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Preface

The Geological Survey of Norway 1858-1983

The official date of foundation of the Geological Survey of Norway (NGU) is
February 6ith 1858. On that date a Royal Resolution was passed authorizing
the geological mapping of the country according to a plan submitted by
Theodor Kjerulf in 1856. NG is therefore one of the oldest institutions of
this kind in the world.

Theodor Kjerull was the first director of NGU, a position he held for 30
vears, and to date only 6 persons have held this post. At the start a budget of
10,000 Spd. was given for a three year period and the staff consisted of the
director and one assistant, both employed on a half time basis. At the time of
the centenary in 1958, 34 persons were employed, half of them geologists.
The annual budget was about 1,000,000 kroner. A new impetus was given Lo
the Survey in 1961 when it was relocated to Trondheim and merged with two
other institutions concerned with geophysics and geochemistry. Today NGU
consists of four branches, bedrock geology, softrock {Quaternary) geology,
geophysics and geochemistry, with a common administration. 220 peaple are
employed, about half of which have a university degree. The budget for 1983
is 56,000,000 kroner.

NGU is located at (stmarkneset in Trondheim with a small office in Oslo.

Although NG had a rather modest beginning with only two persons in
part-time positions, it nevertheless achieved a lot in the first years, This was
because Kjerulf was able to employ a number of temporary assistants, mainly
university students, during the summer field season. This policy of coopera-
tion with the universities continues to this day and will hopefully continue in
the future. It has been of great benefit to NG U and I hope also to the universi-
ties concerned. This anniversary volume contains several papers by univer-
sity scientists and [ wish to thank them for honouring us in this way.
The role of a geological survey in society is constantly changing and its
profile should therefore never be static. The concept of geology is also chan-
ging and today we involve ourselves with all aspects of earth sciences;
bedrock and softrock (Quaternary) geology, ore geology, hydrogeology,
geophysics and geochemistry. Basically, the main function of a survey is to
produce geological maps. The maps which we produce provide industry with
information about mineral resources, and local authorities with details about
groundwater resources and other features important in regional planning and
development: and they provide the earth sciences with information relating
to the composition and structure of the crust, as well as on the processes



which mould the crustal surface. A completely revised edition of the
1:1,000,000 geological map of Norway is being issued this year. When this
map is compared with the previous edition from 1960, which was a revised
edition of the 1953 map, the remarkable improvement in our knowledge of
the bedrock geology is evident. This is equally true for the areas of Precam-
brian basement as for the metamorphic allochthon of the Caledonian moun-
tain belt. This improvement in our knowledge over the past 25 years, since
our centenary, is in no small part due to the work and efforts of the staff of
NGU.

NGU does not have the responsibility for the geological mapping of our
continental shelf. The wisdom of delegating the responsibility to a different
and newly formed state institution may be disputed but it has allowed us to
concentrate our activities on land. Nevertheless our field activity today also
includes the surface geology of the coastal and fiord areas, and some of our
most recent geological maps also portray aspects of the geology of the sea
floor.

In conclusion I wish to thank all employees of the Geological Survey for
their diligence and skill and I look forward to seeing the results of the next
25 years.

Trondheim, 6 February 19483
Knut §. Heier

Director
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Polyphase Caledonian metamorphism in
the Precambrian basement of Rogaland/
Vest-Agder, Southwest Norway

P C.C.SAUTER, G. A E. M. HERMANS, |. B. H. JANSEN,
C. MAIJER, P. 3PITS & A. WEGELIN

Sauter, P. C.C. Hermans, G. A_E. M., Jansen, |. B. H, Maijer, C., Spits, P. & Wegelin,
A 1083 Polyphase Caledonian metamorphism in the Precambrian basement of
Rogaland/Vest Agder, SW Norway, Norges gead, Unders. 380, 7-24,

[n the Sveconorwegian basement of Rnga!andr’\-"i::il-ﬁgdm, SW Norway, two inci

pient Caledonian metamorphic overprints are assumed on the basis of petrological
textures and regional extension of the metamorphic mineral distributions, The
inferred M4a is a burial metamorphism mainly in prehnite-pumpellyite facies and
the M4b a metamorphism mainly in greenschist facies, restricted to the vicinity of
the Caledonides. In order to propose a madel sequence of retrograde metamorphic
events in the basement of the whaole of South Narway the available mineral records
of newly formed green biotite, stilpnomelane, prehnite and pumpellyite are inte

grated with relevant age determinations and other geological information.

PO Sawter, G A E. M. Hermans, [ B, H. Jansen, U, Madjer, Institunt voor Aarduweten-
schippen. Rijhsuniversitedt Utrecht, Budapestlaan 4, 3508 TA Utrecht, P.0. Box 801027,
The Netherlands

F. Spits, Shell fnternationale Peirolenm Maatschappsy, £. P 22,3, Postbus 162, Den Haag,
The Netherlands

A. Wepelin, Pan Canadien Petrolewm Lid., P.O. Box 2850, Calgary, Alberta T2P 255,
Cunada :

Introduction

The Precambrian basement of Rogaland/Vest-Agder, SW Norway, which is
part of the Sveconorwegian of the Baltic Shield, consists mainly of anor-
thositic masses, the lopolith of Bjerkreim-Sokndal and a polymetamorphic
high-grade envelope of charnockitic and granitic migmatites, augen-gneisses
and metasupracrustals (Fig. 1; Hermans et al. 1975, Birkeland 1981). The
metasupracrustals comprise the garmet-bearing migmatites (Kars et al. 1980,
Huijsmans et al. 1981} and the Faurefjell formation, which consists mainly of
quartzites, marbles and calc-silicate rocks (Sauter 1981, Sauter 1983).

A synopsis of the apparent ages of the rocks in the basement demonstrates
Pre-Sveconorwegian ages of about 1500 Ma for the MO stage of metamor-
phism, Sveconorwegian ages of about 1200 Ma for the M1 stage and about
1050 Ma for the granulite facies M2 stage of metamorphism (Versteeve 1975,
Pasteels & Michot 1975, Wielens et al. 1981). Late-Sveconorwegian ages
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Fig. 1. Outline of the regional geology of Rogaland, SW Morway; with locations of the investi-

gated samples.

of about 950 Ma are related to the M3 stage of metamorphism in the amphi-
bolite facies, which affected most of the intrusive complexes and the enve-
lope, and biotite ages in the range of 900-850 Ma represent the time of a
regional cooling in a late M3 stage (Dekker 1978, Wielens et al, 1081 1. After
uplift and erosion, the sub-Cambrian peneplain was formed between 700 and
600 Ma ago and subsequently Palacozoic and locally even older sediments
were deposited (Sigmond 1978, Andresen & Faerseth 1982). The main Cale-
donian basal thrust-plane must have been situated approximately along or
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just above the pre-existing peneplain (Sigmond 1078). During the
overthrusting the sediments were squeezed out and subsequently metamaor-
phosed together with the upper levels of the bedrock in a greenschist facies
metamorphism. The index minerals for this metamorphism in the parautoch-
thonous units and in the basement are green biotite, stilpnomelane, chlorite,
actinolite and epidote (Sigmond 1978, Maijer 1980). This metamorphism in
Rogaland has been reported as Caledonian in age by Verschure et al. (1980).
They dated green biotite from the basement near Stavanger with Rb-Sr
methods at about 400 Ma old. The last metamorphic episode in allochtho-
nous rocks in the Sauda area is mentioned by Sigmond (1978) as occurring
410 Ma ago (Andresen et al, 1974). Nevertheless some lower intercept ages of
zircons (285-300 Ma) from the basement close to the Caledaonian front are
given by Pasteels & Michot (1975). Recently Wielens et al. (1981) have
reported lower intercept ages in a range from 310 to 410 Ma at a distance of
about 50 km east of the Caledonian front. Van den Haute (1977) obtained
apatite fission track ages in the basement of Rogaland in the range of 220 (o
260 Ma and he interpreted this result as a reflection of an uplift period after a
burial of the basement under Cambro-Silurian sediments.

In Rogaland and Vest-Agder many occurrences of retrograde minerals are
found and one of the purposes of this study is to elucidate Caledonian inci-
pient metamorphic overprints on the basement. It is also the aim to give an
outline of the retrogradation all over southern Norway and to intergrate it
with some geological information into a maodel sequence of low-grade meta-
morphic events.

Retrograde mineral records in Rogaland

Retrograde alteration of high-grade minerals and rocks can be found all over
the map area of Fig. 2, but it varies notably in type and intensity. The retro-
gradations include the formation of typical metamorphic minerals such as
stilpnomelane, green biotite, pumpellvite, prehnite and actinolite-tremolite
together with more common alteration minerals. A selection of primary and
secondary mineral assemblages of some Precambrian basement rocks of
Rogaland is listed in Table 1.

In charmockitic and granitic vocks and in angen-gneisses pligioclsse may be alteved into seri
cite, albite or savssurice; oethoclse and sanidine into albite or microciine; biotite into chlorite,
titanite and ilmenite; and by pessthene into serpentine, uralite amphiboele, chlorite and tale, The
gameliferous migmatites show, in addition to e allermtions mentioned. pinite from cordierite
and osumilite; and dizspore, magnetite and hematite from hercynite. In mesociatic parts of the
migmalites the malic constiluents retrograde (o sctinolite, chlorite, pumpellyite and prehnite,
In marbles of the Faurefjell fommation forsterite may be altered into serpentine and partly inlo
chinshumite {Fig. 3A). Diopside shows rims of tremolite. Phlogopite and spinel may alter into
My-chlorite, and some spinel into hydrotaleite. Loeally tremolite, tale, clinshumite and calcite
are growing at the expense ol serpentine, Hedenbergite-bearing rocks and quartz-diopside
gneisses from the same formation show epidote, zoisite, sericile. actinolite and hydrogrossular
as retrograde minerals; pumpellyite and prehnite are present. K-feldspar-rich rocks contain
albite, microcline and riebeckite as replacement minerals, In the anorthosite complexes An-rich
plagioclase is locally altered into kaolinite, prehnite, laumaonite and margarite.
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Stilpnomelane commonly occurs as small fibrous aggregates in cracks and
cleavages of altered plagioclase (Fig. 3B}, or as small crystals around dark
minerals, Mostly it is associated with chlorite and albite. This stilpnomelane
is found all over Rogaland and the adjacent parts of Vest-Agder. The propor-
tion and crystal size of the stilpnomelane increase from SE towards NW.
Especially in the mylonitic rocks, which are related to the Caledonian front,
the stilpnomelane occurs as large radiating, euhedral postkinematic crystals
(Fig. 3C). Mostly it is associated with calcite, white mica and chlorite but it is
evidently younger than the synkinematic green biotite, white mica and chlo-
rite. Locally in some raylonitic rocks of the basement, in some parautoch-
thonous phyllites and rarely in allochthonous Precambrian rocks within the
Caledonides the stilpnomelane is also observed to be oriented together with
green biotite, white mica and chlorite along the plane of the schistosity.
A new generation of green biotite is formed in the Sveconorwegian base-
ment in an approximately 15 km wide zone along the Caledonian front (Fig.
2). The proportion of this biotite increases toward that front (Verschure et al.
1980). Northwest of the green biotite-in isograd it becomes a common
constituent, just as brown, titanium-rich biotite is in fresh basement rocks
outside the zone. Towards the Caledonian front the brown biotite is progres-
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Fig. 2. Regional distribution of the minerals stilpnomelane, green biotite, pumpellyite and
prehnite in Rogaland/Vest-Agder, SW Norway.

sively more decomposed and within the zone mentioned above, small
granules of titanite appear with simultaneous discoloration and chloritization
(Verschure et al. 1980). Close to the front most brown biotites have been
replaced by pseudomorphs consisting of a mixture of green biotite, chlorite
and titanite, locally with albite and white mica. Green biotite forms fine-
grained aggregates of Ti-poor flakes also at the expense of amphibole and
opaques. In mylonitic rocks in the basement and in phyllites of the Caledo-
nides, for example near Jirpeland, the green biotite occurs mainly as minute
flakes parallel to the foliation.
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Fig. 3 (A) Clinohumite {cl) with lamellar iwins in lforsterite (£) marhle: sample Q75, scale bar:
L1 mm,
(B) Flakes of stilpnomelane (s) in cracks and cleavages through plagioclase (pl; sample
E&0, scale bar: (0.2 mm.

(€] Postkinematic stilpnomelane (s) in mylonitic rock; sample C201, scale bar: 0.2 mm.

(D) Pyroxene totally altered into chlorite (ch) and pumpellyite (p) with rims of actinolite
la); plagioclase {pl} is saussuritic; sample SC34, scale bar: 0.1 mm,

[E} Vein of prehnite [pr] with an aggregate of pumpellvite, epidote and titanite [x);
hedenbergite (h) is partly also altered into pumpellvite (p); sample WA 135, scale
bar: 0.2 mm,

(F) Tremolite (tr) nims in dinilside {d) marble: sample ) 159, scale bar: 0,04 mm.
{a = orthoclase,  =quarts; ¢ = calcite; b= green biotite; m= magnetite; t = tilanite).
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Pumpellyite is rarely found. It occurs only in ca. 20 out of several thou-
sands of samples. It mainly replaces plagioclase and pyroxene, and forms
small anhedral aggregates in the matrix of saussuritic plagioclase. Brown
biotite may also be replaced by pumpellyite, chlorite, epidote and titanite. In
more mafic rocks hypersthene can be completely altered into chlorite aggre-
gates in which pumpellyite and titanite are observed, while along the margins
of the chlorite crystals new actinolite is developed (Fig. 3D).

Prehnite is observed in about 40 thin-sections. While pumpellyite is
mostly an alteration product, the prehnite fills cracks and veinlets. Where
these veinlets intersect altered clinopyroxene or plagioclase the prehnite may
be attended by epidote, chlorite, pumpellyite and titanite (Fig. 3E). In some
samples located SE of the green biotite-in isograd the coexistence of prehnite
and pumpellyite is observed, and tentatively a prehnite-pumpellyite-in
isograd is drawn in Fig, 2. Neither pumpellyite nor prehnite is found in the
zone of green biotite, which is due to the fact that they require lower grade
metamorphic conditions, Although the occurrence of stilpnomelane overlaps
the area where prehnite and pumpellyite are found, the pumpellyite is not,
and the prehnite only once, observed in association with stilpnomelane. This
phenomenon presumably is due to differences in appropriate rock chemistry.

Actinolite and tremolite are more or less frequently found as secondary
minerals, particularly in marbles and diopside gneisses. A few sanples in the
pumpellyite-prehnite zone contain actinolite with pumpellyite, chlorite and
carbonate (Fig. 3D). The actinolite is not found in association with stilpnome-
lane or green biotite. Actinolite rims around brown or deep green amphiboles
are mostly related to the M3-cooling stage (Dekker 1978), while newly
formed actinolite needles replacing chlorite and serpentine are assumed to be
very late, Tremolite is in particular observed together with talc, newly
formed at the expense of serpentine, or as rims around diopside (Fig. 3F),

The increase in size and proportion of the metamorphic minerals stilpno-
melane and green biotite in a NW direction towards the Caledonian front are
considered to bear some relation to the Caledonian orogenic belt. The
regional temperature of retrograde metamorphism in Rogaland may have
ranged from about 400°C for the green biotite-in isograd (Verschure et al.
1980) to about 300°C for the prehnite-pumpellyite-in isograd (Liou 1971),
while the pumpellyite-actinolite assemblages point to a cover thickness of
several kilometres (Nitsch 1971, Coombs et al. 1976), The Caledonian origin
of metamorphism is also supported by the parallelism of the metamorphic
zonation in the Precambrian basement along the present front of the Caledo-
nian nappe system. Due to the fact that the metamorphic minerals involved
are found in the basement as well as in the Caledonian units, especially in the
parautochthonous Lower Palaeozoic sediments, at least a part of the forma-
tion of these minerals post-dates the Caledonian thrusting. However, it is
questionable if all the Caledonian retrogradations in the basement of SW
Norway are developed subsequent Lo the thrusting.
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Table 7. Eleciron microprobe asalyses
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1) The amalyses were performed at che Insritust vear Asrdwetenschappes of the Rijksuniversiteit Utreche, and

that of the Vrije Universiteit Amsterdam. Both instituces were provided with {imancial amd persocnel
support by IMD-WACOM (Regearch group for analyticsl chemistry of minerals and rocks, subsidized By Che
Hetherlands Orgamisation for the Advancement of Pure Research).

bod.: helow detecticn limib.

CHEMISTRY OF SOME RETROGRADE MINERALS

Tuillustrate the composition of the retrograde minerals, some microprobe analyses are listed in
Table 2. Pumpellyite contains significant amounts of ferric iron. The pleochroic calours of
pumpellyvite, ranging from almost colourless (0 deep-green, seem to be related o this Fe'!
content. Prehnite too contains Fe'™, up to about 11 maold of the Fe'" end-member, Relatively
high Mg contents and low Ca contents in sample 516 suggest a substitution of Ca by Mg. The
stilpnomelanes mainly show a compositional variation in Fe, Mg and Mn, suggesting substitu-
tion of Fed+Mn by Mg, The brown colour of the stilpnomelanes indicates an appreciable
amount of Fe! " present. No compaositional differences have been found between stilpnomelane
associated with Caledonian mylonitization and those in the Precambrian basement. The green
biotite is rather Fe-rich and Ti-poor. Chlorite, as a secondary product in plagioclase (1254), is
iron-rich. Chlorites and other secondary minerals i the marbles have a composition close (o
their Mg end-members,

Retrograde mineral distribution in South Norway

The regional extension of stilpnomelane, green biotite, pumpellyite and
prehnite in the basement of South Norway, observed in our samples and
encountered in the literature, is given in Fig. 4. The widespread occurrences
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Fig. 4. Schematized distribution of low-grade metamaorphic minerals in South Norway; geology
after Reymer [ 1979} Axis of the Osla Rift after Huseby & Ramberg (1978). Beginning of M4b
metamorphism interpreted afier Bryhni & Brastad {1980). 1: Sauda area; 2: Eidfjord area; 3;
Geile area; 4: Vinstra area; 5: E Hedmark; 6i: Fen area; 7: E Telemark: 8: Bamble area.

in the Precambrian of South Norway are records of metamorphic overprin-
ting, but they cannot all be attributed to the influence of the Caledonian
nappe system.

The stilpnomelane distribution in the basement is largely restricted to the
vicinity of the Caledonian orogenic belt. Most occurrences in the basement
near Stavanger (this paper), in the Sauda area (Sigmond 1978), in the
Eidfjord granite (Priem et al. 1976), in the neighbourhood of Geilo (Priem et
al. 1972) and, of course, those in the lower units of the Caledonides NNW of
Oslo, near Vinstra (Englund 1973) and in Rogaland (this paper) may be attri-
buted to the Caledonian metamorphism, post-dating the main thrusting.
This metamorphism, so far called M4 in Rogaland, will be referred to as M4b.
The formation of stilpnomelane in the sparagmites near Vinstra seems to
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indicate the beginning of this Caledonian metamorphism towards the NW,
while the SE part of these allochthonous units is practically unmetamor-
phosed (Englund 1973, Bryhni & Brastad 1980). Priem et al. (1970) reported
stilpnomelane in sub-Jotnian rocks of the basement of eastern Hedmark,
NNE of Oslo, beneath unmetamorphosed allochthonous sparagmites. These
occurrences are restricted to mylonitic rocks and they are presumably strain-
induced and related to the Caledonian thrusting events. In the Dala region,
being the eastward continuation of this basement in Sweden, a burial meta-
morphism has been recorded with an increasing grade from prehnite-
pumpellyite facies via pumpellyite-actinolite facies to greenschist facies
towards the east (Nystrom & Levi 1980, Nystrém 1982). These authors
assume that this burial metamorphism took place before 1220 Ma, but
biotites of this basement in east Hedmark, Norway, yield Sveconorwegian
K-Ar and Rb-Sr ages of around 925 Ma with a youngest age of 842 Ma
(Priem et al. 1970). Whole-rock K-Ar ages as low as 605 Ma in the sub-
Jotnian porphyries in the Dala region are interpreted as a function of argon
leakage due to mild Caledonian events (Priem et al. 1968). Verschure (1981}
therefore suggested that this burial, retrograde metamorphism is likewise
related to the Caledonian orogeny. The distribution of the metamaorphic
grade, however, shows no clear relation with the present position of the Cale-
donian front. This fact, and the considerable distance between the Caledo-
nian nappe system and the greenschist facies zone, suggests that the base-
ment underwent the burial metamorphism before the Caledonian over-
thrusting. The stilpnomelane in the Fen area belongs to a late stage of the
fenitization, while the carbonatite itself is dated as about 600 Ma old (Vers-
chure et al. 1983). The occurrences of stilpnomelane in the Lyngdal area
and most of the occurrences in Rogaland are not related to mylonitization.
Although the original southeastward extent of the Caledonian nappe system
some 400 Ma ago is unknown, it is unlikely that these stilpnomelane occur-
rences are induced by Caledonian thrusting or by Caledonian M4b meta-
morphism, in view of the long distance Lo the present front position,

Green biotites, which are newly formed in the basement rocks, can be
distinguished in three different areas: -

1) In the Basal Gneis Region (fig. 4) it occurs as a secondary mineral in the

greenschist facies overprint with epidote, actinolite, white mica, chlorite,
albite, microcline and often titanite or ilmenite.
Priem et al. (1973), lor example, described this greenschist facies assem-
blage as an overprint on the Sveconorwegian Hestbrepiggan granite,
which contains relict brown biotite with reset K-Ar and Rb-Sr ages of
about 390 Ma. The effects of greenschist facies metamorphism were also
reported by Bryhni et al. (1971) in the mineral content of their samples
used for dating work. No pumpellyite, prehnite or stilpnomelane is known
from this region.

2) In the area between and just southeast of the Caledonides the green
biotite is not associated with actinolite, but it frequently occurs with stil-
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pnomelane. The same holds for the green biotite occurrences in the lower
nappe units of the Caledonides in Rogaland. These assemblages are indi-
cative for a lower grade part of the greenschist facies than those of the
Basal Gneiss Region.

3} In the Lyngdal area the secondary green biotite is associated with actino-

lite, stilpnomelane, chlorite, epidote, white mica, albite and microcline. In
this area the metamorphic grade seems to be a bit higher than in Roga-
land. This is supported by the occurrences of retrograde corundum
instead of diaspore as an alteration pruduct of hercynite (Pieters, pers.
commm. ).
As already stated for the stilpnomelane findings in this area, these green
biotites are not developed during the M4b metamorphism. They are
evidently later than the relict, olive-green biotites which are supposed to
be Sveconorwegian.

The prehnite and pumpellyite occurrences in South Norway are scarce, In
Rogaland the pumpellyite and prehnite-pumpellyite assemblages are
observed SE of the green biotite isograd. Only a few prehnite-pumpellyite
assemblages are observed in the Lyngdal area and they are probably also
formed outside the green biotite zone (Fig. 4). The latter assemblages and the
prehnite occurrences in the Lyngdal area and near Kristiansand, Vest-Agder
(Falkum 1966), are in fact situated about a hundred kilometres away from the
present Caledonian front. Therefore, these occurrences and presumably also
the southeasterly occurrences in Rogaland do not belong to the M4b meta-
morphism. It is practically impossible, for the same reason, that the occur-
rences of prehnite and pumpellyite reported from SE Norway (Mitchell 1967,
Field & Rodwell 1968, O'Nions et al. 1969) have originated during the M4h
metamorphism. Due to the continuation of the axis of the Oslo rift valley
along the Norwegian coast in a southwestward direction (Husebye &
Ramberg 1978), the basement in this area may have been affected by a
Permian event which may be responsible for the low-grade metamorphic
effects (Fig. 4). The Permian thermal influence can also be recognized in K-Ar
ages of 260 Ma on whole-rock samples of pre-Sveconorwegian rhyolites in
eastern Telemark (Priem et. al, 1967) and in lower intercept ages of 260 Ma
on zircons and sphenes from the Bamble region (O'Nions & Baadsgaard
1971).

Discussion

A large part of the retrograde metamorphism in the Precambrian basement
of SW Norway is clearly attributed to the Caledonian orogeny. This is
supported by Caledonian ages of green biotite (Verschure et al. 1980) and of
lower intercepts of zircons (Pasteels & Michot 1975, Corfu 1978, 1979,
Schiirer 1980, Wielens et al. 1981).

]
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Petrological textures in the basement of Rogaland are suggestive of a
polyphase retrograde metamorphism. Indications are, for instance, the
growth of green biotite at the expence of chlorite, which is pseudomorphous
after brown biotite, the occurrence of synkinematic and postkinematic gene-
rations of stilpnomelane, green biotite, chlorite and white mica and the deve-
lopment of tremolite, clinohumite and talc at the expense of serpentine,
which is an alteration product of forsterite or diopside. In addition, the
geographical distribution of the retrogradations in the basement of Southemn
Norway in relation to the present position of the Caledonian front also
suggests that not all retrogradations can be fitted into only one phase of Cale-
donian incipient metamorphism.

The occurrences of stilpnomelane, green biotite and prehnite + pumpel-
lyite in the Precambrian basement close to the Caledonian front are assumed
to be the expression of a Caledonian M4b metamorphism. In Rogaland the
distribution of these minerals seems to suggest an inversed thermal gradient.
Metamorphism showing inversed gradients is well known in the Scandina-
vian Caledonides (eg. Andréasson & Gorbatschev 1980, Andréasson &
Lagerblad 1980). In allochthonous units this inversion can be caused by a
telescoping effect of superposed nappes, but in the autochthonous basement
mainly by a downwards directed heat flow from relatively hot nappes. As a
result of intense Caledonian mylonitisation the retrograde overprint may
locally be strain-induced (Andréasson & Gorbatschev 1980). Generally, such
zones are relatively thin. In Rogaland pure strain-induced retrogradation
may be excluded. Although stilpnomelane growth may be favoured in mylo-
nitic zones, it also occurs in undeformed rocks throughout the mapped area
(Fig. 2). The green biotite is not particularly related to deformation.

Low-grade to very low-grade metamorphism at greater distances from the
Caledonian front can clearly not be related to the Caledonian overthrust.
Therefore it is assumed that these metamorphic effects are related to a burial
type of metamorphism (M4a), possibly prior to Caledonian thrusting, as a
result of a burden of sediments in late Precambrian or early Palaeozoic times.
Thick late Precambrian sediments are known from the sparagmite region in
central south Norway (Bjerlykke 1978), and Lower Palaeozoic sediments in
the parautochthonous (Vidda group) and allochthonous (Holmasjo
allochthon) units at the base of the Caledonian nappe pile in SW Norway
(Andresen & Faerseth 1982). Evidence from central Norway and Sweden
shows that sediment thicknesses vary laterally but they may amount to
several kilometres (Bjorlykke 1978, Gee & Zachrisson 1979).

The absolute timing of the Caledonian retrograde metamorphic events in
Rogaland is uncertain. Generally in the Caledonian orogen a Finmarkian and
a Scandian phase are recognized, dated to late Cambrian to early Ordo-
vician time and Middle to late Silurian time, respectively (Roberts & Sturt
1980, Bryhni & Brastad 1980). In the Caledonides of SW Norway both
phases are recognized (Roberts & Gale 1978). The only isotopically dated
retrograde mineral from the basement in Rogaland close to the front is green
biotite, yielding K-Ar ages of 557 Ma and 469 - 444 Ma and Rb-Sr ages from
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421 to 397 Ma (Verschure et al. 1980). The ages around 400 Ma evidently
refer to the Scandian phase which is the most commonly reported deforma-
tion event in the Caledonides of SW Norway (Sturt & Thon 1978, Roberts &
Sturt 1980, Roddick & Jorde 1981). Tentatively, the high K-Ar ages can be
attributed to the Finnmarkian phase, although Verschure et al. (1980)
suggest incorporation of excess argon as the cause of the high ages. Most of
the relict biotites in the basement SE of the Caledonian front in southern
Norway remain Sveconorwegian {900-850 Ma) in age ((XNions et al. 1969,
Priem et al. 1970, Brueckner 1972, Priem et al. 1972, Versteeve 1975, Vers-
chure et al. 1980, Wielens et al. 1981); only a few brown biotites just beneath
the Caledonian thrust front near Stavanger form an exception in showing
reset K-Ar and Rb-Sr ages down to 700 Ma (Verschure et al. 1980). In the
Basal Gneiss Region, where most biotites show reset Caledonian ages in
contrast to biotites from the basement SE of the Caledonian front, the K-Ar
mineral datings are also higher than the Rb-Sr datings. Brueckner (1972)
ascribed this feature to a maore ready reequilibration of Sr than to the idea
that Ar is expelled from the mineral. This could mean that some of the K-Ar
mineral datings are a real reflection of the Finnmarkian event. Bryhni et al.
(1971) reported three *Ar/*"Ar ages of 524, 488 and 405 Ma in the Basal
Gneiss Region. Further indications for an early Caledonian event in SW
Norway possibly may be found in a date of about 540 Ma on the parautoch-
thonous phyllites in the Jeeren district, south of Stavanger (Roddick & Jorde
1981} and in a lower intercept age of zircons of about 540 Ma in autochtho-
nous basement near Undheim (Pasteels & Michot 1975), Whole-rock K-Ar
ages, as low as 564 Ma in Sveconorwegian dike systems in Rogaland and
Vest-Agder, sampled about 50 km east from the Caledonian nappe front,
seem to reflect argon leakage due to post-Sveconorwegian thermal events
(Versteeve 1975). Thus, in the basement of SW Norway there are isotopic

indications for two Caledonian events,
Based on the above reasoning we assume a Finnmarkian metamorphism

(M4a), mainly in the prehnite-pumpellyite facies, affecting the basement in
SW Norway. This weak, up to now radiometrically not definitely dated
event, was a regional burial metamorphism. Because of the interference of the
M4a and M4b metamorphic phases in the basement the mineral records of
the M4a in Rogaland were formerly ascribed to the M4b phase, which was
induced about 400 Ma ago by the Caledonian nappe system (Maijer 1980,
Verschure et al. 1980, Verschure 1981). The retrograde metamorphic events
in the basement of southern Norway may be summarized in the following
model sequence:

M3 - The regional Sveconorwegian cooling stage is reported in K-Ar ages
on amphiboles and biotites over the whole of South Norway and it
lasted to about 850 Ma, Low-grade retrogradation may have been
operative. After denudation, Upper Precambrian and Palaeozoic sedi-
ments were deposited on the peneplain.

M4a - A burial Finnmarkian metamorphism took place, mainly in prehnite—
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pumpellyite facies. Locally, where the sediment pile was thicker, it
may have produced a higher metamorphic grade. It may have been
active in several periods. Probably this metamorphism extended over
a great part of the Baltic Shield.

M4b -This Scandian metamorphic phase in the basement is restricted
to the vicinity of the Caledonides. It mostly developed with an
inversed gradient and it was locally strain-induced in specific mylo-
nitic zones. It is about 400 Ma old and waning towards the southeast
from greenschist facies near the Caledonian front into prehnite-
pumpellyite facies. Late M4b thermal reequilibration lasted to about
300 Ma ago.

M35 - The Permian reheating of about 250 Ma ago was active in the base-
ment only in a zone marginal to the Oslo Rift valley and along
Permian dike systems. Its conditions reached prehnite-pumpellyite
facies. Erosion of the basement started again and at least 220 Ma ago
the Sveconorwegian basement, as it is exposed at the present day,
passed through the 100°C isograd.
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Subdivision of the Jotun Nappe Complex
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In the area between Aurlandsforden and Naerovfjorden the Jotun Nappe Complex
can be subdivided into a lower thrust unit of mainly gneisses with mangerites, jotun

ites and minor supracrustals {The Flim unit), and an upper unit of mainly gabbroic
to anorthostic rocks (The Stiganosi unit). The basal thrust of the Nappe Complex
and the contact between the two internal units are blastomylonitic and characterized
by retragression of the original granulite-facies assemblages, Exrension of investiga-
tions into a larger part of the ‘Faltungsgraben’ indicates that the tectonic subdivision
of the Jotun Nappe Complex into a lower and an upper part has regional sigmifi

canre.
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Introduction

The area between Aurlandsfjorden and Neroyfjorden belongs geologically
to the Upper Jotun Nappe, which is shown to have a composite structure and
therefore from here on will be called the ‘Jotun Nappe Complex’. It is covered in
early rough maps and descriptions by Rekstad (1905), Reusch (1908) and
Goldschmidt {1916), and has not been restudied since until quite recently
when several informal reports have been written (Bryhni 1976, 1977, Bryhni
et al,, 1977, Qvale 1982).

In general, this part of the Caledonides has thick crystalline Precambrian
thrust nappes resting on Cambro-Ordovician and possibly older phyllites or
schists, which in tumn overlie the Precambrian basement. The general rela-
tions of this ‘nappe region’ have been studied in adjacent areas by Hedal
(1945), Landmark (1949), Skjerlie (1958), Kvale (1948, 1960}, Lacour (1969,
1971), Fareth (1977), Heim et al. (1977), Roberts (1977), Bryhni et al,, (1977),
Henry (1977), Henry and Lacour (1978), Sigmond (1978), Corfu (1980} and
others. Major problems are related to the tectonostratigraphy, age of the internal
movement zones and the derivation of the thrust nappe complex: do the
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internal subdivisions, made in scattered areas (Skjerlie 1958, Lacour 1969,
Battey & McRitchie 1973, Bryhni 1976 etc.), have any regional significance in
the sense that the Jotun rocks can be subdivided into several independent
thrust. nappes? And if so, was the internal thrust sequence established
during or prior to the Caledonian orogeny? Is the Jotun Nappe Complex
rooted below the ‘Faltungsgraben’, as favoured in recent years by Smithson &
Ramberg (1970), Battey & McRitchie (1973), Smithson et al. (1974) and
Banham et al. (1979), or has it been derived from far off the coast as advocated
by Holtedahl (1936), Kvale (1948, 1960), Naterstad et al. (1973) and recently
by Hossack (1976), Heim et al. (1977) and Henry (1977)?

The area between Aurlandsfjorden and Neeroyfjorden is important for the
solution of some of these problems, since the Jotun Nappe Complex here
appears to be composed of two separate mappable, tectonic units (Fig. 1). The
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Fig. 7. Simplified geological map of the area between Aurlandsfiorden and Naroyfjorden.
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aim of the present paper is first to give a general description of these units and
second to extend the tectonostratigraphy into a larger part of the ‘Faltungs-
graben’.

General geology

The two tectonic units between Aurlandsfjorden and Nereyfjorden can be
named after localities exposing their characteristic development:

1. Stiganosi unit, with gabbroic rocks, anorthosites and ultramafites.

2. Flam unit, with gneisses, hornblendite, relics of mangeritic-jotunitic rocks
and narrow bands of quartzite with amphibolite. Its basal thrust zone is
characterized by schistose gneisses, I:rlasmrn}r]unites and irregular interca-
lations of metamorphosed psammitic rocks (sparagmites?).

The Stiganosi is separated from the underlying Flam unit by a crushed or
cataclastically deformed zone, assumed to represent a major thrust fault.
Minor low-angle faults are parallel to this boundary and quartzitic rocks
often occur at intervals below it. Rb/Sr radiometric dating indicates that
rocks within the lower unit are more than 1600 m.y. old, but that Sveconor-
wegian regeneration with amphibolite-facies metamorphism took place
1000-1200 m.y. ago (Bhanumathi & Bryhni, unpulished).

A few dykes of granodioritic composition have been observed, but only in
the upper unit. They are related to the igneous activity so prominent in the
Ardal-Kaupanger area farther to the north and where a Rb/Sr date of about
450 m.y. was recorded by Barthomier et al. (1972). Recent studies by
Koestler (1982) indicate, however, that these late- or post-tectonic intru-
sives are actually about Y00 m.y. and thus late Sveconorwegian in age.

FLAM UNIT

The lowermost thrust unit is well exposed in the area close to Flam railway
station and in the lower part of Flimsdalen where it overlies a more than 800
metres thick tectonic unit of phyllite (Fig. 1). The most important rocks are
described below.

A, Cataclastic Rocks

The cataclastically deformed, often schistose zone at the base of the Flam unit
varies in thickness from a few metres to a few hundred metres. The effect of
flattening within this thrust zone is demonstrated locally by the presence of
boudins and by the realignment of originally cross-cutting pegmatite dykes
into parallelism with the main foliation.

The rocks closest to the phyllite (0-100 m above the contact north of
Aurland) are developed as compositionally layered blastomylonitic gneiss
with a planar foliation parallel to the contact. There is no distinct lineation
within the closely spaced foliation surfaces and the banding is often tran-
sected by dykes of black, flinty ultramylonite and cataclasite. A sample of
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such an ultramylonite dyke from only a few metres above the phyllite contact
has a distinct fluxion structure defined by alignment of flat, irregular
domains with different coloration formed by diminuation of individual mine-
rals of an original medium-grained rock. Few mineral fragments in this rock
exceed .2 mm in their longest dimension and most of the grains in the
matrix are too small to be resolved under the microscope. Another sample,
collected along the road below Skjerdal about 100 m from the contact, is
massive and with only a faintly visible fluxion structure. Grain outlines indic-
ative of a pre-existing medium-grained fabric can be seen in plane-polarized
light, while inspection with crossed polarisers reveals that the average grain-
size is less than 0.1 mm. Chlorite and calcite have formed in the matrix and
quartz occurs in minor veins cutting through the rock fabric.

It is difficult to evaluate the exact extent of recrystallization in cataclasti-
cally deformed rocks, but the lack of easily visible strain effects in the matrix
grains indicates that most of the investigated samples were strongly recrystal-
lized. A rock from the thrust sole at Fronsdalen apparently consists of 704
recrystallized grains less than 1 mm in size and 30% of porphyroclasts about
0.2 mm across. It is a typical blastomylonite derived from similar feldspathic
rocks as those occurring higher up in the nappe, possibly with some addition
of new sericitic mica during cataclasis. Some have a laminated or finely
layered structure falsely reminicent of supracrustal rocks, which may occur
locally, however. Thus, a quartzose, grey-black, quartz net-veined blastomy-
lonite in the contact zone along the west side of the fiord north of Fliam rail-
way station represents a severely altered psammitic rock. It is composed
mainly of quartz (c. 60%) and sericite (c. 40%), and makes up a layer only afew
metres thick above black phyllite. Feldspathic sandstanes with primary flood
structures like coarse graded bedding, cross-bedding and cross-lamination
have been recorded by Bryhni et al. (1977} in a similar tectonic position just
outside our map-area (Ljosberget, southeast of Flim]. On the basis of our
evidence, it is likely that also the sericite-quartz blastomylonite at Flam is, in
fact, a remnant of Valdres Sparagmite-type psammites which have become
overridden by the Jotun Nappe Complex and are only preserved in places
within the thrust zone.

B. Gneisses and deformed plutonic rocks

The Flim unit consists mainly of gneisses which sometimes appear to have
formed by cataclastic deformation, recrystallization and neomineralization
from original plutonic rocks. The rocks have various mixtures of feldspar
(microperthite, microcline, plagioclase), quartz, orthopyroxene, clinopyr-
oxene, biotite, amphibole and gamet as essential minerals. Quartz rarely
makes up more than 20% of the modes. Thus they classify in the field between
syenite and gabbro, and can often be termed mangeritic or jotunitic, It is diffi-
cult to distinguish the different types in the field because the extent of secon-
dary alteration is so variable. - Relatively unaltered mangeritic rocks are
massive, medium- or coarse-grained with pale-brown, pink or grey feldspar.
The feldspar is string microperthite or mesoperthite broken down in gneissic
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varieties to a more fine-grained mosaic of microline and acid plagioclase. This
transformation is accompanied by complete alteration of original pyroxenes
to amphibole, biotite and epidote.

C. Quartzite with amphibolite

A rock composed essentially of quartz (c. 70-90') occurs in intimate associa-
tion with amphibolites as regionally distributed layers, up to a few hundred
metres thick. Apart from quartz the rock contain potash feldspar (including
microperthite), plagioclase, biotite and minor white mica, sphene and
epidote. Grain-size varies from medium-grained to very fine-grained, but the
rock is mesoscopically often a ‘glassy’” white and grey orthoquartzitic rock.
Hodal (1945) described corresponding rocks as ‘silexites' of inferred
magmatic origin, but we would rather interpret them as originally supra-
crustal rocks, either older than the associated gneissified mangerites-jotunites
or tectonically interlayered with them. Fareth (1977) has described similar
quartz rocks from his ‘Klovafjell Group’, and we must conclude that metase-
dimentary rocks have a much wider occurrence in the Jotun Nappe Complex
than hitherto recognized.

CONTACT BETWEEN FLAM AND STIGANCOST LINITS

The contact between the two units is distinct on the western side of Neroy-
fiorden where it is a cataclastic zone, a few metres thick, which also cuts obli-
quely into the overlying Stiganosi unit. It is less conspicuous to the east of the
fiord where it often is merely a cataclastically deformed contact zone between
lithologically different rocks. To the southwest of Gudvangen it has also been
mapped over extensive areas outside the present map-area. There the contact
is a strongly deformed zone that appears to be affected by regional folding
along an ESE-axis. Gabbroic rocks near the base of the Stiganosi unit above
Jonadalen are strongly flattened and gneissified towards this cataclastic
zone, which here follows closely a zone of quartzite with amphibolite, Quart-
zite also occurs in the strongly tectonized marginal zone of anorthositic rocks
southwest of Gudvangen where also dykes of granodiorite are involved in the
deformation (Ottesen, pers. comm. 1978). Schistose meta-anorthosites in the
contact zone have retrograde mineral assemblages (sodic plagioclase down to
An, |, epidote, chlorite and white mica).

STIGANOS] UNIT

The uppermost thrust unit is typically developed in the high ground west of
Undredalen—Jonadalen where it underlies the mountain Stiganosi and the
plateaux southwestwards toward Skammadalshegdi (Fig. 1). The body of
essentially gabbroic rocks at Stiganosi can be correlated with bodies of main-
ly anorthositic rocks northwest of Nereyfjorden and southwest of Gud-
vangen. A large body of gabbro-norite at Grindaflet-Skammedalshegdi
bounded by blastomylonitic rocks with local quartzite can possibly be
related to the same unit. The most important rocks are described below.
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A, Anorthostic rocks

The largest anorthostic body, southwest of Gudvangen, is exposed in 1,200
metres high, almost vertical cliffs, above a sole of amphibolite, schistose
gabbro, quartzite and blastum}flmﬂtes. Another occurrence, a layer 100 m
thick in gabbroic rocks between Undredalen and Gudvangen, has a
blastomylonitic base and grades upwards into the gabbroic rocks or their
amphibolitized derivatives. Small anorthostic bodies or layers less than 1 m
thick also occur within the gabbro-norites, especially in the Grindaflet area.
Primary igneous layering is locally preserved, but the rocks have more often a
foliation parallel to the axial planes of tight folds. It would therefore appear
that the more than 1,200 metres thickness of the Gudvangen anorthositic
body is due to tectonic repetition of thinner layers.

The relative contents of dark minerals vary, so that there is a gradual tran-
sition from true anorthosite to anorthositic gabbro. The main minerals of
such anorthositic rocks are plagioclase Angg_75 (with inverse zoning up to
Ang) ), olivine, clinopyroxene, garmet, amphibole, corundum and spinel.

The first foliation with flattened coronas of pyroxenes and garnet around
original olivine (Griffin 1971 a) is cut by gabbroic dykes with marginal en-
richment of gamet. Such dykes are locally strongly flattened in the foliation
surface and altered to conformable amphibolitic layers. Schistose zones in the
anorthositic rocks have fine-grained retrograde mineral assemblages, and
contain a penetrative ESE-WNW trending lineation which is not found in
the associated massive rocks. Thus, there are probably various sets of folia-
tions formed under different metamorphic conditions spanning from the
granulite to the greenschist facies.

B. Grabbroic rocks

The gabbroic rocks comprise banded as well as massive gabbro-norites or
basic granulites with their amphibolitized derivatives. Plagioclase, orthopy-
roxene, clinopyroxene, amphibole and garnet are the main minerals.

A regular alternation of light and dark layers is characteristic for large parts
of the gabbroic massif between Undredal and Neerayfjorden, where the rocks
often have a gneissose aspect. The light bands are relatively enriched in
plagioclase, and locally contain dark red garmnets in crystals up to several
centimetres across. The dark layers are relatively enriched in amphibole.
Other varieties are massive or display igneous graded layering, as is typically
developed in the Grindaflet—Skammadalshogdi body.

Blastomylonitic zones, up to 50 metres thick, transect the gabbroic rocks
and locally include varieties that can be termed plagioclase augen gneisses,

C. Ultramafite

About 25 isolated occurrences of ultramafite have been mapped as inclusions
in the gabbroic rocks. To this can be added many minor disrupted layers or
ultramafic basal parts of graded beds in gabbro-norite. Post-crystalline
tectonic movements within the main rock body led to disruption of the layers
into fragments which become enclosed within the gabbroic rocks.
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The main minerals of the ultramafite are olivine, orthopyroxene, clinopy-
roxene, amphibole, spinel and plagioclase. Orthopyroxene is always present
in the contact zone between plagioclase and olivine, and the whole ultrama-
fite body is usually bounded by an amphibolized reaction rim of enstatite,
clinopyroxene and spinel towards the surrounding rocks, as described by
Griffin (1971 b) from Jotunheimen. Garnet may be concentrated in the outer
part of the reaction rim.

Igneous layering is sometimes developed in the ultramafite, grading
upwards from olivine-rich to pyroxene-spinel-rich layers, The thickness of
such graded layers is usually several metres, and locally there may be conti-
nuous gradation from the upper pyroxene-rich part of the layer into gabbro-
norite,

Linear structures

The primary igneous layering in the original Jotun plutonites has been oblite-
rated in most places by strong transposition and isoclinal folding along axes
trending between E-W and ESE-WNW. Stereograms of poles to the folia-
tion and compositional layering show diffuse girdles around the same ESE-
WNW axis, which is transverse to the axial trend direction of the Caledo-
nian ‘Faltungsgraben’. Pegmatite dykes sometimes cut foliated rocks with
transverse linear structures, and limbs of major folds with this orientation are
cut at the contact to the underlying phyllite. Such evidence - seen in conjunc
tion with the limited radiometric data - suggests that the transverse axial
structure in most cases pre-date the Caledonian emplacement of the Nappe
Complex. There is, however, also evidence that transverse linear structures
have been formed subsequent to emplacement. For example, the basal thrust
zone south of Flam is folded along an ESE-WNW axis, and similar trending
lineations can be found in the phyllites and in the uppermost, ‘Caledonized’
part of the basement. We conclude, therefore, that the transverse linear struc-
tures have a composite origin both pre-dating and post-dating the Caledo-
nian thrusting in the area.

A later deformation is recognizable as regional folds along the NE-SW
Caledonian trend. Tt has affected the trust zone and is also visible as open,
upright folds in schistose zones in the interior of the Nappe Complex. Struc-
ture-contour maps show that the basement/phyllite contact forms a series of
regional elongated domes and basins with a similar Caledonian trend (Fareth
1977), and the ‘Faltungsgraben’ itself could be related to this phase of de-
formation.

In the area to the southeast of Aurland, Fareth (1977) found either calca-
reous schist or a zone of cataclasis and retrograde-metamorphosed rocks
between groups which we correlate with our Flim and Stiganosi units.
Reconnaissance geological mapping by us in the area between Neeroyfjorden
and Sognefjorden has indicated that the two major tectonostratigraphic units
are developed over alarge area (Fig. 2, and Bryhni et al. 1977, Qvale 1982). At
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Sogndal the contact can be tied up with the boundary described by Skjerlie
(1958) and Lacour (1969) between lower groups of essentially alkalifeldspar-
bearing rocks and upper groups of rocks with abundant plagioclase. The
Flam unit is, however, in these western parts of the ‘Faltungsgraben’ probably
underlain by one or possibly two thrusts which are not found in the
Aurlandsfjorden—Neroyfjorden area. The lower of these units has even
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recently been considered (Roberts 1977) to represent psammitic rocks
(‘Valdres Sparagmite’) but is more likely to represent cataclastically
deformed gneisses with only minor and locally distributed sediments. Its
position at the base of the Jotun Nappe Complex probably indicates that it
represents an analogue to the Valdres Nappes east of the ‘Faltungsgraben’,
albeit in a very cataclastic state and with more basement than cover sedi-
ments represented.

