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Chapter 1 ... waar het wereldstof
aanvankelijk gestrooid en zwevend was
in doffen stilstand of al aangevat
door plotseling bezinken schoksgewijs
bijeen liep en ging vloeien ...

Leopold

SOME INTRODUCTORY REMARKS ON THE GEOLOGY OF THE BALTIC SHIELD

1.1 Precambrian geology

The Baltic Shield is one of the large Precambrian cratons that still constitute the cores
of present day continents. The Precambrian (Prior to 0.59 Ga) cratons are of great importance
in unravelling the early history of the earth. Another interesting aspect of these cratons is that
they provide us with sections through the roots of orogens, whereas younger mountain chains
usually only display higher level sections.

One of the main questions regarding Precambrian geology is to what extent its features
may be explained in terms of present day plate tectonic processes. The absence of direct
evidence for the closure of oceanic basins, the obduction of ophiolites and HP-LT
metamorphic assemblages lead many to reject plate collision models for pre-Eocambrian times
(e.g. Baer 1981, Etheridge et al. 1987). However, the presence of Proterozoic (2.7 - 0.59 Ga)
blueschists has since been demonstrated (e.g. Liou et al. 1990), while ophiolite slices have also
been identified (e.g. Park 1983, Kontinen 1987, Vuollo and Piirianen 1989, Dobretsov et al.
1992). Although similar tectonic processes may have been operative in Proterozoic and
Phanerozoic (Post 0.59 Ga) times, crustal formation seems to have been different in
Proterozoic belts: In contrast to most of their Phanerozoic counterparts, which are mainly made
up by reworked crust, the Proterozoic belts contain large volumes of juvenile crust in
restricted regions, whereas sutures have been obscured or transformed, and ophiolites occupy
within terrane positions rather than being situated along sutures (Samson and Patchett 1991).

HP metamorphic assemblages have not been reported from southern Scandinavia up to
now, but relic eclogites of Grenvillian (1.25-0.9 Ga) age occur in Scotland (Sanders et al. 1984,
Sanders 1989) and the Grenville Province (Grant 1989, Indares 1992), and have also been
reported from the contemporaneous Llano Orogen in Texas (Wilkerson et al. 1988). Evidence
for their former existence in southern Norway may have been wiped out by subsequent
granulite facies metamorphism and slow uplift after prolonged burial.

Palaeomagnetic data for the Mid Proterozoic have been interpreted in terms of one
Proterozoic supercontinent (Piper 1982, 1992), but may alternatively be interpreted in terms of
colliding plates (cf. Gaal and Gorbatschev 1987). It has been suggested that the Grenville
Province, the Sveconorwegian (1.25-0.9 Ga) linear belts of southern Norway and
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contemporaneous mobile belts elsewhere represent essentially mega shear zones due to the drift
of a supercontinent over subcontinental hot spots (Wynne-Edwards 1976, Davis and Windley
1976). Alternatively, Dewey and Burke proposed a model of Tibetan-like continental collision
as early as 1973.

It has been suggested that the P-T-t path which represents the process of basin closure,
continental collision and uplift in southern Scandinavia, comprised a much larger time span
than observed in modern style plate tectonics: After Gothian continental collision (Demaiffe
and Michot 1985, Visser and Senior 1990) following subduction (Smalley and Field 1985), the
Bamble Sector sustained prolonged burial until its final uplift during the second part of the
Sveconorwegian (ch. 6). Such periods of prolonged burial have recently also been found for
other Precambrian terranes (e.g. Enderby Land, Antarctica, Sandiford 1985; Mount Stafford
area, Australia, Vernon et al. 1990).

1.2 Southwestern Scandinavia

The Bamble Sector is part of the Southwest Scandinavian Domain (cf. Gaal and
Gorbatschev 1987) of the Baltic Shield (Figs. 1.1,4). The Baltic Shield, comprising mainland
Norway, Sweden, Finland, the Kola peninsula and Karelia, was mainly accreted between 3.1
and 1.5 Ga. The oldest well established ages are about 3.1 Ga, but Sm-Nd systematics indicate
that crustal material was separated from the mantle 3.5 Ga ago or even earlier (Kroner et al.
1981, Jahn et al. 1984). In addition, Svecofennian quartzites contain 3.3 - 3.4 Ga old detrital
zircons (Claesson et al. 1991) and Svecofennian lead ores contain a 3.6 Ga old component
(Rickard 1978). If the Caledonides are left out of consideration, the Baltic Shield shows an
overall younging from NE to SW. This younging is accompanied by a decrease in 207py, /206py,
isotopic ratios (Rickard 1978). The evolution of the Baltic Shield is summarized in table 1.1.

The Southwest Scandinavian Domain comprises those parts of southern Norway and
Sweden that were mainly accreted / reworked during the Gothian (1.75 - 1.5 Ga) and
Sveconorwegian orogenies (1.25 - 0.9 Ga). It was part of the cratonic landmass NENA
(Northern Europe - North America; Gower et al. 1990), which comprised not only the Mid
Proterozoic terrains of North America and the Baltic Shield, but also parts of Scotland, Ireland,
and the Rockall Bank in the Atlantic Ocean (Fig. 1.1). Correlations between southern Norway
and the North American Grenville Province have already been suggested by Barth and Dons in
1960,and became gradually better established (e.g. Gower and Owen 1984, Gower 1985, 1990).
NENA probably evolved as one single craton since the amalgation of Archean microcontinents
during the Svecofennian (2.0 - 1.8 Ga; Hoffman 1988, Gower et al. 1990). The North
American and Baltic terrains show roughly contemporaneous orogenic events. Separate phases
of activity have been recognized in both the Grenvillian and Sveconorwegian orogenies. Moore
and Thompson (1980) divided the Grenvillian into the Elzevirian and Ottawan orogenies,
which were separated by deposition of the Flinton Group sediments. This Flinton Group may
be equivalent to the Dal Group and Jotnian supracrustals in Southwest Sweden (cf. Verschure
1985); both orogenies may be correlated with the two orogenic phases of the Sveconorwegian
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Fig. 1.1 NENA with its constituting segments. The B denotes Bamble. Modified after Gower et
al. (1990).

identified by Starmer (1991).

