
the northern flank is complicated by thicken-
ing of the augen gneiss together with major
and minor folds incompatible with the major
F; structures in the adjoining areas. The out-
crop pattern is in addition disturbed by cross-
cutting steep faults and large amphibolite
bodies which intrude the supracrustal gneiss
(Fig. 25 A).

In order to facilitate the structural analysis,
the displacements on the faults have been
eliminated, and the amphibolites have been
omitted. The simplified map (Fig. 25 B)
shows a number of westward-plunging folds
with the traces of their axial planes. The
antiform-synform fold pair (LS, @A) on
Meieridsen, to the east of the lower (north-
ern) augen gneiss-supracrustal gneiss contact,
follows the normal tectonostratigraphic suc-
cession (augen gneiss above the lowest supra-
crustal gneiss). This structure is therefore
treated as an anticline-syncline fold pair on
the flank of the major F; Mysen syncline in
the @Dstensjp anticlinorium (Plate 3, Plate 2,
section VII).

In contrast, the western synform (VS)-anti-
form fold pair on the northern (lower) con-
tact around Mjeren, shows inverted tectono-
stratigraphic relations (augen gneiss plunging
below the lowest supracrustal gneiss), and
these WNW.-plunging folds are treated as an
inverted anticline-syncline pair (Fig. 25 C).
To the south on the #pper augen gneiss-supra-
crustal gneiss contact, a similarly inverted
and westward-plunging syncline and anticline
(GA) occur; these structures are also reflected
by the supracrustal gneiss and biotite gneiss
to the east, even though the relationship is
somewhat disturbed by minor folds.
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The inverted structures do not accord
with the geometry of the adjacent F; folds
and must be older (F;). The two sets of older
folds (F») may, however, represent one syn-
cline-antictine fold pair refolded by the
younger (F3) folds on Meieridsen. The out-
crop of the supracrustal gneiss wedge in the
augen gneiss would then take the form of
superimposed synforms from the two fold
systems, the ideal shape being an arrowhead-
shaped outcrop pattern (Fig. 25 C).

The inverted (and refolded) syncline-anti-
cline (VS-GA) fold pair (F,) is situated on
the northeast flank of the Mysen syncline.
Since the older folds plunge to the west with
a steeper angle than the neighbouring F;
folds, it is to be expected that they will out-
crop with normal stratigraphic relations on
the southwest flank of the Mysen syncline
(Plate 2, sections VIII-IX).

The transecting minor folds eliminated in
Fig. 25 C ate incompatible with both the ear-
ly (Fy) and the young (Fs) folds; they are re-
garded as minor folds accompanying the late
Fs’ flexure of the Mysen syncline in this area.

SUPRACRUSTAL GNEISS WEDGES IN THE
GRANITIC GNEISSES - ESTABLISHMENT
OF F, AND F, STRUCTURES

Wedge-shaped outcrops of supracrustal gneiss
occur both in the augen gneiss and in the
biotite gneiss. These wedges are up to 7 km
long and 250 m across and their contacts are
parallel with the foliation in the surrounding
rocks. The broad end of the wedges is always
to the west and northwest, the general plunge
direction. These wedges seem not to be ac-
cidental xenoliths in the orthogneisses, but
are part of a regular fold system consistent
with the surrounding structures and the tec-
tonostratigraphic sequence. Similar wedges
of supracrustal gneiss in the augen gneiss in
the Mjeren-Lyseren area (Fig. 25) and along
the northern part of Langen in the @stensjo
anticlinorium (Plate 3) have been considered
to form synclinal structures. This interpre-
tation is in accordance with the orientation
of the fold axes and places the supracrustal
gneiss at the upper augen gneiss-supracrustal
gneiss contact.

On both flanks of the @stensjo anticlin-
orium (F;), the upper augen gneiss-supra-
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crustal gneiss contact shows folds which are
inconsistent with this major structure. On
the western flank of the anticlinorium, a SSE-
plunging antiform-synform fold pair outcrops
with normal stratigraphic relationships at
Pongen (south of the Langen supracrustal
gneiss wedge). In contrast, a NNW-plunging
synform-antiform fold pair around Selvdobla
is found on the eastern limb north of the
Langen supracrustal gneiss wedge with inver-
ted tectonostratigraphic relationships (Plate
1). However, the fold pairs on both flanks
may also be correlated and viewed as a single
anticline-syncline fold pair refolded by the
(F3) anticlinorium (Fig. 26). The broad end
of the supracrustal gneiss wedge in the Fs
syncline through Langen is then situated
where the older syncline is refolded by the
younger (F3) structures. The supracrustal
gneiss wedge is thetefore interpreted as an

arrowhead-shaped interference pattern com-
posed of superimposed synclines (Plate 3 and
Fig. 26). This is consitent with the split of
the northern broad end of the wedge.

The original trend of the older Pongen-
Langen-Selvdobla structure prior to the F;
deformation was probably NNE-SSW, where-
as the refolded (F2) structure from the Mjz-
ren-Lyseren area probably had NW-SE
trends; the two sets of older (pre-F;) struc-
tures cannot be correlated.

The two wedge-shaped outcrons of supra-
crustal gneiss in the biotite gneiss southeast
of Narevannet are tentatively treated as NW-
plunging synclines, similar to the supracrustal
gneiss outcrop in the augen gneiss, and con-
sistent with the observed fold axes. The
northern syncline (VS) (supracrustal gneiss
wedge) then occupies the predicted position
on the southwestern flank of the Mysen syn-
cline (MS) (Fs) of the refolded and right-way-
up equivalent of the inverted F, syncline from
the Mjeren-Lyseren area (Plate 2, sections
IX-XI, Plate 3).