A summary of the tectonostratigraphy is given here as Fig_ 3. The apparent
continuation of at least some of the tectonic units across the ‘Faltungsgraben’
indicates that the contacts are thrusts of regional significance. Movements
along the contact between the two major units of the Jotun Nappe Complex
have probably been extensive in this part of the ‘Faltungsgraben’ since dykes
of granodiorite here appear to be present only in the upper unit (Bryhni et al.
1977, Henry 1977). The dykes are usually undeformed, but tend to become
strongly deformed in the contact zone between the two units (Ottesen, pers.
comm. 1978). Thus, at least some of the movement along the contact zone
post-dates the intrusive date of about 900 m.y. recorded by Koestler (1982]
and must then be either late Sveconorwegian or Caledonian in age. The
contact south of Gudvangen shows local inversions which indicate a stronger
folding than can reasonably be expected in the Jotun Nappe Complex during
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any of the Caledonian events, and the emplacement of the Stiganosi unit
upon the Flim unit thus most likely pre-dates the Caledonian orogeny.

At Fillefjell, Corfu (1980) has subdivided the Jotun Nappe Complex into
three subunits which were emplaced as nappes in a tectonic sequence and
later metamorphosed prior to the movement of the whole pile as a Caledonian
nappe with negligible internal deformation. The story in the area around
Sognefjorden may turn out to be similar to that at Fillefjell although there is
as yet no radiometric evidence.

The geometry of the internal thrust in the Jotun Nappe Complex and the
presence also of supracrustals leads us to believe that the units are relatively
shallow sheets which have been derived by horizontal thrusting rather than
upthrusted from a root below the ‘Faltungsgraben’.
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Dating Explosive Volcanism Perforating
the Precambrian Basement in Southern Norway
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WVerschure, R.H. Maijer, C., Andriessen, P, A, M., Boelrijk, N. A1 M_ Hebeda, E. H.,
Priem, H. N. A. & Verdurmen, E. A, Th. 1983; Datlng EKp'Uﬁi'-'f-' volcanism pi:rl'nra-
ting the Precambrian basement in southern Norway. Morges geol. Unders. 380, 35-
44,

K-Ar and Rb-5r dating have been performed on vaarious hypabyssal diatreme-
facies volcanic rocks perforating the Sveconorwegian zone of the Precambrian base-
ment in southem Norway. The dated rocks were taken from the Fen peralkaline

carbonatitic area, the Gardnos and Hjolmodalen explosion breceias, the marginal
breceia of the Fjone calcite-syenite plug, damtjernites from Gulbrandstjern,
Prestedya and Branan, and the carbonatized damtjemitic explosion breccia with
abundant xenoliths from Tveitan and Hénstjern in the Bamble region. The results
reveal two epiﬁnd!'s RIff‘KIJlU‘Sin‘ voleanic ar.livir.}l pt‘iul' to the Permian rnagrnntism,
one about 600 Ma ago (latest Precambrian) and another probably about 350-300
Ma ago (Carboniferous). These episodes of voleanic activity pessibly reflect
precursor phases of the Caledonian arogeny and the Permian epeitageny, respective
ly. A dolerite dike in the Fen area may be of Pesmian age.

R. H. Verschure, P. A. M. Andviessen, N. A, L M. Boelrijh, E. H. Hebeda, H.N. A. Priem &
E. A Th, Verdurmen, £, W. ). Laboratorium veor Fsatopen-Geologie, De Buelelaan 1083,
1081 HV Amsterdam, The Netherfands

C. Maifer, fnstituut voor Aardweienschappen, Rijksuniversiteit Utrecht, Budapestlaan 4,
3508 TA Utrecht, The Netherlands

Introduction

Explosive outbursts of volcanic and related subvoleanic activity have pene-
trated the Precambrian continental crust at numerous points in southern
Norway (Figs. 1 and 2). This part of the Baltic Shield is characterized by ages
between 1200 and 800 Ma, which link the cratonization to the Sveconor-
wegian (Grenville) Episode of tectonism, metamorphism and magmatism.
Evidence of the existence of an older continental crust is provided, for
example, by the relict ages of about 1500 Ma reported from the Levang
gneiss dome in the Bamble region (O'Nions & Baadsgaard 1971), the Tele-
mark supracrustals (Priem et al. 1973) and the high-grade chamockitic
country rocks of the anorthositic complex in Rogaland (Versteeve 1975,
Priem & Verschure 1982).

The best known example of the explosive volcanic phenomena in southern
Norway is the peralkaline-carbonatitic complex of the Fen area (e.g. Brogger
1921, Seether 1957, Bergstdl 1960, 1979, Bergstl & Svinndal 1960, Barth &
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Fig. 1. Map showing the lacations of the investigated rocks (modified after Ramberg & Barth
19643},

Ramberg 1966, Ramberg & Barth 1966, Mitchell & Crocket 1970, Griffin
1973). Less well-known are the alkaline vents and dikes, explosion breccias,
and ultramafic damtjernitic plugs and dikes at many other points (Figs. 1 and
2). All these (sub}volcanic phenomena are supposedly related to faults and
basement fractures. Damtjernite is a porphyritic hypabyssal rock with
kimberlitic and alnoitic affiniTIES (Brogger 1921). The rock varies widely in
mineral composition, but mostly it consists of a groundmass of carbonate,
biotite, pyroxene and magnetite in which are embedded phenocrysts of
biotite, clinopyroxene and brown hornblende in varying proportions. In
diatreme facies the rock contains varying amounts of xenoliths and xeno-
crysts of crustal and upper-mantle origin (Griffin & Taylor 1975).
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A number of age data have been published for the peralkaline-carbonatitic
complex of the Fen area: early ‘chemical’ U-Th-Pb ages of koppite (Szther
1957}, Pb-a ages of zircon (Neurnann 1960) and K-Ar ages of biotites (Faul et
al. 1959, Neumann 1960, Kulp & Neumann 1961, Broch 1964). On the basis
of these ages, all between 600 and 560 Ma, an Eocambrian age was assigned
to the Fen volcanism (Ramberg & Barth (1966).
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Fig. 2. Enlarged insert of Fig. | (modified after Ramberg & Barth 1966}, showing the locations
of the investigated rocks close Lo the Fen peralkaline-carbonatitic complex [indicated on the
map as ‘Ten area’]. The locations of the samples from within the Fen complex are not shown.




J8 VERSCHURE, MAIER, ANDRIESSEN, BOELRIJK HEREDA, PRIEM &VERDURMEN

The present study reports the results of K-Ar and Rb-Sr age measurements
on separated minerals and whole-rocks from various types of explosive and
related subvolcanic rocks in southern Norway (Figs. | and 2). A preliminary
report of part of the data has been presented before (Verschure et al. 1977).
The analytical data and calculated ages are listed in Tables 1, 2 and 3. More
dating work is in progress.

Experimental procedures and constants

The usual techniques were applied for the analysis of potassium, argon, rubi-
dium and strontium (see, for example, Wielens et al. 1980). The analytical
accuracy is believed to be within 1'% for K, 2% for radiogenic Ar, 1 for XRF
Rb/Sr, 1 for isotope dilution Rb and Sr, and 0,05 for 8IS/ 808y (0,29 for
the Fen 6 biotite, which represents an older analysis; Second Progress-Report
1967). The errors are the sum of the estimated contributions of the known
sources of possible systematic error and the precision (20) of the total analy-
tical procedures. The ages are based upon the UGS recommended set of
constants:

Ae(MK) = 0.581 x 10712~ 1, Ag(*'K) = 4.962 x 10™ "Ya” !, abundance *'K =
0.01167 atom percent total K and AMBTRb) = 142 x 10~ Ha™l,

Results and discussion
FEN AREA

The investigated samples belong to different types of hypabyssal rocks. They
come from six locations (Fig. 2):

1. The type-locality damtjernite forms a dike in diatreme facies near Damt-
jern, just outside the Fen complex. It is a dark porphyritic rock with
phenocrysts of Ti-augite, brown hornblende and biotite (up to several em
in diameter), embedded in a fine-grained groundmass rich in carbonate
and biotite. The damtjernite contains abundant xenoliths and xenocrysts
of crustal rocks and upper-mantle spinel lherzolite. K-Ar analysis of
biotite and hornblende yield ages of 564 * 20 Ma and 597 ® 20 Ma,
respectively.

2. Within the Fen complex, (.5 km east of Siive, there is a dark, carbonatized
damtjernite in diatreme facies. The rock contains abundant biotite flakes
{up to 4 cm in diameter], which give a K-Ar age of 578 % 20 Ma and
a Rb-5r model a.ge between about 555 and 580 Ma, depending on the
assumed initial %/Sr/%95r ratio (0.705 or 0.702, respectively).

3. A less dark-coloured damtjernite in diatreme facies near Sanna (sannaite,
Briogger 1921), 6 km SW of the Fen complex, consists of about 30% of
alkali feldspar and a few sericitic aggregates (allegedly pseudomorphs
after nepheline) in a groundmass rich in aegirine, carbonate, chlorite and
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Fig. 3. Hybrid diatreme-facies damtjernite near Sanna {sannaite, Brigger 1921, with abundant
fragments of country rock gneiss and phenocrysts of brown homblende and biotite.

apatite (fig. 3). Phenocrysts of augite, large brown homblende and some
biotite are also present, as well as abundant fragments of country rock.
Biotite and hormnblende produce K-Ar ages of 580 % 20 Ma and 598 & 20
Ma, respectively.

4. The diatreme-facies damtjernite near Steinsrud, | km SW of the Fen
complex, is likewise a less dark-coloured rock. Phenocrysts of clinopyro-
xene, large brown homblende and biotite, along with phenocrysts or
xenocrysts of feldspar (both sodic plagioclase and alkali feldspar) and
aggregates of feldspar or feldspar-quartz are embedded in a groundmass
of alkali feldspar, minor pyroxene, green amphibole, biotite, opaques, tita-
nite and quartz. Biotite and hormblende give K-Ar ages of 523 + 20 Ma
and 597 + 30 Ma, respectively.

5. The tinguaite dike near Lundebruene yields a K-Ar whole-rock age of
665 £ 20 Ma. According to Bergstol (1960, 1979) tinguaite dikes and
plugs occur only outside the actual Fen complex, but are especially
frequent close to its borders (Fig. 2). He concludes that intrusion of the
tinguaites is an early event in the evolution of the carbonatitic and per
alkaline complex, a conclusion which is supported by the K-Ar date. The
older age of the tinguaites is also confirmed by a xenolith of tinguaite
observed in the type-locality damtjernite dike.
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Table 7, K-Ar data and calculated ages.

UTM- Rock K"* Radiogenic *"Ar  Atmospheric **Ar Calculated

Sample nr.  Coordinates  type’ Material (% Wt} {ppmWt) (% total # 40 Ar) age(Ma)"**

Damijern diatreme—facies damijernite (type locality)

Fen 260 A172-5%92  breccia biotite .54 0.300 10 564

Fen 260 $172-"4892  breccia homblende  1.51 00740 4 597

Sive carbonatized ﬁ‘:’amm—fm'ﬂ n‘am.:jemﬂc

Fen & S168-"714  breccia biotite _07 0.381 10 578

Sanna fhybridic diatreme=facies damifernite

Fen 225 5134-9623  breccia biotite 6,84 0.324 11 HA0

Fen 225 S134-%623  breccia homblende 1,94 00935 2 508

Steinsrud hybridic diatreme—facies damijernite

Fen 281 S147-4685 breceia biotite .63 0279 19 523

Fen 281 514745685 brecoin homblende 1,99 00877 2 5097

Lundebruene tinguaite dike

Fen 92 MAG-T6TE tinguaite whole-rock 287 0160 5 fifi5

Fen carbonatized dolerite dike (Hydro guarry)

Fen | MEI-5716  dolerite whole-rock 368 DG 12 253

Gulbrandsijern hypabyssal-facies damijernite

Gul 1 27-59522  damtjernite biotite 627 0310 4 i

Prestiya hypabyssal-faqes damijermite

Pre | 24-57534  damtjernite biotite 7.32 (0357 ] 594

Brdnan kypabyssal-faces damipernite

Bra 2 MF7-43051 damtjernite bictite 750 (.366 5 5894

Hirte lamp

Har 1 N73-5473 cpx-hbl bintite 6.25 0.148 G 313
lamprophyre

Fone syenitic brecein

Fjo 1 iH0 55501 breccia homblende (1846 00229 21 354

Grardnos explosion brecoia

Gar 9 15-%"230  breccia whole-rock  3.71 0,103 25 a2
groundmass

Hiplmodalen explosion breceia e

Hjs 1A SORG-T055 breceia whole-rock 293 0.152 K] 626
groundmass

Honstjern carbonatized damijernite-like explosion breceia

Hy 3 S354-554 18 breccia hiotite G.8G 0,324 2 578

Toeitan carbonatized domijernite-fike explosion brecei .

Tve 1 9356-"3410  breccia whole-rock 371 0.0888 5 Al6
groundmass

Tve 4 5356755419 breccia chloritized ~ 3.44 00722 26 280

biotite

Tve 9A 5356-55419  xenolith whole-rock 157 00626 3 499
(gn-bio gneiss) i

Tve 10A 5356-554 19 xenalith whole-rock 226 0.0662 5 380
{amphibolite) o

TvellA #356-5419  xenolith whole-rock  2.30 0.0B23 b 439
{bio amphibolite)

Trettan country rock

Tve 31 5351-55422 amphibaolite whole-rock 103 0.0582 17 675

" cpx, clinopyroxene; hbl, homblende; gn, gamet; bio, biotite.

" Mean of duplicate or more analyses,

" Error estimated at 3%, based upon estimated errors of 1'% for K and 20 for Ar.

All three homblende ages lie close to 600 Ma. The four biotite ages are
lower, ranging from 580 to 523 Ma. This suggests that the hornblende
ages approach the age of the volcanism, whereas the biotite K-Ar systems
reflect varying degrees of resetting by post-volcanic processes.
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There is also some evidence for a much younger magmatic event within
the complex:

6. A strongly carbonatized dolerite from the Hydro quarry inside the Fen
complex gives a K-Ar whole-rock date of about 255 Ma. If it is accepted as
a true age, we are dealing either with a Permian dolerite, or with an older
dolerite in which the K-Ar system has been completely reset in Permian
time. Permian rejuvenation is conspicuously absent for biotites and
hormblendes in the Fen area, however, so the K-Ar age is tentatively inter-
preted as reflecting the intrusion age of the dolerite. The dike may then be
related to the Permian magmatism in the Oslo Graben, Szther {1957)
described several dolerites in the Fen area, all of them strongly altered, but
he attributed the alteration to hydrothermal autometamorphism, being
different from the alterations in other rocks of the Fen complex. On geolo-
gical grounds both Saether (1957) and Brigger (1921 ) regarded the dole-
rites in the Fen area as related to the Permian magmatism in the Oslo
Graben, which is thus supported by the K-Ar date.

DAMTJERNITES OF THE SAME AGE OUTSIDE THE FEN AREA
Three damtjernites from outside the Fen area contain biotites which yield K-
Ar ages concordant with the age of the Fen complex (Fig. 2):

1. A dark damtjernite dike near Gulbrandstjern (Kldy 1965), some 20 km
SW of the Fen complex, consists of abundant phenocrysts of zoned pyro-
xene (Ti-augite, occasionally with aegirine-rich cores), biotite (strongly
replaced by chlorite and apatite), opaques, zoned melanite and apatite in a
groundmass of carbonate, chlorite, epidote, white mica, opaques, titanite,
apatite and minor alkali feldspar. Biotite yields a K-Ar age of 601 %
20 Ma.

2. Very similar in mineral composition, but containing less altered, zoned
biotite, is the damtjernite dike on the nearby island Presetéya in
Hoseivatn (Kldy 1965), which probably forms the continuation of the
Gulbrandstjern dike. Biotite gives a K-Ar age of 594 & 20 Ma.

Table 2. Rb-Sr biotite data and calculated model ages,

LUTM- Rock Rb® Srt Caleulated model
Sample nr,  Coordinates Type (ppm Wt}  (ppm Wt} "SS5 age (Ma)*e

Siive carbonatized diaireme-facies damijernite
Fen 6 HGR-557 1 4 breccia 413 161 0.7642 582 or 554

Treitan cavbonatized danitfernite-like explasion brecoia
Toe 4 TRA6-4 19 breceia all a7 0.71851 310 or 255

* Isotope dilution, Mean of duplicate analyses.
** Assuming an initial "Sr/%Sr ratio of 0.702 or 0,705, respectively.
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3. The damtjernite dike near Branan (Werenskiold 1910], 20 km NNW of
the Fen complex, is also similar in appearance. The rock, which has been
described by Brogger (1921) and Griffin & Taylor (1975), consists of
phenocrysts of zoned augite, zoned biotite and aggregates of carbonate in
a groundmass of pyroxene, biotite, opaques, melanite, sericitic pseudo-
morphs after nepheline, apatite and carbonate. Biotite produces a K-Ar
age of 594 £ 20 Ma.

The biotites from the three damtjernite dikes thus give similar ages close to
600 Ma, confirming the age of about 600 Ma assigned to the damtjemitic
volcanism in the Fen area.

OTHER VOLCANIC ROCKS AND EXPLOSION BRECCIAS OUTSIDE

THE FEN AREA

A lamprophyric dike, a syenitic plug and four explosion breccias have been
investigated (Fig. 1):

1. The ﬁne-gmined‘ inhomogeneous, melanocratic to mesocratic, calcite-
bearing lamprophyric dike near Horte (Werenskiold 1910} contains
abundant augite and brown hornblende, and varying contents of biotite
and alkali feldspar. Locally, euhedral sericitic aggregates are observed
(allegedly pseudomorphs after nepheline). Biotite produces a K-Ar age of
313 = 10 Ma.

2. The syenitic plug near Fjone, along Nisservatn (Dons 1965} resembles the
less dark-coloured parts of the lamprophyric dike near Horte. Homblende
collected near the marginal breccia of this reddish, medium-grained,
calcite- and quartz-bearing syenite plug gives a K-Ar age of 354 = 10 Ma.

It may also be relevant to note that Touret (1970) has reported a K-Ar age of
about 310 Ma for a biotite from the plug of homblende periodotite at
Degernes, along the great breccia zone which runs northeast from Kristian-
sand towards the Oslo Graben. All this evidence, although admittedly still
rather scarce, points to a phase of subvolcanic alkaline magmatism in
southern Norway about 250-300 Ma ago (Carboniferous).

Two of the investigated explosion breccias do not contain a magmatic
component:

3. The Gardnos breccia (Broch 1945) forms an oval-shaped diatrerne measu-
ring about 4 by 5 km. It is filled with breccia of unsheared, angular coun-
try rock and mineral splinters, ranging in size from fragments of about 10
cm in diameter to dust-like particles, and an extremely fine-grained chlo-
ritic graphitic groundmass. According to Broch, fragments of folded phyl-
lites of supposedly Cambrian age are present, implying that the diatreme
has formed subsequent to Caledonian folding movements. The sample
investigated in this study is the fine-grained groundmass filling the spaces
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fable 3. Rb-Sr whole-rock data,

Sample
nr.

Lrm

Coordinates

Rock Rh** Sr** Rb/Sgt*
type® ippm Wi (ppm Wi (WoWe) 5785 STRL/ASE

Xewaliths of the Tveitan carbonatized duniifernite-like explosion breccia

Twve
Twe 7
Tve H
Tve 4
Twve 10
Twe L1
Tve 12
Twve 14
Twe 14
Tve 15
Tve LG
Tve 18
Tve |4

AL

A= 14
SHAG-1g 14
TR 19
A-g 14
L T
G- 14
R 1)
I3Rn-NE 10

A5G4 19
A356-14 19
A6
ARAE-15419

FTvettan country rocks

Twe 28
Tve 24
Twe 30
Twe 3l
Twe. 32
Twve 33
Twe 34

.'.-_'.| 31 _il.'-_igz
B B ) )
L B B )
#35]1=t509
*5] M54
.'.-_'.| 31 _1i.'.-_t22
g ) PR 3

albitite Oi4 i (140455 (.71 194 k.50
EN gneiss 147 (RN 1247 D.F7RIY 3.
bio gneiss 144 245 (1566 (0.73174 1.6
gn-bie gneiss | & A07 (2673 071236 .77
amphibaolite 178 a57 0497 0.7 Latiti 1.4
bio amphibolite 158 250 (0,748 0. 72075 21
b gneiss 942 365 02718 071903 (.78
bio gneiss L5 413 (2766 (071898 (.50
bio-hhl granite ThT 87 (.584 (74057 i
sheared pgneiss 103.5 154 0670 74853 &)
bio-hbl gneiss 193 103 1884 LBITHL A
hibl-bio gneiss 1l 932 1083 (74824 3.1
£N Eneiss H2H 24F 1.336 (72215 0497
gn-bio gneiss IR 23K 3831 (72247 1.1
pegmatitic hbl-bie gneiss 539 197 04748 0.727510 L7
pegmatitic hbl-bic gneiss 957 186 05159 072915 1.5
amphibolite fafh 258 02711 071222 (L78
bio gneiss wi 44l 3231 07z TREE
bio gneiss 11 372 (3003 0.72141 (1% 7
gn-|1h|-hicl j_.';llli‘:i&‘: THd 287 L2737 0.7 1836 [t}

* i, garnel; bio, biotite; hbl, homblende.
** Xoray fuorescence spectrometry. Mean of duplicate analyses.

between larger fragments of presumably Sveconorwegian gneisses. A K-
Ar whole-rock analysis of the groundmass yields a date of 362 & 10 Ma.
This age may be interpreted as reflecting a complete resetting of the K-Ar
system, or nearly so, during the fragmentation due to the explosive brec-
ciation. The K-Ar date may then be taken as setting a maximum to the
age of the explosive activity, which supports Broch’s conclusion that the
Gardnos breccia is post-Caledonian.

The Hjélmodalen breccia (Svinndal & Barkey 1967) closely resembles the
Gardnos breceia. The rock shows less alteration, however, and the size of
the diatreme is much smaller, some 130 x 150 m. A K-Ar analysis of the
groundmass gives a date of 626 & 20 Ma. If the explosive volcanism
leading to the Hjolmodalen breccia was contemporaneous with that of
the Gardnos breccia, this date may be interpreted as reflecting a much less
advanced resetting of the K-Ar system of the gneiss mateial than in the
case of the Gardnos breccia.

The age of the Gardnos and Hjdlmodalen breccias is thus not yet firmly
established. On the basis of the K-Ar age of the Gardnos breccia, however,
this phase of explosive activity may tentatively be correlated with the alleged
phase of subvolcanic alkaline magmatism about 350-300 Ma ago.




44 VERSCHURE, MAIJER, ANDRIESSEN, BOELRIJK. HEBEDA, PRIEM &VERDURMEN

Fig, 4. Carbonatized damitjernite-like explosion breccia near Tveitan, Bamble region, with
numerous (rgments of country rock.

Two explosion breccias produce ambiguous and conflicting age data:

5. In the Bamble region two carbonatized damtjernite-like explosion brec-
cias have been studied, the Hanstjern breccia and the Tveiten breccia (Fig.
4). They are situated less than 0.5 km apart, in an area dominated by
anatectic paragneisses with intercalated amphibolites and metagabbros
(Morton et al. 1970). The breccias lie about 10 km W of the nearest expo-
sure of Permian intruisives of the Oslo Graben. The breccias are very
similar; they consist of a wide variety of xenoliths and xenocrysts in a
very fine-grained groundmass consisting mainly of carbonate, green
biotite, opaques and apatite (Fig. 4). Among the xenoliths three groups
can be distinguished: (1) small, rounded fragments (up to 0.5 em in
diameter) of ultramafic, uoca.siﬂnall_}’ put'ph}’l‘i!.ic rocks with phem:{;r}fats
of biotite or brown hornblende; (2} larger, angular fragments (up to 10 cm
in diameter) of crustal gneisses, amphibolites, granites and metagabbros;
and (3) occasional fragments of a similar damtjernitic breccia. Many of the
xenoliths and xenocrysts are strongly altered, but the abundant apatite
phenocrysts and the cores of biotite phenocrysts and perthite xenocrysts
do not show any alteration, Numerous veinlets of carbonate transect both
the xenoliths and the groundmass.
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Biotite phenocrysts from the Hinstjern breccia yield a K-Ar age of 578+ 20
Ma, concordant with the age of the Fen complex. The partly chloritized
biotite booklets from the Tveitan breccia give much younger ages, however:
a K-Ar age of 280 £ 10 Ma and a Rb-Sr model age between about 310 Ma
and 255 Ma, depending on the assumed initial 57Sr/%Sr ratio (0.702 and
0.705, respectively). The early Permian age of the Tveitan biotite is sup-
ported by four K-Ar whole-rock dates obtained from the same breccia: an age
of 316 % 10 Ma for the groundmass and ages between 500 and 380 Ma for
three crustal xenoliths. The latter three ages could very well be interpreted as
reflecting varying degrees of resetting of the K-Ar systems of Sveconorwe-
gian crustal fragments during transport by the exploding magma in Permian
time.

A suite of 14 gneiss and amphibolite xenoliths from the Tveitan breccia has
been investigated (for petrographic details see Table 4). The Rb-Sr data-
points scatter widely (Fig. 5), but all lie between boundary lines correspon-
ding to ages of 1.4 Ga and 0.2 Ga. Five gneisses and one granite define a crude
linear correlation along a 0.9 Ga line; these may be interpreted as signalling
derivation from (possibly slightly reset) Sveconorwegian source rocks. The

Tubie &. Petrography of 14 crustal xenoliths from the carbonatized damtjernite-like
explosion breccia near Tveitan, Bamble region’
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=, Applicable; xx, major component; ®. minor component; g, green; b, brown; p, pale;
d, dark; gn, garnet; bio, biotite; hbl, homblende,
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Fig_ 5. Plot of the Rb-5r whole-rock data of xenoliths (closed circles) and of the biotite lpen
circle) from the carbonatized damtje rnite-like exp]nsinn breccia near Tveitan, Bamhle region,

three points defining the upper boundary line of 1.4 Ga. (Tve 7, 15 and 16)
may testify to the presence of older, pre-Sveconorwegian elements among
the source rocks. On the other hand, the three points defining, or close to the
lower boundary line of 0.2 Ga could very well reflect complete resetting, or
nearly so, of the Rb-Sr systems of fragments of Sveconorwegian or older
rocks during transport by the exploding magma in Permian time.

There thus appears to be a difference between the age of the Honstjern
breccia and that of the Tveitan breccia; about 580 Ma for the former and
about 280 Ma for the latter. The simplest explanation is that the age differ-
ence is real, the Honstjern breccia having been formed in the latest Precam-
brian, in relation to the damtjernite volcanism elsewhere, and the Tveitan
breccia having formed in the Permian and associated with the magmatism in
the nearby Oslo Graben. The similarity between both breccias is then diffi-
cult to understand, however. Another explanation could be that both brec-
cias were formed about 280 Ma ago, but that the Honstjern breccia contains
biotite derived from an older rock, carried upwards by the exploding magma.

For comparison, Rb-Sr whole-rock analyses have also been carried out on a
suite of six gneisses and one amphibolite from country rock, collected at an
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Fig. & Plot of the Rb-Sr whole-rock data of country rock gneisses and amphibolite (31} 0.5 km
NW of the carbonatized damtjemite-like explosion breccia near Tveitan, Bamble region.

outerop 0.5 km NW of Tveitan (Table 4). The Rb-Sr data-points (Fig. 6)
display a crude linear correlation along a line corresponding to an age of (1.9
Ga, roughly concordant with the six intermediate crustal xenoliths from the
Tveitan breccia. The scatter of data-points may be related to the retrograda-
tion and minor carbonate veining in these rocks (Table 5). The amphibolite
Twve 31 falls below this line, which may be due to a lower initial BTG/ Bhgy
ratio; its low K-Ar age may be attributed to a partial resetting.

Conclusions

Two episodes of (sub}volcanic activity, both of explosive nature and asso-
ciated with alkaline rnagmatism, are apparent in southern Norway before the
Permian magmatism in the Oslo Graben. The first episode is dated at about
600 Ma, but the age of the second episode is still uncertain; it probably lies at
about 350-300 Ma. The older episode may be related to a precursor phase of
the Caledonian orogeny, as has already been proposed by Brégger (1921) for
the Fen complex. Similarly, the younger episode may be related to a
precursor phase of the epeirogenic movements which ultimately led to the
formation of the Oslo Graben system. The intrusion of the doleritic dikes in
the Fen area could be related to the Permian magmatism in the Oslo Graben.
Doig (1970) has reported the existence of an extensive 580-57() Ma old alka-
line magmatic province on both sides of the Nort Atlantic region. It is of inte-
rest to note that Doig also reports some Late Paleozoic ages for alkaline rocks
in the western part of this province.
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Table 5. Petrography of country rock gneisses and an amphibolite 0.5 km NW of the
carbonatized damtjemite-like explosion breccia near Tveitan, Bamble region?
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1, Applicable; xx, major component; x, minor component; carb, carbonate; chi, chlonite;
bio, biotite, gn, garnet; hbl, hornblende; pegm, pegmatitic.
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Krill, A, G, 1983: Rb-Sr study of rapakivi granite and augen gneiss of the Risherget
Nappe, Oppdal, Norway. Norges geol, Unders. 380, 51-63.

Rb-5r dating of rapakivi granite and associated augen gneiss of the Risberget Nappe
suggests that the rocks are post-Svecokarelian intrusions that were strongly
foliated during the Caledonian orogeny. Microstructures of the augen indicate
igneous crystallization followed by cataclastic and ductile deformation, and the
augen are interpreted as porphyroclasts rather than metasomatic porphyroblasts.
Rb-5r data from 56 presumably co-magmatic rapakivi rocks yield an errorchron
date of 1618 & 44 Ma with low initial St ratio [.7021 £ 5). The least deformed rapa-
kivi samples are jbt)li]].‘li.t:a“}' disturbed and p.arl.iail}l resel, while an isochron rom an
ultramylonite within the Risberget Nappe vields a date within the range of error of
the suggested 1618 Ma intrusive date. The dating of a younger pegmatite intrusion
{1163 = B0 Ma) suggests that the rocks were subjected to a Sveconorwegian event
Minerals of unfoliated rapakivi granite are only partially reset to Sveconorwegian
and Caledonian dates, while minerals of foliated rocks vield Caledonian isochrons.

Allan . Knll; Norges geologiske undersokelse, Posthoks 3008,
N-7007 Trondheim, Norway

Introduction

The distinctive coarse augen gneisses of the Western Gneiss Region are espe-
cially well known from the Oppdal district. Térnebohm (1896) correlated
them with the Precambrian granite and augen gneiss of the Caledonian
allochthon of Jamtland. Bjerlykke (1905) and Goldschmidt (1916) consi-
dered them to be derived from Caledonian granitic intrusions. Carstens
(1924, 1925) showed that some of the Oppdal augen gneisses have wiborgitic
rapakivi textures, ie., with thin plagioclase rims mantling the large K-
feldspar megacrysts, and that they compare reasonably well in composition,
texture and mineralogy with the type rapakivi rocks in Finland. He further
demonstrated the isochemical transition of massive rapakivi rock to foliated
augen gneiss. Barth (1938) and Holtedahl (1938) developed theories of grani-
tization by suggesting a metasomatic origin for the augen. Rosenqvist (1943)
documented the presumed metasomatic changes with descriptions and
chemical analyses of the various rock types.

The origin of the augen gneiss by large-scale metasomatism has generally
been accepted. This interpretation has strongly influenced previous mapping
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and stratigraphic/structural interpretation, as augen gneisses were only
mapped where ‘well developed’. More recently, Eggen (1977) mapped and
interpreted them as deformed igenous rocks, and Solheim (1980) interpreted
Rb-Sr dating to show that any metasomatism must have been Precambrian.
Krill (1980a, 1980b) supported these recent studies and the earlier
interpretations of Térmebohm and Carstens, suggesting that the Oppdal
augen gneisses are not metasomatic but Precambrian porphyritic granites
that were cataclastically deformed during the Caledonian orogeny. They
form a major part of the Caledonian Risberget Nappe.

Textures of the granite and augen gneiss

The earlier studies included detailed petrographic and geochemical descrip-
tions, and only the most significant textural features are mentioned here.
Large pods of massive or weakly foliated rapakivi granite are preserved
within the augen gneiss. In the rapakivi granite (Fig. 1), K-feldspar pheno-
crysts are mainly single-crystal and Carlsbad-twinned ovoids, ranging up to
15 cm in diameter. Most of the phenocrysts are mantled by a continuous rim
of plagioclase, generally 2-5 mm thick and independent of the size of the K-
feldspar core. The K-feldspar (Fig. 2) is mainly pink to purple perthitic
microcline with inclusions of plagioclase, quartz, biotite and homblende. The
inclusions are randomly oriented, rarely in concentric zonal patterns, and
have optical properties and grain sizes similar to those of minerals in the
matrix.

e . 4 '
’. _'_ P .._-'.-I.’- e . "__‘ L TR &

Fig. 1. Massive rapakivi granite with shear zone. (UTM coord. 322206). Ruler is 16 cm long,
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Fig. 2. Rapakivi K feldspar megacryst and matrix. The megacryst is perthitic, and the plagio
clase rim {upper right cormer) and included grains are saussuritized (note zoisite), Inclusion-free
plagioclase separates saussuritized plagioclase from K-feldspar. Bar scale = 0.1 mm, Crossed
prolars.

The plagioclase rim consists of large albite-twinned grains, nearly optically
continuous with each other and with the K-feldspar core. The plagioclase is
strongly saussuritized with abundant zoisite inclusions. All the plagioclase in
each rock - in the mantle, as augen inclusions, and in the matrix - has the
same appearance and composition (An 10-30).

The very dark matrix of the underformed rock is produced by Fe-rich
biotite and ferro-paragasitic hornblende, both typical of rapakivi granites
(Simonsen & Vorma 1969), Other matrix mineral are idioblastic gamet, blue
quartz, saussuritized plagioclase, ilmenite with rims of sphene, zircon and
very minor uralitized clinopyroxene. No fine-grained K-feldspar is found in
the matrix, suggesting that K-feldspar did not nucleate easily, allowing the
few crystals that did nucleate to grow quite large.

Strain textures are apparent even in the least deformed rapakivi granite. K-
feldspar megacrysts are commonly fractured, the slightly offset segments
separated by margins of granular quartz. Quartz and feldspar are strained
with strongly undulose extinction. Matrix biotite may define a weak folia-
tion, but a simple statistical measure of the shape and position of phenocrysts
using a method by Ramsay (1967, p. 195) demonstrates the random, massive
texture of the granite.

Rapakivi mantled feldspars can develop from various igneous crystalliza-
tion paths (Tuttle & Brown 1958, Steward & Roseboom 1962), and their
exclusively igneous origin is now generally recognized. Many exolved mine-
rals also indicate that the rock first formed at high igneous(?) temperature
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and partially re-equilibrated at a lower metamorphic temperature. Perthitic
K-Feldapa: demonstrates albite solid solution, and deei.} colors of K-I'Eldspiu'
indicate a high Fe-content. Zoisite inclusions in plagioclase (Fig. 2) indicate
original anorthite solid solution, and blue quartz presumably is due to rutile.
Altered relict clinopyroxene also suggests an original temperature higher
than that of the regional metamorphism.

Most parts of the rapakivi granite were later deformed into rapakivi augen
gneiss with a variety of textures. Some phenocrysts are reduced to thin augen
lenses, where the pink K-feldspar cores and greenish plagioclase mantles
produce dramatic ribbons (Fig. 3). Cataclastic processes dominate the
feldspar deformation, and in thin-section the ribbons are mosaics of equi-
granular K-feldspar and plagioclase (Fig. 4). Single feldspar crystals with
deformed shapes were never found in thin-sections of elongate, flat or folded
augen lenses.

Even where no mantled feldspar are found (Fig. 5), textural features of the
augen gneiss indicate that augen are relict porphyroclasts and not newly
formed porphyroblasts. The large K-feldspar augen commonly contain inclu-
sions of plagioclase, quartz, biotite and hornblende. The inclusions are always
randomly oriented, not foliated as they would be if included during porphy-
roblastic growth of metasomatic augen in a foliated gneiss. Inclusions are
coarse grained as in the undeformed granite, whereas the minerals in the
foliated matrix are cataclastically reduced and recrystallised to finer grained
foliated textures: The plagioclase inclusions retain albite twins (Fig. 6) and
zoisite inclusions, while matrix plagioclase is recrystallized and free of twins
or zoisite.

Fig. 3. Strongly foliated rapakivi augen gneiss (304240, Plagioclase mantles are visible despite
granulation and deformation of the augen. Scale in cm.



Frg. 4. Augen gneiss of Fig, 3, Note the zoisite needles in lens of fine-grained plagioclase (P),
No zoisite in lens of fine grained K-feldspar (K}, Bar scale = (L1 mm. Plane-polarised light.

Fig. 5. Strongly foliated augen gneiss (300150). Augen are single crystals with abundant inclu-
sions., Note defllection flattened angen and foliated matrix around the larger augen.
Scale in cm,
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Fig. 6. Small K-feldspar porphyroclast in augen gneiss. Note deflection of matrix around augen.
I‘Jliltj‘iu('li,'l','l,' inclusion (P contains secondary zoisite and shows albite twins, Granular |.'|:li-l'.|1:lt1"

|E) separates K feldspar segments. Bar scale = | mm. Crossed polars.

Streaks of flattened augen and matrix minerals bend around the larger,
more competent augen. If these augen were porphyroblasts, they would have
had to have pushed the matrix minerals aside. Even such dense minerals as
garnet apparently do not have such a*force of erystallization’ (Spry 1969) and
it seemns unlikely that a growing K-feldspar augen could push aside streaks of
K -feldspar and denser matrix minerals. Rather the deflection of the matrix is
a typical cataclastic texture, as illustrated by Higgins (1971). The rocks could
be classified as mylonite or mylonite gneiss, in which the augen are porphy
roclasts of normal appearance but unusually large size.

Textures diagnostic of feldspar porphyroblastesis, such as foliation that has
been truncated by augen, or overgrown and preserved as helecitic traces in
augen, have not been recognized in the Oppdal augen gneisses. The augen
cannot be sedimentary clasts, as they are very evenly and widely distributed.
No quartz augen (cobbles) are found, and the average quartz content of the
augen gneiss (c. 20%) is too low for it to be a normal clastic metasedimentary
rock. The feldspar:quartz ratio of the augen is too high for the augen to be an
anatectic melt phase, but the normaltive K-I'Eidspm':plagiuclasc:quarlz ratio
of the entire rock is that of eutectic granite (Eggen 1977).

No wiborgitic plagioclase mantles are recognized in much of the Oppdal
augen gneiss. The original mantles may have been destroyed by deformation,
but it is perhaps more likely that the original igneous rock itself lacked
mantles. Such porphyritic rock without wiborgitic mantles is common in
rapakivi massifs in Finland, where it is termed pyterlite.

Small pods of light-colored granitic gneiss locally float in the darker augen
gneiss. Granulation at the edges of the pods has produced medium-grained
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grnaitic augen, which are quite different from the large-crystal K-feldspar
augen of the typical augen gneiss. Such granite-clast augen gneiss composes
only a small part of the Risberget augen gneisses, although inclusion-filled
single-crystal augen (Fig. 5) can look like granite clasts.

Granular fine-grained gneiss containing K-feldspar, plagioclase, quartz,
epidote, biotite, muscovite and garet is commonly associated with the
Oppdal augen gneiss. It is typically well foliated or flaggy, but a consistently
low quartz content (<301 suggests that it is orthogneiss and not feldspathic
psammite. It commonly contains many small, millimeter-sized, feldspar
augen and a few large single-crystal augen per outcrop. As in the typical
augen gneiss, textural and mineralogical features of the augen indicate that
they are porphyroclasts. However, the field appearance of a few large augen
in a fine-grained flaggy gneiss might deceptively suggest a metasomatic
Dngll’l.

Anorthosite and anorthosite-gabbro are closely associated with the
Oppdal rapakivi granite, and these rocks fit an interesting global pattern.
Post-tectonic of anorogenic rapakivi granite and anorthosite of Mid-Protero-
zoic age are scattered in an arc across the northem hemisphere from the Ural
Mountains to western North America. (Bridgrewater & Windley 1973).

Rb-Sr dating

The first Rb-5r study of Oppdal augen gneiss and other rocks of the
Risberget Nappe was undertaken by Solheim (1980). He presented whole-
rock results from seven suites of Risberget rock, including granite, gneiss,
augen gneiss and metagabbro. The data points are somewhat scattered on
the Rb-5r plots, and produced errorchrons rather than true isochrons. Some
points were arbitrarily deleted to reduce the scatter, and the age results are
difficult to interpret in these cases, As presented, the errorchron dates range
from 1129+ 302 Ma to 1737 & 106 Ma, The initial Sr ratios have large uncer-
tainties and do not faciliate interpretation of the errorchrons. Mineral sepa-
rates from a single sample of strongly foliated gneiss yielded an isochron date
of 392+ 21 Ma. The whole-rock errorchrons were interpreted as the result of
a resetting event following the main metamorphism. The mineral isochron
date was interpreted as the age of low-grade heating, or uplift and cooling.

My Rb-5r study focused on the rapakivi granite and gneisses derived from
it. Rocks of three suites were analyzed: massive rapakivi granite, strongly
foliated mylonite gneiss, and intensely deformed ultramylonite. Detailed
descriptions of the rocks, locations, and analytical methods are presented
elsewhere (Krill 1980a) and briefly summarized in the appendix. Analytical
data are listed in Tabel 1. The 56 whole-rock analyses define an errorchron
corresponding to a date of 1618 = 44 Ma I[B?SrfBESrc =.70211 £ 48 MSWD
= 43, Fig. 7a. The large MSWD value quantifies the large amount of scatter.
If the rocks are all co-magmatic, the scatter must have resulted from geolo-
gical disturbance or contamination. The initial Sr ratio is low, within the
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predicted range of mantle-derived intrusive rocks. An isochron with such low
initial Sr ratio is usually interpreted as the original igneous age of the rocks
(Jager 1979). However, the present example is an errorchron (Brooks et al.
1972), and must be interpreted with caution. I tentatively suggest that the
date of 1618 Ma reflects the age of the rapakivi magmatism. This interpreta-
tion is supported by dating of similar rapakivi rock at Flatraket, 150 km to the
west, where a zircon date of 1520 = 10 Ma was interpreted as the intrusive
age (Lappin et al. 1979). It also compares well with the dating of porphyritic
rocks from the Ténnis Nappe in Jamtland, where a Rb-Sr date of 1610 £ 85
Ma and a zircon date of 1685 £ 20 Ma were interpreted to reflect the intru-
sion age (Claesson 1980).

RAPAKIVI GRANITE

The samples of unfoliated rapakivi granite which form part of the 1618 Ma
errorchron were collected south of Oppdal from a relatively wide part of the
Risberget Nappe. Glacially smooted hillside exposures prevent routine
sampling, so samples were obtained from large boulders in a rockslide. The
distinctive texture and the small sample area suggests that all samples were
locally derived and co-magmatic.

Twelve samples averaging about 4 kg each from nine separate boulders
yield a highly scattered errorchron: 1237 & 228 Ma, ¥gr/” Sru = 7068,
MSWD = 16. Eleven smaller samples (c. 0.5 kg) from a single rapakivi
buuicler give similar isotopic scatter and regression results: 1376 = 584 Ma,

5181, = 7060 + 52, MSWD = 19, There seems to be no significant
isotopic difference between these small, closely spaced samples and the
larger, widely spaced ones. In Fig. ?Er bnth are plotted together, yielding
another errorchron: 1182 + 115 Ma, Sr/° S1u = 70756 £ 128 MSWD =
23, N = 23.

The 1182 Ma date is considerably younger than the presumed igneous age,
and the initial Sr ratio is much higher. Scatter of the points off the best-fit line
is large, and these dates cannot be considered meaningful. The isotopic
systems have apparently been disturbed or contaminated on the whole-rock
scale,

RAPAKIVI MINERALS

Minerals from one of the samples were also analysed. They are also disturbed
and do not form an isochron, but mineral-whole rock pairs define the follow-
ing dates and initial Sr ratios (Fig. 7c):

W.R.—Ksp: 1734 + 144 Ma, .GYB77 = 206
Ksp-plag: 1134 &£ 33 Ma, .70920x 22
WR.-plag: 740+ 36 Ma, 71074+ 22
W R -biot: 368+ 10 Ma, 71518+ 28
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Without performing similar analyses on other samples to confirm these dates,
only tentative interpretations are possible. The 1734 & 144 date apparently
reflects the date of the rapakivi-granite intrusion. The initial Sr ratio is clearly
too low, and therefore the date is probably too old, but both are presumably
within the range of calculated errors. The 1134 Ma date may well be
meaningless _ a partial resetting to a younger age. However, it may record a
thermal event, which re-equilibrated the Sr isotopes of the plagioclase
mantles and the K-feldspar cores. The 740 Ma date is probably meaningless,
since the plagioclase isotopes would more readily reequilibrate with the adja-
cent K-feldspar than with the whole-rock isotopic value. The 368 £ 10 Ma
date probably represents the time of final cooling of the rocks. Although the
rock produces no isochron, such disturbed mineral dates must be expected, as
thin-sections clearly show secondary metamorphic mineral effects without
complete recrystallization.

GRANITIC PEGMATITE

A granite pegmatite within coarse-grained augen gneiss yielded a 5-point
whaole-rock errorchron of 1163 £ 80 Ma (37/8:/808r, = 71864 + 134, MSWD
= 12, Fig. 7d). The pegmatite is weakly foliated together with the augen
gneiss and is sheared along its contacts. The initial Sr ratio is relatively high,
as is typical for pegmatites derived from crustal rocks. The 1163 Ma date may
be the intrusive age of the pegmatite, and would support an interpretation
that similar dates from the rapakivi granite and K-feldspar—plagioclase pair
are meaningful. It is not clear from the field relationships whether the
pegmatite actually cuts any earlier foliation in the augen gneiss. The pegma-
tite is apparently not comagmatic with the repakivi rocks, as it shows no rapa-
kivi texture or characteristic rapakivi minerals. The five samples are not
included in the 56-point regression of the 1618 Ma errorchron.

MYLONITE GNEISS

Eleven of the analyses for the 1618 Ma date are from strongly foliated rapa-
kivi mylonite gneiss within about 10 meters of the contact to the Setra
Nappe. No date was possible because of the lack of Rb/Sr spread, but *7Sr/
H0Sr analyses were carried out on all eleven samples to determine the amount
of scatter. Scatter of the data is indeed very small; all eleven rocks have very
similar ratios. Any secondary processes that may have influenced the isotopic
ratios must have been very uniform. The tight cluster of points suggests that
any very late non-penetrative disturbance was insignificant.

Because of the medium-grained texture and regular foliation of the mylo-
nite gneiss, cross-cutting fractures, retrogression zones and weathered
surfaces are easily identified and avoided in sampling. This rock may be inhe-
rently safer to use in geochronologic studies than the very coarse-grained
rapakivi granite, in which secondary effects are extremely difficult to identify.
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ULTRAMYLONITE

Ultramylonite from a several meter thick zone within the Risberget Nappe
provides the remaining analyses for the 1618 Ma errorchron. The rock has a
fine-grained granular texture caused by tectonic granulation and recrystalli-
zation of the minerals (cf. Higgins 1972, Sibson 1977). The parent rock was
apparently a K-rich variety of rapakivi granite, almost completely lacking
mafic minerals. Some tiny K-feldspar augen remain, and within the same
outcrop some plagioclase-mantled K-feldspar porphyroclasts are preserved
in coarser augen gneiss of similar potassium-rich composition. The ultramy-
lonite has a strong foliation and lineation parallel to Caledonian fabrics in the
Seetra Nappe, exposed as a tectonic slice about 30 m to the south, and I tenta-
tively interpret it to be a Caledonian ultramylonite, not a relic of Precam-
brian deformation.