In the Southwest Scandinavian Domain, the relationship between the Bamble,
Kongsberg and Ostfold-Stora Le-Marstrand Sectors is nowadays obscured by the Oslo Rift,
whereas the Bamble Sector and the Telemark Basement Gneiss Complex are separated by co-
located mylonite zones and brittle faults. In the north, the Kongsberg Sector passes into the
Telemark Basement Gneiss Complex without any discontinuity. Whereas several authors
maintain that the Bamble Sector originally constituted one continuous terrain with the
Kongsberg and Ostfold-Stora Le-Marstrand Sectors and the Telemark Basement Gneiss
Complex (cf. Hageskov 1980, Starmer 1985a, 1990a, 1991), others propose that the terrain west

Table 1.1 Summarized evolution of the Baltic Shield, mainly after Verschure (1985),
Gorbatschev and Gaal (1987), Gaal and Gorbatschev (1987) and Krauss and Lindh (1990),
with adaptions for the Porsanger (Daly et al. 1991), Eocambrian (Ramberg and Barth 1966,
Verschure et al. 1983), Finnmarkian (Sturt et al. 1978), Scandian (Dallmeyer et al. 1988) and
Oslo Rifting (Neumann et al, 1986). North American correlations after Gower (1985, 1990)
and Rivers and Nunn (1985), Hyphenated dates denote episodes that are not well defined. For
discussion of the Hallandian, see Gaal and Gorbatschev (1987). The Porsanger may be
correlated with the Grenvillian, but this is not established with certainty (Daly et al. 1991).
(Lindh 1982, 1987). This westward younging is also reflected in the K-Ar biotite cooling ages
(Fig. 1.2). The geochronology of Southwest Scandinavia is summarized in fig. 1.2.
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of the present day Oslo Rift was originally situated north to the terrain east of the Oslo Rift
(Torske 1985).

The oldest rocks present in the Southwest Scandinavian Domain are the supracrustals.
The Stora Le-Marstrand amphibolites, which were interpreted by the authors to be
syndepositional, have a Sm-Nd whole rock age of 1.76 Ga (Ahall and Daly 1989). O’Nions and
Heier (1972) obtained a 1.76 Ga Rb-Sr whole rock reference line for the Hiv Formation in the
Kongsberg Sector. The Southwest Scandinavian Domain shows an overall E to W younging in
the ages of plutonic rocks, which is accompanied by an increase in the 7Sr/%6Sr initial ratios

The depositional environment and tectonic setting of the supracrustal rocks in the
Southwest Scandinavian Domain remains rather controversial. Ahall and Daly (1989) inferred
an arc setting for the @stfold-Stora Le-Marstrand supracrustals, which interpretation is
supported by the presence of probably bimodal volcanics, turbiditic metagreywacke-like
rocks, and pillow lavas (Ahall 1984). Starmer (1985a) suggested that the Bamble supracrustals
were deposited in a basin marginal to the Svecofennian craton, while in contrast Smalley and
Field (1985) considered the Telemark supracrustals to have been deposited on oceanic crust.

Almost the entire Southwest Scandinavian domain was accreted and enjoyed
metamorphism and deformation during the Gothian (1.75 - 1.5 Ga) Orogeny. This Gothian
Orogeny finds its North American counterpart in the Labradorian Orogeny (e.g. Thomas et al.
1985, Rivers and Nunn 1985), and has also been recognized in the Atlantic Ocean, where
granulites drilled from the middle of the Rockall Bank yield an age of 1.6 Ga (Roberts et al.
1973, Morton and Taylor 1991). In most of the Southwest Scandinavian Domain, this gneiss
forming event occurred at upper amphibolite facies conditions (e.g. Starmer 1985a, 1990a,
1991, Ahall et al. 1990, Nijland and Senior 1991).

The Gothian terrain extends far north below the Caledonian nappe pile in Norway (e.g.
Gorbatschev 1985, Schouenborg et al. 1991). Until recently, it was thought that the
Svecofennian terrain of Central Sweden and southern Finland was not reworked during the
Gothian Orogeny. Recent age determinations, however, indicate significant Gothian
ultramylonitic deformation in southern Finland (Ploegsma 1991). Most of the Gothian
basement below the Caledonides was not reworked during the Sveconorwegian Orogeny, but
recent age determinations indicate that in Central Norway it was intruded by granitic plutons
at ¢. 1.36 Ga (Fossen and Nissen 1991), i.e. during the period of post-Gothian anorogenic
magmatism in the Southwest Scandinavian Domain. In addition, Sveconorwegian rocks are
present in some of the Caledonian nappes (Reymer et al. 1980).

Subsequently, the Southwest Scandinavian Domain was variably reworked during the
Sveconorwegian Orogeny (1.25 - 0.9 Ga), of which the North American counterpart is the
Grenville Orogeny (e.g. Barth and Dons 1960, Gower 1985). Granulites drilled from the
southern part of the Rockall Bank have an age of 0.95 Ga (Miller et al. 1973), indicating that
the Sveconorwegian front intersects this landmass. Sveconorwegian events also affected
northwestern Scotland (Brook et al. 1976, 1977, van Breemen et al. 1978, Brewer et al. 1979,
Sanders et al. 1984).

The grade of Sveconorwegian metamorphism in the Southwest Scandinavian Domain
has been hotly debated during the last decade (e.g. Field and Raheim 1979, 1981, 1983, Weis
and Demaiffe 1983, Field et al. 1985, Kullerud and Dahlgren 1990, Maijer 1990, Kullerud and
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Fig. 1.2 Summary of the geochronology of
the Southwest Scandinavian Domain.
Compilation of data from the following
authors: Oldest ages: Priem et al.

(1973), Andresen et al. (1974),

Pasteels and Michot (1975), Skjernaa and
Pedersen (1982), Mearns (1986), Hansen
et al. (1989), Ahall and Daly (1989), de
Haas et al. (1993a). Gabbros: Jacobsen
and Heier (1978), Welin et al. (1980),
Morvik (1987), Ahall et al. (1990),
Dahlgren et al. (1990), de Haas et al.
(1993a). Granites: Brueckner (1972),
Priem et al. (1973, 1976), Killeen and
Heier (1975ab), Pedersen and Maalge
(1990), Eliasson and Schoberg (1991),
Kullerud and Machado (1991). Cooling
ages: Kulp and Neumann (1961), O’Nions
et al. (1969a), Priem et al. (1970),

Larsen (1971), Verschure et al. (1980),

de Haas et al. (1992a). Fission tracks:

van den Haute (1977), Bos and Andriessen
(1985), van Haren and Rohrman (1988),
Zeck et al. (1988), Hansen et al. (1989).

Oldest radiometric ages
(Ga).

Ages of post-tectonic

granites (Rb-Sr, U-Pb; Ga).

o

Average apatite fission track
ages (Ga).
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U-Pb zircon lower intercepts in southern Scandinavia.
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Fig. 1.3 Histogram of the lower intercepts of U-Pb discordia for zircons in the Southwest
Scandinavian Domain. Compilation from the following sources: Pasteels and Michot (1975),
Welin and Kahr (1980), Wielens et al. (1981), Persson et al. (1983), Lindh and Schoberg (1987,
1988), Johansson and Larsen (1989), Hansen et al. (1989), Johansson (1990), Ahall (1990),
Ahali et al. (1990), Kullerud and Machado (1991), L. Kullerud (pers. com. 1991), Mansfield
(1991).