The southern WNW-plunging syncline
(supracrustal gneiss wedge) on Holisen (HS)
is parallel to that to the north and is also
thought to be of F, age (Fig. 26). These syn-
clines then occur at the upper biotite gneiss-
supractustal gneiss contact at the highest tec-
tonastratigraphic level. The southern syncline
is correlated to the southeast with the syn-
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cline around Merkved which developed in
the lower part of the tectonostratigraphic
sequence on the southwest limb of the Mysen
syncline (Plates 2 & 3).

Taking into account the cut-off of the as-
sumed F, supracrustal gneiss synclines in the
biotite gneiss, a possible refolded syncline
would then have to be an older (Fy) originally
NE-SW-trending syncline., The extension of
the Pongen—Selvdobla structure (SA, SS) into
this area reveals (at a higher tectonostrati-
graphic level) the expected F, syncline (Plate
2, section XI, Plate 3). The continuation of
the F; structure towards the NE at this high
level is found in the @stmarka syncline, which
was later refolded during the Fs deformation
(Fig. 26, Plate 4). The expected continuation
of the F; fold pair (SA, SS) southeast of the
Holasen syncline has not been verified on ac-
count of poor exposure,

The divergent trends of the refolded pre-
F; structures in the Ostensjp anticlinorium
and Mysen syncline can now be explained as
two older intersecting fold systems (F; & F).
The interpretation of the wedge-shaped supra-
crustal gneiss outcrops as superimposed sync-
lines seems to be justified by the fact these
structures are of different ages, and the folds
involved in each case are also found at other
tectonostratigraphic levels than the one in
question.

F; AND F, FOLDS IN THE @STMARKA
SYNCLINE

Megascopic folds of the F, and F; fold systems
are outlined by biotite gneiss which crops out
in the core of the NNW-plunging F; Ost-
marka syncline (Plates 2 & 3).

On the wupper biotite gneiss-supracrustal
gneiss contact in the eastern limb, the biotite
gneiss outcrops in the core of a SE-plunging
anticline (SA) around Plassen in the north-
ern part of the area (Fig. 26 B, Plates 1 & 3).
This fold and the adjoining syncline to the
northeast have normal tectonostratigraphic
relationships (the biotite gneiss plunges be-
low the upper supracrustal gneiss). These
folds may be correlated with the refolded F,
folds in the Dstensjo anticlinorium at Pongen
and Selvdobla via the inverted NNE-plunging
syncline-anticline fold pair north of Bindings-
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asen syncline, MS: Mysen syncline.

vatnet, which reappears to the south on the
western limb of the major Fsy syncline (Fig.
26, Plate 2, section X1V, Plate 4).

The corresonding Fi folds on the lower
biotite gneiss-supracrustal gneiss contact south
of Selvdobla (Fig. 26 A) are sheared off or
strongly compressed against the stensjo
anticlinorium along the western flank of the
Ostmarka syncline (Plate 2, section XVI,
Plate 3).

Rocks of the metatonalite/granite complex
outcrop around Negklevannet as a north-
plunging synform in the biotite gneiss on the
western limb of the @stmarka syncline (Plate

1, NS in Plates 2 (section XIX) and 3). Large
xenoliths of supracrustal gneiss (10-100 m
across) are frequent, and exposures at the
contacts against the biotite gneiss show that
supracrustal gneiss occurs as a 0.5-1 m-wide
screen separating the metatonalite/granite
complex from the biotite gneiss. These ob-
servations concur with the relationships found
west of the QDstensjo anticlinorium in a sym-
metrical position, and indicate that the syn-
form is a (supracrustal gneiss) syncline at the
upper biotite gneiss-supracrustal gneiss con-
tact (Fig. 23). The synform is thus placed at
the same tectonostratigraphic level as the su-
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pracrustal gneiss around Lutvannet to the east
in the core of the @stmarka (Fs;) syncline
(@S), and must be linked to the latter
through an intervening anticline in the biotite
gneiss (NA in Plate 2, section XIX). This
correlation is also suggested by the folded
foliation in the biotite gneiss indicating a
NNW-plunging antiform.

The folds in question ate internal folds in
the biotite gneiss on the western limb of
the Dstmarka syncline and must therefore be
older than the F syncline itself. The refolded
F; structures in this limb show inverted tec-
tonostratigraphic relationships, and the (su-
pracrustal gneiss) syncline, which is now oc-
cupied by rocks of the metatonalite/granite
complex, is considered to be of F; age. These
(F2) folds in the western limb of the Ost-
marka syncline are thus responsible for the
thickening of this limb relative to the eastern
one. As the present trend of the F; structures
in question is caused by refolding in the F;
Ostmarka syncline (Fig. 28), this interpre-
tation corresponds with a northward exten-
sion of the F, fold system found to the south.

The internal folds of the @Dstmarka syncline
mentioned above have been explained as F
and F, folds, and both are refolded by the
major F; syncline. However, the tight to iso-
clinal folds in the biotite gneiss on the eastern
limb cannot be placed into this system of
superimposed folds.

F,, F, and (?)F, STRUCTURES OUTSIDE THE
F, DOMAIN IN THE BUNNEFJORDEN-
HALLANGSPOLLEN AREA

The influence of the youngest deformation
(F3) decreases to the west. South of the Gjer-
sje dome, the foliation is generally E-W
trending with a moderate northerly dip (Plate
1). The complicated outcrop pattern revealed
by detailed mapping atound Bunnefjorden in
the southwestern part of the area is shown
on Fig.27 A. The structural interpretation
of this area is based on a simplified map
showing biotite gneiss outcrops surrounded
by supracrustal gneiss; displacements on later
faults have been readjusted and the uncertain
occurrence of biotite gneiss southwest of Pol-
levannet omitted (Fig. 27 B).