Samples were taken from a single ultramylonite block about 0.5 m? in
volume. No significant isotopic differences were noted between samples of
varying size and relative position within the block. Analyses fall on the same
line and are regressed together, yielding an isochron: 1533 £ 65 Ma, (%/51/
B78r), = .7121 £ 1.3, N = 21 (Fig. 7e). Sample 122 was deleted from the
regression, It falls below the other points and would completely change the
regression line, creating an impossibly low initial Sr ratio. This sample has a
distinctive biotite layer which apparently is nat in isotopic equilibrium with
the other rocks of this suite.

It is interesting that the ultramylonite is the most intensely deformed and
recrystallized of the Risberget rocks studied, and yet it yields a true isochron
that is within the error of the suggested 1618 Ma age of the igneous source
rock. The least deformed rapakivi-granite boulders, on the other hand, yield
scattered errorchrons with younger trends.

Discussion of the Rb-Sr dating

This study and the Rb-5r study of Solheim (1980) provide useful informa-
tion for interpretation of the Oppdal gneisses. The rocks clearly have a
Precambrian origin. None of the whole-rock errorchron dates are as young as
the Caledonian event and only a few are within the range of a possible Sveco-
norwegian event. The very low initial Sr ratio (.7021) of the rapakivi
errorchron suggests that the rocks are of igneous origin, and not derived from
older acidic crust. Derivation of the augen gneiss by regional metasomatism
or granitization is very unlikely. Any K-rich metasomatic fluids would be
expected to have relatively long crustal histories with high *Sr/"Sr ratios. If
such fluids could produce an errorchron from widely-spaced rocks of variable
composition, the resulting initial Sr ratio would predictably be much higher.

The cause of the scatter of the Rb-Sr data is unknown. Rapakivi granites
are known for being especially vulnerable to weathering (Eskola 1930),
which could easily disturb the Rb and Sr. Even undeformed post-tectonic
rapakivi rocks commonly produce anomalously young, scattered mineral
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dates (Bridgewater & Windley 1973). Data of the ultramylonite and of the
massive rapakivi granites each produce lines with shallower slopes and
higher initial Sr ratios than the presumed original isochron. This pattern may
indicate partial equilibration of Sr isotopes with respect to some average
isotopic composition (e.g. Field & Raheim 1979). Complementary U-Ph
study of zircons could perhaps demonstrate whether these younger dates are
meaningful or only an incomplete resetting to some younger date.

The Precambrian errorchrons do not contradict the interpretation that the
rocks were strongly deformed and metamorphosed at amphibolite-facies
conditions during the Caledonian orogeny (Krill 1983). Orthogneisses com-
monly retain older whole-rock dates despite younger tectonic events (Krill &
Griffin 1981), and although the Risberget rocks were not reset, Oppdal
schists and gneisses that are considered Caledonian (Krill 1980} have yielded
Caledonian errorchron dates and Caledonian model ages (Raheim 1977,
Solheim 1977, Krill unpubl. data). The fact that foliated rocks give fully reset
Caledonian mineral isochrons (Solheim 1980} whereas minerals from
massive rocks are only partially reset (Fig. 7c), supports the geological conclu-
sion that the foliation is Caledonian.

Summary

The new Rb-Sr date presented here supplement the initial Rb-Sr study of
Solheim (1980) and allow several tentative interpretations to be made. The
56-point errorchron date of 1618 £ 44 Ma is considered to represent the age
of rapakivi-granite intrusion. Similar augen gneisses without obvious rapa-
kivi textures may have also intruded at about this time, or they may be
younger. Solheim (1980) obtained several errorchron dates of about 1450 Ma
with very large uncertainties, and these dates may also represent intrusive
ages. The c. 1150 Ma dates from the pegmatite, rapakivi granite and K-feld-
spar-plagioclase minerals may reflect a Sveconorwegian thermal event with
pegmatite intrusion. The ¢. 395 Ma mineral isochrons from foliated basement
and Risberget augen gneiss (Solheim 1980) presumably date the strong folia-
tion, and the 358 Ma date of unoriented biotite in the rapakivi granite (this
study) apparently reflects the cooling age.

It is notable that not a single Caledonian whole-rock date has been
obtained from the Risberget Nappe, despite the very large number of
analyses and the clear geologic and geochronologic evidence that the rocks
are Caledonized gneisses. [t appears that for the definitive interpretation of
these and other problematic Rb-Sr dates from the Western Gneiss Region,
additional geochronological data using other decay systems (U-Pb or
Sm-Nd) will be necessary.
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Appendix

ANALYTICAL TECHNIQUES

The samples were crushed in a steel-jaw crusher and finely ground in a steel-ring mill. Rb/Sr
ratios were determined directly by x-ray fluorescence (Pankhurst & O'Nions 1973). Mass spec-
trometry was performed on a Micromass MS30 at the Mineralogisk-Geologisk Museum, Oslo,
Variable mass discrimination in #7Sr/*Sr was corrected by normalizing ®%8e/%%8r to 83752,
The **Rb decay constant used was 142 x 107" yrol and the data were regressed by the
method of York (19649}, In assigning errars, the coeflicient of variation was taken as 1 ' for
STRbMiSr, The errors for the 5750/MSr measurements are listed in Table 1. Age and intercept
errors are quoted at the 2-sigma confidence level.
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SAMFPLE LOCATION, DESCRIPTIONS

Rapakivi granite
The sample locality is a boulder rockslide about 1 km south of Drivstua {UTM coord.

F2502080). All samples are weakly foliated to unfaliated, but are rusty weathered on outside
surfaces and internal fractures. See text and Carstens (1924) for petrographic descriptions,

Mylonite gneiss

About 0.5 m# in volume, from a newly blasted quarry road-cut south of the southermost
Engan Aagstone quarry (L'TM coord, 20852425). All samples are from a single loosened slab,
The rock is very dark, with strong gneissosity defined by lenses of granulated, rotated and
recrysiallized feldspar from original augen, The lenses are a few mm thick and several cm in
length and width. Biotite forms a weak mineral lineation, The rock is c. 200, Ksp, 230 plag, 200
qte, L3t biot, 100 muse and 1 epid, with accessory sphene and opaque. No chlorite is seen,

Ultramylonite

Samples were collected about 2 km north of Drivstua from a newly blasted road-cut on high-
way E-ti (UTM coord. 20582400}, The samples are from a single block (03 m? in volume in a
fine-grained layer. The tock is tan-colored and fractures conchoically. [t appears homaogenous
and is not layered, but has very strong l[oliation {(NI5E, 355E) and lineation (S75E, A5). Rare
hiatite layers a few cm wide are parallel to the loliation. Scattered K-feldspar augen are up toa
few mim in diameter. The rock iso. 45% Kap, o Ksp. S0 plag, 250 iz, with ACCESSOTY :5:]::.i:|:|1
gar, biot and musc,

Granitic pegmatite

The dike is exposed along |'|'i_!_:||w.'|;:\,' 1, 9 km southwest of Lanset (UTM coord. (K0385), Tt
contains K ltld!ipill, |I|.:]giu(|uw. O LETLE, biotite and muscovite. It averages aboul | meter in
width, and is foliated wgether with the augen gneiss,







Nappe and Thrust Structures in the Sparagmite
Region, Southern Norway

JOHAN PETTER NYSTUEN

Nystuen, |, P. 1983: Nappe and thrust structures in the Sparagmite Region, southern
Norway. Norges geol. Lnders. 380, G7-83.

The Osen-Raa Nappe Complex is thrust upon a crystalline basement and a thin
autochthonows sediment cover. The nappe complex is characterized by a sole thrust
cutting up-section loward the S5E, by flats, ramps and contraction faults se parating
subordinate thrust sheets. Duplex geometry is present in the western part of the
leading edge and within some minor thrust sheets. An arcuate fold system developed
during the emplacement of the nappe. The Kvitvola Nappe, resting on the Chsen-
Rea Nappe Complex with a regional disconformity, may have been emplaced on an
erosional surface and carried further by piggy-back transporl. Another possibility is
that the disconformity is the result of out-of-sequence thrusting when the Kvitvola
thrust became reactivated, Post-thrust deformation gave rise to the Snodola-Stein-
fiellet baserment antiform and other undulations in the basement and broad
synfarms and antiforms in the nappe cover. The driving loree of the thrusting is
briefly discussed,

A Nystuen, fustitntt for gealogi, Norges landbrukshopskole, N-1432 AS-NLH, Norway
Srouog [ 5

Introduction

The Caledonian front in Scandinavia includes a series of nappes with varying
mutual contacts, lithologies, thrust and fold structures and histories of struc-
tural evolution. The Osen-Rea Nappe Complex and the Kvitvola Nappe are two
such major tectonostratigraphical units in the Sparagmite Region in
southern Norway (Fig. 1). They belong to the Lower and Middle Allochthon,
respectively, of the nappe pile in the Scandinavian Caledonides (Roberts &
Gee 1981), and both consist of uppermost Proterozoic to Lower Palaeozoic
sedimentary strata and sheets of mid-Proterozoic crystalline basement rocks
(Fig 2). The Osen-Roa Nappe Complex has been derived from a fault-
bounded cratonic basin and the Kvitvola Nappe from a shelf basin on the
western part of the Baltoscandian craton. A displacement towards the SE of
200-400 km has been estimated for the Osen-Roa Nappe Complex and
more than 400 km for the Kvitvola Nappe (Nystuen 1981, 1982). The sedi-
mentary evolution of the sequences has been described and discussed by K.,
Bjerlykke et al. (1976) and Nystuen (1980, 1981, 1982). An outline of the
Caledonian tectonostratigraphy and the general geology of the area is given
by Bockelie & Nystuen (in press). The present paper deals with the thrust and
fold geometry of the nappes, their contact relationships and their structural
evolution. Terminology on nappes and thrusts are according to Dahlstrom
(1970), Elliot & Johnson (1980), McClay (1981), Boyer & Elliott {1982) and
Butler (1982).
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Osen-Rea Nappe structures

OSEN-ROA THRUST

Adopting the practice of Elliot & Johnson (1980, p. 70), a thrust fault or the
surface on which a nappe or thrust sheet rests, is named after the thrust unit.
The sole thrust of the Osen-Roa Nappe Complex, the Osen-Roa thrust (ORT),
is exposed along the fringed erosional nappe front in the south and along the
rims of several windows in the north (Fig. 1). It is a blind thrust (McClay 1981,
p- ¥} in most parts of the area; its presence is indicated by folds and subsidiary
thrusts in the décollement-moved strata above. The Osen-Rea thrust is
conformable with the smooth basement surface, and with the footwall {(Butler
1982, p. 239} dominated by Cambrian shales and phyllites. The thrust nappe
also rests directly on the basement or on the Vendian tillite or quartzites. The
oldest rocks in the hangingwall (Butler 1982, p. 239) are basement sheets in
the north at Femunden. The thick Brottum and Rendalen Formations (Fig. 2)
can be traced from overthrust positions at the windows in the north towards
the southern part of the Sparagmite Region; thus, the Rendalen Formation is
exposed in the hangingwall east of lake Storsjoen (Fig. 1) (see map, Fig. 2 in
Nystuen 1982). In the southern 20-50 km of the thrust complex the Osen-
Rea thrust cuts up stratigraphically through the Hedmark Group (fig. 2), and
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@v: Bversjadalen LT =Langterna thrust oI5 = Otta-ldre synform
Hao= Holgydalan MAT = Mistrs - BE - Bigkuljeliet synform
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in the Mjosa area the ORT continues into the sole thrust of the décollement-
folded Cambro-Silurian sequence of the Oslo Region (A. Bjorlykke et al.
1980). The stratigraphic separation decreases further southwards in the Oslo
Region through a series of splay thrusts (Bockelie & Nystuen, in press).

Along mean strike of the Osen-Roa thrust (¢. 70°) it cuts up and down stra-
tigraphic section (Dahlstrom 1970) through the Hedmark Group. This is
demonstrated in a WSW-ENE traverse from Lillehammer to Jordet (Fig. 1)
(see map, Fig. 2 in Nystuen 1982). The hangingwall consists of the Brottum
Formation (or older unknown units) west of the Rendalen fault (RF) and of
the Biri Formation and younger formations east of the RF. The post-Caledo-
nian (Permian) Rendalen normal fault is here thought to intersect by acute
angle a steep lateral ramp (Butler 1982, p. 240) which trends c. 13(°, and
which is exposed as the Imsdalen fault (IMF) (fig. 1). The IMF dips steeply to
the SW and separates turbidites of the Brottum Formation in the 5W from
the fluvial Rendalen Formation and younger units in the NE (Sather &
Nystuen 1981, Nystuen 1982).

The hangingwall rocks are deformed by cataclasis along shear planes in the
south and by penetrative slaty cleavage, phyllonitization and locally thin
mylonitic banding in the north. Locally increased friction by rough gliding
has given rise to slicing of the footwall and adherence of small imbricate
sheets of basement and sedimentary rocks in the frontal area (Elvshorg &
Nystuen, 1978, Sather 1979).

Farmatigns Lathalegy Principles of thrus! ami lold sirechees

i e T X Sauth Cantral Marth

Huybargel — ] -
2 1000 1! L 3 e g 10 B —i

L ]
Hyllerdsen — —J

Vardian-Drdgvician
Engerdalen Group
Kvitwola Happe

Limaatone
Shakes

8 vangshs

i 200= ¥0dHm

Cambag-
Silstian

Ekre 20=180m - [om=tr
Maoaly 10- V60m |5
Ring 0-300m —}-°
Birl $-200m —
Biskophs
G 300m

Wandian
Osan-Rea NHappe Complax

Bratium (wast) 4 v T BrE), —up 0 Skm—
> pon0m o . | T,

&
Hedmark Group -

Hendainn (east)

> F000m

Upner Riphean

Parautochthaon b

s

Auloshthan

Fig. 2. Simplified stratigraphical sections through the Csen-Roa Nappe Complex (K. Bjer-
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The basement surface and the Osen-Reoa thrust dip 1-2° towards the
north at the nappe front but steepen to c. 10° at the André flexure (AFL); a
similar flexure probably exists at Asta (AFL) (Fig. 1). These surfaces again
rise in the dome-shaped window structure further north (see later discussion
on basement geometry). Slip along the ORT in the direction of movement
(SSE), measured from the eroded front at Elverum, is 70 km to the Andra
flexure and 125 km to the northern margin of the Spekedalen window.

INTERNAL THREUSTS AND IMBRICATE STRUCTURES

The overall structure of the Osen-Roa Nappe Complex consists roughly of
an imbricate frontal zone, a central part dominated by subhorizontal flats
{Butler 1982, p. 239) and open, large-scale folds, and a trailing edge, in the
north, which displays low- and high-angle contraction faults (McClay 1981,
p. 8). Incompetent shale beds have acted as flats at several stratigraphical
levels (Fig. 2). In the deeper sections, relative displacements have taken place
by gliding along shales in the Brottum (Englund 1972) and Rendalen (Ofte-
dahl 1943) Formations. There is probably a system of flats and NW -dipping
ramps, joining the sole thrust (ORT), thus forming a branching staircase
trajectory which is typical of many thrust belts (Dahlstrom 1970, Elliot &
Johnson 1980, Butler 1982),

A flat within Biri shales forms the floor thrust (Dahlstrom 1970, p. 357,
Butler 1982) of an imbricate stack (Butler 1982, p. 241) in stratigraphically
overlying units in the Tretten-()yer area The imbrication has been produced
by reverse listric faults cutting folds overturned to the south (Englund 1972).

The Langtjerna thrust (LT) in the Ovre Rendal area cuts up through the
Rendalen Formation and enters the Biri dolomites as a flat, separating a
middle and upper thrust sheet. The middle thrust sheet is separated from a
lower thrust sheet by the Brenndsen thrust (BT) which occurs as a flat in the
Moelv Tillite and the Ekre Shale (Nystuen & Tlebekk 1981). The collective
slip along these thrusts is at least 25 km. Flats occur in the Ekre Shale beneath
imbricate Vangsas Formation in the Tretten-Gyer area (Englund 1972) and
in the Fivang area (Englund 1973).

The Slemdalen thrust (ST) and the Osdalen thrust (OT) (Fig. 1) are low-angle
thrusts following the Ekre Shale as flats for kilometres. The Slemdalen thrust
cuts up stratigraphically from the (sen-Roa thrust and appears as a contrac-
tion fault with a minimum slip of 14 km. The origin of the Osdalen thrust is
uncertain as the hangingwall rocks here are younger than those in the foot-
wall. However, both thrusts form the floor thrusts of imbricate stacks in the
Vangsas Formation (Nystuen 1975a, 1975h).

The Tenndsen thrust (TT) is a major listric contraction fault along which the
Biri Formation is emplaced above the Vangsas Formation (Nystuen 1975¢).
The TT joins the Osen-Rea thrust in dip-direction, and the minimum slip is
about 3 km.

Other mapped major flats follow Cambro-Ordovician phyllites west of
Févang and separate here three thin sheets with flat-lying Vangsas Forma-
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tion; the stacking includes a shortening of at least 45 km (Englund 1973, pers.
comm. 1982). At a still higher level a flat within Ordovician phyllites prob-
ably forms the floor thrust of the Synnfjell Nappe (Duplex) west of
Gudbrandsdalen (Hossack et al. in press).

The Synnfjell thrust (SY'T) acts as the roof thrust (Butler 1982, p. 241) of the
frontal imbricate structure and the Osen-Roa thrust as the floor thrust. The
imbricate stack, named the Awrdal duplex in the Dokka-Valdres area by
Hossack et al. (in press), comprises in the Mjosa area the Vangsas Formation
and overlying Palaeozoic strata in the south, whereas progressively older
units are included in the imbricate structure towards the north (A. Bjorlykke
1979). North of Moelv the imbrications are replaced by less compressed folds
which have their southern limbs overtumed to the south (Englund 1978).
The Mjesa imbricate structure, in which imbricate slices are bounded by
reverse listric faults dipping north, continues northeastwards to the Rena
area (Hoy & A. Bjerlykke 1980, K. Bjorlykke 1976).

Imbrications, floored b:,r a blind thrust,oceur within the Elstad Formation
at Favang. This formation,lying structurally beneath the Brattum Formation,
was correlated with the Vangsis Formation by Englund (1973). Adopting
this lithostratigraphical correlation, Hossack et al. (in press) interpreted the
Elstad structure as a window beneath a thrust with the Brottum Formation as
hangingwall. However, according to ].-O. Englund (pers. comm. 1983), the
stratigraphical and structural position of the Elstad Formation relative to the
Brottum Formation is still uncertain, and further studies are needed in order
to explain the structural geometry here.

An imbncate stack, with individual slices bounded by NW-dipping
reverse listric faults, also occurs within the Rendalen Formation in the Atna
area (Seether & Nystuen 1981). The tectonic shortening provides evidence for
the presence of a blind thrust at depth.

High- to low-angle contraction faults underlie basement sheets in the
Femunden area (Nystuen 1978, 1979). Some of these sheets have a prisma-
tic shape, being laterally bounded by steep ramps trending 130°. The
amount of slip along the Salekinna thrust (SAT) is a minimum of 30 km. The
thrust sheets at the eastern side of Femunden are here referred to the
Femunden thrust zone; the frontal thrust, Femunden thrust (FT), is indicated in
Fig. 1. This zone includes several NW-dipping thrust sheets, some of which
reveal a duplex geometry (Dahlstrom 1970, p. 352, Boyer & Elliot 1982, p.
1199), arranged in a piggy-back fashion (Nystuen 14979). The whole structure
can be interpreted as a giant complex horse (Elliot & Johnson 1980, p. 73),
bounded by the ORT as floor thrust and the Kvitvola thrust as roof thrust.
However, the Femunden thrust zone deforms the Kvitvola thrust (Fig. 3).
Hence, in this area the ORT is, at least partly, younger than the overlying
Kvitvola thrust, and a piggy-back sequence of thrusting (Elliot 1976, p. 958)
can be proved in this section (Fig. 3) (Nystuen 1979).

The Mistra thrust (MT) is a contraction fault carrying the overthrust Mistra
basement sheet (Holmsen & Oftedahl 1956, Sether 1979). This thrust structure
also deforms the overlying Kvitvola thrust (Fig. 5).
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FOLD GEOMETRY

Large-scale folds are strongly compressed, overturned to the south and cut
by listric faults in the front areas. Open and broad synforms and antiforms
dominate in the central areas between Gudbrandsdalen and Osterdalen and
between Femunden and (Jvre Rendal (Fig. 1). Recumbent folds facing SSW
occur in the western part of the Vinstra-Stai antiform (VSA) (Englund 1973).
Fold hinges are curved in plan view, resulting in arcuate axial surface traces
with dimensions ranging from 70-80 km {Dokka-Rena) to about 500 m
across. Listric faults are conformably arced. Fold axes plunge slightly away
from the central, symmetry lines (c. 165°) of the arcuate structures, and over-
tumed folds verge towards the convex sides. The bending of the hinge lines is
continuous without any evidence of superposed folding.

A similar arcuate pattern in the Valdres Nappe was discussed by Nickelsen
(1974). He favoured an origin by the rotation of originally NE-SW trending
early Fi-folds towards the longest axis of the deformation ellipsoid (NW-SE,
nearly parallel to the elongation lineation Lz of that area) during a Dz-defor-
mation. In the Valdres area, this is favoured by the fact that Fi-folds are trans-
ected by later penetrative Sz-cleavages which occur as axial surfaces of Fa-
folds (Nickelsen 1974). Structural elements similar to these in the Valdres
area occur in the northwestern part of the Osen-Rea Nappe Complex
(Englund 1973), but have not been recognized farther east. The deformation
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phase which has produced the early Fi-folds has probably affected only those
sequences which originally were located rather far west on the Baltoscandian
craton. The arcuate folds in the Osen-Roa Nappe Complex are here inter-
preted to be the result of one single phase of deformation. Rotation of folds,
which were initiated with a NE-SW trend, may have been brought about by
regional variations in rate of tectonic mass transport towards the SSE. The
protruding noses of the arcuate fold structures have probably moved with
higher velocitiesthan the flanking segments. Such variations in rate of move-
ment may be due to local differences in nappe thickness, surface slope and
friction.

MINOR FOLDS, CLEAVAGE AND LINEATIONS

Small-scale folds comprise mainly ‘drag folds’ with an orientation congruent
with that of the host folds. The axial trend of irregular disharmonic folds in
incompetent units may deviate considerably from the orientation of regional
folds. Folding has taken place by flexural slip along bedding surfaces, but
particularly in the northern and northwestern part of the nappe complex this
type of folding has been modified by differential flow or shear along cleavage.

Spaced cleavage is developed as an axial surface cleavage. It becomes
more pronounced and penetrative towards the northwest and north and
passes into a slaty cleavage. Quartz grains and conglomerate pebbles are flat-
tened in the cleavage surface and elongated (110°-1607) (Fig. 1). Local
boudins are nearly normal to this direction (Fig. 7). Quartz segregations and
quartz veins are common in the northern part of the nappe complex. The
cleavage and elongation lineation are interpreted as cogenetic with the regi-
onal folds and main phase of thrusting, but cleavage of later origin also
occurs, as described below,

Kvitvola Nappe structures

KEVITVOLA THRUST

The Engerdalen Group in the Kvitvola Nappe is derived from an open shelf
basin, and there is no obvious lateral stratigraphic continuity between the
Osen-Rea Nappe Complex and the Kvitvola Nappe, though a general
lithostratigraphical correlation exists (Nystuen 1980).

The sole Kvitvola thrust (KT) cuts those folds and thrusts which are de-
scribed in the Osen-Roea Nappe Complex, and the Kvitvola Nappe rests on
the lower as well as the higher formations of the Hedmark Group. The nappe
also owverlies autochthonous basement and Cambrian shales east of the
Engerdalen fault (EF). A total absence of structural conformity between the
nappes can be directly observed in many outcrops and can be demonstrated
regionally (Figs. 1, 4-7). However, in the Ringebu-Vinstra area there is a
coincidence between trends of fold axes and lineations in the two nappes
(Englund 1973), and local concordance also exists in other places (Fig. 7). On
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a regional scale it appears that the thrusting of the Kvitvola Nappe is younger
than the thrusting of the Osen-Roa Nappe Complex. Nevertheless, the struc-
tural features of the Femunden thrust zone (Fig. 3) and the Mistra thrust (Fig.
5) show that in these places the thrusting of the Kvitvola Nappe is older than
movements along the Osen-Rea thrust.

The Kvitvola thrust cuts the stratigraphic section (Fig. 2) with flats follo-
wing the base of the incompetent Hyllerdsen Formation over large areas. The
Hoyberget Formation dominates in the hangingwall in the northern part,
whereas the lower units are recognized in the southern part; this may indicate
that the basal thrust on a regional scale cuts up-section at the trailing edge.
However, stratigraphical and structural data are still too limited to allow any
definite conclusion to be drawn on the nature of the sole thrust.

Thrusts are developed as footwall imbricates (Butler 1982, p. 242) in
several areas. Imbricate sheets derived from the footwall are squeezed into
the basal zone of the nappe along contraction faults east of the Engerdalen
fault (Nystuen 1974}, east of Storsjeen (Szther 1979) and in Astdalen (Fig. 7).
Fracture cleavage (Sz2) and shear folds (Fz2) are limited to the basal zone and
also penetrate into the footwall within the Stai fracture zone (Fig. 6).

EARLY CLEAVAGE, FOLDS, LINEATIONS AND THRUSTS

The rocks of the Kvitvola Nappe reveal a slaty cleavage (S1) which is penetra-
tive except in the southeasternmost areas (Figs. 1, 3-7). It behaves as an axial
plane foliation to recumbent and isoclinal plastic-type folds (F1). The fold

Mta-ldre synform

IMEDALEN I

A Imadalen fault
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Fig. & Oua-ldre, Stai fracture zone and structural refation between the Osen-Roa Nappe
Complex and the Kvitvola Nappe, Conceptual diagram, Sources: Elvsborg & Nystuen {(1978)
and Saether & K. Bjorlykke (1981). KT = Kvitvola thrust, Br = Brottum Formation, Bi = Biri
Shale, Mo = Moelv Tillite, Ek = Ekre Shale, Vga = Vangsas Formation. Location shownin Fig.

Ih.
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trends are parallel (1 10°-180°) to a mineral elongation (L1); and the stretched
and flattened quartz and feldspar grains lie within the Si-cleavage. Early
formed quartz-microcline-hematite segregations are frequently deformed
into S1 and produce a lineation parallel with Li.

The incorporation of basement rocks, such as augen-gneiss, granite mylo-
nite, meta-anorthosite and metagabbro, must belong to an early stage in the
structural evolution of the nappe. These rocks are now present as sheets at the
base of the nappe or within the sedimentary sequence, bounded by folded
thrust surfaces. An upper and folded thrust sheet in the Ringebu area, reveal-
ing repeated lithostratigraphy, is also of early tectonic origin {].-O. Englund,
pers. comm. 1982},

LARGE-SCALE FOLDS AND ASSOQCIATED THRUSTS
The sedimentary strata of the Engerdalen Group are mostly flat-lying. Large
folds are open and broad with fold axis orientations varying from about 110°
in the west to 0407 in the east. In the Engerdalen area, one of these folds, the
Tverrfjellet syncline (TS), is asymmetric with the northern limb slightly over-
turned to the southeast.

Towards the Mistra and Femunden thrusts (Fig. 1) listric contraction [aults
increase in frequency within the Kvitvola Nappe and are well marked topo-
graphically at the 5E edge of the Femunden thrust zone (Figs. 3 & 5).

Furusjoen-Astdalen antiform

The Furusjoen-Astdalen antiform ( (FAA) deforms the Kvitvola thrust as well as
the underlying Brottum Formation (Figs. | & 7). The Brottum Formation
crops oul within the Hlakksjoen window along the antiform axis, and another
window is probably present at Furusjeen further to the NW, outside the map
area of Fig. 1 (].-O. Englund, pers.comm. 1982).

At Astdalen, early structures in the Kvitvola Nappe and slaty cleavage and
lineation in the Osen-Rea Nappe Complex are overprinted by a brittle-type
deformation along the FAA (Fig. 7). The deformation appears to be concen-
trated to a zone of aboutl £ 50 m below and above the Kvitvola thrust, and
comprises small-scale tight folds (Fs,) overturned to the NNE, crenulation
cleavage (Ss,) which dips to the SSW and small contraction faults with dip in
the same direction. The structural features here can be explained as a local
zone of late folding verging NE. It could also be the result of collapse of a
lateral ramp (Butler 1982), and hence the axes could lie in the movement
direction. Further structural studies are needed along the Furusjeen-
Astdalen antiform.

Otta-Idre synform and Snedela-Steinfjellet antiform

The erosional remnants of the Kvitvola Nappe are preserved within depres-
sions along the Otta-ldre synform (OIS) and the parallel Blekufjellet synform
(BS} which are folds (F; & Fg,) defined by contours on the Kvitvola thrust
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Fig. 7. Part of the I"ul'u:i_ifmn—."\stda]en antiform and structural relationship between the Osen-

Raoa Nappe Complex and the Kvitvala Nappe. Conceptual diagram, KT = Kvitvola thrust, Br
= Brattum Formation. Location shown in Fig. (b,

(Figs. 1, 4-6). Strand (1960) related the Gudbrandsdalen part of the OlS to a
Caledonian cross-folding, but the regional pattern of the axial plane trace
displays an arcuate structure, lhuugh much more open-arced than those in
the Osen—Raoa Nappe Complex. The OIS interferes with transverse synforms
and antiforms; the Central @sterdalen Depression (CQD) is formed at the inter-
section between OIS and the Storsjoen—0Qure Rendalen synform (SOS) (Sether
& Nystuen 1981).

The windows exposing the basement in the north are eroded domes along
the Snodola—Steinfjellet antiform (SSA). The domes ans saddles between them
can be interpreted as originating by an interference between the NE-trending
S5A and several other SSE-trending synforms and antiforms (Fig. 1). The
outcrop pattern of the Kvitvola Nappe is controlled by the erosion along such
a transverse antiform south of the Atnsjeen window and along the Grandalen-
Osdalen antiform (GOA) between Storsjpen and Trysilelva. Strike and dip of
bedding and coincident cleavage in sandstones indicate that the S5A is
bounded by a broad, parallel synform on its southeastern side. A fracture
cleavage which dips steeply to the NW and trends parallel to the SSA, cuts
basement and slaty cleavage in the nappe cover and is interpreted to have
been formed together with the basement antiform (SSA) (Nystuen & Ilebekk
1981). The basement antiform continues NNE-wards as the ‘Riksgrense anti-
form” which also deforms the Caledonian nappe cover (e.g. Gee 1980). Addi-
tional basement antiforms exist still further north in the Scandinavian Cale-
donides.
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Origin of the Snedela-Steinfjellet antiform

Geophysical studies in the fold belts of the Canadian Rocky Mountains
and the Appalachians have demonstrated basement surfaces which dip
slightly and evenly for 150-200 km beneath a nappe cover towards the
central zone of the orogen (e.g. Price 1981, Brewer et al. 1981, Hatcher 1981).
A major implication of this discovery is that basement domes exposed within
the nappe regions have been interpreted as allochthonous, underlain by a
master thrust fault. Thus, in this way, Hossack et al. (in press) interpreted the
basement of the Beito window in the Valdres area to be allochthonous. A
major question arises: are all basement antiforms within the nappe region in
the Scandinavian Caledonides allochthonous, underlain by a regional sole
thrust? The answer is fundamental to all attempts to construct balanced cross
sections (Dahlstrom 1969) through the mountain belt.

Limited data are available on the structural behaviour of the autochtho-
nous basement beneath the nappe cover in the Scandinavian Caledonides.
From the Sparagmite Region a map showing depths to the magnetic base-
ment has been published by K. Am (Fig. 6, in Nystuen 1981). In the Caledo-
nian nappe front in Jamtland, Elming {1980) found high magnetic suscept-
ibilities only in the granitic basement, and this is probably valid also for
present area. In northern Jimtland, calculated depth to magnetic basement
coincided well with depth to crystalline basement found by drilling
(Hesselblom 1979). Thus, the magnetic basement of Am (in Nystuen 1981) is
here interpreted to approximate to the crystalline basement surface beneath
the nappe cover. The morphology of this surface is characterized by ‘lows’
and ‘highs’ which coinside well with the late synforms, antiforms, domes and
saddles expressed by the surface geology (Fig. 1). This indicates that the
Snedela-Steinfjellet basement antiform (S5A) was formed in late Caledo-
nian time (Lower to Middle Devonian?) together with similar basement
undulations farther south as well as with the Otta-Idre synform and related
synforms and antiforms. Basement flexure at Andra (AFL) and Asta (AFL)
may mark a southern limit of this deformation.

Structural evolution: discussion and conclusion

In the Scandinavian Caledonides nappes advanced from the west to the east.
In the central and southern parts of the orogen emplacement of thrust sheets
on to the Baltoscandian craton commenced by the partial closure of the
Iapetus Ocean during the early Ordovician. The main phase of nappe transla-
tions occurred during the Middle to Upper Silurian (Roberts & Gee 1981).

The detachment of Kvitvola Nappe from a shelf basin was brought about
when higher tectonostratigraphical units approached the shelf from still more
western, continental margin areas and eugeosynclinal zones. The initial frac-
ture, starting in the crystalline basement, propagated into the ductile
Hyllerasen Formation (carbonate-shale) and mainly followed this stratigra-
phical level as the sole thrust (KT). Penetrative slaty cleavage (S1), mineral
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elongation (L1 ), plastic-type folds (Fi) and phyllonite and mylonite zones give
evidence of flattening and extension, perhaps related to gravitational
collapse (Ramberg 1981) under the overburden of a thick nappe pile. Meta-
morphism under greenschist facies conditions took place. The laterally
extended horizontal stratification indicates that the major thrust movements
occurred along a low-frictional sole thrust. However, locally the nappe body
collapsed along low- and high-angle contraction faults,

Initial detachment and movement of the Osen-Rea Nappe Complex
started when the advancing nappe pile reached the cratonic ‘sparagmite
basin’ some 200-400 km NW of the present Sparagmite Region. In this
phase, slaty cleavage, lineations and phyllonite zones were formed due to
increase in temperature, confining pressure and simple shear (mesoscale folds
(F,) in the northwest may be still older). The initial fracture originated also in
this case in the crystalline basement; it cut up-section and entered the ductile
Cambrian shale beds which rested on the eastern foreland basement. A
major amount (minimum 125 km) of slip has taken place along this sole
thrust (ORT). Imbrication, folding and evolution of the arcuate fold struc-
tures took place concurrently with the southeastwards propagation of the
active thrust system.

The regional structural disconformity between the Osen-Rea Nappe
Complex and the Kvitvola Nappe can be explained in two fundamental
different ways (Fig. 8). The imbrications and folds in the Osen-Roa Nappe
Complex may have suffered erosion contemporaneously with their forma-
tion. The Kvitvola Nappe was emplaced on the erosional surface and became
later imbricated and folded during piggy-back transport by the still active
(Osen-Rea thrust (ORT) (Fig. 8A). The Bruflat Sandstone of upper Llando-
very to lower Wenlock age in the Mjosa area is a possible fore-deep sediment
originated from erosion of the advancing Osen-Rea Nappe Complex.

J- R. Hossack (written communication 1982) proposed that the contact
relations between the two nappe units were the result of out-of-sequence thrus-
ting (Fig. 8B). The ORT and secondary thrusts were formed when the Kvit-
vola Nappe was emplaced on the 3-4,000 m thick sequence in the ‘sparag-
mite basin’. Further movements along ORT gave rise to piggy-back tran-
sport of the Kvitvola Nappe and imbrications in both nappe units
(Femunden thrust zone). Folding occurred ahead the nappes, and during
reactivation of the Kvitvola thrust (KT) the out-of-sequence thrusting
occurred in this area while the ORT still propagated towards the SE. Similar
out-of-sequence thrusting has been described from the Moine Thrust Zone in
Scotland by McClay & Coward (1981). The mechanism implies that the
reactivated KT has truncated the high-angle faults and folds in the Osen-
Roa Nappe Complex and thus acts as the roof thrust of a giant duplex in the
footwall (see Boyer & Elliott 1982, p. 1209). Both hypotheses (Fig. 8A & B}
need further structural analyses.

Late-thrust structures are the open NE-trending folds (e.g. Tverrfjellet
syncline), the Stai fracture zone (Fig. 6), the Furusjpen-Astdalen antiform
(Fig. 7), the Mistra thrust (Fig. 5) and the Femunden thrust zone (Fig. 3). Post-
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truncation by KT during out of sequence thrusting.

thrust deformation affected the basement and gave rise to the Snedala-
Steinfjellet antiform, the Otta-~Idre synform and related arc and saddle struc-
tures (Fig. 1).

The nappe structures of the present area display similarities with thrust
structures believed to have formed by gravitational spreading (Elliott 1976,
Cooper 1981). However, serious objections have been raised against this
hypothesis of thrusting (Chapple 1978, Murrell 1981). Burchfiel & Davis
(1972), Price (1981) and Hatcher (1981) maintained that compressional
thrusting including formation of low-angle contraction faults into the crystal-
line basement were brought about by a laterally directed pressure acting
from the hot mobile central zone. No definite conclusion can be drawn regar-
ding the driving force for the compressional nappe structures in the Sparag-
mite Region. However, the great volume of the thrust bodies and the incor-
poration of basement sheets indicate that the operating stress probably has
been higher than that which could have been formed gravitationally only
from a surface slope of the nappes (cf. Chapple 1978).

4
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Devonian Tectonic Deformation in
the Norwegian Caledonides and Its Regional
Perspectives
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Roberts, D 14983: Devoman tectonic deformation in the Norwegian Caledonides
and ils regional perspectives. Norges geol. lnders. 380, B5-U1,

Late-Caledonian megascopic folds deforming the (ld Red Sandstone sequences of
southern Norway are mostly synclines of E-W to NE-5W trend and E to NE plunge,
Thrusts along the castern and southern margins of several ORS areas, and stretching
lineations, denote approximate southeastward translations of the sequences from
their basinal sites. This contractile movement occurred principally along rejuve-
nated, syn-depositional, planar or listric-style extension faults,

Development of the basins ok place during the impasition of a fundamental
NW-5E to NNW-55E crustal extension following the major Scandian, Silurian
vrogenic phase. This was also influenced by an orogen-parallel sinistral mega-shear
from Svalbard through northern Britain to the Appalachians which assisted in
producing a transtensional regime in southern Norway, Thus, during ORS basin
development and sedimentation a subordinate dextral strike-slip component has
acted in combination with the hasic extensile field. During late Devonian, probably
Frasnian time, this transtensional regime was replaced by a SE-directed COMpres-
sion, and partly transpression, so producing the macrofolds, late ductile thrusts and
other structures which are traceable far outside the confines of the ORS districts.

0. Roberts, Norges geologiske undersokelse, Postboks 3006, N-7007 Trondheim, Norway

Introduction

The Old Red Sandstone (ORS) basins of southern Norway have received
much attention in recent years with emphasis placed on establishing detailed
stratigraphies and facies sequences, and interpreting these in terms of palaeo-
graphy within a framework of syn-depositional tectonism (Bryhni 1964,
1975, 1978, Nilsen 1968, Steel 1976, Steel & Gloppen 1980). In consequence
of this, sedimentological studies have prevailed and comparatively little
work has beendone on aspects of post-depositional tectonic deformation. The
Downtonian to Middle Devonian sediments do, in fact, display variable
effects of what is generally termed late-Caledonian tectonism (Roberts &
Sturt 1980), which is an important element in the overall development his-
tory of the mountain belt. In this synthesis, the most significant traits of this
tectonic deformation are outlined, and discussed briefly in a wider context of
the waning phases of Caledonide orogenic evolution. Details of stratigraphic
sequences and lithologies are contained in the cited publications, including a

recent review article (Steel et al. 1983), and will therefore not be repeated
here,
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Tectonic structures in the different ORS basins

A feature common to the 8 or 9 ORS basinal sequences is their deformation
and dissection by open folds and faults. Many of the sequences have also been
detached along thrust surfaces, mostly with evidence of east to southeast
translations, although the extent and magnitude of the thrusting is generally
not known in any detail.

The Lower to Middle Devonian sequences of Vestlandet (western Norway )
occur in 4 main areas (Fig. 1). The axial trends of the folds which deform the
ORS rocks vary from NE-SW at Solund (Nilsen 1968) through ENE-WS5W
in the Homelen and Kvamshesten basins (Bryhni 1964, Hoiseter 1971,
Bryhni & Skjerlie 1975) to E-W at Haasteinen (Kolderup 1925), with axial
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Fig. 1. Locations of the main areas of Old Red Sandstone sediments in southermn Norway, The
ruled area represents the approximate extent of the Caledonian nappes and autochthon. The
remaining, white areas are Precambrian crystalline basement, probably partly allochthonous
(Caledonian] in the northwest.
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plunges consistently towards the E to NE quadrant (Fig. 2); axial surfaces are
either vertical or dip steeply towards NW-N. Major cataclastic faults dis-
placing the ORS rocks show main trends of NE-SW and ¢. NW-5E, while
locally N-8 fractures are of importance. Some basins are also fault-bounded,
e.z. Homelen and Haasteinen.

Thrust displacements of the ORS complexes have been reported from all
the Vestlandet Devonian basinal areas, although the westernmost contacts of
these rocks with their crystalline substrates generally show undisturbed
angular-unconformable relationships. At Solund a 15° thrust contact delimits
the southeastern margin of the ORS rocks. Above a thin basal mylonite with
NW-SE quartz grain elongation lineation, conglomerate pebbles are stron-
gly deformed within a zone of 2.5 km mappable width (Nilsen 1968). Pebble
lineation is NW-5E, with NW plunge, contrasting strongly with the SE-
dipping bedding in the conglomerate. A comparable, pervasive, NW-5E
pebble lineation has also been reported from the outermost islands in the
Solund district (Indreveer & Steel 1975). This may well relate to a subsurface
thrust zone, and quite possibly an extension of the basal Solund Thrust. Dip-
slip extensional faults parallel to the Solund Thrust, bedding-plane slippage
faults and local, NE-SW, strike-slip faults are other deformational structures
present in the Solund ORS district (Nilsen 1968). Minar thrusts occur in
other parts of the Solund area, some with thin ultramylonites (Furnes &
Lippard, in press); these same authors describe a lowest greenschist facies
metamorphic paragenesis and schistosity in Devonian trachytic lavas. A
thrust origin was also advocated by Kulderup (1926) for lensoid gabbro
bodies occurring within Devonian conglomerates in the Hersvik area,
although other interpretations have since been proposed - Nilsen (1968)
favoured an intrusive origin, as gabbro sills, whereas Bryhni (1976) consi-
dered the gabbro as possibly representing a debris flow deposit, Recent inves-
tigations (D. M. Ramsay, pers.comm. 1982), including the recognition of a
basal mylonite, favour a thrust emplacement for this gabbro. Cumulative
thrust displacement of the Solund ORS sequences as a whole may be several
tens of kilometres (B. A. Sturt, pers.comm. 1982).

At Kvamshesten (Fig. 1) the folded Devonian rocks are truncated by a flat-
lying thrust delimiting the southern, eastern and northeastern boundaries of
the ORS outcrop (Bryhni & Skjerlie 1975), with a “strongly mylonitized zone
some tens of metres in thickness” (Haoisaeter 1971 ) marking the thrust contact
with subjacent metasediments. Few details are yet available on this thrusting;
those reported are ambiguous with Skjerlie (1971) noting both northward
and northeastward directed thrusting, whereas eastward displacement is
favoured by Nilsen {1968). An eastward translation seems the more likely, at
least for the main fairly ductile detachment and transport of the ORS rocks
from their basinal site, and strain reduction to mylonite at the base of the
sequence. The thrust surface in the eastern part of the district has been
referred to as a probable sole thrust by Bryhni & Skjerlie (1975). Judging from
the map-picture (Hiysater 1971, Bryhni & Skjerlie 1975) which shows the
thrust, towards the west, also forming the floor to a sheet of Precambrian
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plutonic rocks and Lower Palaeozoic schists below the unconformably over-
lying ORS sediments, this characterization would appear valid. Another
feature of interest is that some of the faults cutting the ORS rocks do not tran-
sect the mylonitic thrust zone, whereas other, younger fractures penetrate
across the thrust into the basement. The small Haasteinen basin just north of
Kvamshesten: (Fig. 1) also exposes a thrust contact along its southeastern
margin (Kolderup 1925); no structural details are available from this area at
the present time.

ORS sediments of the Horelen basin are fault-bounded along their
northern and southern margins, and displaced by thrusting in the east.
Syndepositional movement along the faults, partly dextral strike-slip, has
been considered an important factor in the sedimentation history of this
basin (Bryhni 1964, 1978, Steel 1976, Steel et al. 1977, Steel & Gloppen
1980). Structural data from the sole thrust (Bryhni 1978) contact zone are
few, although mylonitization features and neocrystallization of quartz, calcite
and epidote have been reported by Bryhni (1964). In addition, mudstones
adjacent to the marginal faults are strongly cleaved. In contrast to the situa-
tion at Kvamshesten, some of the folds in the southem part of this basin
appear to deform the basal thrust-fault (Bryhni 1978, fig. 1), indicating at
least a local continuation of folding after thrust detachment and movement.

Further north, in the coastal region of Trondelag and Nordmere, ORS
sediments occur primarily on Hitra and Fosen, and on islands adjacent to
Smela (Fig. 1). The structural trait common to all these sequences is their
deformation in a NE-SW to ENE -WSW trending syncline (Siedlecka &
Siedlecki 1972, Siedlecka 1975, Fediuk & Siedlecki 1977) (Fig. 2). It is
possible that the synclines recorded in the different areas were once part of a
single structure, now transected and displaced by faulting (Steel et al. 1983).
Principal fault trends in this district are NW-5SE, N-5 and NE-5W (Fig. 2).
On Hitra a high-angle reverse fault cuts out part of the southeastern limb
of the Hitra syncline against the pre-ORS basement. Apart from this
example, no other cases of post ORS tectonic inversion are known from this
district. Also on Hitra, a spaced cleavage paralleling the axial surfaces of
mesoscopic NE-SW folds is present in some mudstones, with carbonate
concretions showing rotation into the plane of anisotropy (Roberts 1981).
IN-S trending kink-bands of westerly downstep and a north-dipping crenula-
tion cleavage are minor tectonic structures occurring in the ORS on this
same island.

In the southeastern parts of the Trondheim region the Devonian deposits
at Roragen were deformed during two phases of folding, the main structure
being a syncline of E-W trend and easterly plunge. Minor NW-facing folds
and local NW-directed thrusts constitute secondary structural elements;
these deform a very low grade lepidoblastic fabric which is present in some of
the pelitic lithologies (Roberts 1974). Faults show NW-SE and NE-SW
trends and probably represent rejuvenated syn-depositional structures
(Holmsen 1963, Jakobsson 1978).

The Oslo basin of southeastern Norway exposes Ludlow-Downtonian red-
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Fig. 2. Summary of structural data from the main ORS basins and areas in Norway, The infor-
miation is culled from the papers cited in the text.

-bed sequences which are folded in Jura-style structures along E-W to NE-
SW trends (Strand 1972, Steel et al. 1983). Folds are tighter towards the north
where reverse faults transect the succession; these faults become shallower
southwards (Bockelie & Nystuen 1983). In general, this fold- and thrust-shor-
tening in the Oslo area is taken up by décollement along pelitic horizons - a
characteristic feature along other parts of the Caledonian front.

Qutside of the presently exposed ORS basin areas, biostratigraphic
control on the age of the Caledonoid tectonic structures is of course lacking.
There is no reason, however, to doubt Vogt's {(1928) contention that struc-
tures belonging to this late-Caledonian deformation phase are to be found
throughout the length of the Norwegian Caledonides. Open folds and fault
sets which deform the ORS rocks in west Norway, in many cases can be
traced inland for considerable distances, and it is considered likely that the
synformal ‘Faltungsgraben’ and Bergen arc structure also belong to this
orogenic phase. Similarly, the NE-SW Tyin-Gjende Fault of the Jotun
region (Battey & McRitchie 1973, Emmett 1982) is also accorded a Devonian
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age (M. Heim, perscomm. 1981), while in the Hardangerfjord region late,
open, NE-SW macrofolds and normal extension faults (Naterstad et al.
1973) may relate to this late-Caledonian event. Further north in the Caledo-
nides, several of the orogen-transverse basement culminations, e.g. in the
Grong district, are also probably Devonian in age.