Machado 1991, Nijland and Senior 1991, Nijland et al. 1991). The high grade nature has been
clear in the most western part of the Southwest Scandinavian Domain, the Rogaland Sector
(e.g. Maijer et al. 1981). Recently, both structural (Hagelia 1989, Nijland and Senior 1991) and
geochronological evidence (Kullerud and Dahlgren 1990, 1993, Johansson et al. 1991) has been
provided that the Sveconorwegian reworking involved regional upper amphibolite and
granulite facies metamorphism in various parts of the more eastern sectors of the Southwest
Scandinavian Domain.

Ultrapotassic magmatism occurred during the late Sveconorwgian (Dahlgren 1991), and
during the late Precambrian the crust of southern Norway was penetrated by explosive
volcanism related to the Fen peralkaline carbonatite complex (Verschure et al. 1983, 1989).
The northern parts of the domain also suffered from Caledonian activity, featured by localized
disturbance of isotopic systems and new growth of green biotite (Verschure et al. 1980,
VYerschure 1982, Sauter et al. 1983). The prehnite-pumpellyite facies overprint present in most
of southern Norway is, however, most likely not related to the Caledonian Orogeny, but due to
prolonged cooling during post-Sveconorwegian times (Nijland et al. 1993a, ch. 6). Lower U-Pb
intercepts of the discordia for zircons from the Southwest Scandinavian Domain do not show
preferential resetting during the Caledonian (Fig. 1.3). The major resetting seems to be due to
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formation of the Oslo Rift. Limited igneous activity related to the magmatism in the Oslo Rift
occurred in the sectors adjacent to the rift (e.g. Bamble, Halvorsen 1970; Kongsberg, Thlen et
al. 1984).

1.3 The Bamble Sector: In geological focus since Viking times.

The Bamble Sector has attracted geological attention since Viking times, when iron and
copper ores from the area were already mined; modern geological interest dates back to the
mid nineteenth century. The area became known for its iron ores (K jerulf and Dahll 1861),
nickel deposits (A. Bugge 1922), and many apatite mines (Helland 1874, Brogger and Reusch
1875, Sjogren 1883, Solly 1892) like the @degirdens Verk, which was exploited jointly by the
Compagnie Frangaise de Mines de Bamle and Bamble A .S. (cf. C. Bugge 1922). An elaborate
iron industry was operating around the change of century, but the oldest iron works date back
to about 1540 (Vogt 1908). In 1975, Brastad was the last iron mine to be closed. Many other
minerals were also exploited (cf. J. A. W. Bugge 1978). King Christian IV exploited a gold
mine at Hisgy (Daubree 1843, C. Bugge 1934). Radioactive minerals, which were partly sold
to Madame Curie, were mined from several pegmatites (Solas 1990). But interest went far
beyond the economic aspects of geology, and the area was an object for study by many of the
great international geologists of that time, like Scheerer (1848), Michel-Levy (1878ab) and
Lacroix (1889).

During the first half of this century, the sector was the domain of four Norwegian
geologists who made it one of the classical amphibolite ~ granulite facies transitional terrains,
and whose names start with the B of Bamble: Bragger (1906, 1934ab), Barth (1925, 1928,
1947), A. Bugge (1928, 1936) and J. A. W. Bugge (1940, 1943, 1945). In the same period, the
first age estimates were obtained, based on lead abundances (Bakken and Gleditsch 1938).
Radiometric age determinations became available as early as the mid-fifties (Holmes et al.
1955). After the second world war, the sector became under investigation by the French (e.g.
Touret 1962, 1968, 1971ab, 1985, Moine et al. 1972) and Nottingham/London schools, notably
D. Field and I. C. Starmer and coworkers (e.g. Burrell 1966, Starmer 1969, 1972, 1985ab, 1991,
Field and Clough 1976, Field et al. 1980, 1985, Lamb et al. 1986), but many individuals
worked on their own.

14 The Central Bamble Sector

14.1 Lithological relationships

Elaborate reviews of the geology of the Bamble Sector have recently been given by

Starmer (1985a, 1990, 1991), and there is no point in duplicating his work. However, to
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the introduce the reader to the part of the Bamble Sector which is subject of this thesis (Fig.
1.4), i.e. covering the area between Nelaug, Ubergsmoen and Arendal, with Froland in its
centre, and the islands of Tromgy, Hisey and Merdey, and to report some new aspects of the
geology of this area, the lithological relationships as deduced from field work will briefly be
outlined below. Superscripts refer to the list of coordinates of critical and/or characteristic
exposures atend of this chapter.

The oldest rocks present in the area are the supracrustals. These comprise at least three
different suites, whose interrelations could not be established: 1) the Nidelva Quartzite
Complex (Nijland et al. 1992a), 2) the Selids Banded Gneisses (Touret 1966), and 3) the
Vrakevika-Merday Supracrustal Complex. The Nidelva Quartzite Complex consists of variably
pure quartzites, amphibolites, sillimanite-bearing nodular gneisses with minor lenses of
marbles, Na-rich calcsilicate rocks and cordierite-orthoamphibole rocks, which are commonly
considered to represent metaevaporites (Touret 1979, Beeson 1988, Hulzebos-Sijen et al. 1990,
Visser et al. 1991) on ground of their chemistry. Pure quartzites have rarely preserved
different types of cross bedding !, ripple marks and mudcracks 2, whereas intraformational,
monomict conglomerates ® also occur (Nijland and Maijer 1991, Nijland et al. 1992a). The
more easterly situated Selas Banded Gneisses may represent metamorphosed greywackes 4
(Touret 1966). In some of the intercalated amphibolites ®, a relic porphyric texture may be
recognized (A. Senior pers. com. 1990). The third supracrustal complex is exposed near
Vrakevika, on the southeastern edge of Hisgya, and on Merdoya 8 The supracrustal rocks on
the northwestern tip of Tromesy may also belong to this complex. This complex is characterized
by the relatively frequent occurrence of a few cm thick sillimanite-biotite-garnet layers in the
quartzites, which may represent old soils (cf. Fujimori and Fyfe 1984). Metaevaporites also
occur among these supracrustals (Visser et al. 1991).

Touret (1969) inferred a turbiditic origin for the Selds Banded Gneisses in the Bamble
Sector, while Starmer (1985a) suggested that the Bamble supracrustals were deposited in a
basin marginal to the Svecofennian craton. In contrast to these marine environments, primary
sedimentary structures in the Nidelva Quartzite Complex, and the presence of small
occurrences of alleged metaevaporites led Nijland et al. (1992a) to propose a near shore or
inland continental basin under (semi) arid conditions as depositional environment for the
Nidelva Quartzite Complex. The interpretation of the corundum-bearing gneisses occurring
north of Froland (Oftedahl 1963, Nijland et al. 1993a, ch. 6) as metamorphosed kaolinite-
bauxite weathering crusts {Serdyuchenko 1968) may support the inferred depositional
environment,

The depositional age of the supracrustals is uncertain. Except the fact that this age has
to be older than that of the oldest intruding magmas, the only available estimate is a 1.51 +
0.06 Ga Pb model age obtained by Moorbath and Vokes (1963) for galenas from the Ettedal
Pb-Zn-Ag deposit (Krijgsman 1991ab); U-Pb systematics of zircons from quartzites in the
same area indicate deposition before 1.4 Ga (Swainbank 1965). The inferred paleoenvironment
of the Nidelva Quartzite Complex would hence require the existence of continental crust in
this part of southern Scandinavia prior to 1.5 Ga.