WNW- and NW-plunging folds are the

most common mesoscopic structures in the
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area, but folds plunging to the east and north-
east also occur (Plate 3, stereogram c). The
isolated wedge-shaped outcrops of supra-
crustal gneiss, together with the development
of two predominant axial directions, suggest
an interpretation similar to that for the supra-
crustal gneiss wedges in the biotite gneiss to
the east (southeast of Narevannet). Thus,
the narrow outcrops of supractustal gneiss
which are outlined in the biotite gneiss are
shown as (F2) synclines (BS and FS in Fig.
27 B). An older (Fi) refolded syncline (KS),
crossed by the younger folds and responsible
for the closed outcrop pattern, is suggested
by the split western end of the supracrustal
gneiss wedges. The outcrop pattern can be
interpreted as the result of an old NNE-SSW
trending (F1) syncline being refolded by E-W
trending, NW-plunging (F) folds (Fig. 27 B).

The F; syncline (KS) around Knardal on
the upper biotite gneiss-supracrustal gneiss
contact to the north is correlated with the F;
synclinal structure described above, being re-
folded by the northern F; anticline (BA) (Fig.
27 B). This F; anticline lies parallel to and
north of the F, syncline through the supra-
ctustal gneiss at Bekkevol (BS), and both F,
folds developed on the upper biotite gneiss-
supracrustal gneiss contact to the west around
Bjerke. It follows from this interpretation
that the superimposed synclines in the iso-
lated outcrops of supracrustal gneiss are de-
veloped at the upper biotite gneiss-supra-
crustal gneiss contact (Fig. 27 B).

The anticline separating the superimposed
F, synclines in the supracrustal gneiss at Bek-
kevol and Fossen is counterbalanced to the
southwest on the lower biotite gneiss-supra-
crustal gneiss contact by the presumably east-
plunging anticline (FA). It is followed to the
south by an east-plunging syncline correlated
with the southern F, syncline (FS) around
Fossen on the upper augen gneiss-supracrustal
gneiss contact along section line A-B on the
map in Fig. 27 B. The complicated outcrop
pattern of the E plunging syncline on the
lower contact is caused by refolding of the
old (F1) structure generating schein B axes
(Sander 1948) during the F, deformation
(section A-B, Fig. 27 B).

The system of NNE-SSW-trending Fi folds
superimposed by the predominant E-W-
trending F, folds plunging to the NW is con-
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firmed on a mesoscopic scale in a road section
along highway E 6 (Fig. 27 A); here garnet
amphibolites in the biotite gneiss show a si-
milar structural pattern (Fig. 18, and Graver-
sen 1973).

When the system of parallel F, folds is
extended to the south (and east) on the lower
biotite gneiss-supracrustal gneiss contact (Fig.
27 B), a possible depression (’?’) with sub-
horizontal fold axes marks the limit of the
E-plunging F; structures. To the east the
trace of the F; axial planes (BA, BS, FA, FS),
controlled by the strike of the foliation, fits
with the NW-plunging anticline-syncline fold
pairs of the same order on the lower biotite
gneiss-supracrustal gneiss contact on Bjorn-
asen (FA, FS) and southwest of Lyseren (BA,
BS) (Plate 3 and Fig. 28).

This correlation establishes a natural ex-
tension and continuation of the already estab-
lished F, folds (HS, PA, VS, GA) north of
Bjernésen (southeast of Nzerevann) on the up-
per biotite gneiss-supracrustal contact (Plate
2, sections X-XV). Likewise, the earlier
established folds find their natural counter-
parts to the west and northwest on the upper
biotite gneiss-supracrustal gneiss contact
around Pollevannet and Langhus along the
northern border of the main biotite gneiss
area (Plate 3, Fig, 28).

The westernmost extension of the biotite
gneiss northeast of Hallangspollen marks the
transition from the lower biotite gneiss-supra-
crustal gneiss contact to the upper one which
is marked with a dotted line (BH) on the
map and section A-B of Fig. 27 B. It is un-
certain whether this probably NNE-plunging
western limitation of the biotite gneiss re-
presents a thinning-out of an intrusive gra-
nitic sheet, but the folded foliation in the
transition zone points to a repetition of the
supracrustal gneiss and biotite gneiss. If this
assumption is correct, it implies a revision of
the tectonostratigraphy through correlation of
the supracrustal gneiss below and above the
biotite gneiss.

Both the Fi and the F; structures may be
correlated across the biotite gneiss (section
C-D, Fig.27 B) which must consequently
have been intruded and most probably folded
on a large scale (Fo?) (section A-B, Fig. 27 B)
prior to the F; deformation.

The broad exposure of the biotite gneiss
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in the main area to the south around Ski and
Neerevannet (Plate 1) is best explained
through extensive repetition, mainly control-
led by F; folds superimposed on a relatively
thin granitic sheet (biotite gneiss) thinning-
out to the west (Fig. 28). To the east, the F;
folds become increasingly involved in the F;
Mysen syncline and the foliation turns to a
NW-SE orientation (Fig. 28). The thin bio-
tite gneiss layer extending to the northnorth-
west along the @stensjo anticlinorium there
finds a natural position on the eastern limb
of the Mysen syncline. The limited thickness
of this limb reflects the original thickness of
the granitic (biotite gneiss) sheet, as is also
seen to the southwest in the Hallangspollen—
Bunnefjorden area (Fig. 27 B, section A-B).
The thickness of the biotite gneiss layer ex-
posed in the Gjersjp dome corresponds with
this interpretation.

Although the exposure south of Ski is lim-
ited, the granitic orthogneiss along the south-
ern border of the biotite gneiss/supracrustal
gneiss outcrop appears to be discordant (Plate
1 and Fig. 27 A); the folds established along
the adjacent southern biotite gneiss/supra-
crustal gneiss contact do not involve the
granitic orthogneiss. If these considerations
are correct, the granitic orthogneiss must post-
date the F. deformation and cannot be cor-
related with the granitic augen gneiss to the
east and north which was folded during both
the F, and F; fold episodes.

THE GJERS]® DOME

In the description of the Gjersjo dome, Zet-
terstrom (1974) leaves the interpretation of
the dome-forming mechanism to future re-.
gional interpretation, but points to either a
diapiric mode of formation as propounded by
Wegmann (1930), or to formation through
superimposed folding (Ramsay 1962).