Timing of deformation

Traditionally, the folds, related faults and slightly later thrusts which affect
the ORS sequences of southern Norway have been ascribed to the Svalbar-
dian orogenic phase of Vogt (1928). This lowermost Upper Devonian (Fras-
nian) event was established from investigations on Spitshergen and Bjormaeya
where faunal control is more than adequate; on Bjerneya, Upper Devonian
sediments lie unconformably above folded Middle Devonian and pass
conformably up into the Carboniferous. Vogt (1928, 1933) noted the strong
similarity of the folding, in its style and character, to that seen in the Norwe-
gian ORS successions, as well as in parts of the Scottish ORS, and introduced
the term ‘Svalbard folding’ or ‘Svalbard orogenesis’ for this widespread event.

Constraints on the age of the deformation on the Norwegian mainland are
less precise and more indirect than on Svalbard. Faunas in Upper Palaeozoic
sediments in the Oslo region, overlying folded Siluro-Downtonian, indicate a
Middle Carboniferous age for the oldest fossiliferous rocks (Olaussen 1981).
Much further afield, undeformed mafic dykes on Ytteroy, Trondheims-
fjorden (Priem et al. 1968) and Varangerhalvoya, Finnmark (Beckinsale et al.
1975), have also yielded uppermost Devonian intrusive ages. Elsewhere in
northern Norway, where Devonian sediments are nowhere exposed, K-Ar
studies have revealed a Lower Carboniferous weathering profile on the island
of Andoya (Sturt et al. 1979). Thus, for mainland Norway, Vogt's Svalbar-
dian event can be placed somewhere in the late Devonian. Although a Fras-
nian age is likely, the event need not have been perfectly synchronous
everywhere; diachronism of orogenic deformation is indeed a hallmark of the
Caledonian mountain belt. In recognition of this it may therefore be justifi-
able tu adopt local names for this post-Middle Devonian deformation, e.g.
Roragenian event for eastern Norway (Roberts 1974).

An exception to this general pattern of late Devonian deformation appears
to obtain in the Oslo area. There, the tectonism affects the marine Silurian
succession as well as the conformably overlying red-beds, and is essentially
the diachronous end-stage of the major Scandinavian or Scandian (mid to
late Silurian) orogenic event. This deformation, in the Oslo region, could well
be Gedinnian or Siegennian in age rather than late Devonian (cf. Roberts
1974). If so, it would correlate in time with ORS molasse sedimentation in
the several intermontane basin areas further to the northwest within the
already deformed and uplifted mountain chain.
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Basin development and tectonic deformation

in a regional context

GENERAL ASPECTS

Recent studies of the west Norwegian ORS basins have confirmed Bryhni's
(19i4) thesis of a close relationship between ORS sedimentation and tecto-
nism, and led to refinements in the concept of basin development in a
tectonic regime involving a combination of strike-slip and dip-slip motions
(Nilsen 1968, Steel 1976, Steel & Gloppen 1980). In this general model, most
of the basins provide evidence of growth by lateral accretion with the depo-
centre migrating east- to southeastwards through time. Sediment transport
of the basinal axial deposits was mainly directed towards west or northwest.
Similar evidence of tectonic control over sedimentation has emerged from
work in coastal Trendelag and at Reragen (Siedlecka & Siedlecki 1972, Sied-
lecka 1975, Roberts 1974, Jakobsson 1978).

Prior to the establishment of this broadly extensional or transtensional
{Harland 1971) regime in Devonian time, the Brito-Scandinavian Caledo-
nides and their East Greenland counterpart evolved from the final cratonic
suturing of the Laurentian and Baltoscandian plates in a major phase of
crustal contraction. This Scandian crustal shortening involved southeast-
ward nappe translations of hundreds of kilometres in the Norwegian part of
the belt, with the shortening vector swinging towards south in the Oslo
district. Nappe stretching lineations, c. NW-5E, and internal foliations were
then deformed by major NE-5W folds, with antiforms providing the loci of
many of the tectonic windows which occur throughout the orogen; and
subsequent to this a period of crustal distension was initiated, aided by gravi-
tational sagging of the tectonostratigraphically thickened uppermost crust
{Roberts & Sturt 1980). [t is important to remember, however, that at the
same time as this NW-5E extensional regime was coming into play in tecto-
nically higher and internal parts of the orogen, in the southeastern frontal
districts the red-beds of the Oslo region were still being deposited or were just
about to suffer their Scandian tectonic contraction.

REGIONAL AND OROGENIC FACTORS

The surface-crustal extension which led to the production of the ORS basins
was itsell influenced by two main factors, one of orogenic proportions and the
other of more regional character. The regional factor pertains to the existing
Scandian, post-thrusting, macrofold pattern and associated dislocations in
southern Norway which, it is submitted, would be expected to have
controlled the generation of the extension faults bordering the ORS molasse
basins. Support for this is seen in minor dip-slip faults outside of the ORS
basins, associated with the gravitational vertical-shortening stage of the
Scandian orogeny: in most cases these faults strike parallel to the c. NE-SW
axial trend of the macrofolds. The second factor, of a more orogen-wide mag-
nitude, relates to the imposition of a palaesomagnetically and geologically
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defined wrench fault regime throughout the Caledonian-Appalachian belt
(Harland 1973, Storetvedt 1973, Morris 1976, Kent & Opdyke 1979) follo-
wing the final, late Silurian, cratonic suturing. The principal strike-slip mega-
fracture here is considered to have extended from Svalbard south-southwest-
wards to northern Britain and into the northern Appalachians, and involved
sinistral displacement of some 1500-2500 km during the Devonian period,
mostly during early to mid Devonian time (Morris 1976, Ziegler 1978).

The faults bounding the west Norwegian ORS basins relate well, kinema-
tically, to the above, first-order, sinistral mega-shear. On a theoretical basis,
the E-W to ENE-WSW fractures can be viewed as second-order, right-
-lateral, strike-slip or oblique-slip faults (Moody & Hill 1956, Wilcox et al.
1973) splaying and propagating from the first-order structure (Fig. 3). This
picture is not quite so simple, however, since the strike-slip motions were
themselves secondary or subsidiary to the fundamental, intra-plate, NW-5E
to NN'W-5SE crustal extension; the overall kinematic regime was thus one
of transtension. In this setting the individual basins would have gradually
opened by combined, componental, dextral strike-slip (or oblique-slip) and
extensile motions (cf. Steel & Gloppen 1980). The dip-slip extensional faults
would have tended to splay, or hinge, from the master fault in the manner of
listric structures as the pull-apart basin gradually widened, with the migra-
ting depocentre producing successive E-SE onlap of cyclothems across the
buried listric splays.

The southern or southeastern basin-margin faults, which are now essential-
ly thrust contacts, were therefore extension fractures during Lower to Middle
Devonian time. The subsequent tectonic inversion led to a reversal of the slip
vector along these fractures during the Svalbardian contractile phase (Steel
et al. 1978). The master extension faults, in some cases, could also have had a
listric form judging from observations of regional structure (Bryhni & Skjerlie
1975, Bryhni 1978). This feature would have facilitated their ultimate
conversion into sole thrusts, which may have interconnected across the
region. Another feature of the transtensional field is that N-5 extensional
faults may well have developed, under favourable circumstances. The overall
slip motion in these ORS basins during their growth would thus be expected
to have varied between northwest and west. An interesting exercise would be
to attempt to assess the amount of extensional slip involved, i.e. prior to the
reversal of motion and initiation of compressional tectonics. In other moun-
tain belts extensional displacements of fault hanging-walls over distances of
several kilometres have been recorded (cf. Wemicke 1981).

OTHER DEFORMATION FEATURES

As well as the major, combined dextral-slip and extensile E-W to NE-SW
faults arising from the imposed orogen-parallel sinistral mega-shear, NW-5SE
to NNW-SSE second-order sinistral strike-slip faults of Devonian age are
theoretically feasible products of this wrench regime (cf. Moody & Hill 1956).
Unlike the dextral fractures, however, these would normally not be Expected
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fig. 3. Simplified map depicting the palaeographic situation and major fractures in the Balto
scandian-Laurentian-British/Irish area in approximately Middle Devonian time; modified
from Ziegler (1974, fig. 3).

Ormament: stippled - areas of Devonian sedimentation; cresses - Precambrian crystalline base-
ment; whife arees - Caledonian fold belis. Faults are shown by thicker, full lines, with known or
deduced strike-slip movement indicated by semi-arrows, Main thrusts are shown by the tradi
tiomal ticked (triangled) lines. Drillcore data from the North Sea indicate that ORS sediments
can be traced from the Scottish basins across to Vestlandet (Ziegler 197H)

to have opened up to produce divergent transtensional basins since they
strike sub-parallel to the principal crustal extension trend, Only where fault
surfaces were slightly curved, or deflected by pre-existing structures, would
such divergence have been possible. Fractures of this trend do occur over
large parts of southern Norway, and many carry post-Silurian displacements
denoting left-lateral movement (Guezou 1981). However, some of these
faults may also have been reactivated during the late Palaeozoic (Hercynian)




94 DAVID ROBERTS

to early Mesozoic rifting events. The only Devonian pull-apart basin asso-
ciated with these NW-SE trending faults recorded in Norway is that at
Roragen. Others may well have existed, the ORS sediments having since
been removed by post-Caledonian erosion.

ORS sedimentation, as noted earlier, was followed by the Svalbardian
deformation phase which produced major folds, local very low grade meta-
morphic fabrics, and inverted the basin-margin dip-slip or oblique-slip dislo-
cations into contractile thrust-faults (Steel et al. 1978). By analogy with the
early Devonian complex transtensional regime, this deformation was most
likely partly transpressive rather than a simple strike-normal contraction.
This is also supported by the fact that although most of the observed thrusts
are younger than the fold structures (e.g. Haiseter 1971), there are cases
where the thrust surfaces and mylonite zones are also deformed by folds of
this same broad generation.

Conclusions

The Old Red Sandstone basinal sediments of southern Norway display a
variable deformation by folds, faults, cleavages and thrusts which are part ofa
late-Caledonian orogenic pulse. Stratigraphic constraints within Norway
indicate an Upper Devonian age for these structures; orogen-wide correla-
tions favour a Frasnian age. However, perfect synchroneity of deformation
along and across the Caledonian mountain belt is thought to have been unli-
kely.

Basinal development in Lower to Middle Devonian time (or slightly earlier
in the northwest) occurred during the imposition of a fundamental c. NW-SE
crustal extension following the major Scandian (Silurian) tectonometa-
morphic event. This was strongly influenced, however, by a broadly simulta-
neous orogen-parallel, sinistral strike-slip mega-shear from the Svalbard area
south-southwestwards to northern Britain and further into the northern
Appalachians. In combination with the fundamental extensile field this
produced a transtensional regime with second-order dextral strike-slip faul-
ting acting in unity with the extensional fault motions. Subsequently, in
early Upper Devonian time, the transtensional field was replaced by a SE-
directed compression, probably in part or even largely transpression. During
this contractile stage the NE-SW to E-W trending fold structures were deve-
loped, and many of the earlier, syndepositional extension faults (either listric
or planar) were rejuvenated as reverse-faults and thrusts. Mylonites were
developed along some of the most ductile movement zones, and the ORS
rocks and their crystalline substrates were translated east- to southeastwards
as thrust sheets over distances of several kilometres and, in some cases,
perhaps tens of kilometres (B. A. Sturt pers.comm.). Later movements in
some areas produced rather more brittle, NW- to NNE-directed thrusting or
reverse faulting, and crenulation cleavages.
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Precambrian Stratigraphy in the Masi Area,
Southwestern Finnmark, Norway

ARNE SOLLI

Solli, A, 1983: Precambrian stratigraphy in the Masi area, southwestemn Finnmark,
Norway. Nerges geol. Unders. 380, 97-105.

The rocks in the Masi area consists of a comformable stratigraphic sequence contain-
ing three formations. The lowest is the Galdenvarri formation, mainly containing
metamorphic basie voleanics. Above this is the Masi Quartzite with a conglomerate
at its base, The upper formation in the Masi area is the Suoluvuobmi formation
containing metamorphic basic voleanics, metagabbros, mica schist, graphitic schist
and albite fels. The eastern part of the arca is dominated by granites which have an
intrusive relationship to all three formations. Remnants of the Archean basement
situateel Turther (o the east probably osceur within the younger granites, Nothing
conclusive can be sapid about the ages of the rocks, but for the Galdenvarri formation
an Archean age is considered most probable. The ages of the Masi Quartzite and
Sucluvuobmi formation may be Svecokarelian, but based on correlation with rocks
in Finland, Archean ages also seem Bkely for these unils.

A, Solli, Norges gmfrr_.g:'.d;r‘ undersakelse, PO Rox 30006, N-7O07 Trondheim, ."r';u?l.*a}'.

Introduction

The central part of Finnmarksvidda is occupied by a dome structure of
Archean granitic gneisses (Fig. 1). On each side of the dome are supracrustal
rocks. To the east is the Karasjok region, and to the west is the Kautokeino-
Masi region with the same types of rocks even though no direct correlation
has yet been established between the two regions. Greenstones, quartzites
and mica schist are the dominating rock types. A brief summary of the geo-
logy of Finnmarksvidda is given by Skalvoll (1978), and Fig. | mainly follows
his map.

The Archean age of the central gneiss dome is indicated by a U/Pb whole-
rock age determination of 2800 m.y. (Skalvoll 1972, Merildinen 1976). Just to
the south of Skoganvarre (Fig. 1) the gneiss is overlain by a quartzite unit
which has a conglomerate at the base with pebbles similar to the underlying
gneiss. Skalvoll (1978) interprets this conglomerate as the lowest part of the
Proterozoic on Finnmarksvidda. The greenstones in western Finnmark are
commonly said to be of Karelian age, with ages of 18002000 m.y. (e.g.
Ottedahl 1980), but this must be reconsidered.

The geology of the Kautokeino-Masi region is mainly known due to the
work of Holmsen et al. {1957). In 1980 remapping in the Masi area started as
a part of a resource investigation for the Finnmark county. The work is still in
progress, but some of the new results, mainly those concerning stratigraphy
within the map-sheet Masi 1:50,000 (Fig. 2), are presented here.

7
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Fig. 1: Geological map of Finnmarksvidda. Location of Masi area shown by frame,

Geological setting

The lowest supracrustal formation found in the Masi area is a series of meta-
voleanics which is informally called the Gal'denvarri formation. It is succeed-
ed upwards by the Masi Quartzite. This quartzite, the name of which was
introduced by Holmsen et al. (1957), has a conglomerate at its base that
seems to rest unconformably on the Gal'denvarri formation. The conglome-
rate has pebbles of granitic gneiss and has a strong resemblance to the conglo-
merate at Skoganvarre. According to new field work in the area between
Skoganvarre and Masi there can be little doubt on the correlation of these
two conglomerates. To the west and stratigraphically above the Masi Quart-
zite is the Suoluvuobmi formation containing mainly basic metavolcanics
and mica schists. The Suoluvuobmi formation is probably an equivalent to
the Caskejas Group of Holmsen et al. (1957). The latter term has been used as
a loose designation for all basic metavolcanics on western Finnmarksvidda,
but its type area is around Bied'djuvaggi Mine (Hagen 1982), west of the
Carravarri Sandstone (Fig. 1). Since the correlation between rocks there and
in the Masi area is not obvious, the new term Suoluvuobmi formation is
introduced. As may be seen from the map, Fig. 1, no attempt is made to diffe-
rentiate between the regional distribution of these two units.
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The eastern part of the Masi area is occupied by granite rocks. Formerly,
these were thought to belong to the Archean basement, but the new
mapping has shown that they are younger intrusives. Remnants of the base-
ment may, however, be preserved in the granites.

Gal'denvarri formation

The rocks of the Gal'denvarri formation were included in the Caskejas Group
by Holmsen et al. (1957), but more detailed mapping has clearly shown its
position below the Masi Quartzite. It is mainly composed of amphibolites
which are interpreted as metabasalts. A faint layering may be seen in the
amphibolites, mainly due to differences in grain size and mineral composi-
tion, but also some porphyritic layers and schist horizons occur. Primary
voleanic structures are difficult to recognize; most convincing is a fragmental
amphibolite, interpreted as a volcanic breccia. It is found at several localities,
and seems to occur at different levels in the stratigraphy. Some ultrabasic
rocks occur in very elongated lenses, up to 30-40 m thick and 2-300 m long.
The main minerals are amphibole and chlorite, but also olivine is found.
Total thickness of the formation is about 1-1,5.km.

Chemically the amphibolites are classified as tholeiitic basalts. Charac-
teristic is a low TiOz content (mean 0.5% for 16 samples) compared to the
amphibolites of the Suoluvuobmi formation (mean 1.5%, 21 samples] which
are also tholeiitic. Also characteristic is a relatively high MgO content (mean
12.3%) in relation to the SiOz content (mean 52.5%). In the Suoluvuobmi
formation these concentrations are 8.5% and 47.3%, respectively. There are
also significant differences in trace elements between the two formations,
especially in Cr and Ni contents which are much higher in the Gal'denvarri
formation.

Schists are a minor component of the Gal'denvarri formation, but in some
of these layers the minerals garnet, staurolite and sillimanite are found. The
paragenesis cordierite-anthophyllite is found both in basic rocks and in
quartz-rich schist. Except for garnet, none of the other minerals is found
elsewhere in the Masi area. Many of the minerals listed above are typical for
thermal metamorphism, and the apparent higher grade of metamorphism in
the Gal'denvarri formation could be ascribed to contact metamorphism from
the intrusive granite to the east. However, except for sillimanite the mineralo-
gical textures indicate that the minerals are formed at an early stage by regi-
onal metamorphism.

The lower parts of the Gal'denvarri formation are invaded by younger
granites and the base of the formation is not found. At one single locality east
of Gal'denvarri (Fig. 2) a poorly sorted conglomerate occurs as the lowest
exposed member of the formation. Well rounded pebbles of granitic gneiss
ranging in size up to 30 cm occur rather scattered in an arkosic matrix, This
conglomerate may represent a basal layer on an old gneiss basement, even if
there is little evidence for such an assertion.
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Masi Quartzite

The Masi Quartzite is a relatively thick and homogeneous formation of
widespread distribution, and may represent one of the most important
formations regarding correlation of geological units in different parts of Finn-
marksvidda.

The quartzite has a white, grey-white or pink colour and commonly shows
a fine lamination caused by differences in feldspar content or heavy mineral
dust. It is recrystallized so that primary sedimentary grains are usually not
seen. Cross-bedding is observed at several localities. Much of the Masi Quart-
zite could be classified as a feldspathic quartzite. Total thickness 1s about
500-1000 m.

At the base of the Masi Quartzite there is usually a conglomerate with
pebbles of granitic gneiss and quartz. Other types of pebbles are rarely found,
even where the conglomerate rests directly on the amphibolites of the Gal™-
denvarri formation. The conglomerate has a calcareous arkosic matrix. The
pebbles are normally less than 5 cm in diameter, but at several localities, espe-
cially in the northern areas, pebbles up to 30 em in diameter are observed.

Another conspicuous feature of the Masi Quartzite is the occurrence of the
chrome-bearing mica fuchsite. It is especially abundant in impure zones, but
it may also be evenly distributed in the quartzite, giving it a green colour.
Fuchsite is a common mineral in sandstones and quartzites of Archean age,
and may be formed as an alteration product after detrial grains of chromite
(Schreyer 1982).

Suoluvuobmi formation

The Suoluvuobmi formation is dominated by amphibolites and mica schists.
The amphibolites appear to be of twa types (Fig. 2), which may be of different
origin. One type is relatively fine grained, dark green and foliated. Although
no primary structure are preserved, this rock is thought to represent metaba-
salt. Another rock variety that probably originally was a lava, is an ultra-
basic rock, now consisting of amphibole and chlorite.

The other type of amphibolite has a gabbroic texture. In the field the boun-
daries of this type seem to be parallel to the layering of other rocks, but on a
regional scale they appear to be discordant. These amphibolites are therefore
thought to represent metadolerites or gabbros. The geochemistry of both
kinds of amphibolite, however, is identical with regard to both major and
trace elements, so :hey may be closely related. This type of gabbro seems to
be limited to the Suoluvuobmi formation.

Mica schist is the other dominant rock type. It is often characterized by a
porphyroblastic growth of biotite, the dominating mica. The total thickness
of the formation is difficult to estimate, but is certainly more than | km.

Two other characteristic rocks of the Suoluvuobmi formation are graphitic
schists and a rock that in Finnmark has traditionally been called albite fels or
quartz-albite rock. These two rock types are often connected and seem to
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Fig. 2: Simplilied geological map of the Masi area

1-3: Suoluvucbmi formation; 1. Metagabbro. 2, Metabasalt, 3. Mica schist. 4. Masi Quartzite.
A Galdenvarn formation; Metabasalt. (. Intrusive granite. Remnants of Archean gneisses are
indicated. 7. Albite diabase.

have a preferred occurrence in the contact zone between amphibolite and
mica schists. They are of special interest because there are ore minerals asso-
ciated with them. On Finnmarksvidda they are particular well known from
the Bied'djuvaggi Mines (Hagen 1982}, but they are also known from mines
in northern Sweden and Finland (Inkinen 1979). The origin of these rocks has
been discussed for a long time, and both a metasomatic and a volcanic origin
has been proposed; the latter is favoured by the present author.
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The contact relations between the Suoluvuobmi formation and the under-
lying Masi Quartzite are generally very complicated. The Masi Quartzite is
locally inverted and thrust above the Suoluvuobmi formation, especially in
the area south of Masi, and it is easy to get the impression of an important
break between these two formations. At other localities like the Arvusvarri
syncline east of Masi (Fig. 2) and east of Mazevarri (Fig. 1) where the Masi
Quartzite is deformed in an antiform beneath the Suoluvuobmi forma-
tion, there seems to be a normal stratigraphic sequence from the Masi Quart-
zite up to the Suoluvuobmi Formation. This relationship is further supported
from evidence in the Addjit area to the south (Fig. 1) where a probable equi-
valent to the Masi Quartzite underlies the geenstones of the Caskejas Group
(Holmsen et al. 1957).

Basement and granite intrusions

The geological map, Fig. 2, gives the impression of a concordant boundary
between the Gal'denvarri formation and the granite to the east. However, at
several localities it can be demonstrated that the granite has an intrusive rela-
tionship to both the Gal'denvarri formation and the Masi Quartzite. Granitic
intrusions are not common in the Suoluvuobmi formation, but at least two
larger massifs occur (Holmsen et al. 1957; and Fig. 1), and veins are observed
at several localities. There are also many xenoliths, especially of the Gél'den-
varri formation, in the granite. These relations seems to be even more abun-
dant to the south of the Masi area, and were also recognized by Holmsen et al.
(1957).

Large parts of the granite are a rather homogeneous red to white biotite
granite; but within the granite there are also areas of strongly foliated rocks of
granitic, granur:linrilic and tonalitic compostion. These gneisses are thought
to be remnants of the Archean basement; and it seems that in the Masi area
there was originally a gneissic basement which was later intruded by granite.
Conclusive proof that the gneisses are xenoliths is, however, difficult to find,
both due to the general lack of exposures and because the intruding granite
also has a marked foliation. An important reason for the suggestion of the
gneisses being basement is therefore the situation in Skoganvarre, where a
gneissic basement for the supracrustals is present. Since the intrusive granite
is so dominant in the Masi area, only this is shown on the map (Fig. 2). The
boundary between the granite and real Archean basement shown in Fig. 1 is
not known in detail.

Albite diabase

Albite diabase is an intrusive rock commonly occurring in the Masi area as
well as in the Precambrian of northern Finland and Sweden. Merildinen
(1961} gave a complete description of the rock type. It is characterized by
preserved igneous texture and a high content of albite (up to 60'%) that seems
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to be of primary origin. Dark minerals are generally biotite and hornblende,
but also clinopyroxene may occur. Magnitite, up to 104, is present; this
make the rock easy to recognize from aeromagnetic maps. The high albite
content also produces a high Na2O content {mean nearly 7)), and this is
probably why the albite diabases have been confused with the albite felses
that also commonly occur on Finnmarksvidda, but these rocks seeem to have
a totally different origin.

Discussion and regional correlations

Mapping in the Masi area has shown that the basic metavolcanics are not
restricted to one single unit in the stratigraphy on Finnmarksvidda. They
occur in the Gél'denvarri formation below the Masi Quartzite and in the
Suoluvuobmi formation above. Recent mapping to the west of Mazevarri
(Fig. 1) has also revealed a low-metamorphic greenstone sequence where
primary volcanic structures are well preserved. This greenstone has a distri-
bution east of and parallel to the Caravarri Sandstone, and could represent an
even younger sequence than the Suoluvuobmi formation. Low-metamorphic
greenstones are also found to the west of and below the Caravarri Sandstone,
which is thought to represent the youngest rock unit of the Precambrian
on Finnmarksvidda.

The correlation between the Kautokeino-Masi region and the tectonic
windows of Alta-Kveenangen and Komagfjord about 50-100 km to the
north is based on both geophysical [Am, 1975) and lithological evidence. The
section from the Kveenvik Greenstone up to the Skoadduvarri Sandstone at
Alta (Zwaan & Gautier 1980) corresponds very well with the section from the
low-metamorphic greenstone up to the Caravarri Sandstone on Finnmarks-
vidda.

Even if no direct correlations can be made between Finnmarksvidda and
northern Finland, very similar rocks occur there. It is ma.in!:,r based on this
long distance correlation that the basic metavolcanics in western Finnmark
are considreed to be of Karelian age (e.g. Oftedahl 1980, Zwaan & Gautier
1980). However, the volcanics in Finland vary in age from Archean to Pro-
terozoic (e.g. Silvennoinen et al. 1980), and since it is now apparent that the
volcanics within the Masi area are not restricted to one single unit, differences
in age are considered to exist here too.

A short comment should here be given on the term Karelian, which has
been used for the rock sequences in western Finnmark. In Norway, Karelian
until recently has been used for the period from 1800 m.y. to 2000 m.y; see
for instance Oftedahl (1980) and Zwaan & Gautier (1980). This is not in
accordance with modern Finnish use. Originally, Karelian was used for rocks
in the eastern and northern part of Finland which were thought to represent a
younger orogenic belt than the Svecofennian in western Finland. Age deter-
minations and later geological investigations have shown that rocks of the
Karelian and Svecofennian orogenic belts are of the same age, and they have
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been renamed the Svecokarelian orogeny (Gaal 1982). The most important
metamorphic episode in this orogeny occurred about 18001900 m.y. ago
{Simonen 1980), but the depositional age of rocks involved seems to have
been from 2600 to 1800 m.y. (Simonen 1980, Silvennoinen et al. 1980),

Even if a direct correlation with the rock sequences in the Masi area and
Finland should be made with great care, there seem to be two reasonable
possibilities for correlation. The key horizon for the first possibility is the
conglomerate at the base of the Masi Quartzite. In Finland it is well docu-
mented that the beginning of the Proterozoic was a period of denudation and
peneplanation of the Pre-svecokarelian basement (Merildinen 1980, Silven-
noinen et al. 1980, Simonen 1980). This has resulted in widespread occur-
rences of conglomerates resting on the basement, which contained rocks like
granitic gneisses, greenstones and sediments. The most obvious unit to asso-
ciate with such an unconformity on Finnmarksvidda would be the conglome-
rate at the base of the Masi Quartzite, resting partly on the Gal'denvarri
formation as in the Masi area, and partly on a gneissic basement as at Skogan-
varre. This correlation will be in accordance with that of Skalvoell (1976) and
imply that the Gal'denvarri formation is of Archean age. The Masi Quartzite
and Suoluvuobmi formation will thus have a depositional age from about
2500 m.y. and younger, and have been deformed in the Svecokarelian oro-
geny. K-Ar determinations on basic metavolcanics in the Komagfjord
tectonic window confirm that there has been a metamorphic event at 1800
m.y. in Finnmark (Pharaoh et al. 1982). As will be seen from stratigraphic
sections from Finland (e.g. Merildinen 1980, Silvennainen et al, 1980) there
are quartzites, greenstones and schists of the same depositional age that could
be correlated with the Masi Quartzite, Suoluvuobmi formation and other
rocks in western Finnmark.

If the correlations suggested above are accepted, the bulk of the rocks on
Finnmarksvidda will be of Proterozoic age. The only Archean rocks, except
for the central gneiss dome, would be the Gil'denvarn formation, which
seems to have a very limited distribution (Fig. 1). Recently, however, the
Proterozoic age of the supracrustal rocks on Finnmarksvidda has been ques-
tioned by several workers in the Finnish Precambrian, because radiometric
age determinations have proven an Archean age for the Kittila greenstone
(Gaal et al. 1978, Barbey et al. 1981, Gaal 1982). A correlation of the Kittild
greenstone with the greenstones of the Karasjok region, and pnssibl}' also
those of the Kautokeino—Masi region, seems obvious from existing geolo-
gical maps. It is also easy to see many similarities between the stratigraphy of
the Masi area and the Archean stratigraphy in this part of Finland. According
to Rastas (1980) the lowest supracrustal unit above the gneissic basement in
the Kittild area is a volcanic formation, mainly comprising lavas. Above this
is a sericite quartzite, occasionally fuchsite- be&nng and this is followed by
the Kittili greenstones with mica schist and graphitic schists. The lithological
correlation with the sequence gneissic basement, Gal'denvarn formation,
Masi Quartzite and Suoluvuobmi formation is a good one, and if this is
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correct it will mean that the only Proterozoic rock unit on Finnmarksvidda is
the Caravarri Sandstone.

The question as to which of the two correlations outlined above is correct,
will remain open until age determinations are carried out and more mapping
is done. The possibility of an Archean age for the greater part of the rocks on
Finnmarksvidda should, however, be kept open.
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A Fluidization Breccia in Granite at Skaget,
Svellingen, Froya
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The breccia consists of fragmented and comminuted host rock material and small
amounts of hydrothermal quartz, epidote, laumontite, “stilbite, caleite and montmao.
rllonite. AL least three brecciation and mineralization events have occurred. The
breccia is considered to have formed h:.-' hydraulic fracturing by a mixed, high-pres-
stre CO-HaO fluid. Upon explosive venting o the surface, the Nuid is thought to
have fluidized and fragmented the fractured rock, The carbon dioxide of the Muid
may have originated in the mantle, and could have ascended through the crust by
hydraulic fracture propagation. [Lis suggested that the occurrence within the same
region of the Skaget Breccia, Tertiary olivine-nephelinite plugs, and scattered
zeolite mineralization may possibly define a palaco-geothermal provinee.

Tore Torske, Inseitutt for Biologi og Geologi, Universitetet § Trowso, Poitheks 3083,
N-D0T Tromsa, Norway.

Introduction

A small breccia body cutting through granite at Skaget, Svellingen, Froya
(UTM co-ordinates NR 912752; Fig. 1) was described by Keilhau (1850) and
mentioned by Reusch (1914), but has not been treated in newer literature, It
occupies the tip of a small, pointed headland called Skaget (Figs 2 & 3). On
land, the Skaget Breccia covers about 5000 m2, but is surrounded by the sea
on three sides; accordingly, its full extent and shape are unknown. In addition
to the main breccia outcrop, there are a few, scattered, small occurrences of
breccia over a distance of a couple of hundred metres southward along the
coast.

Keilhau (1850) regarded the breccia as an epiclastic sedimentary rock, and
interpreted its gradational boundary with the surrounding granite in terms of
his neptunistic ideas: as evidence for the transformation of a sedimentary
rock into granite. Tre present study indicates that the rock was formed by
fragmentation of the host granite and fluidization of the fragments by stream-
]ng gas.

Regional and field geology

Host rock to the Skaget Breccia is the Froya Granite, a large, homogeneous
pluton of granitic to granodioritic composition. It covers the northern part of
Froya and the adjoining archipelago, including the Sula islands (Fig. 2). The
granite is intrusive into migmatites and gneisses of the Northwestern Gneiss
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Fig. I. Location map of west-central Norway. 8: Skaget; F: Froya; V' Olivine nephelinite plugs;
crosses: known zeolite occurrences. K- Kostansund; T: Trondheim; A: Alesund. [sobaths in
fathoms,

complex of the Norwegian Caledonides (Strand 1960, Oftedahl 1981). In
places, the gneisses contain small bodies of partly silicified marble (Reusch
1914). A provisional, model Rb.-Sr dating gave a Caledonian minimum age
for the Froya Granite (B. Sundvoll, pers. comm.).

The Skaget Breccia occurs well inside the pluton, about four kilometres
from the nearest, steeply dipping contact between the Froya Granite and the
gneisses adjoining it to the south, It consists of fragments and matrix of
comminuted host-rock material and secondary hydrothermal minerals;
predominantly quartz, minor epidote, and small amounts of Ca-zeolites,
montmorillonite and calcite.

There are two, texturally different types of breccia (Fig. 3): a dark,
unsorted, granite breccia (Fig. 4) and a light silicic microbreccia (Fig. 5a, b),
The latter forms a dyke-like sheet along part of the boundary between the
main, granite breccia and the host granite (Fig. 3). Its emplacement post-
dated that of the local granite breccia, because it cross-cuts a small portion of
the main breccia body. On the other hand, quite similar microbreccia occurs
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Fig. 2: Bedrock geology of Froya, Redrawn after Askvik (19790 5: Skaget.

as fragments in the granite breccia near the boundary between the two
breccia types. The microbreccia sheet is sharply delimited, up to 12 m thick,
and dips about 35° ESE. This orientation parallels that of a joint system in the
bordering granite. The limited exposure of the granite breccia precludes an
assessment of the overall shape and extent of this variety.

Petrography and mineralogy

The Skaget Breccia and ist surroundings may be described in terms of three
main rock types: 1) the host granite; 2) the granite breccia; and 3) the micro-
breccia.

1) The Froya Granite is a massive, medium to coarse-grained, red, biotite
granite to granodiorite. In places it is semi-porphyric, with up to several centi-
metres long, stubby megacrysts of brick red microcline. The megacrysts may
locally have a crudely defined parallel orientation. Sparse and scattered, dark,
thin, long, biotite schlieren have the same orientation as the feldspar mega-
crysts, and are probably strongly flattened and partly digested xenoliths,
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Fig. 3. Geological sketch map of Skaget,

Some granite pegmatite dykes have up to 10 cm long, red, euhedral K-
feldspar crystals, much quartz, and subordinate plagioclase. Pegmatites with
smaller grain sizes form narrow, straight and parallel-walled dykes, a few
centimetres wide and up to some tens of metres in length. The granite has a
variably developed parallel jointing, with joints spaced from a few decimetres
to a couple of metres apart. They appear to be oriented more or less perpendi-
cular to the indistinet foliation, defined by parallel oriented feldspar mega-
crysts and biotite schlieren.

Along its external border, against the gneiss complex to the south, the
Froya pluton is associated with a zone of migmatite. There, more or less irre-
gular dykes and veins of massive red granite, muscovite-bearing aplite, and
pegmatite invade the older gneisses.
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Fig. 4. Granite breceia, Skaget. Subangular to rounded granite fragments in unsorted matrix,
Coin is 2.5 cm across,

The texture of the typical Fraya Granite is hypautomorphic-granular
(Johannsen 1939); with subhedral to anhedral, predominantly unstrained
microcline and albite-oligoclase crystals, unoriented flakes of biotite, and
intersertal, granular aggregates of fine- to medium-grained, anhedral,
strained quartz. Sphene is the predominant accessory mineral, but apatite is
also very common. In addition, there are scattered grains of zircon
and allanite. The plagioclase may be slightly sericitized, but has apparently
not been epidotized in the typical Froya Granite. Biotite may show incipient
chloritization.

In the nearest several metres to the breccia boundary, the Froya Granite is
strained, fractured and hydrothermally altered. The characteristic deforma-
tion features are: strain effects in plagioclase, like undulatory extinction and
bent or kinked twin lamellae; and small-scale fracturing and veining by
microbreccia and quartz, as well as by laumontite. The effects of hydro-
thermal alteration are: complete chloritization of biotite, minor adularization
as well as partial epidotization of plagioclase, and local dissolution of prima-
ry, strained quartz and subsequent deposition within the same space of
unstrained, subhedral quartz grains.

In many cases chlorite flakes bordering on plagioclase are accompanied by
a K-feldspar rim in the latter, in such a way that the two secondary minerals
together form a composite pseudomorph after biotite (Fig. 5 ¢). From the
restricted scale of this type of plagioclase alteration, and from the apparent
non-participation of the primary K-feldspar of the granite in these secondary
reactions, it may be inferred that potassium for the secondary K-feldspar in
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Fig. 5{a): Border between host granite (below) and micro breecia: 1, microfractured granite; 2,

quartz-free rim, consisting of highly strained feldspar {<f, Fig. 5 d}, and with microbreccia-filled

embayments (arrows); 3, younger quartz vein (cf., Fig 3 e); 4 and 5 are two generations of

microbreccia; crack () is sampling artifact, Polished slab. Bar scale in em,

(b} Microbreccia with train of rock erystal fragments, Polished slab. Bar scale in cm.

{c} Adularia {(medium grey) and chlorite (dark) pseudomorph after biotite in plagioclase
(light}. Frova granite. Planepolarised light. Bar scale = (1.3 mm,

(d} Severely strained plagioclase and microcline in feldspathic rim in granite bordering against
microbreceia (cf., F'Er Aa). Crossed nicols. Bar scale = (L5 mm.

(e} Quarts-filled fracture in granite (cf, Fig. 5a). Note euhedral outlines of some quartz grains,
and elder microbreccia-filled fractures (arrows). Crossed nicols, Bar scale = (L5 mm.

() Laumontite veins (light] in granite offsel by vounger microbreccia-filled fractures {arrows).
Polished slab, Scale in cm.
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plagioclase was derived mainly from the breakdown of local biotite, in
general accordance with the process proposed by Chayes (1955). Most K-
feldspar patches in plagioclase are turbid; they have very low birefringence
and small but indeterminate, apparently variable 2V, indicating adularia;
and thus pointing to hydrothermal alteration of the affected plagioclase.
Epidote in plagioclase consists mostly of fairly large grains, frequently only
one large epidote grain per plagioclase host grain, rather unlike the fine-
grained products of typical saussuritization.

The strain effects in plagioclase and quartz give evidence of ductile defor-
mation of these minerals. Microcline appears to be unaffected by this, except
at the immediate contact with the microbreccia (Figs. 5a, d). There, a feld-
spathic rim, about 5 mm thick, shows evidence of intensive ductile as well as
brittle strain. This, together with intensive micro-fracturing, indicates that
the deformation behaviour of the granite in the contact zone was near the
brittle-ductile transition field. The thin rim with highly strained feldspar
appears to have lost its primary quartz content by dissolution. It is embayed
by microbreccia-filled solution pits and cracks (Fig. 5 a), and invaded by
younger, unstrained veins of hydrothermal quartz (Figs 5 a, e).

Four types of microfracture occur in the altered granite and in larger frag-
ments in the breccia: a) healed fractures (Batzle & Simmons 1976), where
fractured mineral grains have recrystallized across the fracture; b) sealed frac-
tures (ibid.), where new mineral grains have crystallized within the fracture
(Figs 5 e, f}; ¢ filled fractures, where minute fragments, forming a micro-
breccia, occupy the fracture space (Fig. 6 a); and d) closed fractures, where
little or no material intervenes between the fracture walls; these are in imme-
diate contact, and only small offsets along the crack or, for instance, a thin
coating of iron oxide delineate the fracture. Any particular fracture may
change type one or several times along its extent. The fracture-sealing
mineral is predominantly quartz (Fig. 5 e), often with small amounts of
epidote, but laumontite veins have also been identified (Fig. 5 f). Some
laumontite veins are cut by thin, microbreccia-filled fractures (Fig. 5 f).
Calcite is a very subordinate vein mineral.

2) The granite breceia forms the major part of the Skaget occurrence. It consists
of more or less rounded, unsorted, granite clasts and mineral fragments, inter-
spersed with scattered fragments of light-coloured microbreccia and vein
quartz; all set in a fine-grained to dense, greyish brown to green groundmass.
The granite clasts are mostly less than 10 em, but may reach 50 cm in size.
Clasts of microbreccia are mostly less than 2 cm across.

In a few places, the granite breccia has irregular, locally anastomosing,
steep, tubular or podiform cavities, up to 2 cm in diameter and possibly up to
several tens of centimetres long. They are either empty, or filled with pasty,
white, pure montmorillonite. Some are lined with a thin layer of zeolite or
quartz and calcite.

The border between granite breccia and host granite is diffuse and irre-
gular: there is a gradational transition over one to several metres from large

B
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blocks of granite in situ, partially surrounded by thin veins of granite breccia,
to matrix-supported breccia with rounded, smaller fragments. The boundary
between the granite breccia and the microbreccia, on the other hand, is a well-
defined, sharp, straight to smoothly undulating contact.

The fragments in the granite breccia vary in size from around 10 em down
to about 10 pm. The matrix is composed essentially of fine-grained to dust-
sized, fragmented rock material (Fig. 6 b). Fragments of quartz and feldspar
may show internal, pre-brecciation strain phenomena; whereas primary
quartz from the granite is strained and polygonized, hydrothermal vein
quartz fragments are nearly always unstrained. Flakes of chlorite may show
externally induced deformation from being pinched between other mineral
fragments or between the walls of closed fractures. The breccia matrix is
cemented by secondary quartz and smaller amounts of epidote-clinozoisite;
the grain size of the latter is only about 5 pm., In addition, very small but irre-
gularly distributed amounts of zeolite minerals form thin veins and replace-
ment textures. Zeolites partially replacing quartz and other minerals (Fig. 6 ¢}
have been tentatively identified under the microscope as ?stilbite; and vein-
forming laumontite was identified by X-ray diffraction methods, as was the
montmorillonite mentioned above. Calcite occurs in trace amounts.

The bulk chemical composition of the granite breccia is very similar to that
of the host granite (Table 1), the most notable difference being a higher
content of Na,O and slightly lower Ca0) and 5i0),.

3) The microbreccia has well-defined and sharp boundaries against both the
granite breccia and the granite. It sends a few small, thin veinlets into the
latter. The rock is fine-grained to dense, and breaks with a rough, irregular to
flinty fracture. It is light grey with varying shades of pale green, caused by
finely dispersed epidote. Some microbreccia varieties have small, reddish
stains of hematite. Thin, irregular quartz veins occur locally.

The microbreccia commonly contains small {less than 2 cm), more or less
rounded fragments of similar but older microbreccia. Nearly all these frag-
ments are transected by older quartz veins, clearly predating the latest frag-
mentation. Scattered, discrete quartz vein fragments are also macroscopi-
cally visible. In a few places, small concentrations of fragmented, euhedral
low-quartz crystals are embedded as clasts in the microbreccia (Fig. 5 b).

Under the microscope, the microbreccia is seen to consist of a fine-
grained, varied mixture of mineral fragments, mostly between 0.01 and 0.50
mm in size (Fig. 6 d). The fragments are mainly of feldspar and quartz, with
trace amounts of chlorite. The feldspar and quartz fragments derived from
granite may show severe, intemal, pre-brecciation strain. The near-ubiqui-
tous fragments of older, quartz-veined microbreccia are commonly richer in
secondary epidote than the younger, surrounding microbreccia matrix. In
other cases, however, the matrix of these older fragments of microbreccia is so
similar to the younger host matrix that such fragments can be identified only
by their old quarts veins, abutting against the fragment borders (Fig. 6 e).
Even though the breccia matrices in these instances are almost identical, this
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Fraya Granite Geranite breceia Microbreceia

wi s wt % wi '
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Il 0.8 (4 (12
Ap 0.2 0.4 _
Cc 0 0.4 il
H, (3 0.7 1Ay (.2
Tutal EO0.1 1622 99,7

Analyst: Per-Reidar Grall,

mode of occurrence of vein quartz proves that the microbreccia fragments
did not form by agglomeration in the present host matrix, but represent one
or more, separate, older microbreccia generations. Some microbreccia frag-
ments carry even older, rounded, fragments of microbreccia (Fig. 6 {}; thus,
there are at least three generations of microbreccia.

The secondary minerals in the microbreccia are quartz and minute (about
5 pm) grains of epidote; in addition there are trace amounts of calcite. Unlike
the granite breccia, the microbreccia does not appear to have been subject to
zeolite and montmorillonite deposition.

Chemically, the microbreccia is highly siliceous, and is enriched in calcium
relative to alkalies and alumina, as compared with both the Froya Granite
and the granite breccia (Table 1). The microbreccia is diopside and wollasto-
nite normative, whereas the two other lithologies are hypersthene and slight-
ly corundum normative.
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Fig. tifa): Epidotized microbreccia-filled fractures in granite. Plane polarised light.
Bar scale = 0.5 mm.

(b) Granite breccia matrix; unsorted rock and mineral fragments. Plane polarised light.

Bar scale = (1.5 mm.

ic} Zeolitized fragment in granite breccia. ?Stilbite, replacing calcite (K, has grown more or
less perpendicularly inward from the rim of the fragment. Crossed nicols,
Bar scale = (.5 mm.

{d) Microbreccia with fragments of vein quartz. Crossed nicols. Bar scale = 0.5 mm,

e} Quartz-veined microbreccia fragment in younger, similar microbreccia. Plane polarised
light. Bar scale = 1 mm.

(f} Microbreccia fragment with older microbreccia fragments in microbreccia. The older frag-
ments {dark) are more epidote-rich than younger matrix. Plane polarised light.
Bar scale = (L5 mm
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Discussion

States of stress in the Earth's crust producing localized brittle fragmentation
of rocks can arise from a variety of geological causes, such as: igneous intru-
sion and extrusion, tectonic activity, meteorite impact, and the release of
thermal and potential energy from subsurface fluids.

The following points are considered important for an understanding of the
formation of the Skaget Breccia. Brecciation by magmatic processes can be
dismissed because no igneous material is present in or associated with the
breccia; except the host granite, which clearly had crystallized completely
prior to the breccia formation. Tectonic fragmentation appears unlikely
because of the irregular and gradational boundary between the host granite
and the granite breccia, and also because of the virtual lack of strain effects in
fragments of vein quartz and other secondary minerals even in the most
intensively comminuted fractions. Impact brecciation can be excluded as a
mechanism because of the recurrence of brecciation events, separated by
episodes of mineral deposition and veining; besides, no evidence of shock
phenomena indicative of impact have been found.

On the other hand, brecciation of the granite by volatile fluid overpressure
with subsequent gas streaming and fragment comminution appears to be
consistent with all the known facts about the Skaget Breccia, The following
discussion presents a short examination of this interpretation.

By combining the observations presented above, it is possible to identify
some of the effects and properties of the fluid medium:

1) Initially, the fluid exerted a pressure sufficient to break up the Froya
Granite, probably by hydraulic fracturing (Fyfe et al. 1978), and to cause
incipient ductile deformation of feldspar as well as dissolution of quartz in the
wall-rock margin.

2) Through sudden pressure release, probably by explosive venting to the
surface, the fluid thereupon expanded greatly and formed a fluidizing gas,
which enabled inter-particle collisions among the granite fragments to
abrade and comminute the material during vigourous, bubbling fluidization.

3) By entrainment and elutriation of the smallest particles, the streaming
gas separated a fraction of fines from the main and unsorted part of the flui-

dized system to form the microbreccia in a marginal portion of the system
(Woolsey et al. 1975).

4) When the fluidized material had settled after the eventual escape of the
gas a hydrothermal, liquid solution following in its wake rapidly deposited
minute grains of epidote/clinozoisite and, much more slowly, large amounts
of quartz - some of it as euhedral, inclusion-free crystals. These have obvious-
ly grown in open vugs, cavities and fractures in the breccia. Subsequently,
Ca-zeolites were formed along veins and fractures; some of them probably by
reaction between the solution and unstable minerals (quartz, calcite), and
montmorillonite was deposited in small cavities, which were formed as fluidi-
zation bubbles (Reynolds 1954).