The supracrustals have been intruded by granites, tonalites and charno-enderbites. The
magmatic origin of many of the latter rocks, the "arendalites" of Bugge (1940), is however
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disputed (cf. Moine et al. 1972, Visser et al. 1991). Charno-enderbites at Tromgy are K-
depleted. Tonalites have been dated at 1.62 = 0.22 Ga (Rb-Sr whole rock, Ubergsmoen,
Hagelia 1989), whereas the "charno-enderbites" have been dated at 1.59-1.54 Ga (U-Pb zircon,
Tromeya, A. Riheim unpubl. data in Lamb et al. 1986; U-Pb zircon, Flostagya, Kullerud and
Machado 1991).

Both supracrustals and orthogneisses were intruded by monzodioritic magmas like the
Vimme amphibolite 7. These intrusions cut across the foliation in the gneisses, but are
themselves entirely metamorphosed. The supracrustals and gneisses were subsequently intruded
by gabbroic magmas like the Jammasknutene  en Flosta ® gabbros, which have been dated at
1.77 and 1.64 Ga respectively, but with a large error of c¢. 0.2 Ga (Sm-Nd whole rock, de Haas
et al. 1993a).

Two kinds of ultramafic rocks occur in the area: 1) Those directly related to gabbroic
plutons, and 2) Isclated bodies. Isolated ultramafic rocks 1° occurring in the area are discordant
with respect to the main foliation, but otherwise, their relative age remains unclear. They are
entirely metamorphosed (Krijgsman 1991¢).

Several augen gneiss bodies are present. They are discordant with respect to the two
oldest phases of migmatization and deformation (Nijland and Senior 1991, ch. 2). These augen
gneisses may have been emplaced around 1.25 Ga (See discussion in Nijland and Senior
(1991)). The augen gneisses are mainly situated in the strongly sheared zone at the contact
between the Bamble and Telemark Sectors. However, the Ubergsmoen Augen Gneiss may be
traced much farther to the southwest ! than previously thought, at least to the west of the
Vestre Dale Gabbro 12. The augen gneisses contain xenoliths of tonalitic gneisses, amphibolites
and layered metagabbro.

Basic dykes cutting both across the two oldest migmatizations and deformation
structures outside, and across the augen fabric inside the augen gneisses, occur in the
Ubergsmoen Augen Gneiss '3 and its contact aureole 4 (Nijland and Senior 1991, Nijland et al.
1991). Similar basic dykes occur in the Gjeving Augen Gneiss near Risgr (Nijland et al. 1991).
The dykes have olivine-tholeiitic affinities. A metamorphosed tonalitic dyke has been found in
the southwestern extension of the Ubergsmoen Augen Gneiss 5. This dyke cuts across the
augen fabric, but has been folded itself; a new axial cleavage has been developed, which is cut
by a late pegmatite.

Large, discordant, northeast-southwest trending bodies of granitic gneisses, often rich
in magnetite, Na and K, and low in Ca, occur in the area west of the Nidelva. These granitic
gneisses contain large boudins of layered metagabbro 1®. They may either be correlated with
the augen gneisses, or with the Holt granite, which is in fact a gneissoid granite. This brackets
their age between 1.25 Ga (the assumed age of the augen gneisses) and 1.1 Ga, the whole rock
age of the Holt granite (Rb-Sr whole rock, C. Maijer pers. com. 1989). Both the augen gneisses
and granitic gneisses follow the main structural trend in the area, whereas the Holt granite is a
highly discordant body. Therefore correlation between the first two lithologies seems most
likely.

Young gabbros intrude both the older rocks and these granitic gneisses. They have a
virtually unmetamorphosed core, and a (garnet)-amphibolitized margin. One of these gabbros,
the Vestre Dale Gabbro 2 has been dated at 1.20 = 0.01 Ga (Sm-Nd whole rock + Pl + Cpx, de
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Haas et al. 1992a). If the small, relatively round outcrop and the absence of magmatic layering
may serve as criteria to correlate other gabbros with the Vestre Dale gabbro 12 (de Haas et al.
1992b), then the Tromey 7 and Arendal %, Skibbevig ! and Kladeborg 2° gabbros probably
belong to the same suite; they are discordant with respect to the main foliation.

Discordant basic dykes, preserving a relic ophitic texture and occasionally a flow
lamination, have been found in the Blengsvatn and Jammasknutene gabbros 2!. These olivine-
microdolerites have been metamorphosed under upper greenschist to lower amphibolite facies
conditions, which resulted in the replacement of almost all mafic minerals by actinolitic
hornblende. The age of these dykes is uncertain, but the grade of metamorphism makes it
likely that they are older than the low grade metamorphic granitic sheets.

Especially at Tromoya and Hisaya 22, the high grade rocks have been intruded by
granitic to granodioritic sheets. These have been dated by Field and Riheim (1979; Rb-Sr
whole rock) at 1.06 £ 0.02 Ga. They have only been metamorphosed at low grade (new growth
of muscovite; Nijland and Maijer 1992, 1993, ch. 3).

Two types of pegmatites occur in the area; 1) Large, irregular bodies like the Gloshei
pegmatite 23, and 2) Low angle pegmatites (LAP), which are much smaller, usually less than 2
m thick, and intruded along a joint system; these LAP’s cut across the granitic sheets 24 and
are consequently younger. Type 1) pegmatites have been dated radiometrically. Baadsgaard et
al. (1984) obtained an age of 1.06 £ 0.01 Ga (U-Pb euxenite and Rb-Sr whole rock) for the
Gloshei pegmatite, seemingly contemporaneous with the granitic sheets, and Neumann (1960)
reported U-Pb cleveite ages of 1.09 Ga for the Auselmyra pegmatite, even older than the
granitic sheets. The pegmatites, however, do not show any signs of metamorphism.

A discordant leucocratic dyke of tonalitic composition occurs near @yestad 2°. This
dyke bears no evidence for metamorphism.