The dome has an overall NNE-SSW orien-
tation; the contacts generally dip to the west
or northwest. A number of minor NW-
plunging folds (especially along the northern
augen gneiss-supracrustal gneiss contact) and
the larger NW-plunging antiform around
Gijersjoen to the southeast affect the general
NNE-SSW elongation. It seems most prob-
able that the dome was formed through inter-
ference of an old (F)) E-verging anticline
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trending NNE-SSW and a younger (F2) NW-
plunging and roughly E-W-trending anticline
(Plate 3).

This interpretation and the actual position
of the dome corresponds with the structural
development to the south and east. The older
anticline (the Kolbotn anticline, KA) of the
Gjersjo dome seems to be an F, structure and
can be correlated to the south with the F

anticline in the southern Bunnefjorden area;
both these structures are of similar size and
have similar trends. The superimposed
younger anticline (the Gjersjo anticline, GA)
is an F structure. The trace of the axial plane
through Gjersjeen is governed by the foliation
in the surrounding gneiss, and correlated with
the NW-plunging syncline-anticline fold pair
on the upper biotite gneiss-supracrustal gneiss
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contact around Langhus (Plate 3). This con-
nects the Gjersjo dome with the inverted F,
structures in the Mjaren—Lyseren area (GA,
VS) via the equivalent structures on a higher
tectonostratigraphic level on the southwestern
limb of the F; Mysen syncline (Plate 2, Plate
3, Fig. 28). The position of the Gjersjo dome
west of the F; Mysen syncline is in agreement
with the symmetrical repetition of the tec-
tonostratigraphic succession to the east in the
Dstensjo anticlinorium.

The interpretation of the structures in the
supracrustal gneiss area south and west of
the Gjersje dome is uncertain as marker hori-
zons are either absent or only partly exposed.
The augen gneiss southwest of the dome may
be an extension of the augen gneiss from the
dome, an Fi anticline refolded by an open
WNW-plunging F; syncline (?VS) (Plate 3).
This interpretation is partly in agreement
with Zetterstrom (1974) who, however, in-
terpreted this structure as a basin. The pres-
ent interpretation is shown in Plate 2, section
XVI, where the augen gneiss is a natural link
between the Gjersjo dome and the Gardar
granite on Nesodden.

F, - THE BIOTITE GNEISS-SUPRACRUSTAL
GNEISS NAPPE

The existence of a fold episode prior to the
F: deformation which was responsible for
structures that do not fit the three main fold
systems (Fy, F; and Fi), has been discussed
for the Bunnefjorden-Hallangspollen area,
and was also suggested by structures occur-
ring in the eastern limb of the @stmarka syn-
cline.

In the Hallangspollen area, it was sug-
gested that the westward extension of the
biotite gneiss was arrested in an early N- to
NNE-plunging reclined fold (Fy?). This view
is supported by the westward thinning of the
biotite gneiss in the eastern limb of the My-
sen syncline to the northnorthwest (around
Akershus in the Oslo area), and by the fact
that the biotite gneiss does not outcrop on
Nesodden although the lower level augen
gneiss is exposed in a refolded anticline struc-
ture around Gardar (Plate 1). The western-
most outcrops of the biotite gneiss thus fol-
low a NNE-SSW-trending zone (fold axis?)
through Bunnefjorden (Fig. 29).
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In the eastern limb of the @stmarka syn-
cline, the internal structures on the lower
biotite gneiss/supracrustal gneiss contact are
shown as isoclinal synclines (Plate 2, section
XIX, Plate 3, Fig. 29). Although this inter-
pretation follows the tectonostratigraphic
analysis, there is still some doubt as to its
correctness as these structures do not fit any
of the three previously described main fold
episodes which build up the rest of the area.

The augen gneiss on the eastern limb does
not show any folds that can be correlated
with these structures, and an F; or younger
age for the folds in question is not possible.
Nor is a correlation with the second (F,) fold
episode possible, as F, folds which outcrop in
the eastern limb of an F; syncline would
show inverted stratigraphic relations. Even
if the structures outlined by the biotite gneiss
are regarded as inverted synclines plunging
south as antiformal structures, they are not
repeated in the western limb of the @stmarka
syncline, and the argument that they might
be sheared off against the Dstensjo anticli-
norium is excluded by the fact that they do
not occur further south in the Mysen syncline.
The F, folds in the eastern Fi syncline limb
show normal stratigraphic relations in south-
plunging folds immediately to the west
around Plassen on the upper biotite gneiss/
supracrustal gneiss contact, which also makes
correlation with F, folds doubtful.

A north-plunging isoclinal fold within the
biotite gneiss between Lutvannet and Hauk-
asen (Plate 1), however, makes a reasonable
structural continuation of the possible folds
on the lower contact. This fold is marked by
a layer of supracrustal gneiss within the bio-
tite gneiss and is shown as a north-plunging
syncline in accordance with the structures to
the east (Plate 3, Fig.29). These isoclinal
structures thus seem to predate the three
main fold systems (Fi—F3;) which govern the
outcrop pattern through most of the area.

Through elimination of the Fi—F; struc-
tures, correlation of the pre-F; structures in
the biotite gneiss from the southwestern and
northeastern parts of the area is put forward
in the pre-F; cross-section of Fig. 29. An in-
terpretation in favour of folding as being re-
sponsible for the pre-Fi structures now ap-
pears most appropriate as the folded layer of
supracrustal gneiss in the augen gneiss west



NGU - BULL. 398

>

SECTION ~ L F3 AND Fy

Geology and structural evolution 39

THE BIOTITE GNEISS - SUPRACRUSTAL GNEISS

NAPPE

TRACE OF AXIAL PLANES
ANTICLINE SYNCLINE

FOLD AXIS

10 km

Fig, 29. The biotite gneiss — supracrustal gneiss nappe. Interference pattern between the Fo biotite gneiss-supracrustal gneiss
nappe and major Fs folds. F1 and F2 folds have been partly eliminated.

of Haukésen to the northeast corresponds to
the termination of the biotite gneiss to the
west. Furthermore, the closures in question
are all parallel and follow a flat north-plung-
ing axis. The pre-F; structures are therefore
given the status of a separate fold phase and
are referred to as Fo.