The material deposited from solution was probably derived, at least in
part, from quartz and plagioclase (anorthite) in the fragmented granite.
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5) This sequence of events: fracturing, break-through to the surface, gas
fluidization and hydrothermal mineral deposition was repeated at least twice
(Fig. 6 f}, in the same order and with apparantly identical effects.

fi) The temperature was probably never very high, since microbreccia-
filled tractures cross-cutting and offsetting veins with unaltered laumontite in
the granite and in breccia fragments indicate that the upper stability tempe-
rature of this zeolite (ab. 220 °C; Liou 1971, Bird & Helgeson 1981) was not
overstepped during the fracturing and fluidization events. This is well below
the critical temperature for pure water (374 °C). At a temperature of, say, 200
°C the vapour pressure of pure water is only 15.5 bars (Fyfe et al. 1978). This
would probably be insufficient to break through the granitic overburden at a
depth where the rock did not already contain shallow joints more or less open
to the surface.

The most probable fracturing and gas fluidization medium at such made-
rate temperatures is, therefore, considered to have been a fluid composed of
carbon dioxide and water, and separated into a H,O-rich, liquid phase and a
COy-rich, incondensible fluid phase (Takenouchi & Kennedy 1964). Such
mixtures have thermal expansivities, compressibilities and specific heats
much higher than those of pure water (Schubert & Straus 1981), and would
expand much more than water under the same conditions. The fluidizing
agent would then consist of the CO,-rich gas phase.

Chemically, the CO, content of the initial fluid mixture would induce a
relatively high solubility for anorthite as compared to albite and K-feldspar
(Thompson 1974.) This is consistent with the deposition of Ca minerals
upon loss of CO,, whereas there is no mineralogical evidence that the alkali
feldspars have been affected by the fluid. While calcium ion activities could
be lowered due to complexing with carbonate species in solution (Wigley &
Plummer 1976, Blatt et al. 1980, Anderson 1981); alkali feldspar solubilities,
on the other hand, could be reduced by the common-species effect if the fluid
were at or close to silica saturation (Fyfe et al. 1978). The sudden escape of
CO; during fluidization would lead to rapid deposition of epidote/clinozoi-
site and probably calcite, which would redissolve during falling temperatures
as a consequence of its retrograde solubility (Fyfe et al. 1978). Calcium
zeolites may in part have formed at the expense of calcite.

The many complexities in this system, such as disequilibrium conditions,
alternation between open and closed-system behaviour, and spatial varia-
tions in the relative importance of fluid flow versus diffusion transport,
discourage further detailed discussions based on the available mineralogical
and chemical data for the Skaget Breccia.

With only moderate temperatures prevailing in and near the system
during brecciation activity, there is no evidence that the fluid was significant-
ly heated in or by the host rock. On the contrary, the onset of incipient ductili-
ty of the granite material at the very contact may indicate that the rock
margin was heated by the fluid (Paterson 1978, Handin & Carter 1979).

Therefore, in situ thermal expansion does not seem to afford a viable expla-
nation for the dynamics of hydraulic fracturing, explosion and fluidization in
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the present case. This would also seem to disqualify circulating groundwater
as an immediate source for the fluids; such waters provide only hydrostatic
pressures (Henley & McNabb 1978). The fluids must have come from deeper
levels.

A deep-lying fluid and energy source within the granite pluton itself would
entail the involvement in the brecciation events of a magmatic fluid (Henley
& McNabb 1978), equilibrated at high temperatures with crystallizing or hot
crystalline granite in the interior of the pluton, below a thick, cool granite
shell, and perhaps driven out and upward by retrograde boiling (ibid.).
However, the chemical effects of the fluid on the brecciated granite do not
appear to be compatible with the expected composition of a ‘granitic’
magmatic fluid (Burmham 1967, Ellis & Mahon 1967, Hibbard 1980). On the
other hand, the magmatic fluids could have had an unusual composition;
perhaps in part resulting from decomposition of marble inclusions derived
from the older gneisses. This is considered less likely, however, because the
Froya Granite appears to be notably free from inclusions of the adjacent
gneisses. Moreover, during the late crystallization history of the accessible
parts of the Froya Granite pegmatitic melts, in all probability saturated with
volatiles, were retained within the pluton or its migmatitic aureole even at
the stage where the solidified granite could sustain large-scale fracturing.
This indicates that the Froya Granite was not emplaced at shallow levels in
the crust, where late to post-magmatic fluids would tend to actively force
their way upwards. Although there are a number of similarities between the
Skaget Breccia and syn-plutonic breccias in granitoid and other igneous
rocks, for instance in the British Caledonides (Brindley et al. 1976) and in and
near Variscan granites (Goode & Taylor 1980), these plutons seem to have
intruded at higher crustal levels than did the Froya Granite; and thus to have
been able to interact, as hot rocks, with water of meteoric origin, The same
appears to be the case with breccias associated with intrusive stocks of
porphyry copper systems (Phillips 1973, Henley & McNabb 1978). Dia-
tremes and breccia pipes in appinitic plutonic rocks in the Caledonides in
Scotland and Ireland differ from the Skaget Breccia in being intimately asso-
ciated with magmatic products and clearly connected with intrusive pro-
cesses (e.g. Pitcher & Berger 1972). They are considered to have been pro-
duced by volatile escape from water-rich, mantle-derived magma (Wright &
Bowes 1979),

The brecciating fluid at Skaget and its energy content may possibly have
been independent of and, by implication, younger than the hosting, Freya
Granite.

One alternative derivation for the fluid could have been prograde, devola-
tilizing metamorphism at deep levels in the crust of metasedimentary rocks
associated with deep thrusting. Such a proposition is without supporting
evidence at the present time.

A possible mantle origin for the Skaget fluids is an interesting alternative
in view of the present, widely held opinion that carbon dioxide is widespread
and common in the mantle (e.g., Eggler 1975, Mysen & Boettcher 1975, a, b,
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Wyllie 1978, Barnes & McCoy 1979, Wendlandt & Harrison 1979, Newton
et al. 1980). Newton et al. (1980) consider that such fluids can enter the over-
lying erust, and scavenge water from crustal rocks on their way upwards. For
carbon dioxide to penetrate into the crust from below would probably
require anomalously high temperatures. Appropriate conditions would be
expected to occur in the thermal regime of a hot spot or mantle plume.
The heat energy and intrinsic buoyancy of such fluids could probably not
alone provide a mechanism for their upwards penetration from the mantle to
shallow crustal levels. Under certain conditions, however, release of potential
energy could possibly bring this about, as shown theoretically by Secor &
Pollard (1975), who applied their model specifically to water at high crustal
levels, In this model, the fluid acts as a pressure medium, conveying high
static pressures upwards from deeper levels (Fig. 7). In the situation depicted
in Fig. 7, a horizontal least-principal rock stress has a vertical gradient (dSx/
dZ) which is moderately higher than the vertical pressure gradient in the fluid
(dPf/ dZ). The fluid holds open a long vertical hydraulic fracture by means of
the enhanced pressure induced on it by the rock stress at the lower closure of
the fracture. If the fluid pressure at the top of the fracture exceeds the sum of
the local least principal stress and the tensile strenght of the rock, the crack
may propagate upwards by hydraulic fracturing; the lower end of the fracture
would close, in step with the upward advance. Thus, the length of the fracture
will remain constant as long as the fluid ascends under unchanged conditions,
assuming that the fluid is incompressible and that the process occurs under

P, Sh
P;-S,-T 5 0: Hydraulic
fracturing
R
Fluid P-S,>0: Open
fracture

Pi-S,<0: Closed
fracture

Fig. 7. Depth () vs stress (P.5) diagram showing idealized, plane-strain conditions for upward
propagation of vertical, Muid-filled, hydraulic fracture. Adapted from Secor & Pollard {1975).
Pr: fluid pressure; S horizontal, least principal stress; T: Tensile strength of rock.
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plane-strain conditions (Secor & Pollard 1975). For the present application,
these last assumptions make a rather crude approximation. Energy dissipa-
tion associated with the work of fracture, etc, would probably halt further
ascent of an isolated batch of fluid such as this after a finite distance.
However, since the length of the stable, open fracture is determined by the
local stress and pressure variables and gradients, it should be entirely possible
for new batches of fluid to follow in the hydro-fractured wake of the first, an to
overtake it. The merging of sequential, open fractures and their contained
fluids would probably add renewed impetus to hydraulic fracturing, and so
continue a stepwise or pulsed ascent of the fluid. A possible consequence of
this latter mechanism could be cyclic brecciation with intervening quiet
periods, similar to the processes inferred for the Skaget Breccia, where self-
sealing (Keith et al. 1978) by quartz deposition would probably result from
hydrothermal activity following each explosive outburst of brecciation and
fluidization triggered by the arrival of new pulses of mantle fluid.

High-pressure melting experiments with synthetic and natural mantle
material have indicated that melts yielding, for instance, lamite-normative
olivine nephelinite can form under realistic conditions from mantle material
only in systems with carbon dioxide and water (Mysen & Boettcher 1975 a, b,
Eggler & Holloway 1977, Burnham 1979). It is therefore particularly perti-
nent to the present discussion about possible deep sources for carbon dioxide
that plugs of lamite-normative olivine nephelinite, dated at about 56 Ma,
occur on the continental shelf only about 120 km from Skaget (Fig. |; Bugge
et al. 1980). In this context it is also of interest to note that this part of the
coast has been recorded by previous authors as a region of widespread zeolite
mineralization on joints and fractures in basement gneisses and other rocks
(Fig. 1; Seether 1950, Strand 1952, Fediuk & Siedlecki 1977). Based on other
considerations, a mantle-plume generated uplift has been tentatively pro-
posed for this region (Torske 1975).

Conclusions

Based on the foregoing discussion on the Skaget Breccia and on the occur-
rence of young(?) zeclite mineralization as well as Tertiary volcanic activity,
it is suggested that the coastal and offshore Nordmere region may constitute
a palaeo-geothermal province. This could conceivably have a bearing on the
hydrocarbon potential in this part of the continental shelf in terms of palaeo-
geotherms and permeability effects of mineralizations.

A critical topic in the assessment of the possible genetic affiliations of the
Skaget Breccia would be its mineralization age. This is unknown at the
present time,
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Classification of Uranium Mineralization
in Norway

INGVAR LINDAHL

Lindahl, 1. 1983: Classification of uranium mineralization in Norway. Norges (real.
Linders, 380, 125-142,

NG U has carried oul exploration for uranium on a small but varying scale since the
second World War, An attempt is made to classily types of uranium mineralization
oecurring in Norway, following a system based on genetic types. Although difficul-
ties are encountered in applying the classification, it has proved possible Lo calegor
tze many of the oceurrences in this way. Information on some occurrences is limited,
and future revisions muost be expected. The uranium mineralizations described are
from all parts of the couniry, and range from Proterozoic to Lower Paleozoic in age.
The most prominent and promising occurrences are largely of sedimentary,
intrusive, metamorphic and supergene origin, the most promising of which are found
in the region of northern Nordland. As yet no uranium deposits of importance have
been found, based on prevailing metal prices, but insulficient work has been done on
& number of known cccurrences and the potential for the existence of economic
deposits in Norway has been assessed as good,

I Lindadl, Geological Survey of Norway, P.0. Box 3006, N-7007 Trendheim, Nonway.

Introduction

Early in the last century geologists and mineralogists became interested in
the pegmatites in the Precambrian shield of southern Norway because of
their many rare minerals, often developed as large idiomorphic crystals.
Several new minerals were identified and described from these deposits,
some of them containing uranium and thorium. Minerals with uranium and
thorium as main constituents were also recognized. Quartz and feldspar were
produced from small quarries in the pegmatites. Uranium was a by-product
at a few of them and used mostly as a glass-colouring agent.

After the World War 11, previously known occurrences of uranium-
bearing minerals in southern Norway were reexamined. Drilling
programmes were conducted on the Einerkilen and Vats pegmatites in Tele-
mark and Rogaland, and on the alum shale in the Oslo region {Rosenquist
1948). The Norwegian Defence Research Establishment (FFI), the Joint
Establishment for Nuclear Energy Research (IFA), and the Geological
Survey of Norway (NGU) were involved in this work. This intensive pros-
pecting campaign culminated in 1951 when IFA contracted for supply of
uranium to their experimental reactor (Sverdrup et al. 1967).

In the 195(s there was a boom for uranium among amateur prospectors. A
minor programme was initiated at NG in 1954 (Sverdrup et al. 1967), and
systematic work was done throughout the country. The activity slowed down
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towards the end of the 195()'s, and by the end of the 1960’s prospecting activi-
ty was very limited. An attempt to evaluate the possible and speculative
resources of uranium in Norway was made in 1975 (NOU 18:1972). The
potential for economic uranium mineralization in Norway was regarded as
small. However, NGU pointed out in comments to this publication that the
conclusions had been based on very limited background information.

The present uranium exploration programme at NGU commenced in
1975. Geological reasoning indicated the possibility of finding resources of
uranium to be good. Since 1975 a small prospecting effort has been in
progress. In addition, NGU has evaluated specific occurrences on behalf of
the USB programme (Investigation of state owned mining claims).

One of the aims of the Ore Section at NGU is to give an estimate of avail-
able resources of metallic elements in Norway, among them uranium and
thorium. No mining company or other institution has prospected for
uranium, and therefore most of the information on uranium and thorium in
Norway has been collected by, and is recorded at, the Survey. There has been
close contact between Norway and the UN-body IAEA (International
Atomic Energy Agency), the IEA (international Energy Agency), and the
OECD/NEA (Nuclear Energy Agency). The problems with uranium supply
in the 1970’s resulted in the creation of [IUREP (International Uranium
Resources Evaluation Project).

The IUREP-report from the ‘orientation phase’ was completed in 1978, a
report signed by a joint steering group on uranium resources from OECD/
NEA and IAEA. Countries with different potentials for uranium deposits
were grouped; Norway was assigned to the group *Countries with good
potential where exploration is to be encouraged’. The IUREF programme
offered expert missions to countries falling in this classification. Norway
welcomed experts financed by the IUREP-programme, who visited the
Survey early in 1980 and participated in a two week field trip in the summer
of 1980. The IUREP-mission resulted in a report by the three experts, M.
Cuney from CREGU (Centre de Recherches sur la Géologie de I'Uranium),
France, D. M. Taylor, secretary to OECD/NEA, and M. Wilson, head of the
uranium prospecting group at SGU (Geological Survey of Sweden), Sweden
(Cuney et al. 1981).

The purpose of this paper is to classify the types of uranium mineraliza-
tions in Norway according to one of the proposed international systems
(Dahlkamp 1978).

Geological Models

The most important factors in selecting initial targets for uranium prospec-
ting in Norway have been geological environments and age of formation of
the unit. These have been compared with the milieu and age of known
uranium deposits on a global scale. Uranium mineralizations in neighbou-
ring countries, especially Sweden, were particularly considered. The philo-
sophy of this programme was presented by Lindahl & Heier (1977).
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One possible position for uranium is along unconformities and major
tectonic discontinuities, either in the weathered zone just beneath the pene-
plain, or in the basal parts of the overlying sediments in the case of unconfor-
mities. Examples of this type of deposit on a global scale include quartz
pebble conglomerates and uranium in basal sandstones and more fine-
grained sediments. Certain geological discontinuites in Norway could be
favourable. One is on the Baltic Shield in Finnmark between the dome of
supposed: Archaean age (between Kautokeino and Karasjok), and the over-
lying Proterozoic rocks. Conglomerates, but not of the quartz pebble type,
have been found on the northern margin by Skalvoll (1971). The border of
the basal sequence around this dome lies in terrain heavily covered by till,
and possibility for uranium concentrations along the zone cannot be
excluded. Other domes in Finnmark of possible Archaean age could have
similar potential. The Lofoten-Vesterilen province contains important
geological discontinuities (Tveten 1978), but the rock units in this region
have very low radio-element content.

Another major age discontinuity is at the boundary between Precambrian
basement of varying ages and overlying late Precambrian and Cambrian
rocks along or east of the Caledonian front. In some places nappes directly
overlie the contact, but in most cases thin sequences of autochthonous sedi-
ments are found. A number of uranium anomalies, mineralizations and depo-
sits are located in a relatively narrow zone along this discontinuity, both in
the basement and in the sediments above. Deposits of this type have been
described by several authors (Gee 1972, IAEA symposium in Athens 1974,
Barbier 1974, Lindahl & Heier 1977, Cuney et al. 1981).

Uranium in its oxidized state is one of the most mobile of elements, and is
concentrated under favourable geochemical conditions during peneplana-
tiom, either in the sediments above or in the basement (Barbier 1974). Other
locations for concentration may be along tectonic zones, thrust planes, nappe
structures, breccias and geotectonic lineaments, The potential should be
even better where two or more of these favourable conditions coincide
(Lindahl & Heier 1977). However, a favourable geological structure for depo-
sition of uranium is not sufficient alone; a uranium source is needed to form a
deposit. It is therefore more likely that basement with high uranium concen-
tration would produce deposits in younger overlying rocks than basement
with low uranium contents, The same suggestions have been put forward for
the lead deposits along the Caledonian front (Bjerlykke 1977).

The investigations have included follow-up studies in previously recog-
nized anomalous areas and provinces. Killeen & Heier (1975) described a
belt from Bahus-Iddefjord to Fli containing granites with anomalously high
radio-element contents. In the uranium programme a study was made of the
Fli granite area, with special interest paid to the overlying rocks of Late
Precambrian and Cambro-Silurian age.

The study of several regions with intrusive granites and granitoids showed
that the basement granitoids (1,700-1,800 m.a.) in the region from Rana to
north of Rombak in Nordland are anomalously high in uranium and




198 INGVAR LINDAHL

thorium. This may be an extension of the uranium province in northern
Sweden described by Adamek & Wilson (1979). Further, we have examined
areas with Devonian and younger sediments on the western coast of Norway
between Sognefjorden and Nordfjorden, on Orlandet and on Andeya (Fig. 1).
A parallel has been drawn with the uranium mineralization in the Old Red
Sandstone in Scotland, including the Orkneys (Gallagher et al. 1971, Michie
1972). So far the results have been negative.
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Types of Mineralization

Several authors have made an attempt at classification of uranium deposits.
Dahlkamp (1978) proposed a relatively extensive but uncomplicated classifi-
cation table based on genetic types which are not time related. It embraces
the following groups:

1) Sedimentary — Deposits in conglomerates. Potentials in black shale and
phosphatic sediments.

2) Effusive — Mineralizations in acidic volcanics.

3) Intrusive - Deposits in alaskites and acid intrusives including related
hydrothermal phases (veins).

4) Contact metasomatic - Deposits in calc-silicate rocks.

5) Metamorphic - Remobilized deposits in phyllite, schist, etc. (veins).

fi} Supergene - Deposits in sandstone {rolls), calcrete ete.

It is difficult to classify many Norwegian occurrences, partly because insuffi-
cient work has yet been done. The classification system of Dahlkamp (1978)
does not seem Lo be fully applicable, nor does the classical system (Cuney et
al. 1982). In the following, some selected occurrences and areas of uranium
potential are concidered in the light of the Dahlkamp classification.

SEIMMENTARY DEPOSITS

Dahlkamp’s (1978) classification includes in this group detrial weathering
products more than 2,200 m.a. in age. We have as yet found no example of
this type of deposit. However, the younger alum shales, of varying
metamorphic grade, contain uranium, Two occurrences of this type will be
described briefly. Pelitic and psammitic sediments may host uranium
mineralization, but no examples are known, neither in the late Precambrian
arkosic sediments along the Caledonian front nor in the Devonian sandstones
in western Norway.

Black shale and graphitic schist of various, in some cases uncertain, age
occur in or along the Caledonian mountain belt. These rocks show wide
ranges of uranium and other trace element content. The only graphite
deposit in operation, at Skaland in Troms county, is low in uranium as are
other smaller depasits in the same region, all of presumed Precambrian age.

Rendalsvik in Nordland county is another coarse-grained, high-meta-
morphic graphite deposit in strongly tectonized and partly granitized terrain.
The graphite schist is thought to be of Cambro-Silurian age (Skjeseth &
Serensen 1958). The Rendalsvik graphite schist is a mica schist with up to
10" graphite and 8% ore minerals (Sverdrup et al. 1967). Uraninite was iden-
tified as occurring in well defined crystals. In the heavy mineral fraction
obtained from systematic resampling uraninite could not be identified, but
the presence of the minerals rutile, sphene, apatite, sphalerite, uvarovite,
clinozoisite, and tourmaline was determined by X-ray (Gust & Thoresen
1981).

The resampling of the Rendalsvik graphite schist (75 profile samples)
gave an average of 45 ppm U (range 8—183 ppm) as analysed by gamma-

b
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spectrometer. A typical profile is shown in Fig. 2 with analytical results for the
samples and radiometric measurements in situ. Analytical results for other
elements are on average:
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Fig. 2: An example of a profile across the graphite schist in Rendalsvik, Nordland county,
showing the results of scintillometer registration (Knirps instrument} compared with U1/Th
analyses of samples from the same points.

Cu - 85 ppm (AAS), Zn - 105 ppm (AAS), Pb - 40 ppm (AAS), Mo - 85 ppm
(AAS), V - 450 ppm (XRF) (max. 0.3%). On the basis of drilling, geophysics
and geological interpretation the potential of crystalline graphite ore was
estimated to be 3 mill. tons. Assuming the tonnage to average 45 ppm
uranium, this amounts to a total of about 100 tons of uranium.

The Cambrian-Ordovician alum shales of the Caledonian front are
enriched in uranium. The unit cannot be followed continuously, but has been
registered in several places. The deposits in the Tésjo area in Sweden have
been described by Gee (1972). The alum shales near Qstersund have been
studied in recent years (Gee & Zachrisson 1974). Both these deposits are
phosphorus-bearing (Armands 1970). The alum shale in the Ostersund area
shows an average content of 150-200 ppm U, with subordinate layers of up
to 250 ppm. Typical for the shale is a high vanadium content, reaching 0.34%,
and molybdenum averaging 0.04-0.05%.

Remnants of alum shale units enriched in uranium have been registered
along parts of the borders around Precambrian windows in the Caledonian
mountain belt, e.g. the Olden window, the Tommeris window, the Nasafjell
window, and parts of the Rombak window. On the southern part of the Baltic
Shield the alum shales, of Upper Cambrian and Lower Ordovician age, are
less disturbed by tectonism and metamorphism. The alum shales originally
covered an extensive area, with remnants now in central Sweden and along
the margins of the Oslo region. The uranium content in the alum shales
depends on the availability of uranium and on conditions during sedimenta-
tion. The highest contents are found in the Ranstad deposit as described by
several authors (Edling 1974), with an average of 300 ppm U.

The alum shale in the Oslo region, 40-50 m thick and deposited during a
period of 40-50 mill. years, has been described by Rosenquist (1948),
Siggerud (1956) and Skjeseth (1958). The uranium content was found to be
50-100 ppm, with a maximum of 170 ppm in layers of up to 10 cm thick. The
highest values are found in the Peltura-Leptoplastus beds (stage 2c-2d) of
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Upper Cambrian age. Random samples taken during car-borne surveys,
however, gave higher uranium values, and reanalyses of old samples showed
the previous analyses to be too low,

Skarn deposits of zinc in the Elsjo and Kirkeby areas have been studied by
Olerud (1982). In the Elsjo area contact-metamorphosed Cambro-Ordovi-
cian sediments are surrounded by Permian intrusives. In the Kirkeby area
they rest on Precambrian gneisses, but border Permian intrusives on the west.
Fig. 3 shows Olerud’s map of the area. The zinc deposits occur in skarn-
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altered limestone lenses and layers at various levels in the sediments, but
special interest was paid to the uranium-rich Dictyonema to Olenid zones.
The alum shales in the Elsjo area are intensely folded along ENE-WSW
axes, and also thrusted (Olerud 1982). The total tectonic thickness of the
shales is locally more than 150 m, and thus more favourable than in many
other parts of the Oslo region. Limestone layers and lenses are also more
abundant. The zinc-bearing skarn was formed locally in limestone lenses
through metasomatism. There is no sign of remobilization of uranium in the
black shales. In 1978 three holes were drilled in the Elsjo area (Olsrud 1982).
The maximum uranium value in drill-core samples was 240 ppm, but the
average value of certain 10-20 m sections was 150 ppm U. The average
grades for other metallic elements are: 200 ppm Mo, 800 ppm V (max. 0.21),
150 ppm Ni and 150 ppm Co. A positive correlation is found between
uranium and molybdenum, and between vanadium and molybdenum.

EFFUSIVE DEPOSITS

No significant uranium mineralizations have so far been found in rocks which
can be definitely classified as effusive. It is, however, difficult to identify acid
volcanics in Precambrian basement areas, where the rock units have been
subjected to several episodes of tectonism and metamorphism.

An albite fels associated with greenstone in the western part of Finnmarks-
vidda is thought to be of acidic volcanic origin. Mathiesen (1970) identified a
local occurrence of a uranium-bearing mineral in this rock at Bidjovagge. In
the uranium exploration programme anomalies were found in boulders of a
similar rock near Biggeluobbal west of Masi. Bidjovagge was developed for
its deposits of copper and associated gold. There seems to exist a correlation
between the gold and higher than background values of uranium. In the
Biggeluobbal locality molybdenum is present.

The Duobblon uranium deposit in northern Sweden is located within
rhyolitic ignimbrites of Middle Precambrian age (between 1,725 and 1,785
m.a.) (Lindroos & Smellie 1979). In this area, clear primary structures can be
found confirming association with the effusive volcanic rocks. It is possible
that a grey, medium-grained, granitic gneiss with unusual chemistry, out-
cropping in the Hogtuva Precambrian window just west of Mo i Rana in
Norway could be an acidic volcanic rock. This rock has anomalously high
uranium contents. Acidic volcanics have been mapped in the Nasafjell
window in basement of the same age (M. Wilson pers. comm.). The Hogtuva
area has not yet been studied in detail, but work is in progress.

The Permian rocks of the Oslo region are thorium-enriched and constitute
a thorium province. At Saeterisen west of Holmestrand in Vestfold county, a
radiometric anomaly was found by airborne surveys in the 1960's. Later work
showed the anomaly to be related to two fine-grained trachytic lava flows
(Ihlen 1982) with average uranium contents of 40-50 ppm and thorium
contents of 400 ppm. In addition to thorium and uranium, approximately 1%
REE and 0.25% Nb are present.
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INTRUSIVE DEPOSITS

According to Dahlkamp (1978) deposits of this group are associated with
peralkaline syenites, carbonatites, alaskites, alkali granites, granites, pegma-
tites and hydrothermal veins derived from such intrusions. The most diffe-
rentiated intrusives, i.e. the youngest ones, are thought to be the best prospec-
ting targets,

The oldest granites in Norway that we know of as highly radicactive are
the granites and granitoids in the northern Nordland region from Mo i Rana
to the Rombak window, as well as some of the granitoids in the Olden
window. The age of this basement is 1,700-1,800 m.a. The granites are usu-
ally coarse-grained, but also medium-grained and porphyritic types are
found. In the Rombak and Tysfjord region fluorite is a common accessory
mineral. The windows in the Meloy-Gildeskal area have typically magnetite
erystals up to 5 mm across in the granitoids, and even 3-4 mm crystals of
uraninite are found. This province, showing high background values for
uranium and thorium, has been subjected to car-borne surveys, field work
and a large analytical programme. The northem part of the province shows
an approximately normal crustal U/Th ratio, but in the southernmost parts,
in the Rana region, the U/Th ratio is close to 1.

So far, no occurrence of economic significance has been discovered, but the
province contains large areas of granitoid rocks with 10-50 ppm LU
Hydrothermal activity and alteration has only been effective on a small scale,
and only limited mobilization of wranium has been recognized. Local
enrichments have been found in pegmatites, thin veins, and along the borders
of amphibolite bodies, Significant mineralizations are found within a zone
along the basement/cover contact, in foliated granitoids or gneisses of uncer-
tain origin, and occasionally in arkoses. The mineralizations are probably in
most cases of younger age, and could be derived from sources other than
intrusives. They should therefore be classified as sedimentary or meta-
morphic.

Leucogranites, often pegmatitic, including Orrefjell, intrude several
windows(?) of basement gneiss along a N-8, 15 km long trend in the
Salangen valley in Troms county. In one intrusion at Ohrrefjell a uranium
deposit was discovered in the 1960's and described by Sverdrup et al. (1967).
In this region the Caledonian nappes are thin and authochthonous basement
outcrops in some of the valleys (Gustavson 1974). Slices of basement rocks
are also included in the nappes. The Orrefjell basement could be such a slice;
it occurs on top of a hill approximately 300 m above the valley floor of
presumed autochthonous basement.

Fig. 4 presents a simplified geological map of the Orrefjell area by Rund-
berg and Rindstad (Rindstad 1982). The uranium mineralization occurs irre-
gulé.rl:.r over a length of 1.5 km along the western margin of the window(?),
with a thickness up to 20 m. The host rock is the leucogranite pegmatite, and
the contact with the Caledonian rocks dips at 45° towards the west. The host
rock consists of coarse-grained white microcline, albite and quartz, with small
but varying amounts of biotite, muscovite and chlorite. Locally in the mine-
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QUARTZITE E UraNIUM MINERALIZATION
[i*] PEGMATITIC GRAMITE 4 SURPOSED THRUST
[==] mMica scwist — FAULTS

MAPPED BY: Y. RUNDBERG AND B. 1 RINDSTAD

Fig. 4: Simplified geological map of the Crrefjell area; by B, 1. Rindstacd.

ralized zone, magnetite and iron sulphides occur (Rindstad 1982). Lenses and
bands of Precambrian intermediate gneiss and amphibolite are also found.
Evidence of propyllitic alteration in the amphibolite has been observed. In
the Caledonian mica schist several percent of iron sulphides occurs, and also
some graphite. The main uranium mineral seems to be uraninite, which can
occur in crystals up to 2-3 mm in size. So far, however, no mineralogical
study has been done. The secondary mineral uranotile was identified by
Thorkildsen (Sverdrup et al. 1967). Molybdenite is observed locally within
the mineralized zone.

The deposit was drilled during the years 1979-81, and split drill-core
from the pegmatite was analysed in lengths of 1-2 m. The results of a typical
section are given in Table 1. The mineralogy of the leucogranite pegmatite
corresponds to the definition of alaskite (Spurr 1900), and the analyses are
nearly identical to those of the alaskites in the Réssing uranium deposit in
Southwest Africa (Berning et al. 1976, M. Cuney pers. comm.).

Age determinations were made on the Orrefjell pegmatite by the Rb-Sr
method and on the uraninite from the mineralization by the U-Pb method.
The sampling and Rb-Sr determinations were made by A. Andresen. Urani-
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Table 1: Analyses of 1-2 m long samples of drill-core from Orrefjell. Analysed at NGU by XRF-

method (All values in wt. percent. LOI. = loss of ignition. — = less than).

Sample

nr.
Element 114 115 116 117 118 119 Average
Sil), 7523 73.30 Ta.62 75,04 77.50 7455 7349
ALO, 13.03 14.37 14.46 13.36 1295 1378 135
Fe, O, 0.13 0.23 0.27 0.23 027 (60 0.4
Tild, (103 01 0.0 003 .05 .04 0.03
Mgld —in01 =01 =01 =01 —0.01 =0 =01
Cal) .34 (.54 .83 .23 007 (.58 0.3
Na, O 270 3.10 A.60 240 3220 4.410) 3.2
k.0 717 742 fi.3R 9.17 64 473 1.5
M} =101 {0l =0 =001 =0 02 —0
PO (102 003 003 (.05 0.0 (.02 I
Lol 0.34 (.50 .61 021 0.38 0329 (.4

nite concentrates for U-Pb dating were separated at NGU and the iso-
tope determination was made at IGS (Institute of Geological Science) in
London by I. G. Swainbank. The data are in preparation for publication
(Andresen, Lindahl et al.). A Rb/Sr isochron age of 1,600 m.a. is indicated.
There is a large scatter around the isochron due presumably to the sericiti-
zation of the feldspar. The U-Pb dating gives an age of 1,745 m.a. The mine-
ralization crystallized at that time, but either lost lead or gained uranium
during a late Caledonian episode (360 m a.). The results indicate that alaskite
intrusion in the Precambrian basement took place at around 1,750 m.a. ago
and that the uranium mineralization belongs to the same intrusive event.

Several granites in southern Norway were emplaced during the last stages
of the Sveconorwegian orogeny. Some of these have an anomalously high
radio-element content (Killeen & Heier 1975a), eg. the Bihus-Iddefjord-
Fli belt. Killeen & Heier (1975b) have studied ten granites in southern
Norway, some of them enriched in uranium and thorium. The Bessefjell
granite analysed by Killeen & Heier (1975b, 13 samples) gave an average of
13.3 ppm U and 54.7 ppm Th. Grid-sampling of the granite (87 samples) by
NGU gave 10 ppm U and 51 ppm Th (gamma-spectrometer). The Homme
granite, which has been studied by Falkum & Rose-Hansen (1978), also gave
anomalously high uranium and thorium values.

The enriched granites described from southern Norway have lower radio-
element contents than those in northern Nordland. Economically significant
grades have not been registered. Late-stage hydrothermal alteration
connected with the granites is limited, but a number of pegmatites with
uranium-bearing minerals have been studied, in some cases in detail. These
are the pegmatites in the counties of Qst- and Vest-Agder, e.g. Einerkilen and
Rogaland.

A pegmatitic uranium mineralization of this type has been found at Bagn
in Valdres, and belongs to the late stage of the Fla granite (D. van der Wel,
pers. comm.). One uraninite sample gave an isotopic composition indicating
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crystallization at about 900 m.a., influenced by the late-stage Caledonian
event. Uranium occurs in the pegmatite as primary uraninite, but is also
found in fractures. The uranium content exceeds that of thorium.

Parts of the Fen carbonatite complex are enriched in uranium and should
genetically be classified as intrusive deposits. The complex is thorium domi-
nated, and niobium and REE occur in significant amounts.

CONTACT METASOMATIC DEPOSITS
Typical contact metasomatic mineralization in calc-silicate rocks has not yet
been identified in Norway.

METAMORFPHIC DEPOSITS

The Proterozoic rocks in Nt}nva}\ containing most of the uranium occur-
rences, are always metamorphosed to some extent. Depending on geoche-
mical conditions, uranium may or may not be leached and maoved by meta-

morphic fluids. Examples in which the uranium has not moved include the
alum shale of the Oslo region and graphitic schists of the Caledonides. In the
Elsjo area (Olerud 1982) it has not been possible to register mobilization of
uranium even where the host rock is completely homfelsed. Fluids have
passed through the alum shale without moving the uranium.

Under oxidizing conditions fluids can leach uranium, and precipitate it
elsewhere under reducing conditions. If uranium is available and the geoche-
mical trap is effective, uranium deposits can be formed. When the rock units
are overprinted by several metamorphic events it is difficult to classify, for
example, the vein deposits. Fluids may have been generated through meta-
morphic processes, as well as from intrusives.

Rock may be depleted in uranium during metamorphism. Some investiga-
tors regard depleted rocks with less than Clark values as a guide to ore, assu-
ming the uranium to have been mobilized and deposited elsewhere. Other
geologists look for regions with anomalously high uranium contents, as such
rock types may be a protore to deposits if hydrothermal processes have been
active. Both lines of reasoning may have merit.

Krause (198()) discovered a vein uranium mineralization in the Porsa
sulphide deposits of the Komagfjord window in west Finnmark. The mineral-
ized veins cut the sulphide layers, and the highest uranium contents are found
at intersections with the sulphides, which act as a reducing agent
on the fluids. Most likely the fluids were of metamorphic origin. Krause
(1980) believes that black shales in the area were the source rock for the
uranium. Experience from other areas shows that leaching of uranium from
the black shales is an ineffective mechanism.

On Kvalaya west of Tromse a uranium mineralization has been found in a
shear zone in granitized basement (Sverdrup et al. 1967). The background
radiation in the basement is moderate, but with several anomalous points
and narrow veins. The uranium was probably mobilized by the process of
granitization.




CLASSIFICATION OF URANIUM MINERALIZATION 137

The Berg copper mine, located at Borkenes in Kvefjord west of Harstad,
has been studied by Often (1982). During the sulphide exploration, localli
high radiation was discovered. The Precambrian country rock comprises
gneisses of mafic to intermediate composition, with layers interpreted as
agelomerates. The sulphide deposit, located where a granite intrudes the
gneisses, contains up to 2% Cu, up to 100 ppm Ag and traces of gold. The
uranium content is on average low, but some xarnplEs gave up to 0.34% U. U-
Pb dating on uraninite (3 samples) from the Berg mineralization indicates a
Caledonian age. If that is correct, the uranium must be epigenetic and depo-
sited in late Caledonian time. No granites ol this age are known in the region,
and the fluids are thought to be of metamorphic ongin.

Studies of basement/cover relations in northern Nordland have led to the
discovery of occurrences of molybdenum and uranium. One promising
mineralization is located at Harelifjell SE of Straumen in Serfold (Fig. 5). The
host rack belongs to the Rishaugfjell basement window. The locality is near
the basement/cover border zone, and influenced hy the Caledonian thrust-
ing. The basal sedimentary sequence occurs as remnants below the thrust-
plane on Harelifjell mountain, with meta-arkoses and in one locality a thin
conglomerate. The Harelifjell occurrence has not yet been mapped in detail.
The mineralization is located in a vein or series of veins steeply dipping to the
east. A schematic section is shown in Fig. fi. The mineralization outcrops
continuously over a length of 300 m, and the radiometric anomaly, as deter-
mined by the helicopter-bome surveys, extends about 5 km further to the
south. The mineralization lies in a relatively finely grained gneissic rock of
granitic composition, which originally may have been arkose. In the minera-
lized zone 1-3% sulphides are present, and the main uranium mineral is
uraninite, The isotope composition has been determined, indicating the
deposition age to be late Caledonian (400 m.a.). No intrusion of that age is
known in the region; thus the mineralization is thought to have been depo-
sited by metamorphic fluids, with the sulphides acting as a chemical trap.

The Dksnanuten uranium occurrence has been described (Sverdrup et al.
1967) as a series of thin quartz veins intersecting rocks of several types, partly
ultramafic (serpentinite). The contrast in chemistry may also here have
caused deposition.

SUPERGENE DEPOSITS
According to Barbier (1974), supergene deposits could be expected to be
found along old discontinuities as a result of recent weathering, along breccia
zones and in permeable rocks with groundwater perculating through them.
The Njallaav'zi uranium deposit in western Finnmark is thought to belong
to the supergene type. The geology in the region has been described by
Farethetal. (1977) and the prospecting by Lindahl et al. (1979). The minerali-
zation was first described by Gjelsvik (1957). The uranium mineralization
occurs within brecciated albite dolerite, In addition, uranium concentrations
occur in outcrop in brecciated syenite and carbonate breccia (Gjelsvik 1957).
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CJ Caledonian schists
(3] Precambrian granite [-gneiss]

b Thirust

Fig. 3: Location of the Harelifjell uranium oceurrence within the Rishaugfiell Precambrian
window. Anomalies continue 5 km towards the south.

North of the deposit a circular dome structure mapped by Fareth et al. (1977)
consists of granite and acidic gneisses. A quartzite, with or without fuchsite,
occurring along the rim, especially towards the east, is overlain by green-
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1 km

Arkose with conglomerate

A —  Thrust 3] Precambrian granite (-gneiss)

Fig. 6: Schematic profile of the Harelifjell uranium occurrence. The host rock is fine-grained
gneiss within coarse-grained granite with weak foliation,

stone. The gneisses and granite could be of Archaean age; the quartzite and
greenstone are probably younger.

Twao diamond drill-holes intersect the mineralization. The best of these
contained 1,800 ppm U over a | m thick zone (Th less than 20 ppm). The
breccia contains colloidal pitchblende and, as gangue minerals, fine-grained
haematite, calcite and chlorite (£ biotite). Accessory minerals such as pyrite,
chalcopyrite, bornite and galena have been identified locally (Gjelsvik 1957).
Other uranium minerals are rare, but Thorkildsen {Sverdrup et al. 1967)
identified uranotile and Often (1975) identified liebigite. The intensely brec-
ciated host rock has undergone hydrothermal alteration. Preglacial weathe-
ring of sulphide deposits in this part of Finnmarksvidda has been described
by Gjelsvik (1956) and Lindahl (1976), indicating that glacial erosion was
lacally slight. In the greenstone belt of the Raggejav'ri area, north of the
supposedly Archaean dome and 12 km NW of Njallaav'zi, there is an iron
sulphide deposit outcropping approximately 100 m below the late Precam-
brian peneplain. From this deposit Lindahl (1976) described slightly meta-
morphosed weathering textures in pyrrhotite below the preglacial weathe-
ring zone. The metamarphism is thought to be Caledonian and the weather-
ing late Precambrian.

The uranium mineralization in Njallaav'zi, where the depth below the
peneplain is greater or of similar magnitude to the depth in the Raggejav'ri
area, could have the same origin. Dating of the uraninite in Njallaav'zi (two
samples) indicates a deposition age of 990 m.a., with influence from either lost
lead or gained uranium in late Caledonian time. This age fits with the model
described above and a deposition of uranium during late Precambrian pene-
planation. We do not know of younger intrusives of this period.

As yet we have no other examples of deposits of supergene origin.
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Discussion

Geological modelling is important for selecting target areas for uranium
prospecting. Experience will lead to better models, for which high-quality
geological maps are very important. Mapping programmes have advanced
markedly in recent years, providing better structural and genetic understan-
ding. This is of great help for geological modelling in all prospecting. In
Norway coverage by the various exploration methods is uneven, and is areal-
ly very limited for the more expensive techniques. Stream sediment coverage
is relatively good, but many areas regarded as promising from a uranium
resource point of view have not yet been sampled. This paper has attempted
to assign the classification system of Dahlkamp (1978) to Norwegian occur-
rences based on limited information regarding geological and mineralogical
data and preliminary age dating using the U-Pb method, The grouping of the
deposits is speculative, and future revision must be expected.

The Precambrian granitoid rocks of 1,700-1,800 m.a. age in northern
Nordland seem to define a uranium metallogenic province, possibly an
extension of the uranium province in the Arjeplog-Arvidsjaur district
defined in Sweden by Adamek & Wilson (1979). The province relates to the
SSW margin of an early Proterozoic continent which continues towards the
west beneath the Caledonian mountain belt.

The present prospecting campaign has been operating for eight years, of
which the last 2-3 years have given some success. The potential for uranium
deposits in Norway has been assessed by Cuney et al. (1981), and it is
regarded as good. They foresee that further prospecting will lead to the disco-
very of new occurrences, and point to favourable areas. Rock samples
collected in the uranium programme and other programmes have been
analysed for 15-20 elements, An important spin off is that our results can be
used in prospecting for other metals, Correlations have been found to exist
between uranium and such metals as Mo, W, REE and Sn in certain
provinces, a relationship which will be further studied. Radiometric survey
could therefore be important in prospecting for certain metals.
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Sulphur Isotope Composition of the Sandstone-
lead Deposits in Southern Norway

ARNE BJORLYKKE

Bjarlykke, A. 1983: Sulphur isotope composition of the sandstone-lead deposits in
southern Norway. Norges geol. Dnders. 380, 143158,

Samples of galena, pyrite and barite [rom the Norwegian sandstone-lead occurences
in the Gjevik arca and at Osen and Galda have been analyzed for their sulphur
isotope composition, Samples from the Vassbo and Laisvall deposits in Sweden were
also analyzed. The galena samples are characterized by a large vadation in the
sulphur isotopic composition [+10 to 26 %) and they have an average %5
compasition of + 18.56 %o, The sulphur source has earlier been interpreted to be oil-
field waters, and these data are not inconsistent with this interpretation. However,
the data alse permit, as an alternative source for the sulphur, sea-water sulphate
locally reduced by bacteria.

A B _jprf}l.{'.ke, .-\brgﬁ.\' gmiegr’.fkﬂ umdersokelse, Posthoks 3006, - 7007 N Tondfheim, Norooay

Introduction

Several deposits and occurrences of lead are known in Late Precambrian to
Early Cambrian sandstones of the Baltic Shield. They occur mainly along the
eastern and southeastern frontal zone of the Scandinavian Caledonides, over
a distance of approximately 2000 km (Fig. 1). Galena is the main base-metal
sulphide in the deposits and the Pb/Zn ratio varies from 5-15, but locally
within each deposit Zn may be the dominant base metal.

Laisvall is the largest deposit with 80 million metric tons of ore at an
average grade of 4% Pb (Rickard et al. 1979). Two different genetic models
for these deposits have recently been published. Rickard et al. (1974)
proposed a basinal brine model, where dewatering of sediments is envisaged
as the process during which lead was complexed and moved towards the
basin margins. Precipitation took place when the metal-bearing brine mixed
with a sulphide-bearing brine contained in the Laisvall sandstone aquifer.
Bjorlykke & Sangster (1981), on the othe hand, suggested that the lead was
released during weathering from the underlying granitic basement either
directly or via formation of continental arkoses. Groundwater may then have
carried the lead (and zinc) towards the basin and sulphides were precipitated
when the groundwater met reducing conditions. Bjerlykke & Sangster (1981)
also showed that the sulphur isotope composition is dependent upon the
depositional environment: galena in continental sediments has a light
sulphur isotope composition whereas in marine sediments the sulphur is
heavy. On the Baltic Shield the sulphur isotope composition has earlier been
analyzed from Laisvall (Rickard et al. 1979) and from Vassbo (Wallin 1980).
Both studies showed a heavy sulphur isotope composition in galena.
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Fig. 1. Stylized paleographic map of the Baltic Shield in Early 10 Middle Cambrian showing the
position of sandstone lead deposits {modified from K. Bjorlvkke 1574

This study compares the sulphur isotope compositions in the Norwegian
deposits with those from Laisvall and Vassho in Sweden, and samples from
Norwegian occurrences were therefore analyzed together with a few samples
from Laisvall and Vassbo.

GEOLOGICAL SETTING
The Late Precambrian sediments of Scandinavia were deposited along the
continental margin and in fault-controlled basins (Sparagmite Basin, Fig. 2.
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Fig. 2: Reconstructed cross-section through the Baltic Shield in early Paleozoic time showing a
rift valley basin (sparagmite basin) and an onlapping continental margin sequence (modified
from K. Bjarlykke 1978}

The sediments on the continental margins are widespread and consist mainly

of sandstones and dolomites. The Sparagmite Basins contain turbidites

(Brottum Formation), limestones and shales (Biri Formation), and coarse

arkoses and conglomerates (Biskopas and Ring Formations).

Deposition of Late Precambrian glacial sediments (Moelv Tillite) was
followed by fluvial and/or deltaic sedimentation (lower part of Vangsas
Formation). The lowermost Lower Cambrian (Tommotian; Cowie & Cribb
1978) contains quartzites deposited in a tidal or beach environment, and
containing Seolithus burrows (Skjeseth 1963) (upper part of Vangsas Farma-
tion). In most areas fossiliferous Lower Cambrian strata begin with sand-
stones fining upwards to green shales. During Middle and Late Cambrian
times most of the Baltic Shield was covered by a shallow and stagnant epicon-
tinental sea in which mainly black shales were deposited (K. Bjerlykke 1974).

The Caledonian nappe movements occurred in an early Finnmarkian
phase (Upper Cambrian-Lower Ordovician; Sturt 1978) and in a Silurian to
lowermost Devonian phase. During the later phase, sediments deposited on
the crystalline basement or along the continental margin were thrust east-
ward or southeastward. In the study area the Caledonides are divided into
three major tectonostratigraphic units (Gee 1975, K. Bjorlykke 1978):

- Autochthonous sediments lying upon Precambrian basement;

- Lower nappe units with epicontinental, Late Precambrian to Ordovician
sediments of low metamorphic grade and moderate deformation;

- Upper nappe units, long-distance transported and strongly deformed and
generally comprising fragments of basement (e.g. anorthosites, augen
gneisses) and sediments (sandstones and dolomites) deposited along the
continental margin.

1k
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Lead mineralization occurs in the autochthonous sequences and in the lower-
most nappes along the eastern and southeastern border of the Caledonides,
suggesting that the lead was restricted to sediments deposited in topographic
lows along the marginal areas of the Early Cambrian epicontinental sea

(Fig. 1).

Outline of the Geology of the Sampled Areas

In this study sandstone lead occurrences in the Gjovik area and at Galda and
Osen in Southern Norway were sampled and analyzed together with a few
samples from Laisvall and Vassbo in Sweden (fig. 1).