One example of ultrapotassic magmatism, a lamproite dyke, has been found and dated
at 1.03 Ga (U-Pb zircon, Dahlgren 1991). The well known Herefoss and Grimstad post tectonic
granitic plutons respectively intruded at 0.96 £ 0.06 (Rb-Sr whole rock, Brueckner 1972) and
0.99 + 0.01 Ga (U-Pb zircon, Kullerud and Machado 1991). During the late Precambrian and
Phanerozoic, lamprophyric and microdoleritic dykes have been intruded. A fault breccia of
unknown age occurs at Hisgya and Tromgya 26,

1.4.2 Metamorphic petrology and geochemistry

A well developed amphibolite to granulite facies transition zone is situated in the area
outlined above (e.g. Bugge 1940, 1943, Touret 1971a). The metamorphic isograd sequence in
this transition zone is elaborately dealt with in chapter 3, and includes separate orthopyroxene-
in isograds for felsic and basic rocks. The isograd sequence is accompanied by a shift in the
composition of fluid inclusions from H,O to CO, in felsic gneisses (Touret 1971b, 1985).

Granulite facies rocks, especially those not directly related to major plutons, attract
still increasing amounts of attention, because they are generally considered to represent slices
of formerly lower to middle continental crust. The processes resulting in granulite petrogenesis
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are still hotly debated, and have recently been reviewed by several authors (e.g. Bohlen 1987,
1991, Harley 1989, Newton 1990, Ashwal et al. 1992). The main processes proposed to be
involved are: l. Extraction of water by anatectic melts. II. Dilution of aqueous fluids by the
introduction of other species, notably carbon dioxide. ITI. Metamorphism of already dry rocks.
IV. Heating by underplating basic magmas. V. Heating due to crustal doubling by simple shear
thrusting during continental collision. VI. Any combination of the fore mentioned processes.

To unravel the different contributions made by the different processes in different
terrains, amphibolite to granulite facies transition zones may provide critical information not
easily obtained from within large granulite facies areas or from granulitic xenoliths. Therefore,
the study of small changes over such a transition zone will be valuable. Oddly, except elaborate
fluid inclusion work (Touret 1971b, 1972, 1985), studies of the transition zone in the Bamble
Sector almost solely focused on whole rock features like LILE and REE chemistry (Moine et
al. 1972, Field and Clough 1976, Cooper and Field 1977, Clough and Field 1980, Field et al.
1980, Smalley et al. 1983a) and stable isotopic systematics (Andreae 1974, Hoefs and Touret
1975, Pineau et al. 1981, Broekmans et al. 1992, 1993, van den Kerkhof et al. 1993). Changes
in mineral chemistry over the transition zone have not been investigated, and all major
geothermobarometric studies were confined to the granulite facies part of the transition zone.
This thesis aims to fill this gap, and to use mineral distributions, chemistry, and relationships
to quantify the transition from upper amphibolite to granulite facies rocks in the Bamble
Sector, to subsequently attempt to unveil its cause, and finally consider the geological
evolution and plate tectonic setting of the transition zone.
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751.353.023).

Appendix to chapter 1. Coordinates of critical exposures.

1 32VMK712926, 701922, 698900, 902893, 692693 14 32VML3850024, 854030

2 32VMK715931 15 32VMK 823986

3 32VMKU767832 16 32VMK 732878

4 32VML 878075 17 32VMK 894795

5 32VML829010 18 32VMK891816

6 32VMK 368762, 880762 19 32VMK 914843

7 32VML806027 20 32VMK 843785

8 32YMK 775986 21 32VMK 776988, 3777990, 698895
9 32VMK953870 22 32VMK903809

10 32VMK 828909, 747995, 815865 23 32VMK 841886

11 32VMK 823986, 796929, 782907 24 32VMK 851783

12 32VMK 770894 25 32VMK 804748

13 32VML876053 26 32VMK 862794, 875796
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Chapter 2 De draad is zoekgeraakt; het labyrint is
0ok verdwenenen. Nu weten wij zelfs niet
of ons een labyrint, een geheime kosmos
of een willekeurige chaos omringt. Onze
schone plicht is ons in te beelden dat er
een labyrint is en een draad.

Borges

SVECONORWEGIAN GRANULITE FACIES METAMORPHISM OF POLYPHASE
MIGMATITES AND BASIC DIKES, SOUTH NORWAY

Abstract - Migmatites in the Nelaug-Krossvatnet-Ubergsmoen area in the amphibolite facies
part of the Bamble Sector were intruded by the Ubergsmoen Augen Gneiss (UAG) and by
younger basic dikes. Both are critical time markers and show that the area underwent two
phases of deformation and migmatization during the Gothian Orogeny (1600-1500 Ma) before
emplacement of the augen gneiss, and four subsequent phases of deformation during the
Sveconorwegian Event (1200-950 Ma), accompanied by amphibolite facies metamorphism and
a minor third migmatization. Mineral assemblages in the basic dikes and in the migmatites
indicate local granulite facies conditions resulting from lowered aH,O at nearly constant
temperature of ~750°C at 8.7 kb. It is suggested that this granulite facies overprinting was due
to the introduction of fluids released during the crystallization of another charnockitic magma
at a deeper level.

2.1 Introduction and geological setting

The Bamble Sector along the Skagerrak coast of southern Norway is part of the Mid-
Proterozoic of the Baltic shield. The area studied (Fig. 2.1) is within part of the Bamble Sector
traditionally regarded as an amphibolite facies terrain in the northwest, with a transition to
granulite conditions towards the southeast (Smalley et al. 1983a),

The Bamble Sector was metamorphosed during two orogenies. The first, the Gothian
(Kongsbergian) Event, took place between 1600 and 1500 Ma (Starmer 1985a), and was
overprinted by the Sveconorwegian Event, which lasted from 1200 to 950 Ma (Field and
Raheim 1979, Verschure 1985). The latter has been correlated with the Grenville Province in
North America (e.g. Barth and Dons 1960, Gower 1985). A Labradorian Orogeny,
contemporaneous with the Gothian Event in southern Scandinavia has recently been
recognized in the Grenville Province (Thomas et al. 1985, Gower 1990). In southern Norway,
both events were accompanied by the intrusion of basic magmas (de Haas et al. 1990).

Gupta and Johannes (1982) proposed a genetic model for the stromatic migmatites
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along the shores of Krossvatnet. The "Nelaug migmatites" were considered to be virtually
undeformed to gently deformed and to have formed at 650°C at a presumed pH,O of 5 kb
(Gupta and Johannes 1982, Johannes 1985). They did not mention different phases of
migmatization, but the present paper provides evidence for three generations of migmatites.
The migmatites may be the migmatized equivalents of the metasedimentary Selds banded
gneisses (Touret 1966). The migmatites, of granodioritic to tonalitic composition, contain
concordant intercalations of differentiated amphibolite layers and lenses, and small calcsilicate
nodules.