The previously suggested revision of the
tectonostratigraphic succession is thus main-

tained, and the supracrustal gneiss above the
biotite gneiss can be correlated with the su-
pracrustal gneiss below. The interpretation
put forward places the biotite gneiss in the
core of an early (Fo) fold nappe, the biotite
gneiss-supracrustal gneiss nappe, extending
westwards and with an unknown root zone
somewhere in the east.
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NESODDEN

As the biotite gneiss is lacking on Nesodden,
the tectonostratigraphic sequence established
east of Bunnefjorden no longer holds (Fig.
23). However, the structural evolution may
still be interpreted along lines similar to
those for the area east of Bunnefjorden (Plate
3). The lunar-shaped outcrop pattern of the
gneissic augen granite around Gardar may
thus be explained as an old (F;) NNE-SSW-
trending anticline superimposed by a younger
E-W-trending (F2) anticline plunging to the
northwest. To the north, the Gardar granite
can be linked to the arrowhead-shaped augen
gneiss (granite) at Torvet through the older
(F1) anticline, brought to outcrop level again
by a later E-W-trending (F,) anticline.

Both E-W-trending (F;) anticlines on Nes-
odden can be linked to the area east of Bun-
nefjorden through correlation with the F,
anticline (GA) of the Gjersjo dome to the
north, and (probably) with the anticline (PA)
to the south in the biotite gneiss area (Plate
3, Fig. 28). The older (F)) anticline on Nes-
odden likewise forms a natural westward
extension of F; structures developed to the
east (Plate 2, section XVI).

SUMMARY OF THE REGIONAL
STRUCTURE

Interpretation of the structural framework is
mainly based on the tectonostratigraphic suc-
cession and the interaction and correlation of
individual folds that have been separated into
the regionally developed superimposed fold
systems. Consequently, it is generally not
possible to judge the relative age of individual
folds in a single outcrop. Furthermore, the
widespread correlation of separated folds pre-
supposes a cylindrical development of the
folds on a kilometre scale — an assumption
that has not been definitely established. How-
ever, the successful application of this assump-
tion might in itself be supporting evidence
for a cylindrical development of the folds.

Four fold episodes, Fo—Fs, of regional im-
portance have been distinguished (Figs 30 &
31, Plate 4). The fold style of the individual
systems shows great variation and the out-
crop pattern within a single system may de-
pend on competence differences between the
individual folded layers.
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Interpretation of the earliest, recognizable
fold system (Fo) of regional importance is
based on the interpretation of the biotite
gneiss unit as the core of a large fold nappe
enveloped by a supracrustal gneiss. It is a re-
cumbent structure extending from the east
for 20-30 km and terminating to the west
with a N-S trending axis. On the lower limb
minor folds occur (Fig.31). The traces of
the (Fo) axial planes in the biotite gneiss are
shown in Fig. 29.

The intrusion of the augen gneiss between
the Fy and F, episodes (it is not affected by
the Fy deformation) may mark a major time
interval. The tectonostratigraphic sequence
established at this stage formed the basis for
the structural analysis (Figs 23 & 30).

The F; fold system is characterized by sub-
horizontal fold axes and NNE-SSW-trending
folds overturned to the east (Fig. 31). Folds
which outcrop close to the augen gneiss are
of larger dimensions and less compressed than
corresponding folds at higher levels, reflect-
ing the higher competence of the augen
gneiss. The ESE-verging folds, with an am-
plitude of around 2 km and wavelengths be-
tween 2 and 10 km, are in striking contrast
to the tectonic style of the biotite gneiss-
supracrustal gneiss nappe (Fig. 31), and per-
haps confirm a major break between the Fj
and F; fold episodes.

F, folds are superimposed on the F; folds
nearly at right angles. The characteristic E—
W trend of the trace of the F, axial planes is
seen in the west outside the main area of the
F3 deformation (Fig. 28). The F, fold axes
plunge around 30° to the NW, and axial
planes are inclined to the south (Fig. 31). The
style of the F; folds is similar to that of the
Fi major folds, and the folds are of about
the same dimensions.

During the F; deformation the western part
of the area acted as a rigid block, while to
the east earlier structures were reoriented by
the F; folds. The Fs fold system is charac-
terized by a few major folds with rather flat
(15°) NNW-plunging fold axes (Fig. 31). The
F; folds trend NNW-SSE with steep axial
planes; the amplitude of the major folds is
6-7 km, about twice that of the wavelength.
The F; folds are thus of greater dimensions
than the Fi and F; folds which outcrop on the
limbs of the superimposed F; fold structures.
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Fig. 30. Simplified structural map from the Oslofjord-@yeren
area showing axial plane traces of the Fo to Fa fold systems.

Strong lateral compression during the F;
deformation is indicated by the amplitude/
wavelength ratio (2:1) of the F; folds and by
the pronounced rotation of the axial planes of
the earlier folds into a subparallel orientation
with the Fs axial planes. Furthermore, the
western limb of the @stmarka syncline is ex-
tremely flattened and partly sheared out.