GJOVIK AREA

In the Gjovik area several occurrences of galene are known to occur in the
Vangsas Formation (Fig. 3 and Bjerlykke 1979). The formation is divided
into the Vardal Sandstone Member and the overlying Ringsaker Quartzite
Member. The Vardal Sandstone is 160 metres thick and consists of arkoses
and feldspathic sandstones (Fig. 4), with microcline dominating over plagio-
clase. The degree of maturity increases upwards and there is a gradual transi-
tion into the Ringsaker Quartzite. Conglomerates occur in the southern part
of the area (Fig. 3) and thin out rapidly northwards. Red beds are observed
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Fig. 3: Geological map df the Gjevik Area,
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in a few places in the lowermost part of the Vardal Sandstones. Thin beds of
phosphorites (A. Bjarlykke 1979) indicate a marine origin for at least parts of
the Vardal sandstone, which earlier had been interpreted as entirely fluvial
(K. Bjerlykke et al. 1976). The Ringsaker Quartzite is 50-80 metres thick.
The lower halfis a fine- to medium-grained quartz sandstone which is locally
rich in altered feldspar and with a sericitic matrix. The upper half is a
medium- to coarse-grained quartzite, often with a blue colour caused by a
thin film of carbonaceous material enveloping quartz grains. The uppermost
part of the Ringsaker Quartzite contains Seolithus burrows (Skjeseth 1963},
which indicate a shallow-marine environment considered typical for lower-
most Lower Cambrian strata (Vidal 1981).

In the Gjevik area the galena occurs only in the orthoquartzite and mainly
as cement often with poikiloblastic texture. Some galena was remobilized
during the Silurian nappe movement and fills small cracks and joints in the
orthoquartzite. An erosional hiatus beneath the fossiliferous Lower
Cambrian strata is marked by a 0.2-0.5 m thick conglomerate consisting of
rounded fragments of the underlying Ringsaker Quartzite. The conglome-
rate is overlain in places by impure limestone followed by sandstones and
green shales, The sub-Middle Cambrian break is marked by a conglomerate
with pebbles of dark quartzites and phosphorites, overlain by black shales
(Alum shale).

During the Silurian the Vangsis Formation and the overlying Cambro-
Silurian sediments were thrust towards the south, folded and imbricated.

GALAA AREA

Galena disseminations in the Galda area south of Rena were found in the
course of a regional geochemistry program (A. Bjerlykke et al. 1973). Middle
Cambrian black shales were deposited directly upon weathered Proterozoic
basement gneisses. The Osen Nappe, which truncates the autochthonous
sequence 10 metres above the basement, consists of the Vangsas Formation
and Cambro-Ordovician sediments (Fig. 4).

Because of the imbricated structure of the Osen Nappe it is difficult to find
a continuous complete section through the Vangsds Formation. The Vardal
Sandstone is approximately 150 m thick. It consists in its lower part of grey
and red feldspathic sandstones and arkoses of assumed fluvial origin. The
sandstones become more quartzitic in the uppermost part and exhibit a blue-
grey colour resulting from an increased organic content. The boundary with
the overlying Ringsaker Quertzite is defined by the feldspar content. The
Ringsaker Quartzite is approximately 40 m thick and is a white, clean,
quartz-cemented quartz-arenite. The quartzite is overlain by shallow-marine
fossiliferous fine-grained sandstones and green shales of Early Cambrian age.

The lead mineralization occurs in the blue-grey quartz sandstone of the
uppermaost part of the Vardal Sandstone both as disseminations and as mobi-
lizations in cracks and joints. Disseminated pyrite occurs frequently also in
the grey-to-blue beds of the Vardal Sandstone.
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OSEN AREA

The basement in the Osen area consists mainly of granite with subordinate
gneisses of Middle Proterozoic age. The basement forms a peneplain upon
which a weathered zone up to ten metres thick was developed. The
weathered basement grades upward into a feldspathic sandstone followed by
up to 4 m of coarse-grained mineralized quartzite of Early Cambrian age,
probably deposited in a beach environment (Hoy 1977). It is overlain by 2-3
m of fine-grained, slightly mineralized, dark sandstone of possible tidal
origin, which grades into grey, strongly bioturbated siltstones (Nystuen
1969) (Fig. 4).
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The Middle Cambrian strata begin with a 02 m thick conglomerate
containing fragments of shale, quartzite and phosphorite. It is followed by up
to 20 m of black shale before the autochthonous sequence is truncated by
Caledonian nappes.

LAISVALL

The following data (Fig. 4) are compiled mainly from Rickard et al. (1979),
Grip (1967, 1973) and Willdén (1980). The basement in the Laisvall area
consists of weathered granites of Proterozoic age. A 1-9 m thick mixtite rests
directly on the basement. It is followed by 7-9 m of feldspathic sandstone,
with sporadic galena mineralization, overlain b}r a green-to-grey pebbly
shale. This lower part of the sequence is interpreted to be of glacial origin
(Rickard et al. 1979) and to have an age of about 654 & 7 m.y. (Pringle 1973,
Sturt et al. 1975).

The glacial sediments are followed by a 40-45 m thick sandstone se-
quence, which is divided into lower, middle and upper units. The lower unit is
uptodim thick and consists of a well sorted, medium-gra.jned quartzite with
intercalated green shale beds. These are often brecciated or show liquefaction
structures. The middle sandstone starts with a conglomerate that contains
fragments of the underlying sandstone and truncates the liquefaction struc-
tures in the underlying beds. The middle sandstone is 7 m thick and has a
more clayey matrix than the lower sandstone; channel structures are also
common. The upper sandstone, which starts with a quartzite conglomerate, is
Il m thick with well developed cross-bedding. Fragments of phosphorite
occur in the upper part.

The whole sandstone sequence up to the fossiliferous Lower Cambrian
(360 Ma) represents a period of approximately 80 million years (Cowie &
Cribb 1978); the conglomerate may represent a long period of subaerial
exposure. Willdén (1980) has mterprcted the lower sandstone, which hosts
the main mineralization, to have been deposited in a lagoonal environment.
The poorly mineralized middle sandstone was interpreted as a tidal deposit
and the well mineralized upper sandstone as deposits formed in tidal chan-
nels and on beaches.

Above a thin conglomerate containing fragments of quartzite and phos-
phorite occurs Lower Cambrian strata, consisting of green shales and silt-
stones commonly bioturbated and with fossiliferous limestone beds. After a
new break in sedimentation between Lower and Middle Cambrian, black
shales (alum shale) were deposited in a shallow-marine environment. The
sedimentology shows that the Laisvall area was located within a shallow and
broad depression surrounded by gently rising areas to the north and south
(Willdén 1980). The autochthonous sequence is then truncated by Caledo-
nian thrusts. In the lower nappe, minor lead and zinc mineralization occurs in
a blue quartzite which is correlated with the upper sandstone in the autoch-
thonous strata (Willdén 1980).
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VASSBO
The following data (Fig. 4) are mainly compiled from Tegengren (1962),
Grip (1973), Christoffersen et al. (1979) and Wallin (1982). Basement in the
Vassho area consists of quartz porphyry dated at 1669 £ 38 M.a. (Welin &
Lundgqvist 1975, Welin 1980), sandstone and diabase dykes. A thin basal
conglomerate is overlain by a |- m thick shale of Early Cambrian age, local-
ly with mineralized coarse sandstone beds. The shale is followed by a fine-
grained calcite-cemented quartz sandstone, 12-14 m thick, with dissemina-
tions of galena in the upper part. A marked erosional disconformity exists
between this sandstone and the overlying coarser quartz sandstone. The
guartz sandstone, with galena, sphalerite and barite is 7-12 m thick. It
contains cross-bedding and ripple-marks, and is interpreted to have been
deposited in an open-marine beach environment (Christofferson et al. 1979).
The Middle Cambrian starts with a 0.1 m phosphoritic conglomerate with
fragments of quartzite. Some of the fragments contain disseminated galene
with a matrix rich in pyrite and minor, possibly remaobilized, galena. This is
followed by 10-20 metres of black shale before the autochthonus sequence is
truncated by Caledonian thrusts.

ORE GEOLOGY

A more detailed description of the ore geology has been published by
Rickard et al. (1979), Christofferson et al. (1979) and Bjerlykke & Sangster
(1981). The ore bodies are blanket-like in shape and often follow the stratifi-
cation and other sedimentary structures in the host sandstone. In homo-
genous sandstones galena appears to have nucleated around organic mate-
rial, forming poikiloblastic spots and heavier concentration around shale
fragments.

The ore minerals occur as cement in zones which were the most permeable
parts of the quartz sandstone. The original porosity in the Laisvall deposit
was probably around 30% (Rickard et al. 1979} but in the most intensely
mineralized parts corrosion and replacement of the detrial grains can be seen.
(ralena and sphalerite are the most important sulphides; accessory minerals
include framboidal pyrite, marcasite, bravoite, pyrrhotite and chalcopyrite
(Ncube et al. 1978). Although the galena contains small inclusions of native
silver, the silver content of the ore is low, ranging between 7 and 21 g/t (Grip
1973). The sphalerite is mostly light-coloured and has an iron content
between 1% and 2% and a Cd content of 0.3% (Rickard et al. 1979). Bravoite
was found at four different places in Laisvall, but the nickel content in the
bravoite-bearing rocks was found to be only 17-41 ppm (Ncube et al. 1978).
The non-sulphide cement consists dominantly of quartz, with some calcite,
fluorite and barite. The non-quartz cement, including the sulphides, occupies
on average about 6 of the rock volume (Rickard et al. 1979).

Isotope Results

The samples were crushed and the sulphides and sulphates separated at the
Geological Survey of Norway. The analytical work was performed at
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Geochemisches Institut der Universitit Gottingen. The error limit is
generally within 0.1%o for the sulphides and (.3 %o for the sulpates (Nielsen
& Sperling 1973).

The results of the sulphur isotope analysis of galena, pyrite and barite from
the sandstone-lead deposits in Southern Norway and from Laisvall and
Vassbo in Sweden are listed in Table 1. The samples are characterized by a
large variation in the sulphur isotope compaosition of the galena and most of
them are isotopically heavy.

Table 7. Sulphur isotope analyses.

Mo, Deposit izt
GCALENA SAMPLES

1 Ringsjeen, Gjovik 223
2 =l
4 257
4 17.8
5 251
24 4,2
95 13,7
e Lt
27 Alstad, Gjovik 12,9
et 4.2
2y 118
44 Skjerven, Gjovik 17,7
45 14,2
46 14,5
30 Kasta, Gjovik 21,0
31 17,7
a2 17,1
42 Nordland, Gjovik 142
43 154
33 Tjeme, Gjovik 182
a4 146
a5 16,48
38 Vassho ore zone 18,6
an 8.5
40 10,2
41 k3.7
a6 Laisvall ore zone 201
a7 19.9
i Galia 229
7 19,7
2 228
9 20,6
10 19,8
11 208
12 19,3
13 34
14 18
15 a7l
114 21.0
115119 215

No. an-n.r.ir. §35
16 {sen 233
17 20,0
18 20,2
14 19,4
o0 20,8
21 18.4
22 18,0
23 207
47 L&,0
48 16,7
44 17,2
1] L8,7
1021045 Middle Cambrian
black shale 5
1037104 214
FYRITE SAMPLES
116 Cralia 285
17 14,9
118 78,5
115/11% 31,6
126 Wassho 18,4
128 18,0
1027105 Osen-Black shale 512
1037104 L&,
106 Sub-middle Cambrian
conglomerate -20.5
107 Lower Cambrian
siltstone —25.6
L1 Middle Cambrian
black shale 20,8
111 21.5
112 335
113 Lower Cambrian
siltstone =245
BARITE SAMPLES
127 Vassho 20,7
134 189
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A frequency distribution of the S values in 47 galena samples from
Southern Norway is shown in Fig. 5. Except for three samples they all fall
between +10 and +26%0 and they have an average 635 composition of
+18,5%uo. The sulphur isotope composition of the sulphides in the Galia
deposit and in the Gjovik area shows a larger spread than in the Osen deposit
(Fig. 5). The average composition in the Gjovik area is +16.0%0, Osen +
18.3%0 and Galda +22.5%o (Fig. 5). Only two galena samples from Laisvall
and four from Vassbo were analyzed and the results are within the spread in
the data from Southern Norway. In Fig. 5 data published by Rickard et al.
(1979) are combined with our data and the average S composition of
galena-sulphur is +22.87%0.

One pyrite-galena pair from Osen and two from Galaa were analyzed
(Table 1), and from Laisvall two pairs of sphalerite-galena have been
published (Rickard et al., 1979). None of the pairs shows isotopic equilibrium
during precipitation. Two samples of barite from Vassbo were analyzed and
their sulphur isotope compaositions are similar to the average composition of
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Fig. 3: Sulphur isotopic compaosition{5%8) in sandstone-lead deposits on the Baltic Shield. The
data from Laisvall are partly from Rickard et al. (1974).
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the galena. The sulphur isotope composition in barite from Laisvall {Rickard
et al. 1979) is 7%o lighter than the sulphide-sulphur. In Osen. eight samples
were taken from above the mineralized zone, from the Lower Cambrian silts-
tone and from Middle Cambrian black shales. They show a large variation in
sulphur isotope composition, from —26 to +51%o (Fig. 5).

Discussion

SULPHIDE-SULPHUR

The sulphur isotope study reported here shows that sulphides from the
Norwegian occurrences have a lighter average and a larger spread in isotopic
composition than those from Laisvall published by Rickard et al. (1979).
These authors concluded that the Laisvall data are not inconsistent with
those expected for sulphide-sulphur in oil-field waters. Solutions low in base
metals with hydrocarbon and reduced sulphur could have been supplied
during either the late stages of the Caledonian orogeny (as proposed by
Rickard et al. 1979) or, alternatively, somewhat earlier from Late Precam-
brian rift basins.

The new data reported here from Norwegian sandstone-lead occurrences
are consistent with the oil-field water model proposed by Rickard et al.
(1979) for the Laisvall deposit in Sweden. However, the data also permit, as
an alternative source for the sulphide-sulphur, sea-water sulphate reduced
locally by bacteria. Data compiled by Bjorlykke & Sangster (1981) indicate
that the sulphur isotope composition of galena in sandstone-lead deposits
reflects the depositional environment of the host rocks. For example, deposits
in fluvial sandstone, such as Maubach, Mechernich and Freihung in Germany
(Jensen 1967) have isotopically light sulphur similar to red-bed copper and
sandstone-uranium deposits (Sangster 1976). In contrast, lead deposits in
shallow-marine sandstones on the Baltic Shield have an isotopically heavy
composition, not unlike that in Mississippi Valley-type deposits.

A sea-water source for the sulphur in Mississippi Valley-type deposits was
proposed by Sangster (1976). In comparing various deposits which may have
sea-water sulphate as their sulphur source, one must take into account the
change in isotopic composition in sea-water with time. During the Late Pre-
cambrian and Early Cambrian the sea-water contained isotopically heavy
sulphur with a 5348 composition between +30 and +35%0 (Claypool et al.
1980). The fractionation in sulphur isotope composition between marine sea-
water sulphate (+30 and +35%o) and galena in the sandstone-lead deposits
in southern Norway (av. = +18.56%0) is about 15 per mil. This is the average
fractionation value found by Sangster (1976) for deposits in marine sedi-
ments and supports the seawater—sulphate source for sulphide-sulphur in the
sandstone-lead deposits.

The seawater-sulphate model can be examined in somewhat more detail
by consideration of the local depositional environment in a menner described
by Schwarcz & Burnie (1973). The sandstone-lead deposits on the Baltic
Shield occur in sandstones deposited in a shallow-marine, partly tidal
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environment. According to Schwarcz & Burnie (1973) this environment is a
partly closed sulphur system, both with respect to sea-water sulphate and
H.,S gas. In a partly closed system such as this, A will range between —3 and +
25%0 (A = 8%85(),2- — 838y, 5) and is assumed to be a function of both the
nature of the reducing organism and the depositional environment. Most
galena samples from southern Norway have isotopic compositions ranging
between +10 and +26%o (Fig. 5). The seawater-sulphate in Early Cambrian
seas had an isotopic composition between +30 and +35 (Calypool et al.
1980), which gives A-values between +4 to +2 5040, These are within the
range of A-values given by Schwarcz & Burnie (1973) for bacterial seawater—
sulphate reduction in a tidal environment.

The data from the ore zone and the overlying sediments in Osen fall into
three groups corresponding to the lithostratigraphy. 1) The tidal sandstone
has heavy sulphur isotopes, indicating a closed system during sulphide depo-
sition. 2) The overlying strongly bioturbated siltstone and the conglomerate
(Fig 4) have a light isotope composition (—20.5%0 to —25.6%o). The marked
change in composition reflects a transition to an open system both for H,3
and SO,2- possibly due to the bioturbation, The hiatus between Early and
Middle Cambrian, which led to the formation of the conglomerate, could also
have oxidized previously formed sulphides, changing the 50,2 in the sedi-
ments towards a lighter isotope composition. 3] The sulphide samples from
the Middle Cambrian black shale (alum shale) have a heavy isotope compo-
sition (+0.5%o to 51.2%0). Black shale environments can produce sulphide-
sulphur of both light and heavy composition, Schwarcz & Burnie (1973) and
the heavy isotopes at Osen indicate that the alum shale was deposited in a
closed system where the influx of marine sulphate was restricted.

The sulphur isotope data from Galia and Gjovik show a larger spread than
in the Osen deposits. In Galaa and Gjevik the mineralizations occur in the
Osen Nappe and have been more remobilized than in Osen, which could
have affected the sulphur isotope compesition. There is also a change in the
average sulphur isotope composition from area to area. One reason for this
change can be that the ore occurs in sediments of different ages but we have
too sparse information on the detailed changes in the composition of the
ocean water in Upper Precambrian and Early Cambrian to correlate these
two factors.

SULPHATE-SULPHUR

Rickard et al. (1979) showed that the barite-sulphur in Laisvall was 7 per mil
lighter than the sulphide-sulphur (Fig. 5). In Vassbo, the isotopic composi-
tion of the sulphate (538 = 200k is 3.6%00 heavier than the composition of
sulphide-sulphur (Fig. 5). Because of the large difference between this value
and that of Early Cambrian seawater (5345 = +30 to +35%0), the latter was
considered unlikely to have been the source of sulphate in barite. Rickard et
al. (1979) found that the sulphate—sulphur had a composition similar to the
pyrite in the Alum shale and proposed, therefore, that the sulphate-sulphur
source was oxidized synsedimentary sulphides. The data from Osen show,
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however, a large spread in the sulphur isotope composition (—25.6060 to
+51.2%0) of synsedimentary sulphides of Early to Middle Cambrian age. It is
therefore difficult to establish a genetic relationship between synsedimentary
sulphides of the overlying sediments and sulphates in the ore without a more
comprehensive investigation.

The present author regards the similarity in composition of sulphate-
sulphur and sulphide-sulphur in the Vassbo deposit to indicate that the
source of the sulphate could have been supplied by oxidation of the ore-
sulphides in the following manner. According to the groundwater model for
the formation of these deposits (Samama 1976, Bjerlykke & Sangster 1981),
original precipitation of sulphides within the sandstone would have taken
place in a zone of mixing between groundwater carrying metals and barium,
and H,5-bearing marine water. Variations in sea-level and groundwater flow
would move this mixing zone back and forth in the sandstone such that any
one locality in the sandstone could be alternatively oxidizing, then reducing
and back again. These changes in redox potential could cause the originally
precipitated sulphides at Vassbo (av, 538 = +16.2%0) to be oxidized to
sulphate of the same isotopic composition. This increase in the sulphate
content, combined with the barium in the groundwater, would precipitate
barite with a sulphurisotope composition close to that of sulphide-sulphur in
the ore as shown in Fig. 5.

No simple paragenesis has been found in the sandstone-lead deposits in
Scandinavia. However, Rickard et al. (1979) report a marked tendency for
sphalerite to be generally older than galena, which in turn usually precedes
the fluorite, barite and calcite. However, the minerals are commonly mutu-
ally exclusive and several generations of each mineral exists. Rickard et al.
(1979) suggest (p. 1266) «that the mineralization was formed by a series of
pulses of ore-bearing solutions of roughly similar composition, which were
mainly zinc-rich initially and lead-rich during the later main mineralization
period. Late-stage solutions are evidenced by corrosion and silicia replace-
ment of galena.»

The groundwater model, which does not involve pulses of different solu-
tions (Fig. 6), shows in an idealized way the transitional zone between
groundwater and marine water within a tidal sandstone, Due to a higher
organic content in marine sediments than in codtinental sediments in
Cambrian time, the concentration of H;S will increase seawards and ground-
water with lead and zinc will first precipate galena and then sphalerite.
During a period of regression the mixing zone will move seawards resulting
in a sequence of precipitation with sphalerite, galena and barite, similar to
what has been reported by Rickard et al. (1979).

Conclusion

The new data from the mineralizations at Gjevik, Osen and Galia reported
here are consistent with a sulphure source from oil-field water proposed by
Rickard et al. (1979} for the Laisvall deposit in Sweden. However, the data
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Fig. fi: Schematic representation of the main features in the ground water model for sandstone
lead deposits (Modified from Bjorlykke & Sangster 1981).

also permit, as an alternative source for the sulphide-sulphur, sea-water
sulphate reduced locally by bacteria. Sulphides from sediments of Early to
Middle Cambrian age in Osen show a sulphur isotope stratigraphy reflecting
sulphate reduction by bacteria in alternating closed and open systems. In the
Vassbo deposit in Sweden sulphate-sulphur has a similar composition to the
sulphide, indicating that the sulphur source for the barite could be oxidation
of previously formed sulphides.
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Subsidence and Tectonics in Late Precambrian
and Palaeozoic Sedimentary Basins
of Southern Norway

KNUT BJORLYKKE

Bjorlykke, K. 1483: Subsidence and tectenics in Late Precambrian sedimentary
basins of southern Norway, Nerges geol. Unders, 380, 159-172,

The assumption that sedimentary basins approach isostatic equilibrium provides a
good foundation for modelling basin subsidence based on variables such as cooling
rates [thermal contraction}, crustal thinning, eustatic sea-level changes and sedimen-
tation. The Sparagmite basin of Ceniral Southern Norway was probably formed by
crustal extension during rifting. During Cambrian and Ordovician times the Oslo
Region was rather stable part of the Baltic Shield, reflected in slow epicontinental
sedimentation. The Bruflat Sandstone (Uppermast Llandovery) represents the first
occurrence of a rapid clastic influx, reflecting a pronounced basin subsidence. This
change in sedimentation is believed to be related to the emplacement of the first
Caledonian nappes in the northem part of the Oslo Region, providing a nearby
source for the sediments and resulting in subsidence due to nappe loading. The
underlying Palaeozoic sequence was detached along the Cambrian Alum Shale in
fremt of the Osen Nappe, Devonian sedimentation was characterised by vertical
tectonics and some of the Devonian basins, such as the Homelen Basin, may be
related to listric faulting rather than strike-slip fractures. The Permian sediments of
the Osla Graben were probably overlain by Triassic and possibly also by Jurassic
sediments during post-rift subsidence,

K. Hjorlykke, Ceologisk fnstitnit, Avd. A, Allégt. 41, N-5074 Bergen—Univ. Norway.

Introduction

Sedimentary basins are very sensitive recorders of contemporaneous tectonic
movements. Their potential as a key to the understanding of the tectonic
history of a region has, however, not always been fully utilized. The present
paper will examine some of the Late Precambrian and Palaeozoic sequences
in Southern Norway and attempt to relate sedimentation to tectonic move-
ments. The principle of crustal isostasy is old and well established in geolo-
gical and geophysical literature. It is, however, only recently that Airy’s iso-
static model has been widely applied to recalculate primary tectonic move-
ments or sea level changes in sedimentary basins (e.g. Kinsman 1975, Watt &
Stecker 1979, Watt & Ryan 1976, Watt 1981, 1982).

We may assume that most sedimentary basins are in approximate isostatic
equilibrium. This implies that basin subsidence must be due to changes in the
isostatic equilibrium (Kinsman 1975). However, at basin margins or along
hinge lines in passive margins, flexural rigidity of the crust may play an
important role (Watts & Ryan 1976). The requirements that isostatic equili-
brium should be maintained, allows us to model the relationship between
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tectonics and sedimentation and to place important constraints on sedimen-
tological and stratigraphical interpretations. Since several factors influence
isostatic equilibrium, this principle rarely gives unique solutions but forces us
to consider different mechanisms by which isostatic equilibrium can be main-
tained.

Primary subsidence of the crust underlying a sedimentary basin may be
due to four principal phenomena:

1. Extension and thinning of the continental crust.

2. Cooling, causing thermal contraction and isostatic subsidence due to the
increased density.

3. Increased loading, due to the ice or emplacement of tectonic nappes.

4, Eustatic rises in sea level will also cause subsidence in order that isostatic
equilibrium can be maintained. Secondary subsidence will rsult from
increased load due to deeper water and to the sediments filling the basin.

Isostatic uplift following the melting of glaciers has shown that the crust
responds rather quickly to changes in loading in the perspective of the geolo-
gical time-scale. Nansen (1928) also pointed out the significance of water and
sediment loading for isostatic equilibrium.

Stratigraphic information may be used to calculate primary crustal subsid-
ence by removing the effects of loading by sediments and water using a back-
stripped technique (Stecker & Watts, 1978):

Pm - Ps , Pw
=f—— - §L—— + B
Y Spm—Pw ] PP Wd-SL (1)
Sedinent Witer Water
lnading lpacding depith

where Y is the primary basement response, S is the stratigraphice thickness
compensated for compaction, Pry, is the density of the mantle, P, is the densi-
ty of the sediments, Pyy is the density of water, SL is the change in sea level
and Wd is the water depth.

Late Precambrian and Lower Palaeozoic sedimentation
in the Sparagmite Basin and the Oslo Region

In Late precambrian times the Baltic Shield was a mature craton and erosion
reached deep into the roots of older orogenic belts (Oftedahl 1980). The Late
Precambrian Sparagmite Basin formed as a result of continental rifting (Bjer-
lvkke et al. 1976, Roberts & Gale 1978, Nystuen 1982}, [Sﬂ’.]ﬁ-lﬂ.liﬂall}'" the
subsidence was probably due to thinning of the continental crust. Contempuo-
raneous faulting and volcanism suggest that rifting was active up to the time
of deposition of the Ring Formation (Fig. 1) (Saether & Nystuen 1981). The
Ringsaker Quartzite (Fig. 1) represents an important stratigraphic reference
horizon since this extensive, thin, transgressive orthoquartzite suggests a very
stable tectonic environment.
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Fig. 7. Stratigraphy and Late Precambrian and Lower Palaeozoic sedimentary sequences in the
Lake Mjosa and Oslo districts. Silurian stratigraphy from Worsley et al, (1982, In the Mjosa
Region the name Helgoy Quartzite is used lor the basal quartzite above the Ordovician-Silu-
rian unconfermily and Limovnstangen Formation for the Pentamerus Limestone (Hay & Bjor-
[vkke, 1981

The Vangsas Formation is only 150-200 m thick and the Ekre Shale and
the Moelv Tillite are rarely more than 40 and 30 m thick, respectively. The
Ekre Shale, however, may locally be thicker and is 150 m thick in Osdalen
{Nystuen 1982). These sediments, which may be interpreted as deposited
after the cessation of active rifting, are thus only 200-300 m thick in total.
Using the back-stripping technique (equation 1), we find that the correspon-
ding primary crustal subsidence due to thermal contraction in the Sparag-
mite basin was less than 100 m. Assuming that the Moelv Tillite was depo-
sited at 650 Ma (Bjerlykke & Nystuen 1981) and the Ringsaker Quartzite at
580 Ma {lowermost Cambrian) the sequence was deposited over a period of
70 Ma at a low sedimentation rate. By Ringsaker Quartzite times most of the
thermal contraction should have been completed, and the Ringsaker Quart-
zite thus suggests very slow sedimentation in a shallow water marine envi-

Ll
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ronment. 100 m is a very modest primary subsidence and it may be pertinent
to ask why thermal contraction due to post-rift cooling did not cause more
subsidence. One possible explanation is that most of the rifting and crustal
heating occurred during the deposition of the Brettum and Biri Formations,
and the Ring Formation may then also have been deposited during the
cooling phase. Evidence of contemporaneous volcanicity, however, is found
below the Moelv Tillite in @sterdalen (Saether & Nystuen, 1981). These are
the only areas where there is clear evidence of contemporaneous vulcanicity,
although basaltic clasts are common in the Biskopisen Conglomerate
(Saether & Nystuen, 1981). The Sparagmite rift basin would therefore seem to
have been characterised by limited volcanic activity and may have had a
lower geothermal gradient than other rift basins. This would have resulted in
modest post-rift subsidence due to cooling.

The Ringsaker Quartzite is succeeded by Lower Cambrian (Holmia)
shales which are transgressive southwards, lapping on to basement in the
Mjasa District. These beds are found not only in other parts of the Baltic
Shield (Martinson 1974) but also on several continents (Brasier 1982) sugges-
ting that the transgression was eustatic. Back-stripping this part of the sequ-
ence we find that the Lower Cambrian transgression could have been caused
by a eustatic sea level rise ar a primary basin subsidence of as little as 30-40
m which is considerably less than that suggested by Vail et al. (1977). This
may have been related to cambrian sea-floor spreading.

A conglomerate of lower Middle Cambrian age (Paradoxides oelandicus
zone) indicates a period of regression and erosion (Skjeseth 1963, Bjorlykke
1974b). The subsequent Middle Cambrian trabsgression gradually covered
most of the Baltic Shield. This transgression occurred at the same time in
Norway and southern Sweden and probably represents a new eustatic rise in
sea-level. The transgression initiated a cycle of black shale sedimentation
which continued, interrupted only by episodes of carbonate sedimentation,
to Late Tremadocian times when reworking of the upper part of the Cerato-
pyge limstones developed. Correcting for later compaction and using equa-
tion (1), we find that the deposition of the 120 m-thick Middle Cambrian to
Late Tremadocian sequence in the Oslo Region could have been caused by a
40 m eustatic change in sea-level.

The Ordovician sequence in the Oslo Region indicates an accelerating rate
of subsidence (Fig. 2 ). Carbonate sediments constitute a shallow-water
facies, shales occurring essentially when rates of subsidence or eustatic rises in
sea level exceeded the rate of sedimentation. We can recognise the following
cycles of deepening and subsequent shallowing:

I. L. Arenig — L. Arenig (L. Didymograptus Shale (3b) — Ortho-
ceras Limestone (3L).

2. Llanvirn — Caradoc (U. Didymograptus Shale (4a) —— Chas-
mops Limestone (4b).

3. U.Caradoc — 1. Ashgill (Tretapis Shale (4¢) — Limestone (5b).
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mentation,

Within these cycles several minor sea-level oscillations can be recognized.
Particularly in the Llanvim-Caradoc cycle minor oscillations resulted in the
alternation of shale and limestone in the Ampyx and the Chasmops series.

The Tretaspis Shale (U ppermost Caradoc to Lowermost Ashgill) is a black
shale with a thin phosphate conglomerate near the base, and represents a very
significant transgression from the shallow-water environment of the Chas-
mops limestone. The Tretaspis Shale passes into a shallower water sequence
with impure carbonates and coralgal facies at the top. It is difficult to evaluate
the effect of eustatic changes in sea level in the Ordivician sequence. The
Upper Ordovician glaciation in W. Africa and 5. America (Crowell et al.
1981, Biju-Duval et al. 1981, Deynoux & Trompette 1981) should be
expected to have cause eustatic sea-level changes that might be detectable in
the Oslo Region (Bjorlykke.1974a, p. 18, Brenchley & Newall 1980.

It has proven difficult to establish the age of this glaciation precisely within
the time range from Caradoc to Llandovery. Tillites in the Anti-Allas are,
however, better dated and suggested an uppermost Ashgillian (Hirnantian)
age (Destombes 1981). The W. African and 5. American glaciations of Late
Ordivician age may not have been synchronous, but if they were, their extent
would suggest a rather significant change in sea-level. Even a much smaller
sea-level change than that associated with the Pleistocene glaciation, i.e. 30-
50 m, would be expected to have had a quite profound influence on sedi-
mentation in a shallow-marine environment like that in the Oslo Region. It is
therefore tempting to correlate the unconformity along the Ordovician/Silu-
rian boundary with the Late Ordovician glaciation, even though the glacia-
tion cannot be dated very precisely. However, the somewhat variable rates of
relative subsidence associated with the Lower Silurian transgression in the
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Oslo Region suggest a strong tectonic influence (Bjorlykke 1974a).
Spjeldnaes (1957) has also suggested that a significant angular unconformity
exists at the Ordovician/Silurian boundary in the Oslo Region but it is diffi-
cult to find conclusive evidence of this. If the Lower Silurian transgression
was only due to a post-glacial eustatic rise in sea-level, it should have been
more synchronous and uniform. The U. Ordovician/l. Silurian unconformity
in the Oslo Region represents, however, only an episode of relative upliftina
period of accelerating subsidence (Fig. 2), and the unconformity is probably,
at least partly, also controlled by tectonic movement. If the erosional relif in
the Ordovician sediments at the base of the Silurian sequence (up to 100 m)
(Bjerlykke 1974a, p. 21) was entirely due to glacio-eustatic regression, it is
surprising that well developed karst structure are rare or absent below the
unconformity, Cn the other hand we might assume that if we had a signifi-
cant glacio-eustatic sea-level drop in Upper Ordovician time, it could only be
placed at the top of the Caradoc or in the Hirnatian, based on the strati-
graphic record of the Oslo region.

Relationships between Silurian thrusting and sedimentation
(nappe loading)

Sedimentation rates in the Llandovery and Wenlock require significant
crustal subsidence, in marked contrast to the stable situation in Middle
Cambrian to Middle Ordovician times. A distinct cause of this crustal subsid-
ence should be sought as its magnitude is too large to be explained in terms of
eustatic sea-level changes. The Oslo Region must also have been thermally
mature and subsidence due to cooling is therefore highly unlikely. The possi-
bility of thinning of the continental crust cannot be ruled out, but it might be
expected to have affected the whole of the Oslo Region at the same time. In
the author's opinion the cause of the increased rates of subsidence in Late
Ordovician and Silurian times may be due to isostatic loading by nappes
which were thrust towards the E and SE during Caledonian deformation. A
similar relationship is found in the Silurian of North Greenland (Hurst et al.
1983).

There were probably several phases of thrusting, the earliest of which was
of Lower to Middle Ordovician age and involved the obduction of ophiolites
(Sturt & Thon 1978). The ophiolites were obducted on to Precambrian base-
ment representing a westward extension of the Baltic Shield. Despite the
considerable distance to the obduction sites the clastic sediments of the Oslo
Region are strongly influenced by debris from basic igneous rocks and
distinctive minerals such as chromite can be traced back to ophiolitic source
rocks (Bjerlvkke 1974a, b, Bjorlykke & Englund 1979). The geochemical
influence of ophiolite debris is first felt in the Oslo Region in Arenigian times
and reaches a peak in Middle Ordovician (Caradocian) times. Thus the
inflow of clastic materials derived from the ophiolites helps to date their
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emplacement and uplift prior to erosion. A similar pattern of clastic chromite
distribution is also found to date the obduction of ophioclites in Newfound-
land (Church & Stevens 1971). Early Ordovician thrusting (Sturt & Thon
1976) caused major nappe loading and basin subsidence in regions in
proximal positions relative to the nappes, but they were probably too distant
to cause major loading effects in the Oslo Region, Middle to Upper Ordovi-
cian flysch in Gausdal may however reflect subsidence and sediment supply
from advancing Ordovician nappes (e.g. the Jotun Nappe: Nystuen (1981)).
The fact that the Upper Ordovician subsidence in the Oslo Region is
synchronous with uplift and exposure in the Lake Mjosa district indicates
that relative subsidence at that time was not caused by eustatic sea-level
changes or nappe loading but was probably the result of slight adjustments in
the part of the craton related to subduction further west.

The Bruflat Sandstone (Fig. 1 & 2) provides the first evidence of relatively
rapid subsidence, and the formation of turbidites and deltaic sediments is
good evidence of a proximal exposure of a major land mass (Bjorlykke
1974a). This may have been caused by the emplacement of the Osen Nappe
or Quartz Sandstone Nappe (Schidtz 1902, Nystuen 1981) towards the Oslo
Region. Emplacement was probably the result of gravity sliding producing
an imbricate structure (Price 1977) which could cause isostatic subsidence in
front of the nappe and at the same time constitute an uplifted source area to
the north-west. The Bruflat Sandstone, which is now considered to be of
uppermost Llandovery age (Worsley et al. 1982), may thus date the advance-
ment ¢f the Osen Nappe into the Lake Mjesa Region.

Since the Bruflat Formation and in some areas the Reinsvoll Formation
(Worsley et al. 1982) are overlain unconformably by Permian lava and sedi-
ments in the Mjesa district, we are not in a position to detect continued
subsidence and sedimentation in the Lake Mjasa Region through the Upper
Silurian. In the Ringerike district carbonate sedimentation was predominant
in Wenlockian times, showing that this region was still unaffected by the
clastic influx (Waorsley et al. 1982). Sedimentation rates however, were rela-
tively high (Fig. 2).

The Ringerike Sandstone (Sundvollen Fm.) of upper Wenlock and Ludlow
age (Worsley et al. 1982) represents progradation of fluvial sediments over
marine sediments in the Ringerike and Beerum-Asker districts and requires a
land area to the north or north-west. The depocentre was displaced to the
south in the Upper Llandovery although it appears that the Bruflat Sand-
stone represents a separate and earlier episode of subsidence. If the Bruflat
Sandstone dates the emplacement of the Osen Nappe in the northern part of
the Oslo Region, some folding of the Cambro-Silurian sequence might be
expected to have occurred in front of the nappe (Fig. 3). The thrusting of the
Osen Nappe over the Cambrian Alum Shale requires that the Ordovician
and Lower Silurian sequences were detached from the Alum Shale ahead of
the Osen Nappe (Fig. 3). Strong deformation of the Alum Shale in the Lake
Mjasa district, due to the movement of the Ordovician-Silurian sequence
over the basement, has been documented by Skjeseth (1963). The impor-
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Fig. 3. Hypothetical model for Silurian sedimentation and thrusting in the Oslo Region.

tance of the Alum Shale as a major décollement horizon was first recognised
by Brogger (1882). Nansen (1928, p. 105) stated:

«Along this slope from the mountain range the sedimentary formations
g'radualiy slid downwards towards the Oslo Region, this sliding being
facilitated by the loose, and slippery Alum-schist which formed the
lowest sedimentary layer and acted as a lubricating material reducing the
friction against the underlying surface of Archzean rocks. Thus a lateral
pressure arose in the sliding Cambrian and Silurian strata, and they were
gradually compressed, folded and crumpleds.

The gravity sliding is likely to have been associated with some folding which
would then have taken place before the deposition of the Ringerike Sand-
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stone. As pointed out by Worsley et al. (1982) relatively stable areas of carbo-
nate sedimentation existed in the Asker and Ringerike districts through most
of Wenlock time. However, the Lower Wenlockian (Sheinwoodian) NW-5SE
trending facies belt shown on ‘time slice’ maps (Worsley et al. 1982) may
represent surface expressions of gentle early folding.

Before the deposition of the Ringerike Group the underlying Lower
Palaeozoic sediments probably consisted of well-cemented limestone inter-
bedded with rather soft muds due to very limited degrees of compaction by
the overburden. This sequence could have been folded in a rather ductile
manner by differential sliding between the limestone beds.

The Ringerike Sandstone has a more open fold style representing less shor-
tening than for the folds in the underlying sediments. This may possibly be
the result of differences in competence but may also be partly explained by
some pre-Ringerike Sandstone folding. Further to the south-east the highest
rates of subsidence occurred in a basin extending into Scania, Denmark and
N. Poland (Stermer 1967). This depression is nearly paralell to the direction
of Caledonian thrusting and may be related to extension perpendicular to
Caledonian compression along a zone of weakness in the Baltic Shield.

If the Lower Palaeozoic rocks were not deformed prior to the deposition of
the Ringerike Sandstone, then the thrusting of the Osen Nappe must have
been accomplished during the Silurian. Since the Osen Nappe was emplaced
over Cambrian shales, the total shortening of the Ordovician/Silurian sequ-
ence must correspond to the magnitude of the Osen Nappe overthrust
(Fig. 3).

In the Oslo Region and the Southern part of the Sparagmite Basin the
Precambrian basement was not significantly deformed during nappe empla-
cement. In the southernmost part of the Oslo Region (Skien-Langesund
district) there is little evidence of folding or thrusting of the Lower Palaeozoic
sequence in relation to the basement. This implies that the shortening of the
Ordovician/Silurian sequence related to the emplacement of the Osen
Nappe must be represented by folding within the Oslo Region. Based on the
occurrence of outliers of the Nappe (Schiotz 1902, Holtedahl 1915) the
minimum distance of translation is 25-40 km. Oftedahl (1943) and Nystuen
(1981) have, on various lines of evidence; interpreted the remaining part of
the Sparagmite Basin north of Lake Mjesa to be highly allochthonous (200-
400 km). If the ‘Sparagmite nappe’ had also been sliding on Cambrian shales
the shortening of the underlying Cambro-Silurian sequence must have been
correspondingly larger. In the present author’s opinion the style of the folding
in the Cambro-Silurian sequence in the Oslo Region does not suggest shor-
tening of this magnitude.

Late Palaeozoic sedimentation

Subsidence and thrusting during Late Silurian and Early Devonian times
resulted in a very significant crustal thickening in the Central Norwegian
Caledonides. This resulted in isostatic uplift and the formation of a topo-
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graphic mountain chain. Since conglomerates and sandstones of Lower to
Middle Devonian age i Western Norway (Steel 1978) and in Trendelag
(Siedlecka 1975, Roberts 1974) rest on Lower Palaeozoic sediments or base-
ment, there must have been considerable erosion prior to the formation of the
basins. The Devonian basins represent areas of very strong subsidence in the
Central Norwegian Caledonides. Such large-scale subsidence requires a thin-
ning of the continental crust, and Steel (1976) suggests for the Hornelen basin
that crustal extension and thinning was related to a transcurrent fault system.
It is, however, difficult to explain how a major E-W trending strike-slip fault
extends and dissipates into the central part of the Baltic Shield.

Bryhni (1964) suggested that the eastward tilting in the Homelen basin
was due Lo a basin progressively migrating eastwards by successive faulting.
Another mode of formation of the sedimentary basin is by detachment faul-
ting between a basement complex and a cover terrain similar to those
described from the Cordilleran metamorphic core complexes (Coney 1980},
Extensional tectonics related to uplift may produce sedimentary basins by
listric faulting (Fig. 4). The sedimentary basins open by movement on a listric
gravity fault, producing a basin by extension of the crust in much the same
way as one opens a drawer. Sliding of the Homelen basin with its underlying
basement to the west explains the continous infilling of the basin from the

Fig. 4. Formation of sedimentary basins due to listric extensional faulting (from Coney 1550
MNote that this model predicis that sedimentary infill cceurs asymmetrically as the basin is
extended and that the sedimentary sequence will be younging away from the direction of the
relative tectonic movement of the fault blocks. The dip of the beds will decrease up section as
rotation along the fault-plane takes place during sedimentation.
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east, as well as the decrease in dip to the east due to rotation during sedimen-
tation. Detailed tectonic studies are, however, needed before such a model
can be substantiated. Basin subsidence related to listric structures and crustal
extension has also been suggested by Roberts (1983).

Upper Palacozoic rifting in the Oslo Region was associated with the
production of rather large volumes of igneous rocks (Ramberg & Spieldnas
1976} and a sequence of Upper Carboniferous and Permian sediments only a
few hundred metres thick was deposited {Olaussen 1981). We would expect
that the Upper Palaeozoic rifting was followed by a later phase of subsidence.
Post-rifting eooling could theoretically resull in a thermal subsidence of 2-3
km, depending upon the degree of thinning of the continental crust and addi-
tional subsidence due to sediment loading (Kinsman 1975). It is therefore
probable that the Brumunddal Sandstone of the Lake Mjosa district is only a
small part of a once much more extensive and thicker sequence of Post-
Permian sediments in the Oslo Region. This assumption is supported by the
fact that in the continuation of the Oslo Rift in Skagerak and N. Jylland we
find 3-4 km of Triassic sediments (Ziegler 1981, 1982).

In the Oslo Graben, thermal subsidence with the deposition of a 2-3 km
thick sequence of sediments would be expected to have followed the Permian
igneous activity. It is therefore likely that the Carboniferous-Permian sequ-
ence in the Oslo Region was succeeded by approximately 2 km of younger
sediments and that sedimentation continued into the Triassic and possibly
also the Jurassic.

Conclusions

1. The post-rift subsidence in the Sparagmite Basin is considerably smaller
than theoretically expected. This may be explained in two ways:

a) The rift was characterised by relatively low geothermal gradients.

b} The main rifting took place during the deposition of the Brottum
Formation and the overlying sequence may be regarded as part of the
cooling phase despite the fact that small volumes of velcanic rocks
have been found in this overlying sequence.

2. Lower Palaeosoic epicontinental sedimentation indicates a high degree of
tectonic stability in Cambrian and Ordovician times. Allowing for basin
subsidence due to water loading and sedimentation, the Lower and
Middle Cambrian transgression can be explained in terms of much
smaller eustatic sea-level changes than those proposed by Vail et al.
(1977).

3. The increased rate of subsidence in mid-Silurian times (Late Llandovery
and Wenlock) in the Oslo Region may be due to nappe loading, a model
which also provides a source for upper Silurian sandstones. If this model is
correct it provides a powerful tool for dating thrusting in the Scandina-
vian Caledonides, as also shown from the Cretaceous of the western
United States (Jordan 1983).
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4. Devonian sedimentation is characterised by large-scale vertical tectonics
and the possibility that Devonian basins in Western Norway may be
related to gravity-generated listric faulting rather than strike-slip faulting
deserves further attention.

5. In the Oslo Graben, thermal subsidence with the deposition of 2-3 km of
sediment would be expected to have followed the Permian magmatism. It
is therefore likely that the Carboniferous—Permian sequence in the Oslo
Region was succeeded by approximately 2 km of younger sediments and
that sedimentation continued into the Triassic and possibly also into the
Jurassic.
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Based on lithostratigraphical and seismic studies, four (possibly five] glacial events
are recognized in Andfjorden. The two oldest, the I- and G -events are represented by
basal tills. The continental ice sheet probably reached the shell edge during deposi-
Lion of these tills. Both the 1- and G-events are older than ¢, 19000 Y BP and ].msubl}r
younger than ¢. 36,000 YBE. The uncertain glacial event is represented by a ques
tionable moraine ridge complex 20-25 km from the shell edge. The Flesen event is
represented by end moraines ¢, 50 km from the shell edge: an age of 16,000 L3000
YBP is suggested. The D-event is identified as a glaciomarine sedimentary unit with
high frequencies of ice-dropped clasts. During D-time the ice sheet crossed the sedi-
mentary/crysialline boundary in Malangsdjupet; in Andljorden it was probably
situated just shoreward of this boundary. The age of the Deevent is L4000 13,000
YBP.

Fo0. Vorren, M. Hald & E. Thomsen, Tustitute of Biology and Gealogy, niversity of
Tromse, N-9000 Tromso, Nomoay.

M. Edvardsen, Norwegian Petroleum Divectorate; N-4000 Stavanger, Norway

Introduction

The purpose of the investigation upon which this article is based is to eluci-
date the deglaciation history of the continental shelf off the southern part of
Troms based on stratigraphical studies. For a review of earlier work on the
deglaciation history of this area we refer to Vorren & Elvsborg (1979).
The areas chosen are two troughs, Andfjorden and Malangsdjupet (Fig. 1).
There are two main reasons for this choice; 1: The depth of these troughs
exceeds 300 m which is a critical depth for iceberg plough marks in this area.
Above this depth the stratigraphy of the upper sediment layers was disturbed
by Weichselian iceberg ploughing (Lien & Myhre 1977, Vorren et al. 1982).
2: These shelf areas are adjacent to land areas which are under consideration
as possible non-glaciated areas during the Weichselian (Ahlmann 1919,
Undas 1938, 1967, Gronlie 1941, Dahl 1955, Bergstrom 1973, Ives 1975).