GEOLOGICAL FRAMEWORK GEOLOGICAL MAP OF THE NELAUG-KROSSVATNET

UBERGSMOEN AREA
Amphibolites Variable migmatized
Caledonian area * *| metagabbro /norite Gneisses
I]]]]]] Oslo Graben Augen Gneisses Late Granitoids
Precambrian Quartzites and Sill-rich Approximate ortho-
quartzites pyroxene isograd
HVAG Hovdefjel-Vegarshei Augen Gneiss Sample locations for
UAG Ubersmoen Augen Gneiss ©  Geothermobarometry

Fig. 2.1 The geological framework of southern Norway (Modified after Verschure (1985)) and
a simplified geological map of the Nelaug-Krossvatn-Ubergsmoen area (Mainly after Starmer
(1985b) with minor modifications after Hagelia (1989) and Nijland (1989).

The migmatites were intruded by the granitic-charnockitic Ubergsmoen Augen Gneiss
(UAG), and by later basic dikes. Radiometric data available for the UAG and similar augen
gneiss bodies show three groups of ages: (1) 1275 Ma, (2) ~1150 Ma, and (3) ~1050 Ma. The
UAG yields a Rb-Sr whole rock age of 1143 + 30 Ma (Hagelia 1989), but a U-Pb zircon age of
1275 Ma (R. Chessex unpub. data quoted in Maijer and Padget (1987)). Migmatites
surrounding the UAG give a Rb-Sr age of 1501 + 63 Ma (Hagelia 1989).

The nearby Hovdefjell-Vegarshei Augen Gneiss (HVAG) yields U-Pb zircon ages of
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1127 Ma (R. Chessex unpub. data quoted in Maijer and Padget (1987)) and 1168 £ 2 Ma (A,
Réheim unpub. data quoted in Hagelia (1989)), and a Rb-Sr whole rock age of 1276 + 105 Ma
(Field et al. 1985). Model ages of ~1500 Ma have been obtained for the HVAG by Ploquin
(1980), who thought them of dubious significance. The Gjerstad Augen Gneiss (GAG) gives a
Rb-Sr age of 1237 + 53 (Smalley et al. 1983b), which was considered by the authors to reflect
closure of the Rb-Sr system following high temperature deformation shortly after intrusion.
Younger Rb-Sr whole rock ages for the GAG of ~1050 Ma have been interpreted as due to
resetting (Smalley et al. 1983b). The Gjeving Augen Gneiss near Risor, considered to be
equivalent to the augen gneisses mentioned above (Touret 1968, Starmer 1985a) gives similar
reset Rb-Sr ages (1023 + 90 Ma; Field and Riheim 1979). In this augen gneiss, basic dikes
intersecting the augen fabric have also been observed (T.G. Nijland unpubl. data). The
Ubergsmoen Augen Gneiss (UAG) and later basic dikes are critical time markers that cut
across earlier deformational and migmatitic structures. They provide evidence for two high-
grade events in the Nelaug-Ubergsmoen area.

2.2 Relations between migmatization and deformation

The sequence of events is summarized in fig. 2.2. The first generation of leucosomes
(MIG 1) is stromatic. The leucosomes are composed of quartz, K -feldspar and plagioclase and
are generally bordered by well developed melanosomes, consisting mainly of biotite. In the
leucosomes septae of biotite are present, representing relict melanosomes (Gupta and Johannes
1982). The leucosomes have not broken through these septae, which indicates an in situ
formation (Gupta and Johannes 1982, Johannes 1988) and immobility of the melts.

The fact that oriented biotite was present prior to the formation of the leucosomes
provides evidence for a deformation phase, D 1, preceding this migmatization, although MIG
1 leucosomes and this foliation are now parallel. This D 1 deformation phase caused the
development of an S 1 foliation. Some F 1 isoclinal folds have been preserved, and deform
compositional layering of possibly sedimentary origin (Touret 1968).

A D 2 deformation folded the S 1 and MIG 1 leucosomes. In the more felsic gneisses,
the F 2 folds are isoclinal, while in the more micaceous gneisses they were developed as close
to isoclinal chevron folds. Both types of folds are symmetric. A new S 2 foliation was
developed, and along axial planes to F 2 folds, new leucosomes were developed (Fig. 2.3). The
mineralogical composition and grain size of these MIG 2 leucosomes is similar to that of MIG
1. Away from the fold hinges, these MIG 2 leucosomes are parallel to the MIG 1 leucosomes,
and to S 1 and S 2. All of them trend NE-SW and dip steeply. In the intercalated concordant
amphibolites a weakly developed L 2 amphibole-lineation is present.

During D 2 rigid blocks, which are internally strongly folded and bounded at their
margins by S 2, developed at different scales (at least on outcrop scale, but probably also on a
regional scale). All later deformation was concentrated at the margins of such blocks. Due to
later flattening, S 2 foliation planes are more closely spaced along these margins.

Boudinage of amphibolites during plastic deformation of their host rocks gave rise to
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the formation of agmatite-like structures similar to those described from other parts of the
Bamble Sector (A. Bugge 1936, J.A.W. Bugge 1943), due to the accumulation of melt in low
stress areas. In zones with less melting, boudinaged amphibolites preserve original fold
structures (Fig. 2.4).

At the eastern end of Krossvatnet, a granitic off-shoot of the UAG intruded the
migmatites. The contact is diffuse, but clearly cuts D 2 structures. The augen gneiss contains
xenoliths of F 2 folded gneiss and of amphibolite. In large parts of the UAG, an S 3 b augen
gneiss fabric was developed, but in the southern part only a widely spaced discontinuous S 3 a
foliation was developed. The relation between these two parallel fabrics has not yet been
established with certainty, but the S 3 b augen gneiss foliation is considered to be a more
strongly developed stage of the widely spaced discontinuous S 3 a foliation. In the migmatites,
an S 3 b mylonitic foliation has been observed only in discrete zones.

Ga Deformation Migmatization| Metamorphism
1B MIG1 Stromatic > O
D1 F? I1socliimal 57 Grersstc El 0
2 i
DZaFz lIsoclinal 32 Gneissic MIG2 Stromatic o8
o )
[}=1=Y Boud i mage MIGz2 Agmat ic Y -
® Q
3
1.5
Uber gsmoen
augen gneiss
125
D3 53532 Disjomt?nuous 5 ] (03]
"l
[=] ugen/my lonitic _g N <
3
= g )]
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Basic dikes ° p
; () O
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DS F5 open S5 Crenulation Q
106 &
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Fig 2.2 Schematic presentation of the sequence of events in the Nelaug-Krossvatn-

Ubergsmoen area. For discussion and references of ages, see text.
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Fig. 2.3 F 2 fold in the migmatites at Krossvatnet with an MIG 2 leucosome parallel to the
axial plane.