A simplified map of the biotite gneiss out-
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STRUCTURAL MAP

10 km

crop, partly omitting the F, and F, folds, de-
monstrates that the main outcrop pattern of
the area is actually governed by superposition
of the major Fy and F folds, which are thus
more important than the F; and F, folds (Fig.
29). In this connection it also becomes clear
that the bend of the F; (and older) folds in
the Mjzren—Lyseren area is a late flexure.
This late flexure is designated Fy’ (Fig. 24).
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STRUCTURAL POSITION OF THE
METATONALITE/GRANITE COMPLEX

The metatonalite/granite complex has been
omitted in the geometrical analysis although
the rocks exhibit a deformation pattern
formed during the Fy and F, fold episodes.
The Nordstrand—Sermarka complex in the
central part of the area was intruded after the
F, deformation. During the F, deformation
rocks of this complex were folded in the Gjer-

Fig. 37. Outline of the regional fold systems developed
during the Fo to Fa deformation episodes. Rock units indicate
relative positions of intrusive episodes.
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sjo dome, at the same time apparently acting
as a competent rock unit which left the major
F, fold in the Gjetsjg dome relatively un-
affected. During the F; deformation, the
Notdstrand-Sermarka complex was folded in
the Dstensjo anticlinorium to the north (Plate
2, section XIX), although the F; fold system
was arrested to the west in this complex
which acted as a competent shield protecting
the older structures to the west and south-
west.

To the eastnortheast, the @Dstmarka meta-
tonalite complex parallels the F; folds and to
the south the complex terminates in the core
of the late F3’ flexure (Fig.32). The meta-
tonalite complex may have acted as a compe-
tent body during the lateral E-W compres-
sion which during the latest stages was
‘pushed’ into the earlier formed steep F; folds,
indirectly causing the F3y’ flexure and thus the
present varied orientation of the F; axial
planes. The shear zone northeast of the Dst-
marka metatonalite complex may then be
ascribed to intense movement in the supra-
crustal gneiss which gradually terminated in
the eastern border zone of the competent
body. This northeastern shear zone is part of
the Dalsland boundary thrust (Skjernaa 1972,
Ber:helsen 1978) which delimits the @stfold
segment to the east (Figs 1,2 & 32).

Correlation of the structural evolution
in the Oslofjord—Qyeren area with
that in adjoining areas in the @stfold
and median segments

CORRELATION WITHIN THE @STFOLD
SEGMENT

Within the @stfold segment, detailed map-
ping south (Hageskov & Pedersen 1980, Ha-
geskov 1980) and southeast (Marker 1977,
1979) of the Oslofjord—@yeren area has re-
vealed a structural and metamorphic develop-
ment which is in many ways similar to the
evolution presented in this paper. However,
a number of inconsistencies are apparent.
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The Linnekleppen area

The structural events of the Linnekleppen
area (Marker 1977, 1979), 30 km southeast
of the Oslofjord—Dyeren area, demonstrate
that the F; to F; fold episodes of the two
areas can be directly correlated; each fold
phase shows similar characteristics in respect
of trends of fold axes, structural style, verg-
ence and magnitude of the structures. The
original orientation of the F; folds in the
Linnekleppen area was not evaluated in great
detail by Marker (1977), but if the effect of
the major F: folds is compensated by sym-
metrical opening of the fold around the (F;)
axial plane, then the presumed Fi folds are
found to be overturned to the east and to
have N-S oriented axes; this corresponds to
the conditions established in the Oslofjord—
@yeren area. A possible pre-F history is sug-
gested by the discordant relationship between
the Linnekleppen intrusive complex (which
was folded during the F; deformation) and
the surrounding supracrustal gneiss inter-
calated with biotite gneiss.

In both areas indentical high-amphibolite
facies conditions were reached during the Fi
deformation, while during the subsequent F,
and F; fold phase, medium-grade amphibolite
facies conditions prevailed.

The southwest Dstfold area

An outline of the structural evolution cover-
ing the Oslofjord—@yeren area and the ad-
joining area to the south (the southwest @st-
fold area) was presented by Graversen &
Hageskov (1976). In this southern area (Ha-
geskov 1980, Hageskov & Pedersen 1980),
the structural evolution is characterized by
older folds with N—S-trending axial surfaces,
which were refolded by younger E—W-trend-
ing folds overturned to the south and with
fold axes plunging to the W or WNW. These
folds were subsequently reoriented to the
east, parallel to the eastern margin of the Dst-
fold segment along the Daland boundary
thrust (Graversen & Hageskov 1976, Hage-
skov 1980). The metamorphism accompa-
nying the oldest deformation is characterized
by high-amphibolite facies while middle- to
low amphibolite facies conditions prevailed
during the following deformations (Hageskov
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& Pedersen 1980). Since these deformation
phases show structural and metamorphic cha-
racteristics similar to those of the Fi to Fs
deformations of the Oslofjord—@yeren area
to the north, correlation of the deformation
phases of the two areas seems probable.

Although the age relationships of the in-
trusive granitic gneisses and their host rocks
in the two areas seem to be the same, a ma-
jor discrepancy arises in respect of their struc-
tural age. According to Hageskov & Peder-
sen (1980, Table 1) all orthogneisses of gra-
nitic to tonalitic composition in the western
Ostfold area were emplaced subsequent to an
old deformation following the deposition of
the supracrustal gneiss (greywackes), but
prior to development of N-S-trending folds
(~ F). The Moss-Filtvet orthogneiss in the
southern area is equivalent to the granitic or-
thogneiss in the Oslofjord—@yeren area, and
in both areas they are the youngest of the
granitic intrusions. The geological evolution
and structural model established to the north
incorporates the intrusion of this orthogneiss
between the F, and Fs fold episodes. How-
ever, viewed from the south (Hageskov &
Pedersen 1980), the same orthogneiss unit
was apparently emplaced prior to the N-S-
trending folds (—~ F1).