Physiographic setting
The main bathymetric features of the investigated area (Fig. 1) are two glacial
troughs, Malangsdjupet and Andfjorden, with maximum depths of 455 and
505 m, respectively. The area in between comprises a shallow bank, Sveins-
grunnen, with depths less than 100 m.

The bedrock on the shelf comprises Mesozoic and Tertiary sedimentary
rocks while older crystalline rocks occur along the coast and on land (Fig. 1).
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Fig. 1. Maps showing the location and bathymetry of the investigated area.

The boundary between these two bedrock provinces is marked by a longitu-
dinal channel. The water masses on the shelf comprise water of Atlantic
origin in the Norwegian Current and coastal water in the Norwegian Coastal
Current. Annual surface temperatures fluctuate between 5 and 11 °C (Mosby
1968).

Material and methods

Altogether 120 gravity cores (inner diameter 100 mm) have been sampled
and investigated by us (Fig. 2). At several of the sampling stations two or
more cores have been recovered in order to achieve good stratigraphic
control and partly to get enough material for radiocarbon dating.

The cores were split in two parts at the laboratory. Various geotechnical
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Fig. 2 Station map. Number of cores from each 1979-station is indicated. Only one core was
recavered from each 1978 and pre-1978 stations, The pre- 1978 cores are described by Elvshorg
{18749).

and sediment-petrographical investigations were carried out: colour-deter-
mination using Munsell Color Charts; water content; shear strength by fall-
cone test (Hansbo 1957); granulometric analysis by wet sieving and pipette
analysis; carbonate content by gasometric analysis (Gross 1971); clay mine-
ralogy by XRD and ‘pebble’ counts on the fraction 1-2 mm. A useful para-
meter for differentiating between various types glacigenic sediments and to
quantify the ice drop activity was the number of lithoclasts in the 1-2 mm
grade per 100 g dry sediment (Vorren et al. 1982).

The studies of the seismic stratigraphy are based on sparker profiles kindly
put at our disposal by the Norwegian Continental Shelf Institute. The
profiles have previously been described by Bugge & Rokoengen (1976).
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Seismic stratigraphy

The greatest thickness of Quaternary sediments is found at the mouth of the
troughs and at some scattered locations on the inner part of the shelf accor-
ding to Rokoengen et al. (1979) (Fig. 3A). Based on the seismic studies they
infer three glacial units (Fig. 3B) which were related to three glacial terminal
events. In our opinion many parts of their glacial units represent local thicke-
ning of the Quaternary deposits, e.g. erosional remnants, which cannot be
related to terminal events.

We have paid particular attention to Andfjorden. Even with all the avail-
able profiles at hand we feel confident on only one terminal moraine
complex. This moraine complex is located ¢, 50 km from the shelf edge (Figs.
4 and 5). We name this complex the Flesen moraine after some skerries to the
east of the moraine complex. Another ridge complex, 20-25 km from the
shell edge, is located on the eastern side of the trough. This ridge-system may
be end moraines deposited in front of a glacier moving north along And-
fjorden, or from a glacier moving westwards from Senja, or it may represent
slide deposits. Additional data are needed before the genesis of this ridge
system can be safely interpreted.

The thickness of the total postglacial glaciomarine/marine sediments in
Andfjorden has been mapped (Fig. 4); a maximum thickness of about 50 m
has been registered. This seismic sequence is characterized by parallel
internal reflectors and a smooth surface. [t should be noted that the sequence
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Fig. 3. A: Thickness of Quaternary sediments in milliseconds two-way travel time (equals
metres if seismic velocity is 2000 m/sec). B: Glacial units, - After Rokoengen et al. (1973),
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Fig. 4. Thickness of the postglacial glaciomarine/marine sediments in Andfjorden in millise-
cond two way travel time. Position of the submarine Flesen moraine and the questionahble
moraine (7] are indicated. The A and K denotes the Acrisen moraine and the Kirkeraet ridge,
respectively, Position of profile shown in Fig. 5 is indicated.

L¥




178 VORREN, EDVARDSEN, HALD & THOMSEN
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Fig. 5. Seismic {sparker) profile, with interpretation, across the Flesen moraine. Location is
shown in Fig. 4.

overlies the Flesen moraine (Fig. 5) but thins on the proximal flank. The low
boundary of the sequence is probably diachronous, becoming progressively
younger towards the south. In the outer and marginal part of Andfjorden the
sequence is lacking, This is partly due to bottom current erosion.

Lithostratigraphy

A generalized composite stratigraphy based on cores from the outer and
central part of Andfjorden show nine lithostratigraphic units (Fig. 6). The
same stratigraphic units, except units tG and tH, are found in Malangsdjupet.
In the following a brief description and interpretation of the lithostrati-
graphic units is given; a more comprehensive discussion is given in Vorren et
al. (1982).

The unit tA subcrop map (Fig. 7), indicates that units lying directly
beneath unit tA become progressively older seawards. Thus there exists a
hiatus of increasing length seawards (and towards the basin margins)
between the late Holocene tA unit and underlying units. This situation has




«DEGLACIATION OF THE CONTINENTAL SHELF-

179

LITHO-
STRATIGRAPHIC
UNITS

SCALE

i {33003
30

50

Mo. of grains
(1-2 mm)
per 100 g
dry weight

L L 11 L1l

% Sedimentary

rochk fragrnent's

(1=2 mm)}
20

Stage

Calcareous
silty sand

Calcareous
pelite

FLANDRIAN

4m

-| Dark gray
sandy pelite

Dark gray
pebhly pelite

Gray pelite

Laminated
clay

Diamicton

Disturbed
laminated
clay

tl

Diamicton

HNHN

WEICHSELIAN

HHIREEEE 7277272

Fig. 6. Generalized composite lithostratigraphy of the upper beds in the outer and central

reaches of Andfjorden.

given us the opportunity to construct a rather long stratigraphy based on
only 5 m long cores. However, in most of the deeper parts of the throughs the
Holocene sequence is so thick that we are not able to recover Weichselian

sediments.

The window with unit tC sediments west of Flesen must be due to local
thinning of the Holocene sequence over the Flesen moraine ridge (Fig. 5 and
6). The diamictons in the outer parts of Andfjorden and Malangsdjupet are
represented by the tl and tG-units. In the inner parts of Andfjorden the
diamictons are of a different composition.
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Fig. 7. Unit tA subcrop map.

Unit tl is a very dark grey diamicton. The upper boundary which is sharp,
is sometimes represented by a sandy gravelly horizon. The low water content
(15-20") and the shear strength indicate overconsolidation. Macrofossils of
boreo-arctic species occur as fragments, many of which are abraded. We are
fairly certain that unit tI represents a true basal till.

Unit tH is a disturbed laminated clay found in outer Andfjorden. It is over-
lain by unit tG which is a dark grey diamicton. Compared with unit tl, unit
tGG contains less lithoclasts and has lower frequencies of sedimentary rocks.
Like unit tI, unit tG only contains transported macrofossils. We believe
that the most likely genesis of unit tG is as a basal till, although a proximal
glaciomarine deposit should not be totally ruled out.

Unit tF is a (dark) olive-grey laminated clay. The maximum thickness
found in the cores is 74 cm in Malangsdjupet and 195 cm in Andfjorden. The
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natural water content is 28-35% and the shear strength is normally between
0.4 and 1.0 t/m2. The clay and silt which predominates in the grain-size
composition is probably derived from suspension.

Ice-rafted grains occur only in the lower and upper part of this unit in And-
fjorden. No macrofossils are found and the foraminiferal assemblage is
characterized by a very low number of specimens per gram sediment. Taxa
that at present are restricted to polar shelf areas dominate the lower part of
unit tF, whilst there is an increase in the cosmopolitan C. laevigata upwards.
The undisturbed lamination and the foraminiferal assemblage indicate a
reatricted benthic fauna reflecting rather unfavourable ecological conditions.
The fine texture indicates a low energy regime. We thus interpret these sedi-
ments as having been deposited in an environment which was covered with
sea-ice, at least seasonally.

Unit tE is a 20-40 cm thick, light-coloured marine clay. The boundary
with unit tF is transitional; it is placed where lamination is no longer visible.
Unit tE resembles tF, except for a slightly higher dropstone content, and a
massive structure. The massive structure, we believe, is the result of bioturba-
tion. Small pectinids and sponge spicules occur, indicating a more diverse
fauna than in tF-time.

Unit tD is a very dark grey pebbly pelite. The boundary with tE can be
seen by a colour change, The thickness is 60-70 ¢cm in Malangsdjupet and
70-90 cm in the outer reaches of Andfjorden, increasing shorewards to at
least 190 em. In the outer reaches this unit is massive; in the middle reaches it
contains scattered E'tght-cn]mlrﬁd laminae; and in the inner reaches it is weak-
ly bedded and laminated. The natural water content is 38-35% and the
undrained shear strength about (0.7 t/m2. This unit is characterized by a rela-
tively high content of dropstones and by a high frequency of sedimentary
rocks among the clasts in the outer reaches, decreasing southwards in And-
fjorden.

Yoldiella spp., and the low saline indicator Elphidium excavatum (Smith
1970, Ellison & Nichols 1976) dominate the macrofauna and microfauna
respectively. We believe that the tD-unit was deposited in a cold, near-glacier
environment with a high iceberg influx.

Unit tC is a very dark grey sandy pelite. The lower boundary in some cores
is marked by a thin (<0.5 cm) sandy layer/lens, but mostly it is barely visible.
The boundary is defined by a minimum in dropstone content which is also
the level at which sedimentary rock clasts almost disappear. Scattered lenses
of sand and burrows occur frequently in this unit. Turbidites are found in the
high relief parts of the inner reaches. Generally this unit contains fewer drop-
stones than tD and has a higher sand content which increases upwards. The
natural water content is 25-35% and the shear strength (0.4-1.5 t/m?2
Bathyarca glacialis is a characteristic pelecypod and Cassidulina reniforme and
Nonion labradoricum dominates the foraminifera assemblage. These species
have at present an affinity for polar waters. We interpret the tC-unit as having
been deposited in an iceberg environment, but with water masses being more
temperate and dynamic than during tD-time.
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Unit tB and tA comprise Holocene calcareous mud and sand, rich in shells
of boreal molluscs and foraminifera reflecting the present hydrographic
conditions. In the outer reaches unit tB is missing. The older part of the Holo-
cene there is represented by a winnowing period with lag development.

Age

Radiocarbon dates have been obtained from units which contain macrofos-
sils in sufficiently large quantities. These dates number 19 from the pre-Holo-
cene units in the 1979 cores (Fig. 8 & Table 1). In order to obtain sufficient
dating material some samples had to be taken from several cores. The cores
were then very carefully correlated assuring that the material was recovered
from corresponding stratigraphic levels. The dates fall in two distinet groups;
between 10.000 YBP and 14.000 YBP and older than 36.000 YBP.

Fifteen of the dates are from material from unit tC. The two dates T-3634
and T-4035 are from material close to the lower boundary while T-3637 is
close to the upper boundary. These date unit tC to between 10.000 and
13.000 YBP.

Three dates were obtained from unit tD. Dating T-3638 (37.580 iﬁég}
is from a crushed and abraded, obviously resedimented fragment of Mya trun-
cata. The dated material from Malangsdjupet (T-3234) is collected from
several cores, some of which had a very thin (or missing) overlying tC-unit.
The age is definitely too young, possibly due to burrowing of more recent
fauna into the underlying unit tD. The T-3633 dating accords with the
dates from unit tC. The high standard deviation is due to the small sample
size. An estimate of the sedimentation rate suggests that the lower boundary
of unit tD is about 14,000 years old.

Dates from unit tI, T-3511, 36,760+ {8{0 and T-2499, 38,850 = J970 (Elvs-
borg 1979), if they represent finite ages, indicate that the glacier advanced
over the outer shelf area after approximately 36,000 YBP.

The ages of the undated units tE, tF, tG and tH can only be estimated. The
sedimentation rate seems to have been higher for unit tE and especially for tF
than for the overlying units. As a rough estimate we believe that tE and tF
were deposited within a period of a thousand years or so,

The interpretation of unit tG as a basal till implies that the lower boundary
is a priori an erosional unconformity representing a hiatus of unknown
length. The sandy-gravelly layer on top of this unit may represent a period of
winnowing and, thus, also this boundary represents a hiatus of unknown
length. This interpretation is supported by the presence of an up to 50 m-
thick postglacial glaciomarine/marine sequence of mostly pre-tE sediments
in the inner part of the trough (Fig. 4). Either the sedimentation rate must
have been much higher in the inner parts during tF-time, or another possibi-
lity is a period during pre tE-time with erosion/non-deposition in the outer
areas and sedimentation in the inner areas.
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Fuble 7. Radiocarbon dates of pre-Holocene fossils from cores recovered from Andfjorden and
Malangsdjupet in 1979, The T-number denotes the Trondheim-laboratory number,

MNa. Core Fossils Weight 7 Dated Unit YRP
T-3233 2-9 Astarte cf. crenata 24 Q0K tC 11 8202 340
T-3234 2-3, 10 Y. intermedia, N, pernula
Y. lenticula, Scaphopoda indet a0 S0 th 12 150340
B. glacialis
T-3390  56-1,2,3 & 4 B. glacialis, N. pernula 34 S04 e 11 2502270
Astarte sp.. Thyasira sp.
Scaphopoda indet, Y. intermedia
T-3388  H6-1 & 2 B. glacialis |5 9 WC 12 430E 620
T-3389  56i-1 Astarte of, crenata 42 gy iC 12 380+ 270
T-3511  2-3,4,5,7, 8,0, 10, Shell fragments 13- 80% 1 36 760+ 1870
3-1, 2, 4-1, T-5-1
Ted6ds 15-1,2,3,4 & 5 Y. intermedia, Y. lenticula 1.3 8a% 1D 13 630X 1250
T-3634 15-1,2,3,4& 5 Ophiura sp., Yoldia sp. 17 954 iC 12 9102 420
17¥-1 B. glacialis, N. pernula
Lunatia sp.
T-3635 51-3 B. glacialis 1.8 R Cc 12 320X 350
T-3636  51-4 B. glacialis 1.7 2% C 10 S40£ 390
T-3637  25-3 A. cf. crenata, B. glacialis
Y. lenticula, N. minuta 1.2 25% tC 10 240 510
N. pernula, Ophiura sp. .
T-3638  9-1 M. truncata fi.l 90% D 37 5802210
T-4030  33-1 B. glacialis 1.6 5% tC 11 310 % 280
T-4029  33-1 B. glacials &2 a0 tC 12 140310
T-4033  33-1 B. placialis, N. permula L& a0 tC 12 200E 350
T-4034 33-2 B. glacialis 1.1 95 11 240£ 430
T-4035 33-4 B. glacialis 20 L C 13 050 350
43-4
T-4032  33-5 B. glacialis 2H i tC 11 920 X 280
T-4031  dl-=1 B, glacialis L3 a5 11 0RO £ 380

Discussion and conclusions

Based on the results of the lithostratigraphic and seismic study we have cons-
tructed a tentative time-distance diagram (Fig. 9). Focusing on Andfjorden
where the stratigraphy is most complete; four (or possibly five) glacial events
can be discerned. They are represented by: two tills (the tI and tG-events),
one (two) end moraine; (the Flesen and (?) events) and the glaciomarine unit
tD (the D-event). These events are discussed briefly below and tentatively
correlated with the terrestrial moraines on Andeya. Several people have
contributed to the moraine studies on Andeya (Reusch 1903, Enquist 1918,
Holmsen 1924, Undas 1938, 1967, Gronlie 1941, Meoller & Sollid 1972,
Bergstrom 1973). It should, however, be noted that there is no general agree-
ment, either on such fundamental questions as the genesis of the accumula-
tions, or on correlation and chronology.

At the time of deposition of the tills tI and tG, the continental ice sheet
probably reached the shelf edge. How far the ice front receded during the
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Fig. 8. Radiocarbon dates of Late Weichselian and older continental shelf sediments, f. Table
1. The E-localities in Malangsdjupet are from Elvsborg (1979), The oldest postglacial dates
onshore, ¥, are from K. D). Vorren [1978),

deposition of the laminated clay, unit tH, is unknown. According to the
radiocarbon dates these two events must be older than c. 14,000 YBP and
possibly younger than 36,000 YBF (if T-3511 and T-2499 are finite dates).
Radiocarbon dates from the northem tip of Andeya (Fig. 8) indicate that
this area was deglaciated before 18-15,000 YBP (K. D. Vorren 1978). It
seems doubtful that the whole of Andfjorden could be glaciated without the
ice sheet covering the northem tip of Andeya at the same time. Thus, the tl-
and tG-events may also be older than 18-19,000 YBP. Another, slight possi-
bility is that the t(G-units are correlatable with the oldest indisputable conti-
nental end moraine on Andeya, namely the Aerdsen moraine (Fig. 4), which
probably just predates the 18-19,000 YBP-dates (K. D. Vorren 1978).
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Fip. 8. Time- distance diagram for the margin of the continental ice-sheet in Andfjorden and
adjacent shoreward areas,

Both the uncertain end moraine (20-25 km from the shelf edge) and the
Flesen end moraine are overlain by unit tD-sediments. Thus the moraines
must be older than ¢. 14,000 YBP. K. D. Vorren (1978) has recorded a cool
event at ¢. 15,000-16,000 YBP. This may possibly be correlated with the
Flesen event. The Flesen end moraine may possibly be correlated with the
accumulation «Kirkeraet» on Andeva (Fig. 4). This accumulation is believed
to be an end moraine by Holmsen (1924), Gronlie (1941) and Meoller & Sollid
{1972). Reusch (1903) and Bergstrom (1973), however, interpret it as a shore
phenomenon.

Dhring later phases of deposition of unit tF and tE the ice front probably
receded landward of the sedimentary/crystalline boundary (Fig. 1). This is
indicated by a high content of land derived clay minerals in the upper part of
unit tF and in unit tE. The extent of the continental ice sheet during the D-
event is indicated by the dropstone composition. Large amounts of sedimen-
tary dropstones in Malangsdjupet indicate that the ice sheet terminated
beyond the sedimentary/crystalline boundary. The situation is somewhat
more complicated in Andfjorden. There we find relatively high frequencies of
sedimentary rock fragments in the outer part and very low frequencies in the
inner part. The sedimentary rock fragments in Andfjorden must have been
drifted in by icebergs from Malangsdjupet and elsewhere. Topographic
conditions indicate that the ice margin may have halted at the submarine
ridge system between Senja and Andeya and in the inner shallow part of
Andfjorden. Possibly the end moraines on southern Andoya at Ase, Bjorns-
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kinn and Bjernskinnsmyra (Meller & Sollid, 1972, Bergstram 1973) may
correlate with the D-event.

Two glacier advances marked by pronounced end moraines in the fjord
areas have been dated to 12,500-12,000 YBP (Skarpnes event) and 11,000~
10,000 YBP (Tromse-Lyngen event), respectively (Andersen 1968, Vorren
& Elvsborg 1979).
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Eemian and Weichselian Deposits at Be on
Karmey, SW Norway: A Preliminary Report
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at Be on Karmey, SW Norway: a preliminary report. Nogges geol. Unders. 380, 180-
201.

Lithelogical and biostratigraphical studies, including studies of pollen, foraminifera
and maolluses, together with aming acid analysis, radiocarbon datings and Lranium-
Thorium datings of the deposits in a 21 m section with marine beds and tills at Ba on
Karmoy gave the following main stratigraphical results: Haugesund Stadizd: 6 m unit
of clayey till and 5 m of tectonized marine beds (Late Weichselian and possibly late
Middle Weichselian). o faterstadial: 5 m unit of marine sand and gravel with a cool
climate fauna and fora learly Middle Weichselian or late Early Weichselian),
Karmoy Stadial: 1.5 m sandy, gravelly till with large striated boulders and | m tecto-
nized marine beds, Torvastad Interstadial: 0.5 m brown organical sand with a cool
climate flora and fauna (Early Weichselian), Avaldsnes Interglacial: 3 m vellow marine
sand with a warm climate fauna and flora (Eemian).
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Introduction

The presented results are based on studies from two excavations made on the
floor of the old Be clay pit at Karmoy (Fig. 1). The first excavation was dugin
1979 during extremely bad weather conditions. Interglacial deposits
supposed to be of Eemian age were reached at adepth of 6m - 10m, I mto 7
m below sea level. In the following year a new excavation was made only 10
m from the former site. However, this time the very bouldery till which over-
lies the deposits of supposed Early Weichselian and Eemian age could not be
penetrated, and only the beds above the till were studied.

Review of previous studies

By, KARMOY

Oyen (1905), Ringen (1964) and Andersen et al. (1981) observed the 6 m to
8 m thick bed of clayey till with shell fragments which overlies the marine
beds at Bo. yen considered the till to be of pre-Weichselian age, but Ringen
suggested that it is of Weichselian age and deposited by a glacier which
moved in westerly direction. The investigations carried out by Andersen et
al. (1981} supported Ringens observations. Below the till they observed Mya
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beds, and they correlated the beds with the Nygaard Interstadial somewhere
between 40000 and 50000 years B.P. old. On the basis of amino-acid
analysis Miller et al. (in press) arrived at the conclusion that the Mya beds are

most likely of late Earl}f Weichselian age.
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Fig. 1. Key map

a) Location of Be clay pit and of the two excavations,

b) Location of Be.
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NYGAARD, KARMOY

In a clay pit at Nygaard, which lies only 4 km from Be, Qyen (1905) recorded
Mya beds which rest on a very bouldery till and are overlain by glacially
tectonized Portlandia arctica beds. Andersen et al. {1981) suggested that the
Mya beds represent an interstadial, the Nygaard Interstadial, and radio-
carbon-dated Mya shells indicated an age approximately 40000-45000
years B.P. for the beds. The bouldery till below the Mya beds were supposed
to represent an Early Weichselian stadial, a Karmey Stadial.

Lithostratigraphy

The lithostratigraphy exposed in the two excavations at Be is shown in Figs. 2
and 3. Altogether 5 formations were distinguished: Haugesund Diamicton,
Ba Sand, Karmey Diamicton, Torvastad Sand and Avaldsnes Sand. Fig. 4
shows the results of grain-size analysis and of CaC(0y; determinations of
samples from both excavations.
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The Avaldsnes Sand is the oldest formation. About 4 m of this sand was
exposed from 1 to 6 m below sea leavel, but only the upper 3 m could be
sampled. It is a yellow fine sand with no clear stratification. Marine shells,
including some bivalves in living position were seen throughout the forma-
tion. A high CaCOj content (201) and a low loss of ignition (1.2-1.4) could
indicate relatively favourable current conditions. This together with the
interpretation of the molluscan fauna (p. 197) suggest that there could have
been a connection with the open sea across the island, and the sea level was
most likely more tan 15 m-20 m higher than at present.

The Torvastad Sand is a c. (0.4 m thick formation of brown, partly stratified sand
with much organic material of plant remains. Marine molluscs were present
in the sand, but not as common as in the Avaldsnes Sand. The grain-size
distribution was similar to the distribution in the Avaldsnes Sand (Fig. 4). A
sheltered brackish-water environment, possibly a lagoon environment, seems
maost likely for this sand. The amino-acid chronology (Miller et al. in press)
suggests a considerable hiatus between Torvastad Sand and the Avaldsnes
Sand, but this hiatus was not observed in the excavated profile.

The Karmay Diamicton was divided into two members C, and C,. Member C,
is a very bouldery till and C, is composed of strongly tectonized and folded
sand beds with till lenses. All sand beds within C, seem to have been derived
from the Torvastad and Avaldsnes Sands. Some of the erratics within C, are
very large, 1 m to 3 m in diameter, and many of them are nicely striated. Both
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pebble counts, fabric analysis and the striation show that the Karmaoy till was
deposited by glaciers which moved in southwesterly, westerly and northerly
directions at various phases. The Karmey Diamicton represents a stadial
older than 50000 years B.P. (see the following discussions).

The Bo Sand consists of 8 beds with a combined thickness of about 5 m {See
Figs. 2 and 3). There is a hiatus between beds by and by, and this hiatus sepa-
rates member B; from B,.

Member B,(bed by) is a laminated silt and fine sand which lies comformably
on the surface of the Karmey Diamicton. The thickness of b, varies from 1.5
m in the depressions to about 0.2 m on the higher parts of the till surface. A
few scattered stones within the member are most likely dropstones. This
suggests that the silt was deposited near an ice front. The lack of fosssils and
organic carbon in by together with the lamination could indicate that the bed
was deposited in fresh or brackish water. Bed by therefore most likely repre-
sents a phase during the glacial retreat immediately after the deposition of
Karmay till.
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Member B, (beds b,—b;)

The upper laminae within bed b; are truncated by a bed of gravelly sand at
the base of bed b,. In addition about 0.2 m deep erosion channels were
observed (Fig. 2). The erosion could have taken place below the sea level, but
seen in connection with bed by the erosion could as well occurred at or above
sea level. Bed b, is very fossiliferous and it supposedly represents the most
favourable part of an interstadial. Therefore, the hiatus below bed b, could
represent a considerable part of an early phase of this interstadial.

Silty sand is the main constituent in all of the beds in B, (see Fig. 4). In addi-
tion some cobbles, gravel and clay occur, and stones with rounded or
subrounded edges dominate in all beds. Some stones are striated which
suggests a glacial origin. Paired bivalves were seen in all beds, and in some
beds the shells are concentrated in zones which correspond with the peaks on
the graph for the CaCO; content. Particularly bed b, is very fossiliferous.

Bed b, is a stratified silty clay with many dropstones and a molluscan fauna
with Portlandia arctica. This is clearly a glaciomarine near-ice deposit.

The Haugesund Digmicton was divided into two members, A, and A,
Member A, is a clayey till with shell fragments. Only the lower 2 m of the
about 6 m thick till unit was exposed in the excavated sections. The till fabric
(Ringen, 1964) together with the striation direction on bedrock show that it
was deposited by a glacier which moved almost due west. Radiocarbon dates
and Uranium-Thorium dates on thick Mya truncata shell fragments within
the till suggest an age between 35000 years B.P. and 50 000 years B.P. for the
shells, and the till must be younger.

Member A, consists of strongly tectonized beds of sand, silt and clay. The
beds have obviously been moved in a westerly direction by the overriding
glacier.

Pollen stratigraphy

Samples from the Avaldsnes, Torvastad and Be formations were analyzed.
There were numerous pollen grains in the sand from the two first mentioned
formations, and very few in the beds from the Ba Formation. In beds by, bg, by
and b, there were too few grains for statistical treatment.

Most of the grains were corroded, and 5%-15% could not be identified.
Calculations are based on a pollen sum (P) for aboreal pollen (AP) and non-
arboreal pollen (NAP). Relatively few samples have been analyzed, and the
presented diagram shows only the preliminary results.

POLLEN ZONES WITHIN THE AVALDSNES-TORVASTAD SANDS

The two oldest zones are based on only two spectra and they are therefore
questionable.
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The Q.M. - Corylus assemblage zone

The zone is defined by an 8% NAP value, 12, Q.M. and 10% Corylus values.
The Betula value is as low as 18%. If the presented analysis is represenitative
this zone seems to represent the most favourable conditions.

The Betula - Poaceae assemblage zone

A 24% NAP value and a 34Y Betula value define the zone. The Q.M. and
Pinus values are respectively 2% and 5%. If the analysis is representative this
zone represents a less favourable phase than the zones below and above. The
high NAP value suggests that some deforestation had taken place.

The Pinus assemblage zone

Pinus values between 30% and 45%, Q.M. values at about 10% and NAP
values less than 101, define this zones, which represents a favourable climate
with a closed forest.
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The Ficea assemblage zone

The zone is defined by 24-10' NAP values, and 20:-52% Pirea values. In
addition the Pinus and Q.M. values are relatively high, respectively 20,35
and 4'/-8'. The zone represents a boreal Picea-Pinus forest with some leave
trees.

The Betula assemblage zone

A rise in Betula and NAP values from respectively 129 to 25% and 20 to
534, a drop in Pinus and Picea values to about 12Y and the disappearance of
Q.M. characterize this zone, which must represent a cool period, possibly
with no trees during the latest phase. The amino-acid chronology (p. 199)
suggests an Early Weichselian age for the Befula assemblage zone, and il
suggests a considerable age difference between this zone and the Picea
assemblage zone (p. 199).

THE B{» SAND

Many of the pollen grains in the analyzed samples are most likely resedi-
mented, and this in addition to the low number of grains in the samples
makes the interpretation problematic. The presence of Artemisia (about 41},
Salix (about 2}, Juniperus (about 39), Betula (20-30) and NAP values of
(307-55') suggest an open, cold climate vegetation. Pollen of Q.M., Corylus,
Pinus and Picea must be secondary resedimented pollen. This conclusion is
supported by the fact that they were all, except for ().M,, found in bed b,
which contains a high-artic Portlandia arctic molluscan fauna.

Correlation with the pollen flora at Fjosanger

Mangerud et al. (1981) recorded interglacial deposits between beds of glacial
deposits at Fjpsanger near Bergen. The corresponding interglacial was called
the Fjosangerian Interglacial and it was correlated with the Eemian. The
pollen diagram from the Fjosangerian deposits shows a division into 5 zones.
The youngest zone is a Picea zone with 20%-40% Picea, 5% -25% Pinus, less
than 10 Q.M., generally less than 154 Corylus and 5%-10' Betula. The Picea
zone overlies a Corplus—Quercus-Alnus (C-Q-A) zone with very high Corylus
values {max. 30%), Q.M. values (max. 25%), Alnus values (max. 15%) and
Pinus values (max. 40'). The Picea values lie below 10% and the Picea curve
starts in this zone.

The Picea zone at Karmey resembles very much the Ficea zone at
Fjosanger. In both zones the Picea and the Pinus values are very high and
Q.M., Alnus Corylus and Betula values are relatively low (5%.-15%). The Pinus
zone and the older zones at Karmoy are most likely younger than the middle
of the C-Q-A zone at Fjpsanger since they all contain Picea and in general
low values of Corylus. The highest Corylus values (10') and Q.M. values (15'))
at Karmey were found in the Q.M. - Corylus zone, which could correspond to
the upper part of the C-Q-A zone at Fjosanger. In addition, the very low
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values of both Pinus and Picea immediately above the two zones support this
correlation, Thus, the pollen assemblages found in the Avaldsnes Sand may be
correlated with parts of the Corylus = Quercus = Alnus and the Picea assemblage
zones of the Fjosangerian.

Marine molluscs

Fig. 6 shows the distribution of seven selected bivalves and one gastropod in a
composite diagram, which is based on material collected from both excava-
tions. A more detailed description and discussion of the molluscs and forami-
nifera faunas will be given elsewhere (Sejrup et al. in prep.). In the diagram
the present-day distribution of the presented species is shown by the zoogeo-
graphic division used by Feyling-Hanssen (1935). The use of the symbols rare
to frequent is based on a subjective judgement of data from samples and
observations in field. Marine molluscs were found in all the beds at Bo except
from the laminated silt and sand in bed b-8. All the marine fossils found at Be
are of species that are living in the world's ocean today. This suggests that the
deposits are not older than the Hoxnian in England, since many of the species
in older faunas are now extinct (West 1968).

The Avaldsnes Sand contains a mollusc fauna rich in individuals and species.
This together with the presence of the species Ostrea edulis (Linné) and the
lack of cold water indicators, suggest that the temperature conditions during
deposition probably were similar or warmer than today (Dons 1936, Feyling-
Hanssen 1955, 1960).

Warm demanding faunas of this kind could not have existed in this area
without the presence of warm Atlantic surface water in the Norwegian Sea.
According to Kellogg et al. (1978) such conditions have only prevailed two
times in the Norwegian Sea during the last 440.000 years, in oxygen-isotope
stage 5 e and in the Holocene. On the basis of the marine fauna the Avaldsnes
Interglacial is correlated with oxygen-isotope stage 5 e. A similar fauna found
by Mangerud et al. (1979) at Fjesanger near Bergen was correlated with stage
5 e and the Eemian, and they recorded a pollen flora which supported this
correlation.
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The presence of Mytilus edulis (Linné) and Litternia littorea (Linné) could
indicate a deposition in the tidal zone or just below, but rather large frequen-
cies of Lucinoma borealis (Linné}, which is most common at depths between 20
and 50 m (Jensen & Spiirck 1934), suggest that the extreme shallow-water
species could have been redeposited. No safe statement can thus be made
about the depth of deposition.

As mentioned before, the boundary between the Avaldsnes Sand and the
superimposed Torvastad Sand (d-2) is probably erosional and represents a
major hiatus. In the Torvastad Sand all the termophileous molluscs have
been replaced by species wich tolerate rather cold water. However, the litho-
logy shows no evidence of glaciomarine conditions, and this together with
the presence of Mytilus edulis suggest that Torvastad Sand was deposited ina
period when at least the costal areas of Western Norway were ice free. The
marine conditions could have been similar to those found in the middle to
low arctic region today.

Ockelman (1958) explains the northern limit of Mytilus edulis in arctic areas
as a result of long seasons with sea-ice destroying the shallow-water faunas.
In this period, which is called the Torvastad Interstadial, the sea level was
most likely about 0-5 m above the present sea-level at Bo.

The Karmey Diamicton (beds ¢, and ¢,) represents a glacial advance, the
Karmoy Stadial. Abraided fragments of marine molluscs found in these
deposits show that the glacier, prior to the deposition of the till, picked up
material from older deposits.

The Bo Sand. No marine macrofossils were found in the laminated sand-silt in
bed b-8. A possibility is that this bed represents a very low-salinity depositi-
onal environment just in front of the retreating glacier. The beds b, to b, are
rich in marine molluscs, and many molluscs lay in living position. The rela-
tive abundance between the different species is changing from bed to bed,
but this might be a result of small local changes in the sedimentation environ-
ment. No thermophileos species were found, but the fauna suggests that the
marine condition in this period might have been slightly more favorable than
in the period when the Torvastad Sand was deposited. The presence of
Mytilus edulis indicates shallow water during deposition of beds b, to b,.

Both the lithology (Fig. 4) and the mollusc fauna of bed b-1 differ from
those of bed bg to b,. The fauna is poorer in species, and in the upper part
the high-arctic species Portlandia arctica dominates. This species can live
under the extreme conditions near calving glaciers (Ockelman 1958). There-
fore both the sediments and the lithology in b-1 suggest that a glacier was
close to to the Bo locality when this bed was deposited.

The Haugesund Diamicton. Only scattered shell fragments were found in the
two members of this formation. Fragments of Mya trunicata are most common.
They were most likely picked up by the glacier from the Bo Sand.




EEMIAN AND WEICHSELIAN DEPOSITS, KARMOY» 199

Dating and correlations

Radiocarbon dates. Shells of Mya truncata from the Be Sand, beds b,-bg-b,,
and b,, have been radiocarbon dated (Fig. 7). Their radiocarbon age is about
the same, about 39 000-42 000 years B.P. The same age was obtained for Mya
shell fragments from the Haugesund Diamicton (a,, 3 samples) and from the
Mya beds at Nygaard (3 samples), Andersen et al. (1981). For a shell from the
Avaldsnes Sand an age of about 49000 years B.P. was obtained, but this is
considered to be a minimum age (cf. Fig. 7).

U-Th dates of samples from the different beds will be carried out. Three
samples of Mya truncata fragments from the clayey Haugesund till {a,) were
U-Th dated (Andersen et al. 1981). Three fractions of each sample were
dated, and the ages of the inner fractions range between 36200 and 40000
years B.P. The apparent radiocarbon age of the three samples range between
34000 and 38 000 years B.P.: see Andersen et al. (1981). Since the shell frag-
ments were most likely derived from the Mya beds in the Bo Sand, the dates
support the conclusion about a Middle Weichselian age for this formation.

AMING-ACID GEOCHRONOLOGY

The results of the amino-acid analysis on the material from the two excava-
tions at Be have been published by Miller et al. (in press). The degree of
isoleucine epimerization was measured in different species of marine
molluscs and benthonic foraminifera. Fig. 7 shows the D-alloisoleucine/L-
isoleucine ratios (a]le/Jle) in the total fraction of Mya truncata and Cibicides
lobatulus from the marine beds at Be. For comparison the ratios in the same
species from Fjosanger are also shown.
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Fig. 7. Radiocarbon dates and the D-alloisoleucine/l.-isoleucine ratios in Mya truncala and
{ibietdes lobatulus, Ratios for the same species in beds at Fjosanger are plotted for comparison.
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The similar ratios in Cibicides lobatulus from the Picea zone at Karmoy and at
the top of the Eemian at Fjosanger (also from the Picea zone) strongly support the
correlation of these two interglacial sequences.

Based on the assumption that the Avaldsnes and Fjosangerian Intergla-
cials represents the last interglacial, the Eemian, and that this ended about
120000 years B.P., age-estimates were made for the two interstadials at Bo.
The results indicate that the Torvastad Sand was deposited 78 000 £ 7 000
years B.P. and the Be Sand 52000 % 12000 years B.P. (Miller et al. in press.).

Summary of main results

Avaldsnes Interglacial: The fauna and flora assemblages observed in the
Avaldsnes Sand show that this sand represents a warm interglacial. On the
basis of fauna, flora and amino-acid ratios the Avaldsnes Interglacial was
correlated with the Fjesangerian, oxygen-isotope stage 5e and the Eemian.
The sea level was most likely more than 1.5 m-20 m higher than today at Bo.

Torvastad Interglacial: The flora and fauna assemblages in the Torvastad Sand
together with the age estimate on the basis of the amino-acid ratio suggest
that the sand represents a cool Early Weichselian interstadial. The sea level
was about 0-5 m higher than today at Be.

Karmay Stadial: The Karmoy diamicton with large striated boulders repre-
sents a true till. This till was deposited by an ice sheet which covered south-
western Norway and moved in southwesterly and westerly to northerly
directions at Be. The age estimates suggest that this happened in Early
Weichselian time,

Be Interstadial: Both the fauna, flora and the lithology of the Bo Sand suggest
a cool to cold climate. The ice front was located near Bo during the early and
late phases of the Be Interstadial, which is most likely of early Middle Weich-
selian or late Early Weichselian age. The sea level was not much hi gher than 5
m above the present.

Haugesund Stadial: The clayey Haugesund diamicton is a clayey till deposited
after 40 000-60000 years B.P., most likely by the Late Weichselian glacier
which covered the entire southwest coast of Norway.

Acknoewledgemenis — The field and laboratory studies were carried out for the project «{Juaterma-
ry stratigraphy in the North Sea and Western Norway» which was financed by the Roval
Norwegian Council for Scientific and Industrial Research (NTNF). A team of scientists from
Geologisk Ins. Avd. B, Univ. of Bergen helped with the field work. The preparation of the
samples, the analysis, the Lyping and the drawings were done at the same institute. G Miller
from Colorado Univ. collected some of the samples and did some of the amino-acid analysis.
The radiocarbon datings were carried out at the Radiological Dating Laboratory in Trond
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Diatom Stratigraphy Related to

Late Weichselian Sea-level Changes
in Sunnmere, Western Norway
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In sediment cores from four small basins from 44 1o 26 m above sea-level, the bound-
aries between marine, brackish and lacustrine sediments are precisely identified
through their distinct diatom stratigraphy. In all basins the diatom successions
demonstrate a development from marine to lacustrine environments. The basins,
today being lakes or bogs, were isolated from the sea between 12,400 and 9,200
radiocarbon years B.P, at the end of the Late Weichselian. The emergence was fast
dlipiﬂg the Hu"il‘lg and Allerad [IE.EHHP—I].IHHI ¥r BP:I., and slower dun'ng the
Younger Dryas (11.000- 100000 vr BF). The slow emergence was probably a main
reason for the formation of the morphalogical distinet Tounger Diryas shore-line.
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Bjorg Stabell, Universitetet § Oslo, Institnte for geologi, Boks 1047, Blindern, Oslo 3,
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Jan Mangerud, Universitetet { Bergen, Geologink fnstitutt, avd. B, Aliége. 47,
N-5008) Bergen, Norway

Introduction

Raised former beaches are frequent in Sunnmere in Western Norway (Fig. 1).
One such prominent level is the Younger Dryas shore-line, correlated with
many cirque moraines (Reite 1967, Mangerud et al. 1979). However, it was
earlier not known whether the better morphological development of this line
was due to a transgression, a stillstand in relative sea-level changes, or faster
erosional depositional processes during the Younger Dryas. The main object
of our study was therefore to establish a relative sea-level curve based on stra-
tigraphical investigations for the area, and thereby solve the problem.
During the last few years a Y ounger Dryas transgression has been demons-
trated further south in Western Norway (Anundsen 1978, Anundsen &
Fjeldskaar, in press, Krzywinski & Stabell, in press, Thomsen, 1982) where a
Younger Dryas re-advance of the ice-sheet is known (Mangerud 1977, Sindre
1980). In Sunnmere the front of the ice-sheet was situated much further
inland (Sollid & Serbel 1979) and only cirque glaciers were formed along the
coast (Mangerud 1980). Sea-level curves from this area would therefore be of
major significance for understanding the geological and geophysical
processes governing rea-level changes along glaciated coasts. In this paper we
will mainly present the results of diatom studies from the Alesund area. The
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lithostratigraphy, pollen-stratigraphy, radiocarbon datings and a more
extensive discussion of the sea-level curves and shore-lines will follow in
subsequent papers.

Methods

For establishing relative sea-level curves we used the classical method of
coring lakes at different altitudes (e.g. Hafsten 1960, Kjemperud 1981a) to
determine the sequence of marine and lacustrine beds, and to date these
changes. We used diatoms for interpretations of whether the sedimentary
environments were saline, brackish or fresh.

This study includes four basins situated below the marine limit, which by
means of terraces is determined to 45 m a.s.]. around Alesund. Three localities
lie less than one kilometre apart on the island Sula, south of the town of
Alesund. The fourth (Lerstadvatn) is situated on the same isobase (Reite
1967, Sollid & Kjenstad 1980), but 5 km further north (Fig. 1).

The chronostratigraphical classification follows Mangerud et al. (1974),
where the chronozones were defined in radiocarbon years. For the identifica-
tion of the boundaries we have obtained approximately 20 radiocarbon dates
(Lie & Lomo 1981, Kristiansen pers. comm.) which will be published on a
later occasion.

Lithostratigraphy

The sediments in the four investigated basins are so similar that a lithostrati-
graphical correlation can easily be made, and we will therefore give a
common description. The total sequence is subdivided into five informal
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Fig. 2. The lithostratigraphy of the investigated cores. The numbers below the locality names
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formations (Fig. 2}, lettered from A to E from the base. Only in Saudedals.
myra are all five lormations present.

Formation A. Sandy silt. This formation consists mainly of grey silt, with
beds of silty sand and clayey silt. The loss on ignition is <2Y,, and macro-
fossils have not been found. The formation is interpreted to be of glacio-
marine origin, and older than 12.300 years B.P.

Formation B. Gyttja silt. Brownish grey to grey gyttja silt. The main differ-
ence from formation A is the higher organic content and the brownish colour.
The formation is generally homogeneous, but at some sites well defined red,
red-brown and green laminae occur in the upper (brackish) part. Fragments
of marine shells are common, except in the upper part. The sediments are
marine and, at the top, brackish.

Formation C. Silty gyttja. The main characteristic is its much higher
organic content than the underlying and directly overlying formations. The
colour varies between greyish, greenish and brownish, but brownish colours
dominate. Beds with abundant plant remains occur. The lower boundary is
normally a smooth transition, whereas the upper boundary is sharp. This
formation is entirely lacustrine, and its age Allerod and partly older.

Formation D. Diatomite-silt. This formation consists of a pale green to
}'Elluwish-grey silt. It has a very high content of diatom frustules, thus the
name diatomite-silt. The Vedde Ash Bed with an age of 10.600 £ 60 years
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B.P. (Mangerud et al. in press.} is found near the midpoint of this formation in
three of the basins. The sediments are lacustrine, and of Y ounger Dryas Age.

Formation E. Gyttja. This is a brown, fine detritus gyttja. It is lacustrine
and of Holocene age.

Diatom analyses

The sediment samples for diatom analyses were prepared after a simplified
version of the procedure described by Schrader (1973).

1) Each sample was boiled in 35% HyO, in a small beaker.

2) A part of the solution was poured into a centrifuge glass, distilled water
added and centrifuged for 2 min. at a speed of 1200 rev. per min. Water
with suspended clay was decanted.

3) Water was again added and the rest of point 2 repeated 4 times.

4) A few drops of the residue were spread on a cover-glass, evaporated and
embedded in Hyrax mounting medium.

The analyses were carried out using a Zeiss research microscope with the
objectives 100/1.30 and 6:3/1.4 with phase contrast. The calculation basis for
the relative frequencies was approximately 200 valves in each spectrum.
Fragilaria spp. were counted separately and are not included in this sum. The
results are presented in two types of diagrams. The construction of these
diagrams is based on Florin (1946). One diagram shows the succession of the
most dominant species. In the other diagram the taxa are grouped with
regard to their preference for the salt content of the water, according to the
halobion system of Kolbe (1927) modifiewd by Hustedt (1957). The polyha-
lobous taxa prefer salinities higher than 30%e, the mesohalobous between 30
and 0.2%0, and oligohalobous taxa can live in both brackish and fresh water.
The oligohalobous halophilous show an optimum in slightly saline water,
and the oligohalobous indifferent taxa prefer fresh water. The halophobous
group includes exclusively freshwater species which have an upper tolerance
boundary at 0.2%o S. The diagrams include mainly the sediments around the
transition zone from marine to lacustrine sedimentary environments (Fig. 2).
Samples from other parts of the cores have been examined without
quantitative counting of the diatoms, to look for major changes in the salinity
of the environment. The marine, brackish, ‘halophilous’, and freshwater
diatom zones are based on the change in the diatom compesition (Kjem-
perud 1981b). More precisely they may be classified as paleo-environmental
zZones.

The transition from polyhalobous/meschalobous to oligohalobous
assemblages indicates the change in sedimentary environment from marine/
brackish to freshwater, often called the isolation contact, because at that time
the lake wasisolated from the sea. The isolation contact represents in the sedi-
ment sequence the time of emergence of the lake’s threshold above high tide
(Ingmar 1973) (see discussion in Stabell 1952). In this area the present tidal
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range is about 2 m. The constructed curve of shore-level displacement (Fig.
12) represents the high tide, and the contemporary mean sea-level can be esti-
mated at about 1 m below.

Investigated basins

Lerstadvain, 44 m asl

This site lies at the west end of Oksenaya about 7 km east of Alesund
(UTM coordinates 610 295). The basin is about 0.16 km2, and it is subdivided
into two sub-basins by a rock sill. The deeper basin is the modern lake, while
the shallower basin is located below the bog near the western shore.

The analysed sediment core was taken from the bog surface and represents
the sediments between 718 cm and 546 cm below the bog surface (Fig. 2).
Eight samples between 650 cm to 627 em in formations A and C were
analysed for diatoms (Figs. 3 and 4). The four lowest spectra define the
marine diatom zone. The dominating taxa are the polyhalobous types Rhab-
donema minutum, Pinnularia quadratarea, Cocconeis scutellum, Diploneis smithii
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diatoms counted and I is number of Fragilaria spp. counted. Diatom zones: M = marine, B =
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BASIS OF CALCULATION ID-F
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the salt content of the water. See text to ﬁ:,:. e

and the mesohalobous Navicula digitoradiata. The oceurrence of N. digitora-
diata could indicate a periodic lowering of the salinity in the fiord, possibly
due to meltwater from the retreating ice-sheet.

At 635 cm there is a peak of the mesohalobous group to 75'% occurrence,
mainly as a result of the flourishing of Navieula salinarum and Nitzschia hun-
garica. This diatom assemblage defines the brackish diatom zone. The
spectrum above (633 em) is almost totally dominated by oligohalobous indif
ferent taxa. Navicula pusilla is described as oligohalobous indifferent
(Simonsen 1962) but by Hendey (1964) observed as common in brackish
water. It has a very limited stratigraphical distribution just above the
isolation contact. T ]'|L= peak of N. pusilla and a 6 occurrence of Nitzschia frus-
tulum may define aslightly saline environment. However, due to the rich flou-
rishing of typical freshwater species such as Cymbella ventricosa and Pinnularia
interrupta at the same level, we do not define this as a halophilous zone. The
isolation contact is defined between 635 and 633 cm and coincides with the
lithological transition from formation A to formation C at 634 cm. Sediments
just above this boundary (634-630 cm) are C'4-dated to 12.650 £ 230 yr BP
(T-3957 A). Many shell datings indicate the deglaciation of this area to about
12400 yr BP (Mangerud et al. 1981 and unpublished) and we therefore
assume that an age of 12.400 to 12.300 yr BP is most likely for the isolation
contact in [,{’t’ﬁi;l(i". atn. This is only hiu_,ht[\, outside one standard deviation of
the obtained date.