Fig. 2.4 Boudinaged amphibolite intercalated in the migmatites preserving the outlines of an
original fold structure (Krossvatnet).
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Tight F 4 folds of the S 3 augen gneiss foliation have been observed to the north along
the strike of the UAG (R. Vogels pers. com.). In the migmatites, tight folds which fold S 2 and
F 2, are occasionally developed, but have not been observed folding the S 3 b foliation. These
tight folds and associated cleavage are considered to be D 4 structures. The axial planes trend
more NNE-SSW than those of F 2. An axial planar cleavage is only sporadically present and is
more widely spaced than S 2.

Fine-grained amphibolite dikes cut S 2 and F 2 (Fig. 2.5) at several places around
Krossvatnet and also cut across the S 3 b augen gneiss foliation in the UAG near Ubergsmoen
(Fig. 2.6). Flattening caused the development of a foliation in the dikes parallel to their
margins, Tight folds of some of these dikes have been observed. The basic dikes therefore
intruded between the D 3 and D 4 deformational events. Ptygmatic folds of leucocratic
material cut across the structures in the migmatites and the discordant contacts with the basic
dikes (Fig. 2.7) and represent a minor third migmatization MIG 3.

Open D 5 folding of previous structures occurred locally, and a 1 ¢cm. wide spaced S 5
crenulation cleavage is sporadically present in the more biotite-rich rocks.

The tectonic history was terminated by a brittle D 6 deformation characterized by
small-scale faulting,

Fig. 2.5 Basic dike cutting across D 2 folds in the migmatites at Krossvatnet.
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Fig. 2.6 Basic dike intersecting the S 3 b augen gneiss foliation in the UAG at
Rambergsfjellet, Ubergsmoen.

Fig. 2.7 Ptygmatic folded leucocratic veins (MIG 3) cutting across the contact between the
migmatites and a basic dike at Krossvatnet.
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2.3 Metamorphic aspects

All the migmatites exhibit a well developed biotite foliation which is often overgrown
by garnet. Garnets are also present in MIG 1 and 2 leucosomes of suitable composition and in
the UAG, in which they overgrew the S 3 b.

Adjacent to the UAG (Fig. 2.1), clino- and orthopyroxene grew over the foliation in
the migmatites and in the intercalated amphibolites. In the basic dikes, clino- and
orthopyroxene (assemblage [II]) overgrew a foam textured green hornblende- plagioclase
assemblage [I]. Garnet-clinopyroxene-quartz symplectites [III] grew at the expense of the
orthopyroxene-bearing assemblage [1I]. The symplectite growth was very localized and was not
even homogeneous in a single dike. A rim of cummingtonite is sporadically present between
orthopyroxene and hornblende, and clearly grows at the expense of orthopyroxene.

The northwestern part of the UAG 1is characterized by a charnockitic mineral
assemblage of ortho- and clinopyroxene plus hornblende, quartz, feldspars and accessory
biotite. Late post foliation garnet is occasionally present. Both clino- and orthopyroxene were
stable during D 3 deformation, and recrystallized during the formation of the S 3 b augen
gneiss fabric. They do not exhibit relicts of a magmatic texture and according to Touret
(1967), they often enclose flakes of biotite. In aggregates of pyroxene and hornblende, no
replacement relations could be established (cf. Touret 1967).

The southeastern part of the body has a mineral assemblage of hastingsitic hornblende,
biotite, K-feldspar, plagioclase and quartz. Late garnet also occurs in this zone. Xenoliths of
metagabbro are rarely present.

2.4 P-T estimates

241 Method

Coexisting minerals in three samples from the basic dikes were analyzed by electron
microprobe in order to establish temperatures and pressures of the local granulite facies
metamorphism around the UAG. Samples were analyzed for major elements, and Cr, Cland F,
using a Jeol JXA 8600 Superprobe at the Department of Geochemistry, Utrecht University.
Cr, Mn, Na, Cl and F were analyzed by WDS, the other elements by EDS. Spot size was 5 um.
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Table 2.1 Selected analyses from minerals in the Krossvatn dikes.

Mineral
Sample

Sio,
TiO,
Al,04
CryOq
FeO
MnO
MgO
Ca0
Na,O
K,0
P,O;
Cl

F

Total

Grt3/2
AS2191

37.88
0.00
21.52
0.02
28.17
1.39
4.34
6.93
0.00
0.10
0.00
0.00
0.00

100.35

12

2.98
0.00
1.99
0.00
1.85
0.10
0.51
0.59
0.00
0.01
0.00
0.00
0.00

Hblé6!
AS2191

43.81
1.80
10.69
0.06
17.65
0.10
10.17
10.80
1.46
0.81
0.00
0.00
0.06

97.49

23

6.59
0.20
1.89
0.01
222
0.0l
2.28
1.75
0.43
0.16
0.00
0.00
0.03

Cpx5
TNI16

51.72
0.15
1.32
0.05

13.65
0.19

11.47

21.31
0.37
0.00
0.00
0.00
0.00

100.23

1.96
0.01
0.06
0.00
0.43
0.01
0.65
0.87
0.03
0.00
0.00
0.00
0.00

Opx9
TNI16

49.92
0.26
0.75
0.08

32.97
0.52

14.66
0.08
0.00
0.00
0.00
0.01
0.00

99.97

1.97
0.01
0.04
0.03
1.09
0.02
0.86
0.03
0.00
0.00
0.00
0.00
0.00

Pi11
TN16

57.86
0.00
26.38
0.01
0.00
0.02
0.00
8.57
7.01
0.07
0.00
0.00
0.00

99.92

2.60
0.00
1.39
0.00
0.00
0.00
0.00
2.97
5.02
0.04
0.00
0.00
0.00
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2.4.2 Mineral chemistry

Plagioclases (normalized to 8 oxygens) have anorthite contents of 38 to 40 % (TNI16,
AS2191) and 46.5 to 49 % (TN17) and K < 0.03.

Hornblendes (normalized to 23 oxygens) have Mg-numbers (Mg# =
100*Mg/(Fe+Mn+Mg)) ranging from 46.2 to 50.9 with one exception (Mg# = 55.0). Ti varies
between 0.19 and 0.25, and Cr < 0.01, Ca varies between 1.75 and 1.88, while Na and K range
from 0.40 to 0.49 and 0.14 to 0.21 respectively. An exception is the amphibole with Mg# = 55,
which has a Na content of 0.26. Chlorine and fluorine are less than 0.01 and 0.09 respectively.

Garnets (normalized to 12 oxygens) have Mg# of 16.7 - 20.8. Grossular component
varies between 19.0 and 20.1 %. Ti, Cr, Naand K < 0.01.

Orthopyroxenes (normalized to 6 oxygens) have Mg# of 43.1 - 47.7. Al, Mn and Ca <
0.03, and Ti, Cr and Na are absent.