CORRELATION BETWEEN THE @STFOLD
AND MEDIAN SEGMENTS

The eastern demarcation of the Oslofjord—
Qyeren area described in this paper is the
Dalsland boundary thrust (Skjernaa 1972,
Berthelsen 1977) which separates the @stfold
segment from the median segment (Figs 1
and 2). The Dalsland boundary thrust is
ascribed to the Dalsland deformation (Dals-
landian) (Berthelsen 1978) which is the
youngest deformation in the Sveconorwegian
orogeny (Berthelsen 1980). The preceeding
major fold episodes, D; and D; (equivalent to
Ostfoldian and Virmlandian folding in Ber-
thelsen (1978)), and a major metamorphic
event during D, all influence the 1277 Ma
old red orthogneisses in the Remskog—Aur-
land-Hopland area (Skjernaa & Pedersen
1982); these deformation episodes are also
included in the Sveconorwegian orogeny by
Skjernaa et al. (1979), Berthelsen (1960) and
Skjernaa & Pedersen (1982).
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The Fy’ deformation in the Oslofjord-
QDyeren area described here is related to the
late thrusting and can be correlated with the
Dalsland deformation and D, in the median
segment. The earlier F3 and the D; and Dst-
fold deformations in the two areas are paral-
lel, and both are cut by the Dalsland bound-
ary thrust; folds belonging to these defor-
mations can also be correlated. The Virmland
and D; deformation in the median segment
is characterized by folds which are overturned
to the south and have E-W to SE-NW-
trending fold axes (Berthelsen 1977, 1978,
1980, Skjernaa & Pedersen 1982). Although
this trend also characterizes the F, folds in
the Oslofjord~@yeren area, an immediate cor-
relation is questionable. In the median seg-
ment, the Virmland deformation post-dates
the 1277 Ma red orthogneisses (Remskog
gneiss) (Skjernaa et al. 1979, Berthelsen
1980, Skjernaa & Pedersen 1982) while the
F; deformation (? 1500 Ma) in the @stfold
segment predates the 1320 Ma Moss—Filtvet
orthogneiss. Berthelsen’s (1980, Fig. 2) struc-
tural map from southeast Norway and adja-
cent parts of Sweden which shows the Virm-
land axes and axial trends, further illustrates
the difficulty of a possible correlation be-
tween the two segments, as the Virmland
axes/axial trends in the @stfold segment are
parallel not only to F; fold axes, but also to
Fi and F; fold axes/axial trends (cf. Plate 3)
in this multiply folded area.

A folding and metamorphic episode is es-
tablished in the median segment between the
1631 Ma intrusive age of foliated grey ortho-
gneisses (Langvass gneiss) and the ca. 1400
Ma sill-like layers of light grey granodioritic
orthogneiss (Loppeholl gneiss) which cut the
foliation (Pedersen 1979, Skjernaa & Peder-
sen 1982). This event in the median segment
might be correlated with the (?) 1500 Ma
event to the north in the @stfold segment
which corresponds to the F, deformation and
metamorphism in the Oslofjord—@yeren area.
Possible equivalents of the F; and Fy fold
episodes in the Oslofjord—@yeren area may
also be present in the median segment where
possibly one or more phases of folding and
metamorphism predate the intrusion of the
grey orthogneisses (1631 Ma) (Skjernaa &
Pedersen 1982).
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Discussion of the results and aspects
of the regional geology

The earliest recognized event of the Pre-
cambrian geological evolution of the Oslo-
fjord—@yeren area, and the @stfold area in
general, is the deposition of supracrustal rocks
of mainly sedimentary origin. Several oro-
genic episodes subsequently affected the area.
The orogenic evolution has been inferred
from the repeated intrusion of granitic rocks
which are separated by regionally developed
deformation episodes accompanied by amphi-
bolite facies metamorphism. Dating of the
later events was faciliated by radiometric
whole-rock age determinations of the younger
intrusive gneisses.

STRUCTURAL CONSIDERATIONS

The structural analysis is based on stratiform
intrusive bodies which outcrop in the supra-
crustal gneiss. These stratiform layers, how-
ever, may originally have been irregular in-
trusive bodies which were later modified by
deformation such that their contacts are now
parallel with the structure of the surrounding
rock. The interpreted structures thus repre-
sent tectonic, intrusive levels which do not
necessarily coincide with specific stratigraphic
levels in the supracrustal sequence.

The age relationships of the intrusive gran-
itic rocks have been deduced from their meso-
scopic and microscopic structural and meta-
morphic evolution, combined with observed
contact relations and the absence of presence
of certain metabasic rocks, On an outcrop
scale foliation in all the granitic rocks appears
parallel to their contacts and to the foliation
in the surrounding gneiss. However, on a re-
gional scale the contacts of the intrusions
have slightly discordant relationships, a fea-
ture more clearly seen in the younger in-
trusions.

A structural age relationship (i.e. the rela-
tive age of a rock unit in relation to struc-
tural episodes) of the intrusive gneisses has
been established through geometrical analysis
of the regional structure. The intrusion of
the augen gneiss is thus separated from the
older biotite gneiss by the proposed F, fold
episode, while during the F; deformation both
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rock units were folded together with the
supracrustal gneiss. This deformation (F;) was
succeeded by the intrusion of the tonalite/
granite complex which in turn was folded
during the F; and Fs-Fy’ fold episodes. The
southern and western granitic orthogneisses
cut the regionally developed F. folds in the
southern part of the area and are thus sepa-
rated from the metatonalite/granite complex
by the F, deformation. This macroscopic
structural evolution of the individual intru-
sive gneiss units corroborates the succession
established by the contact relationships and
the mesoscopic and microscopic structures.
The intrusion of the granitic gneiss units is
thus separated by major deformation episodes
and the most intensely reworked gneisses cor-
respondingly display the least discordant con-
tact relationships. The total thickness of the
tectonostratigraphic sequence was estimated
from the map (Plate 1) and the cross-sections
in Plate 2 at about 2.5 km.

The style of folding which developed dut-
ing each deformation phase (Fig. 31) indicates
changing tectonic regimes governed mainly
by subhorizontal stress fields. This, together
with the repeated intrusion of granitic rocks
as well as dolerite dykes, which were both
separated by the regionally developed fold
systems, indicates that the times of intrusion/
folding constituted major breaks in the geo-
logical evolution of the area. The super-
imposed fold systems thus demonstrate dia-
chronous refolding and a recycling of the
older rocks.