Torvlomyra, 35 m as.l.
The bog Torvlemyra is at the north-east end of the island Sula (Fig. 1) (UTM
576 258). The main basin is about 100 m long and only 10 m wide. Conti-

5 EIp-F
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nuous Late Weichselian stratigraphy is found only in the north-eastern part
ol the bog. The analysed sediment cores range from 750 to 560 cm below the
bog surface (Fig. 2). The lower half of formation B is a sandy member, sugges-
ting a high-energy sedimentary environment. This has been caused by a tidal
current (E-W) when the sea-level was above the thresholds in both ends of
the basin. The difference in elevation between the thresholds is only one
metre,

The ten analysed diatom samples represent the beds between 715 and 687
cm in the formations B and C (Figs. 5 and 6). The two lowermost spectra show
a marine diatomn assemblage. Rhabdonema minutum is the dominating species,
which besides Diploneis subcinta and Cocconeis seutellum give a high percentage
of the polyhalobous group. At level 710 em the polyhalobous is still domina-
ting, but both the mesohalobous Navieula digitoradiata and Hyalodiscus
seoticus show high frequencies and indicate a transition to brackish condi-
tions. The mesohalobous group reaches a peak of about 55% at 705 and 703
cm. A flourishing of Acknanthes hauckiana, Navicula salinarum and N. halophila
is followed by Synedra tabulata, Achnanthes delicatula and Mastogloia elliptica.
Species of the *Clypeus-flora’ (Florin 1946), which are typical for brackish/
freshwater-transition  sediments around the Baltic, are not registered.
However, both N. halophila and M. elliptica can be included in that group
(Ingmar 1973). The two last named are common in Late- and post-Weichse-
lian sediments in Sunnmore, and their frequency peaks are very often in the
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sediments just beneath the isolation contact. A marked increase of the oligo-
halobous group at 701 em indicates the upper limit of the brackish zone and
thus defines the isolation contact.

The mesohalobous group still reaches an occurrence decreasing from 15 to
9 percent in the three lowest levels in the freshwater zone. This, together with
a high frequency of the halophilous species Nitzschia frustulum, Diatoma elon-
gatum and the occurrence of Pinnularia globiceps and Rhopalodia gibberula
support the definition of a halophilous diatom zone. Only 1 to 2 percent of
the p(ﬂ}'ha]nh{]us group are mgisierﬂd thmugh this zone, which indicate Just
a slight input of saline water. During the time of isolation from the sea the
lake was surrounded by fiords. A sporadic supply of sea water by wind and
waves in rough weather may have influenced the salinity in the basin for
some time after the threshold rose above the littoral zone. A stratigraphically
well defined halophilous diatom zone is favoured by a slow land uplift, which
also may explain that this zone is more than 5 cm thlfk in Torvlemyra. The
upper limit of the halophilous zone is defined by the first appearance of the
halophobous taxon Tabellaria flocculosa. A sample of the silty gyttja between
701 and 695 cm was radiocarbon-dated to 11.780 £ 80 yr BP (T-3553 A,
NaOH soluble) and 11.750 £ 120 yr BP, (T-3553 B, insoluble in NaOH). The
radiocarbon dates give the ages of approximately the centre of the sample.
Based on a probable rate of sedimentation, the age of the isolation contact
(702 cm} can be estimated to 11.850 yr BF.
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Saudedalsmyra, 302 m as.l.

Saudedalsmyra is a 140 m long and 65 m wide bog situated about 50 m
downstream of Torvlemyra (UTM 575 253). The cores were taken in the
deepest part of the basin near the centre of the bog, and represent the sedi-
ment between 828 to 380 cm beneath the bog surface (Fig. 2).

The diatom analyses represent the beds between 550 to 500 cm in forma-
tions B, C, D and E (figs. 7 and 8). The marine diatom zone include the four
lowermost samples. As in Lerstadvatn the mesohalobous Navicula digitora-
diata shows high frequencies among the typical marine species such as Rhab-
donema minutum and Plagiogramma stawrophorum. The brackish zone is defined
by an increase of mesohalobos taxa, both in diversity and total occurrence.
But even though the mesohalobous group is dominant in number of taxa, the
polyhalobous Melosira sulcata (syn. Paralia suleata) is the most common
species in this zone. At the levels 523 and 521 cm it almost totally dominates
the assemblage (more than 90',). M. sulcata is a marine species tolerating sali-
nities as low as 5-3%e0 (Simonsen 1962). It is a bottom dwelling form, but
sometimes found among the marine plankton, particularly after winter gales
(Hendey 1964). A 5 occurrence in a freshwater zone, as recorded by Stabell
(1980), may be explained as allochthonous. However, the great dominans of
M. suleata in Saudedalsmyra must represent the autochthonous flora.

The large number of Melosira sulrata gives a peak of the polyhalobous
group just before the isolation from the sea (Fig. 8), and causes low relative
frequencies of the mesohalobous taxa (Fig. 7). However, the mesohalobous
group shows a succession similar to the brackish zone at other localities, and
the zone boundaries are therefore defined disregarding the Melosira peak. The
isolation contact is in all cases defined to 518 cm depth.

The halophilous zone is only represented by sample 516 cm. At the time of

isolation the basin was connected to the sea by a 300 m long and 10 to 30 m
wide channel. Later, when it became a lake, it was therefore well protected
against the influence of sea-water. This can explain why the halophilous
diatom zone is less developed on this site compared with Torvlemyra. A 3 em
thick sample from the silty gyttja above is radiocarbon-dated to 111302140
yr BP (T-3958 A), and from that the date of the isolation estimated to have
been approximately 11.150 yr BP.

The sea level of the transition Younger Dryas/Preboreal time is registered
only 3 m below the threshold of Saudedalsmyra (see Gjolvatn below).
Saudedalsmyra is therefore very sensitive for possible transgressions during
the Younger Dryas. A transgression of that age is known further south in
Western Norway (Anundsen 1978, Anundsen & Fjeldskaar, in press, Krzy-
winski & Stabell, in press). The beds representing the Late Allered and
Younger Dryas where therefore carefully analysed in order to discover
possible transgression sequences within this period. However, no marine
influence was detected in the sediments above the isolation contact.

The diatom succession in the freshwater diatom zone shows a noticeable
change at the lower boundary of formation D. The number of taxa is redused
more than 30%. A decrease in the occurrence of Navicula pupula var. elliptica,
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Fig. & Diagram from Saudecdalsmyra with taxa grouped with regard o their preference for the
salt content of the water, See text 1o fig, 3,

Achnanthes microcephala, Cocconeis placentula and Epithemia zorex is registered
simultanously with an increase of Achnanthes linearis, Pinnularia interrupta, P.
hemiptera, Anomoeoneis exilis, Stauroneis anceps and Achnanthes levanderi. An
almost reverse change occurs near the upper boundary of formation D, Many
studies (summarized in Stabell 1982) show the lacustrine diatoms to be
unsuitable as climatic indicators. The diatom succession through formation
[} is probably a secondary response to the climatic deterioration during the
Younger Dryas, and reflects a change of the nutrient condition in the paleo-
lake. A decrease in production of other water plants, and a change of the vege-
tation around the basin may explain the event.

The Vedde Ash Bed was deposited as a several em thick layer at the
bottom of the paleo-lake (Mangerud et al. in press.), and certainly influenced
the organic production. This is also seen in the sample (506) from the ash
layer. Only 16 taxa are registered, compared to 23 taxa in the sample below.
Stawroneis anceps is the dominant species, and the curves of both Navicula
fupula var. rectangularis and Cymbella naviculvides show a peak at this level.
Achnanthes linearis which dominates the samples just below and above is not
ohserved et all,
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Gjelvatn, 23.3 m asl.

The lake Gjelvatn is situated about 700 m east of Saudedalsmyra (UTM 582
252). The total basin area is (.06 km2. The present lake constitutes less than
half of the basin. The core is from the west end of the lake and represents the
sediments between 700 to 540 cm below the water surface (Fig. 2).

" The meschalobous Hyalodiscus seoticus dominates the brackish zone, A rela-
between 660 and 606 cm in formations B and E (Figs. 9 and 10). The marine
diatom zone is dominated by Trachyneis aspera and Diploneis subcincta.

The mesohalobous Hyalodiscus scoticus dominates the brackish zone. A rela-
tive high occurrence of the polyhalobous Cocconeis scutellum and even a frequ-
ency of nearly 5 percent Rhabodonema minutum may indicate open fiord condi-
tions and good circulation of marine coastal water. However, between 5 and
10 percent of the oligohalobous group are recorded throughouth this zone,
and a flouorishing of the mesohalobous Navicula salinarum, N. halophila and
Nitzschia hungarica is typical in the brackish zone also at the other localities.

Unique for the marine and brackish flora in Gjelvatn is the representation
of a small Diatomella sp. (Fig. 11). It is recorded in four samples between 621.5
and 614 cm with frequencies of 1 to 3 percent. Marine taxa of Diatomella sp.
are described by Voigt (1957), and the description of Diatomella salina fits our
species well. The form has later been recorded at more sites in Sunnmere, so
far only in Younger Dryas and Perboreal marine deposits.

Fig. 3. Gjelvatn 26.3 m a.s.l. Succession and distribution of the most dominant diatom taxa. See
text to fig, 3. Sample 624 cm represents the entire ash bed. The transition between diatom zone
M and B is therefore placed between the last marine sample and the lower limit of the ash layer.
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An abrupt transition to an assemblage almost totally dominated by lacus-
trine taxa can be correlated with the marked lithological boundary between
formation B and formation E. A rapid regression in the relative sea-level may
explain the lack of a halophilous zone.

Radiocarbon datings of the gyttja above the isolation contact gave the
ages 9760%110 yr BP (T-3552 B, NaOH insoluble) and 10.000=140 yr BP (T-
5352 A, NaOH soluble) The isolation is estimated to 9900 yr BP.
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Fig. 10. Diagram trom Gjelvain with taxa grouped with regard to their preference for the salt
content of the water. See text to fig. 3.

Fig. 77. Diatomella? saling Voigt.
Note the narrow septae, distinguish
ing it from the freshwater species 0.
balfonrigna Grev. Line is 10 pm.
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The Fragilaria succession

The isolation contact has been defined without regard to Fragilaria spp. Even
though they occur in great quantities in the marine/lacustrine transition zone
and often dominate the lacustrine floras, it is difficult to point out a general
succession for the Fragilaria species. F. pinnata and F. virescens var. subsalina
show high frequencies both in marine/brackish and lacustrine environments
in Saudedalsmyra while they occur only in the freshwater zone at Lerstad-
vatn. For the species F. construens var. venter a peak is registered just above the
isolation in Lerstadvatn, Torvlemyra and Saudedalsmyra and it may be used
as an indicator for the first lacustrine sedimentation. Also in Gjelsvatn this
taxon increases rapidly above the isolation contact,but here it continues to
increase upwards. Both because of their uncertain salt tolerance boundaries
and their total dominance at some levels, Fragilaria spp. are kept out of the
calculation basis for the diagrams. In the dissolved diagrams, the most
commonly occurring Fragilaria taxa are presented.

Conclusions

The boundaries between marine, brackish and lacustrine sediments are preci-
sely identified by means of the diatom stratigraphy. At three of the localities
the boundary between the brackish and freshwater diatom zones coincides
with lithological changes. In Saudedalsmyra the lithostratigraphical bounda-
ry between formations B and C is slightly below the isolation contact. Before
the diatom analyses were carried out, there were in all basins other alternative
interpretations for the position of the boundary between marine and lacus-
trine sediments.

In some of the cores, and in many cores from Sunnmere not described in
this paper, the brackish sediment is an algal gyttja, distinctly laminated with
reddish, greenish and blackish colours. This has earlier been described from
the area around Bergen (Kaland et al. in press), and appears to be an impor-
tant criterion for the marine-lacustrine transition in the type of sedimentary
environments used for this study. However, the exact position of the isolation
contact within a laminated blackish sequence is still to be determined by
diatom analysis.

Using the age obtained for the isolation contact to define the time the sea-
level (high-tide) was at the level of the threshold of each of the lakes, we
obtain a relatively sea-level curve as shown in Fig. 12. The ages are partly
based on palynological correlations by Lemo (in Lie & Lomo 1981) and Kris-
tiansen (pers. comm.) which will be published later.

The sea-level curve shows an early, rapid regressive shore displacement
following the deglaciation at approximately 12.300-12.400 years B.P. The
speed of shore displacement slowed down considerably during the Younger
Dryas. This slow relative shore displacement change is probably the main
reason for the morphologically well developed Younger Dryas shoreline.
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Fig. 12, Shore displacement  mg g
curve for the Alesund area Lerstadvatn
Note that the bend at about
10000 yr BP has not been 40+
precisely dated. Gjelvatn is

believed to have been iso- Torviamyra
lated during a period of rapid 30 Saudedalsmyra

regression. The eourse of the
curve after the isolation of Gjelvatn
Gjalvatn is based on unpub-
lished material collected by
Kristiansen & Mangerud. The
regression minimum (appro
ximately 9000 yr BP) is situ-
ated below present sea-level

(Hafsten 1979). 17

20
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However, in many places, e.g. at the front of the numerous glaciers ending in
or near the sea, the depositional processes certainly worked faster than during
the Allerad.

We have cored a large number of lakes, both further inland (where basins
at the critical altitudes are few) and Lowards the coast. The preliminary results
indicate that the 11.000 year shoreline is slightly steeper than the 10.000 year
line. Thus the shore displacement during Younger Dryas was [aster further
inland than around Alesund. The lines probably crossed west of Alesund, so
at the outermost coast there was a transgression during the Younger Dryas.

The sea-level history is thus very different from Yrkje (Anundsen 1978,
Anundsen & Fieldskaar, in press) and Sotra (Krzywinski & Stabell, in press).
This will not be discussed further here, as it will be treated in detail in a forth-
coming article on the shore displacement, but a possible cause is the differ-
ence in the behaviour of the front of the Scandinavian ice-sheet (Mangerud
1980). In the Yrkje-Sotra area there was a major Younger Dryas re-advance
contributing to the transgression (Fjeldskaar & Kanestrem 1980, Fjeldskaar
1981). Such a transgression is lacking at Alesund where a re-advance is not
known.
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Chemistry and Flow Patterns in some
Groundwaters of Southeastern Norway

JENS-OLAF ENGLUND

Englund, |.-C). 1983: Chemistry and flow paiterns in some groundwaters of south
castern Norway, Norges geol. Unders, 380, 221-234.

Groundwaters in Quaternary deposits and in bedrock of southeastern Norway down
te 120 m below surface range in chemical composition from very dilute waters Lo
brackish waters. The total contents of dissolved solids (Ca " + Mg®” + Na” + K™ +
HCO, ™ + 50,77 + CI7 ) are usually lower in rechange areas than in deep circulating
groundwaters and in springs.

Chemical differences are explained by two main modes of groundwater low
patterns: (a) flow through shallow aquifers with active Oushing, and ending up in
springs; (b} long and deep flow, from Cluaternary deposits through deep circulating
graundwaters in bedrock, and ending up in springs and rivers. The highest pH and
concentration values alomg any one flow path usually oceur in the spring waters,

Acidification due 1o acid precipitation does not seem to have occurred because of
the high buffer capacity of the deep groundwalers investigated, deeper than 15-25
m below surface,

Jews-Obaf Englund, fustituit for geologi, Norges Landbrukshogskole, Box 21,
N-1432 AN-NLH, ."'-"-:?'."tt'd__'r'

Introduction

The term groundwater is usually reserved to denote the water present
beneath the surface of the ground in the zone of saturation. In Norway such
water occurs in Quaternary deposits and in fractures in bedrock (e.g. Skjeseth
1953, 1956, Bryn 1961, -Englund 1966). The purpose of this paper is to
demonstrate that the groundwaters of southeastern Norway, down to 100-
120 m below the surface, vary widely in chemical composition; from very
dilute waters to brackish waters. This is illustrated by data (Ca?",Mg?",Na",
K, HCO,™, SO,.*7, CI™ and pH) collected during the years 1975-1981
from the following areas (Fig. 1): Astadalen, Lillehammer - Brottum, Sten-
sengbekken watershed at Mjosa, As, Moss and Jeloy. The last three areas are
situated below the Late Glacial sea-level, while the other areas are
above this level, The mean annual precipitation is highest at Moss, Jeloy, As
and in Astadalen with 800-1000 mm, and lowest in the Stensengbekken
watershed with 600-700 mm (Aune 1981).

Since seasonal variations are quite common in groundwater chemistry,
especially in shallow aquifers, and as cmly large-scale chemical changes are
discussed here, the data used are annual average results. 934 water samples
from |13 wells and springs have been analysed (Table 1}); these were sampled
during winter, spring, summer and autumn. Additional information from 45
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Fig. 1. Location map of areas in which the groundwater investigations were conducted: Jelay,
Moss, As, 5 = Stensengbekken, Brattum-Lillehammer, Astadalen, Geology mainly after
Holtedahl & Dons (1960) and Ramberg & Larsen (1977).
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water samples taken in 20 wells and springs has been used in working out the
figures 6 and 7. Alle analyses were carried out by conventional methods on
unfiltrated samples. Parts of the analytical data have earlier been published
by Englund & Myhrstad (1980) and Englund & Meyer (1980).

General considerations

Nearly all the groundwaters of Scandinavia originate from rain or melting
snow that infiltrates through soil or directly into rock fractures. The quality of
groundwater at a given point in an aquifer thus depends on the integrated
effects of a number of factors, such as: 1) the chemistry of the input water; 2)
the pathway of water through the aquifer; : 3) subsurface soil and rock types
encountered along the pathway; 4) the residence time or flow velocity varia-
tions along the pathway; 5) hydrodynamic dispersion; 6) rates and threshold
values of physical, chemical and biological processes. This paper is concerned
mainly with the effects of the above factores 2,3 and 4. The chemistry of the
input water, however, varies between the investigated areas, due to variations
in atmospheric deposition, agricultural activities, domestic sources, and
leaching processes in the unsaturated zone.

Geochemical data from groundwaters in Scandinavia have been studied
using theoretically calculated stability diagrams, of the types given by eg.
Helgeson et al. (1973); from erystalline Precambrian rocks in Sweden (Jacks
1973) and southeastern Norway (Englund & Myhrstad 1980). These studies
indicate that alteration of feldspars, chlorites, micas and also calcite is a
widespread process in groundwaters down to uu m from gruund surface.
The cations released into the water are mainly Ca®”, Mg®", Na " and to some
extent K. Another consequence of these processes is a rise in the silica
concentration as well as a rise in pH. These trends are also found in Late
Precambrian and Cambro-Silurian sedimentary rocks (Englund et al. 1977)
although saturation with respect to calcite often occurs in groundwaters from
calcareous shales.

Groundwater chemistry in areas below the Late Glacial sea-level is also
influenced by remnants of sea-water and salts(?), left over in marine sedi-
ments or in rock fractures from the time when areas were covered by the sea
(Englund & Meyer 1980). Sodium and chloride are then the dominant ions in
the groundwater. Such water is generally found in bedrock below clay depo-
sits where the groundwater moves slowly or is almost stagnant.

Calcium and bicarbonate are, however, the dominant ions in most of the
groundwaters studied here (Table 1, Fig. 2). They occur in approximately
equal amounts; commonly, however, the amount of bicarbonate is more in
harmony with the sum Ca®"+ Mg?" (Fig. 3). Magnesium is relatively more
important above than below the Late Glacial sea-level.

The HCOj content in groundwaters is derived from soil-zone CO, and
from dissolution of calcite and dolomite. CO, in the soil comes from the
atmosphere, via plant respiration and decay of organic material.
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Table 1. Average chemical composition of some groundwaters from southeastern Norway.
Observation period [975- 1941
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Where the aquifers contain pyrite, oxygenated recharge water attacks the
pyrite to produce S0O,%. Sulphate-bearing minerals such as gypsum and
anhydrite occur in places. They dissolve readily when in contact with water.

Major-ion Evolution Sequences

As groundwater moves along its flow paths in the saturated zone, the
contents of total dissolved solids and most of the major ions normally
increase. Lower concentrations are usually found in groundwaters from
recharge areas rather than in deep circulating groundwaters and in springs.

From the present investigation three main chemical evolution trends can
be demonstrated, dependent upon the aquifer type in which the groundwa-
ters occur.

ASTADALEN AND LILLEHAMMER-BROTTUM AREA

The groundwaters are located in Late Precambrian sandstones, conglome-
rates and dark shales (Brottum Formation), and in overlying Quaternary
deposits such as tills and glaciofluvial sediments. The areas are little
disturbed by man.
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Fig. 2. Average groundwater compositions from southeastern Norway, as presented in Table 1,
compared with ocean water after Rankama & Sabama (1950,

I} Precambrian gneiss, amphibolite (fresh-to-brackish water), 2) Springs from Precambrian and
Permian rocks. 3] Permian voleanic rocks. Downtonian sandstone, 4) Precambrian Eneiss,
amphibolite. 3) Cruaternary deposits, mainly ice-marginal deposits. Arable land. ) Quaterna-
ry deposits, mainly ice-marginal deposits. Forested land. 7) Cambro-Ordovician dark shale,
limestone. 8) Ordovician-Silurian limestone, 9)Orvdovician sandstone, sandy limestone, grey
shale, |0 Springs/wells from Quaternary deposits, mainly ll, Arable land. 1 1) Springs/wells
from Quaternary deposits, mainly till. Forested land. 12) Late Precambrian sandstone, dark
shale {Brettum Formation). 13) Late Precambrian sandstone, conglomerate (Bratium Forma-
tion}, 14} Springs from dominantly sandstones with some conglomerates and shales [Brottum
Formation]. 13) Springs from Quatemary deposits, mainly glaciofluvial and tll.

From a hydrogeological viewpoint the investigated springs of Astadalen
(Table 1, Fig. 2) are draining shallow zones with active flushing, 0-30 m
below surface; while in the Lillehammer-Brottum area the groundwater is
older and with a more sluggish flow, down to 50-120 m below surface (Fig. 6).

The groundwaters studied belong to the bicarbonate facies (Fig. 4). There
is, however, a clear chemical evolution from water in Quaternary deposits
{loc.no. 15), through water in sandstones (loc.no. 14, 13), to the deep water in
sandstones alternating with dark shale beds (loc.no. 12); an increase in the

15
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Fig. 3. Relationship between some important ions in groundwaters from southeastemn Norway.
& data from below, and * data from above the Late Glacial sea-level, Location numbers: see
Table 1 and Fig, 2.

total ion content, relative increase of SO,?~ compared to HCO3™, and an
increase of pH from 5.9 to 7.5, and further to pH 7.7 in springs (Fig. 7). The
total ion increase, coupled with the rise in pH, reflect an increased time of
contact between water and rock towards depth, and chemical reactions
whereby H* in the water is being consumed.

The accurrence of sulphate in the groundwater reflects mainly the exis-
tence of pyrite in the bedrock (Englund 1972, 1973). Sulphate-bearing
weathering products on exposures of these rock units are known from many
places, e g. Fivang-Ringebu in Gudbrandsdalen {Broch 1931, Caillere &
Prost 1968).

STENSENGBEKKEN WATERSHED
The groundwaters occur in Cambro-Silurian shales, sandstones and lime-
stones, and in overlying tills. The watershed represents an ecosystem which
has been m:i.nipulated b:,r man. Therefore, some of the groundwater, like the
river Stensengbekken (Bjerve et al. 1981), is more or less polluted from agri-
culture, reflected in high concentrations of e.g. potassium and nitrate.
The groundwaters belong to the bicarbonate facies (Fig. 4), showing a
chemical evolution with a relative increase in HCO,™ concentration
compared to 50,7~ and C1~ when going from Quaternary deposits (loc.no.
10-11} to the deep circulating waters in bedrock (loc.no. 7-9). At the same
time the total ion content and pH are increasing (Table 1, figs. 2, 6 and 7). The
increase of pH is largely coupled with a corresponding increase in the
HCOy™ concentration.
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The hydrochemistry of grundwaters in Cambro-Silurian sedimentary
rocks is always strongly influenced by the rock types in which they occur
{Englund & Myhrstad 1980). Especially important is the solution of calcite
and dolomite, resulting in an increase of the HCO, ™ contents towards depth,
as well as an increase in the contents of Ca®” and Mg®".

Sulphate reflects largely the existence of pyrite in bedrock. The in-
creased concentration in chloride towards depth, especially within dark
shales alternating with carbonate beds (Table 1), indicates the existence of
geological chloride sources (Englund & Myhrstad 1980, p. 43). However,
chloride in the shallow groundwaters of the Quaternary deposits is mainly
due to agricultural activities, e.g. fertilizers and animals.

AS-MOSS

The groundwaters are located in Precambrian gneisses which are commonly
alternating with amphibolites, and in overlying Quaternary sediments, large-
ly ice-marginal deposits. Generally, groundwaters in crystalline rocks from
various parts of the world have low major-ion concentrations (Matthess 1973,
p. 227, Freeze & Cherry 1979, p. 275). Within the present areas, however,

15
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waters are found ranging from the bicarbonate facies to the chloride facies
(Fig. 4); this is mainly due to the following factors:

1. Permian mineralization along fractures (e.g. carbonate minerals).

2 Remnants of Late Glacial/Holocene sea-water and sea salts(?) in rock frac-
tures and/or in marine sediments.

3. Pollution from agriculture.

Twao different chemical evolution trends have been found (Fig. 4): (a) a rela-
tive increase in HCO,~ concentration compared to 50,2 and C1™ during
flow (locno. 6, 4 and 2); (b) transformation of HCO, ™ -rich water into
brackish water with a high content of chloride (loc.no. 1). It is believed that
the first path occur within rocks carrying carbonate minerals, while the
second path is mainly due to the supply of old sea-water/sea salts {factor 2
above). Both evolution trends are coupled with a corresponding increase in
the content of total ions (Table 1, Figs. 2 and 6).

JELOY

Within the volcanic rocks of this island one chemical evolution trend has
been found (Fig. 4): a relative increase in HCO,™ concentration compared to
SO,27 and CI” when going from deep groundwaters in wells and to
springs (loc.no. 3 and 2), At the same time the total ion content is increasing
(Table 1 and Fig. 2).

SOME CONCLUSIONS

The total contents of dissolved solids (Ca®" + Mg?™ + Na” + K™ + HCO3 +
SO~ + C17) are usually lower in recharge areas than in deep circulating
groundwaters and in springs (Table 1, Figs. 2 and 6). There is simultaneously
a change in the relative anion composition, following three main trends I[Fjg.
4): (a) an increase of 50, compared with HCO;™ and CI™ (in pyrite
carrying sandstones/shales); (b) an increase of HCO,™ compared with
SO,2 ™ and Cl™ (in carbonate-bearing rocks); (¢} an increase of C1™ compared
with HCOj and 50, (mainly due to the supply of Late Glacial/Holocene
sea-water and sea salts(?)).

Many groundwaters of the world show chemical evolution during flow, as
described by Chebotarev (1955); from shallow zones of active flushing
(HCO; -rich water) through intermediate zones (HCO,™ + 50,2 -rich
water) into zones where water flow is very sluggish and the water is old (CI™-
rich water). Most of the water investigated in this work belongs to the upper
zone of Chebotarev. The different anion-evolution sequences are determined
either by the sediment/rock types in which the groundwaters occur, or by the
supply of old sea-water/sea salts (point ¢ above).

Quality and Flow Patterns

A schematic picture of the groundwater systems investigated is presented in
Fig. 5. The logical location of water samples along flow lines, representing
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entrance (points A, D, E}, average (points B, F) and final values (points C, G},
are after Engelen (1981). From the present investigation the following state-
ments can be made:

ASTADALEN

The flow through the aquilers is following shallow flow lines, mainly of the
types | and 2 in Figs. 5-7. There are small chemical changes along the flow
lines, from entrance values points A and D to the final or outlet values of the
springs, point C. This is due to a rather short time of contact between water
and rock, as well as to slow dissolution of the minerals.

During winter and dry seasons the flow to the springs is dominantly follow-
ing flow lines of type 2, while heavy rain and snowmelt causes much flow
along the very shallow flow line of type 1. Generally, the base flow of type 2
shows higher contents of geologically derived solids (e.g. Ca®") than the very
shallow flowage along flow line 1.

LILLEHAMMER -BROTTUM AREA

The groundwaters investigated appear to have followed long and deep flow
lines, dominantly of type 3 in Figs. 5-7. At the considered depths (50-120 m
below surface) the flow is slower than in Astadalen (20-30 m below surface),
resulting in higher ion concentrations in the groundwater than in Astadalen
(Table 1, Figs. 2 and 6).

STENSENGBEKKEN WATERSHED
Assuming the flow pattern to be dominantly of the types 2 and 3 in Figs. 5-7,
Observed chemical changes then correspond to the changes from A to C or
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from E to G; an increase in ion concentration within Quaternary deposits, as
well as from Quaternary deposits to bedrock, and during flow within the
bedrock aquifers (Table 1, Figs. 2 and 6).

- 50
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[ = Elco® - Mg? +Na™+ K™ HCDy + 507+ Tl gl
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Fig. 6. 3ome generalized pictures of groundwaler flow systems and the resulting changes inion
concentrations, Observalion period 1975- 1080,




CHEMISTRY AND FLOW PATTERNS IN GROUNDWATERS 231

AS - MOSS

Two main modes of flow are considered, following flow lines 2 and 3 in Figs.
5-7. Much of the water following flow line 3 has seeped through Quaternary
deposits.

SUMMARY

Observed chemical differences are explained by two main modes of ground-
water flow patterns: (a) flow through shallow aquifers with active flushing,
and ending up in springs (Astadalen, Stensengbekken watershed, Moss area));
(b) long and deep Mow from Quaternary deposits or exposed bedrock
through deep circulating groundwaters in bedrock, and ending up in springs
and rivers {Lillehammer-Brottum area, Stensengbekken watershed, As-
Moss areas. The highest concentration value along any one flow path is usual-
ly found in the spring waters.

The Acidity of Groundwater

The pH of investigated water types generally increases from about 4.40-4.45
in the precipitation to 5.5-6.5 near or just below, the groundwater surface.
Deeper groundwater is usually buffered within the pH range of 7.0-8.5, The
magnitude of these changes is dependent on (Fig. 7): (1) the flow pattern
considered, and (2) the soil and rock types encountered along the flow path.

The decrease in H' -concentration in percolating water and during ground-
water flow is due to H* exchange with the cation exchange reservoir in the
soil, and due to chemical weathering reactions with primary and secondary
minerals. The extent of these reactions is highly dependent on soil and rock
[}"]ZIES.

Most investigated groundwaters have high buffer capacities against strong
acids, as shown by the high concentrations of HCO;™ (Table 1). Thus, acid
precipitation seems not to have measurable effects on the acidity of the deep
groundwaters investigated here; ie. those deeper than 15-25 m below
surface. The only effect observed which could be due to acid precipitation is
in the springs of Astadalen during the time of snow-melting; a decrease of pH
from about 6.0 to 5.5 (Englund, unpublished).

Acid groundwaters are, however, known from Scandinavia. Groundwaters
with pH<6.0, down to 4.0, have been reported in lime-poor sandy soils and in
granites in southern Sweden, and have been interpreted as a result of acid
precipitation (Eriksson 1981, Hultberg & Johansson 1981). Also in regions
from southern Norway where lakes are acidified, shallow groundwater in
superficial deposits appears to be acidified, but less so than in neighbouring
lakes (Henriksen & Kirkhusmo 1982).
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Concluding remarks

3.

Groundwaters in Quaternary deposits such as glaciofluvial, ice-marginal
and till units, and in fractures in gneisses, amphibolites, volcanic rocks,
sandstones, shales and limestones have been investigated durin ilhe years
1975-1981 from the following areas in southeastern Norway: stadalen,
Lillehammer-Brattum, Stensengbekken watershed, As, Moss and Jeloy.

Since seasonal variations are quite common in groundwater chemistry,
especially in shallow aquifers, and since only large-scale chemical changes
are discussed here, the data used are annual average results. 979 water
samples from 133 wells and springs have been analysed, sampled during
winter, spring, summer and autumn.

. The chemical compositions down to 120 m below surface range from very

dilute waters to brackish waters. Calcium and bicarbonate are generally
the dominant ions. In areas below the Late Glacial sea-level {As, Moss and

Jelay), however, sodium and chloride ions are in places predominant.

The total content of dissolved solids (Ca?" + Mg?™ + Na®™ + K" +
HCO,~ + 50,2 + CI7) are usually lower in recharge areas, than in deep
circulating groundwaters and in springs. There is, simultanously, a change
in the relative anion composition following three main trends: (a) an
increase of 0,2~ compared with HCO,™ and CI™ (in pyrite-bearing
sandstones/shales); (b} an increase of HCO,;~ compared with SO,*~ and
CI™ (in carbonate-hearing rocks); (c) an increase of CI™ compared with
HCO,~ and SO,*~ (mainly due to the supply of Late Glacial/Holocene
sea-water and sea salts(?)). These different anion-evolution sequences are
determined either by the sediment/rock types in which the groundwaters
occur or by the supply of old sea-water/sea salts.

Observed chemical differences are explained by two main modes of
groundwater flow patterns: (a) flow through shallow aquifers with active
flushing, and ending up in springs (Astadalen, Stensengbekken water-
shed, Moss area); (b} long and deep flow, from Quatemnary deposits
through deep circulating groundwaters in bedrock, and ending up in
springs and rivers (Lillehammer-Brottum area, Stensengbekken
watershed, As-Moss areas). The highest concentration value along any
one flow path is usually found in the spring waters.

Generally, the pH of water increases from about 4.40-4.45 in the precipa-
tion to about 5.5-6.5 near, or just below, the groundwater surface. Deeper
groundwater is usually buffered within the pH range of 7.0-8.5.

Acid precipitation does not seem to have measurable effects on the acidity
of deep groundwaters; deeper than 15-25 m below surface. The only
effect observed which could be due to acid precipitation is found in
springs from shallow aquifers in Astadalen. During melting of snow the
pH in the spring waters is decreasing from about 6.0 to about 5.5.
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A Study of the Earth’s Crust in the Island
Area of Lofoten—Vesteralen,
Northern Norway

MARKVARD A, SELLEVOLL

Sellevoll, M. A, 1983: A study of the earth’s crust in the island area of Lofoten-
Vesterdlen, Northerm Norway. Norges geal. Unders. 380, 235-243.

The present study is based on a reinterpretation of seismic refraction data as well as
Emwl\ data collected h» the ‘m!irnnluglcat (ihser vatory, Univer ity ol Ber genin the
island area ol the Iﬂlull.n Vesteralen, Northern Norway. The l.hlrh shows a good
agreement between the seismic and gravity modelling of ‘the Moho depths along the
profile line between the two shotpoints Hamney (Lofoten) and Ste {Vesterilen). A
maximum Mc:hc--l:lepth of 26 kmy is observed about 85 km from Sto, and it would
seem Lhat the rse of the Moho towards St is moderate, On the ather hand there is a
distinet shallowing of the Moho beneath the Loloten arca,

M. A Selfevell, Seismological Observalory, University of Bergen, Allég. 47, N-3014
Bergen—CUhe., Moavay

Introduction

The crustal structure of the Lofoten—Vesteralen region of Northern Norway
was the subject of a special study during the seismic program conducted in
the summer 1965 by the US. Geological Survey (Branch of Crustal Studies)
and the Seismological Observatory, University of Bergen. The Seismological
Observatory has since continued to carry out seismic and gravimetric measu
rements in this island area as well as on the adjacent continental margin. The
gravimetric field measurement on land was carried out in 1968 and the
deep seismic sounding was further carried out in 1969, 1970 and 1972, The
data from the investigations on the Lofoten-Vesterilen islands have been the
subject of several MSc. theses (Kjenes 1970, Svela 1971, Hansen 1972,
Encksen 1973). Two papers based on the collected data have been
published (Thanvarachorn 1975, Sellevoll & Thanvarachorn 1977). The
main intention of the present paper is to present the results of a reinterpreta-
tion of the available seismic and gravimetric data.

Data acquisition and analysis

The two shotpoints (‘Ste” and ‘Hamney’) together with the recording sites are
plotted in Fig. 1. The charges were detonated on the sea floorat adept of 47 m
(Sto) and 45 m (Hamney). Tables la and 1b give information about shot-
point location, shot numbers, date, explosion time and charge size. Seismic
signals were detected by a three component geophon system (HS-1/4,5 Hz)
and recorded on analogue magnetic tape, together with radio time signals
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(Tryti & Sellevoll 1977). Five recording units (Mars 66, marked A, B, C, D and
E) were used during the field measurements and the data obtained
were manually digitized. A frequency-analysis {(Enoksen 1973) showed thata
good signal to noise ratio could be obtained by band-pass filtering between 6
and 16 Hz. After applying this filter the Z-components were plotted in two
seismic sections using a reduction velocity of i km/sec. The two seismic
sections — one for the Hamney shotpoint and the ather for the Sto shotpoint -
are presented in Fig. 2.



A STUDY OF THE EARTH'S CRUST, LOFOTEN-VESTERALEN 237

Table 1. Shots and shotpoints,

(&) SHOTPOINT: HAMNGY (B} SHOTMOINT, 5T
(675742 N, 13°1(0°12" E) [BOPO07 192" N, 15370323 E)
Explosion depth: 45 m) {Explosion depth: 47 m)

Shat Expl. ey Shot o Expl. -

No. Dte 'I'iize {hms} Charge (kg) Nao. Hate 'I‘irEe [hms} Charge (k)
1769  15-B-69  12-28-34.45 {25) L7 13-8-70  1H-29-32.33 143
200 15-H-08 1 8-20-35.04 {25) 2470 13-8-70 12-29-53.18 125
ami 16-8-60 {ai1) 3/70 12-8-70  12-19-31.72 i)
L0608 1-8-69  [B=20-34 49 [t 4470 12-8-70  1B-29-31.34 Fi
A9 1E=HB-69  12-20-34.66 (51K SasTn PI-8-70  12-29-30.76 75
G/BY 18-85 [8-29-34.34 [73) ST M4-B-T00 18-29-32.47 74
B00 19-8-68  12-20-34 34 1My B 70 10-8-70  [12-29-32.46 Sl
969 19-B-60  1R-20-34.46 L] 970 OB-B-70  12-31-55.10 L]

L hRE PN B 07=-5-34 .41 : 1M} L6370 07-8-70 1R-31-57.46 25

B Fardl 10-8-70  18-29-31.61 ]

1070 (7-H-7il 1B-20-34.02 100
W70 DE-R-F0 12-20-33.00 100 /72 31-8-72 18-29-31.92 175
5770 11-B-70  12-31-31.51 A /72 31-8-72 12-29-31.25 150
270 13-8-70 12-31-28.95 25 Hi7e  30-8-72 1H-20-31 .80 125

Wave pattern, phase correlation and seismic modelling

The first seismic model of the crustal structure of the Lofoten-Vesterilen
region was based on seismic records from several large shots fired at a
single shotpoint north of the Lofoten-Vesterilen islands (20 km west of
Tromse). A two-layer crust with P-velocities of 6.10 and 6.67 km/s was
deduced. The apparent Py, velocity was found to be 8.26 km/s in the distance
range 160-290 km from the shotpoint. The elongated gravity high, which is
especially well developed in the Lofoten area, was assumed to be mainly a
result of crustal thinning (Sellevoll 1967).

Since 1965 new seismic and gravity measurements have been carried out
on land in the Lofoten—Vesterilen area. These measurements have given
additional information concerning the crustal structure of the Lofoten-
Vesteralen island region which in general supported the main feature of the
preliminary model based on the 1965 measurements. In the following, a rein-
terpretation is presented of the data obtained during the 1969-72 seismic
mvestigations in the Lofoten—V esterilen area. The kinematic seismic model-
ling has been carried out by application of a ray-tracing program developed
by Pajchel (1980).

The P-wave velocity associated with the uppermost part of the crust (P in
Fig. 2) has been found to be 6.05 km/s. Beyond 25 km from shot-point ‘Ste’
the P, j-phase seems to disappear and a new strong first onset is clearly

observed at a distance of 50-60 km. This supposedly new phase has been
designated as P,y. A completely analogous travel-time feature has not been

observed on the seismic section from the countershot at shotpoint ‘Hamney'.
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The Pgl-phase at this shotpoint, however, is observed beyond 25 km, but
certain similarities exist for the Pyo-phase from the two shotpoints. The
Pyu-phase may be explained in several ways, but a preferred interpretation is
that the Pyy-phase originates from below a thin surface (4-5 km) layer where
the P velocity increases from about 6.05 to 6.2 km/s. The data are, however,
considered insuffivient for reaching a firm conclusion regarding the structure
at the depth interval 4-11 km.

A P-phase (marked Py,), assumed to originate from an intra-crustal discon-
tinuity, is weak but well recorded as the first onset in the seismogram section
(Fig. 2 B} between 100 and 120 km from shotpoint *5te’. The correlation of
the Py, onset for the countershots (Fig. 2 A) is uncertain, but the result
obtained indicates an almost horizontal discontinuity at adepth of 1 | km and
with a phase velocity of 6i6i km/s. This conclusion does not agree with
previous interpretations involving an apparent southward shallowing of this
discontinuity along the profile in the Lofoten region.

A strong and distinct P-phase, termed %, is observed in the seismogram
section, Fig. 2A. A corresponding phase is seen on the seismogram section
from the countershot, but this is not so well recorded (Fig. 2 B). The apparent
velocities and intercept-times obtained suggest that this phase originates
from a layer located at a depth of about 20-22 km in the Vesterdlen region,
The depth of this layer decreases towards the Lofoten region.

A distinct P-phase is observed from shotpoint ‘Ste’ by the stations located
in the Lofoten area (Fig. 2 B). The high apparent velocity of this phase (8.8
km/s) indicates a Moho rsing towards the south in the Lofoten area. The
correlation of the corresponding P -phase (with an apparent velocity of 7.3
km/s) observed from the countershot at ‘Hamnoy' can be called into ques-
tion; but the resulting real P -velocity of 8.05 km/s is in agreement with what
should be expected. Combining the P, apparent velocities observed from
both shotpoints show that the Moho dips at 5¢ to the northeast beneath the
Lofoten region along the line of profile.

Concerning the Vesterilen region (shotpoint ‘Ste’) and the correlation of
the P -phase from the two shotpoints we are unable to draw any definite
conclusions about the apparent velocities in both directions from the two
shot-points. The observations suggest, however, a weak shallowing of the
Moho in a northward direction along the profile (Fig 2).

Discussion and conclusion

The distribution of the shotpoints and recording sites used during these
seismic reflection—refraction experiments in the Lofoten-Vesteralen area
does not meet the requirement that shot and recording sites should lie on a
‘straight line’ (Fig. 1). Most of the seismic stations lie on the east side of the
straight line between the two shotpoints. The station location ‘offsets’ are in
some cases as much as 30 km. The physical conditions along the real ray
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paths from the shotpoints to the recording stations may be different from the
physical conditions along the shortest line between the two shotpoints (Fig.
1). Such possible variations in physical conditions may change both the kine-
matic and dynamic wave pattern. The seismic modelling of the crustal struc-
ture carried out in the present study is consequently circumscribed by this
uncertainty, A normalisation of the seismic recordings shown on Fig. 2 has for
various reasons not been possible, and this fact reduces to some extent the
reliability conceming the phase correlation as well as the possibilities for
detailed seismic amplitude modelling of the crustal structure.
In general the zeological-geophysical patterns along the Lofoten—Vesteralen
island belt as well as on the adjacent continental shelf {margin} suggest that
the underlying continental crust is to some degree segmented into ‘blocks’
which are observed as basins and crystalline basement highs on the adjacent
Lofoten-Vesterilen shelf area. The Lofoten-Vesterilen islands appear to
have undergone a rather extensive uplift as compared with the surrounding
sedimentary sequences. This differential vertical movement, which has
developed faults, is especially well observed as rather strong reflection—dif-
fraction waves on the multichannel seismic sections obtained in the near
coastal areas along the Lofoten—Vesterilen islands (Nysather et al. 1969).
Gravity modelling has been carried out in order to investigate whether the
crustal model obtained on the basis of the present reinterpretation of the
seismic data is in agreement with the gravity anomaly observed along the
Lofoten-Vesterilen islands. The modelling program applied (Hjelle 1579) is
a prism-oriented program where the gravity effect from each prism is calcu
lated and added in order to obtain the total gravity value at each point on the
surface used in the gravity calculation. The program works in two modes: 1)a
direct calculation of the gravity effect from a body where its shape and densi-
ty distribution are known; 2) an inverse calculation of the shape based on a
known gravity anomaly field and density distribution. The last mentioned
type of calculation has been applied for the modelling presented here.
The gravity anomaly map which constitutes the basis for the calculation is
shown in Fig. 3. The seismic stations and shotpoints are distributed in such a
pattern that the gravity edge effect is rather limited (Figs. 1 and 3). The area
within the frame in Fig. 3 has been divided into 42 km x 20 km ‘units’ and the
Bouguer anomaly values are estimated for each of the 840 ‘units’. The depth
to each of the layers is assumed to be the same for the whole area as shown on
the seismic crustal model presented in Fig. 2. The desities which have been
applied for the gravity modelling are assumed constant for each layer, and
the densities used are based on the seismic velocities (P-velocities) by applica-
tion of the following formula (Talwani et al. 1959):

g=17+02V,
The seismic crustal model presented in Fig. 2 has no lateral density variation

above 18 km and the observed gravity values were reduced by 67 m.gal in
order to correct for the masses above this depth (18 km). The gravity effect
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Fig. 3. A Bouguer gravity map [or the Lofoten-Vesterdlen region. The solid lines are those
transferred directly from Svela (1971). The dashed lines are mainly based on the NGO (1596i3]
gravity map.

caused by layer no. 3 below 18 km and by layer no, 4 were then calculated
and substracted from the corrected gravity values.

The regional gravity effect was calculated and finally removed, and the
gravity residual effect then obtained was utilized for the calculation of the
depth of the Moho. The depths of the Moho from the seismic model were
used to initiate the gravity modelling. Adjustments to these depths were
made in the area to satisfy the residual gravity effect. The computed depths
along the central part of the ‘profile line’ (location of seismic stations and shot-
points) are plotted in Fig. 4 (filled circles). The figure shows that the seismic
and gravity modelling of the Moho-depths are in good agreement with each
other.

Magnetic measurements carried out by the Geological Survey of Norway
in the Lofoten-Vesterilen and adjacent regions also show many features of
interest. The Lofoten area belongs to a distinctive magnetic high. This can be
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Fig. 4. A correlation of the ‘seismic and gravimetric modelling’ of the depth to Moho. Solid line
- seismic. Dots - gravimetric,

explained by the magnetic properties of the rock, occurring at the surface, if
these are considered to extend to a depth of around 20 km (Am 1975).

Finally attention is drawn to the geological history of the Lofoten-
Vesteralen region. The Lofoten-Vesterdlen terrain exposes an unusually
deep section through the Archaen and Proterozoic crust, the geological histo-
ry of which {Griffin et al. 1978) has involved repeated vertical movements of
considerable magnitude (at least 30 km). There have been two major periods
in which new material has been added to the crust, one at ca. 2700 m.y, the
other a protracted period from ca. 2100 to 1700 m.y. Important metamorphic
events occurred at ca. 2700-2600 m.y, ca. 1830 m.y and ca. 1100-900 m.y
Minor heating, intrusion of pegmatites and thrust-faulting occurred during
the time of the Caledonian orogeny. Present evidence suggests that Lofoten-
Vesterilen formed part of the Baltic plate during the Caledonian orogeny,
but escaped deformation because it lay beneath the overriding nappe
complex.
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