OROGENIC EVOLUTION

The @stfold area is situated in the eastern
subprovince (Berthelsen 1980) or marginal
zone (Falkum & Petersen 1980) of the Sveco-
norwegian orogenic belt in the southwestern
part of the Baltic Shield. The proposed in-
terpretation of the structural evolution of the
Oslofjord—~@yeren area places the F3 and F3’
events in the Sveconorwegian orogeny. These
events are separated from F, deformation by
the Moss—Filtvet orthogneiss which has a
1320 Ma old intrusion age (Hageskov & Pe-
dersen 1980). An older deformation episode
around 1500 Ma ago is suggested by mini-
mum reference ages of 1525 Ma and 1480
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Ma (? metamorphism) obtained from two lo-
calities around Kolbotn in the Sermarka meta-
tonalite/granite complex (Pedersen 1979).
This complex was emplaced subsequent to Fi,
while the first deformation and metamor-
phism affecting the complex occurred during
F>. The possible metamorphism around 1500
Ma ago is therefore linked to the F: de-
formation. These results indicate that the
major tectonic-metamorphic evolution of the
Oslofjord—@yeren area took place in pre-
(Grenville-) Sveconorwegian times. As the
F, deformation and metamorphism appear to
have taken place 1500 Ma ago, the F; and Fo
deformations presumably relate to a pre-1500
Ma history. Incorporation of Svecokarelian
elements in the early evolution cannot be ex-
cluded until results of further geological and
radiometric work are available.

Sveconorwegian deformation in the
northern @stfold segment

In the northern part of the @Dstfold segment
(Figs 1 & 2) it is possible to distinguish a
Sveconorwegian deformation zone to the east
superimposed on the F: (and older) fold sy-
stems occurring in a pre-Sveconorwegian area
preserved around Bunnefjorden to the west
(Fig. 32). The structural distinction between
a stable western zone and a younger regener-
ation zone to the east was first established by
Graversen & Hageskov (1976). The eastern
zone is equivalent to the Enebakk—Rakkestad
zone, and the western zone to the Vannsjo—
Bunnefjorden zone established by Hageskov
(1980).

The Sveconorwegian shear zones, the Oslo-
fjord high-strain zone and the Dalsland
boundary thrust (Fig. 32), define the bound-
aries of the @stfold segment and played an
active role in the deformation pattern during
the later stage of the Sveconorwegian oro-
geny. The Dalsland boundary thrust to the
east is parallel to the main trend of the Fs
folds in the northeastern part of the @stfold
segment (Fig. 32). The later, large-scale, Fs’
flexures in the Mjaren—Lyseren area, as well
as a similar flexure suggested to the north in
the Oslo area (Fig. 32), most probably devel-
oped along the margin of the @stfold seg-
ment during eastward thrusting. The Qst-
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Fig. 32. Sveconorwegian structures in the northern @stfold segment (the Oslofjord-@yeren area). The resistant pre-Sveconor-
wegian area (cross-hatched) to the northwest is bounded to the east by major Sveconorwegian folds (Fa) that lie parallel to the
Dalsland boundary thrust (DBT). See text for further explanation. (J: @stmarka metatonalite complex, OSZ: Oslofjord strain
zone, T: Tomter fault, BH: Bunnefjorden-Hallangspollen fault, ML: Mj=ren-Lyseren area.

marka metatonalite complex may have acted
as a competent body during this movement.
Several major NE-SW-trending steep faults
with sinistral displacement (e.g. the Tomter
fault, Fig. 32) occur in connection with the
flexures, and were probably the last move-
ments associated with the thrusting, The
Bunnefjorden—Hallangspollen fault in the
southern part of Nesodden (BH, Fig. 32) may
have also been active at this stage. The joints
of the augen gneiss, as well as the faults
which delineate the down-faulted Palaeozoic
strata both in the Oslo area and along Lake
Qyeren (Holtedahl 1907), also have NE-SW
trends.

Pre-Sveconorwegian evolution in the
marginal zome of the Sveconorwegian
orogenic belt

The results obtained from the northern part
of the Dstfold segment concur with the major
trends in the Kongsberg—Bamble segment to
the west and with the Swedish part of both
the @stfold and the median segments to the
south.

In the Kongsberg and Bamble areas (Bugge
1936), the pre-Sveconorwegian evolution has
been established mainly by Starmer (1972,
1977 & 1979) and supported by geochrono-
logical studies (O’Nions & Baadsgaard 1971,
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O’Nions & Heier 1972, Jacobsen & Heier
1978, Field & Réheim 1979 a, b, 1980). Al-
though a direct correlation is difficult, the
sequence of events established by Starmer is
similar to the evolution presented here.

In southwest Sweden 1600-1700 Ma old
tonalitic to granodioritic intrusions were fol-
ded and metamorphosed prior to a period of
plutonism at around 1400-1350 Ma (Samu-
elsson 1978, 1980, Daly et al. 1979, Gorbat-
schev & Welin 1980). It is thus evident that
widespread orogenic activity (folding and me-
tamorphism) occutrred around 1500-1400 Ma
ago in the southwestern part of the Baltic
Shield.

In Sweden the 1600-1700 Ma old in-
trusions were emplaced into already folded,
metamorphosed and migmatized St. Le-Mar-
strand rocks on Tjorn northwest of Goteborg
(Welin & Gorbatschev 1978 ¢). In the Oslo-
fjord—Q@yeren area in the north of the Ost-
fold segment, the main migmatization of the
St. Le-Marstrand ‘series’ (the supracrustal
gneiss unit) occurred during the Fi deforma-
tion. Thus, if early migmatization of the St.
Le-Marstrand  ‘series’ was simultaneous
throughout the @stfold segment, then both
the F; and F, fold episodes may conceivably
have preceeded the 1600-1700 Ma intrusive
events.
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