Assemblage [11] clinopyroxenes (normalized to 6 oxygens) have Mg# of 59.1 - 62.6 and
low Al-contents (< 0.07). Ca is ~ 0.88. Ti, Mn and Na are < 0.03, and Cr is absent. Assemblage
[III] clinopyroxenes have Mg# of 57.6 - 59.6. Ca varies between 0.79 and 0.90. Ti, Mn and Na
< 0.03 and Al < 0.06. Cr is absent.

2.4.3 Results

To estimate the P-T conditions of the granulite facies metamorphism, several geotherm
ometers have been applied to the basic dikes. The hornblende-plagioclase geothermometer
(Blundy and Holland 1990) was applied to assemblages [I], [II] and [III] and gave results
ranging from 728°C to 788°C, with an average of 749°C and no systematic differences between
the assemblages.

The two pyroxene geothermometers were applied to assemblage [II], and yielded an
average temperature of 802°C (range 789-814°C) using the method of Wood and Banno (1973)
and 846°C (range 828-862°C) using the method of Wells (1977). The graphical method of
Lindsley (1983) yields much lower temperatures of 540-640°C.

For assemblage [III], the garnet-clinopyroxene geothermometer (Powell 1985) yielded
an average temperature of 697°C (range 714-678°C) and the garnet-hornblende
geothermometer (Powell 1985) yielded 614°C (range 601-643°C). The garnet-clinopyroxene-
plagioclase-quartz geobarometer (Eckert et al. 1989, Newton and Perkins 1982) was applied to
assemblage [IIT] and gave 8.75 kb at 700°C, using the revised calibration of Eckert et al. (1989),
whilst the original calibration of Newton and Perkins gave 6.29 kb at the same temperature.
This difference of + 24 kb between the two calibrations is predictable (Eckert et al, 1989),

The temperatures obtained for assemblage [II] from the Lindsley two pyroxene
geothermometer are =50°C lower than expected considering the fact that the other versions of
the two pyroxene geothermometer yield temperatures which are = 50 to 100°C too high for
most granulite facies terrains. However,if the accuracy of the Lindsley method is estimated at

32



+ 100°C (Lindsley 1983), there is no significant difference in the temperatures obtained for
assemblage [II] and the garnet-clinopyroxene temperatures for assemblage [III]. The
hornblende-plagioclase temperatures fall within the same range.

2.5 Discussion and conclusions

The MIG 1 and 2 provide evidence for at least one upper-amphibolite facies event in
this part of the Bamble Sector before emplacement of the Ubergsmoen Augen Gneiss. The D 1
and D 2 as well as MIG 1 and 2 are older than the UAG and thus record a Gothian event
(1600-1500 Ma). Observations regarding the MIG | do not contradict the in situ migmatization
model of Gupta and Johannes (1982), but the presence of MIG 2 leucosomes parallel to those
of MIG 1 indicates that the model should be considered carefully before being applied to the
entire migmatite complex. The MIG 2 leucosomes imply synkinematic mobility of melts, as
they do not fulfil the criteria for migmatites produced by metamorphic differentiation, which
should be coarse grained to pegmatitic (Yardley 1978).

The radiometric age determinations of the UAG show two age groups, (1) around 1275
Ma and (2) around 1140 Ma. Group (1) for the UAG are U-Pb zircon ages and could be
interpreted as the time of emplacement. Group (2) Rb-Sr whole rock ages would then record
an ~1140 Ma event which reset the Rb-Sr system. In contrast, the U-Pb zircon ages for the
HVAG belong to group (2) and Rb-Sr ages to group (1), which would indicate Pb loss from
zircon while the Rb-Sr system remained closed during the ~1140 Ma event, if ~1275 Ma is
considered to be the age of emplacement. This is unlikely and therefore both isotopic systems
have probably been reset and group (1) as well as group (2) ages represent post emplacement
disturbances of the isotopic systems.

The Bamble Augen Gneisses have been correlated with the 1450 Ma old Varberg
charnockite in Southwest Sweden by Starmer (1990b), who interpreted group (1) ages from
Bamble as representing resettings of originally similar intrusion ages. No direct isotopic data
supporting this interpretation are available from the Bamble Augen Gneisses. Therefore, the
real age of emplacement of the UAG remains uncertain, but lies between the Gothian and
early stages of the Sveconorwegian Orogeny and is thus probably older than ~1250 Ma.

The age of emplacement of the basic dikes is more uncertain, but they may be
correlated with other basic dike swarms in the Sveconorwegian province, such as the Lysekil-
Marstrand dikes that were emplaced between 1510 and 1220 Ma and have similar structural
relations (Park et al. 1987).

Amphibolitization of the dikes intruded after the emplacement of the augen gneiss
implies regional amphibolite facies conditions contemporaneous with or shortly after the
emplacement of the UAG.

Orthopyroxene in the Ubergsmoen Augen Gneiss was stable during D 3, but is not
present everywhere in the body. Small variations in pH,O within the solidifying magma
probably resulted in charnockitic and granitic domains in the UAG, which were preserved
through D 3. If group (1) ages have any geological significance, they may represent resetting
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of the isotopic systems due to D 3 shearing.

The presence of ortho- and clinopyroxenes in the migmatites and in the basic dikes
around the augen gneiss provide evidence for local granulite facies conditions after
emplacement of the UAG. The metamorphism of the dikes can be described in terms of the
CMASH system (Fig. 2.8). The partial replacement of [I] by [II] cannot be explained by a near
isobaric increase in temperature, as there are no significant temperature differences between
these assemblages. Instead, dehydration of amphibole could be achieved by changing fluid
composition at nearly constant P and T. Water activities must have been already rather low to
shift the invariant point towards the temperatures indicated by geothermometry for the
assemblages [I], [II] and [III]. Slight lowering of water activity due to the introduction of small
amounts of volatiles, possibly, CO,, may account for the observed reaction sequence.

Pressures calculated for assemblage [III] were lower than the theoretical stability field
of clinopyroxene + garnet + quartz (Wells 1978). However, increased proportions of Fe will
shift this stability field towards lower pressures (Wells 1978), whereas addition of Na will
counter this effect. The transition from [II] to [III] resulted from cooling at conditions of near
constant aH,O (Fig. 2.8). The same event that caused pyroxene blastesis in the dikes and
neighbouring migmatites was probably responsible for resetting of the isotopic system in the
augen gneiss which resulted in group (2) ages. This implies that the change in fluid
composition probably took place before 1140 Ma.

Pyroxene blastesis is spatially related to the UAG. This implies that the fluids that

Fig. 2.8 Isobaric diagram of T versus aH,O
(modified after Bradshaw (1989)) showing
the development of the basic dikes after
their initial amphibolitization: dehydration
in response to lower aH,O in the fluid at
nearly constant temperature.

Opx. + Plag.

Gnt. + Cpx.

caused a decrease in water activity migrated outward from the UAG. At the time of pyroxene
blastesis, however, the UAG was already solidified. It is suggested that the carbonic fluids
originated from crystallization of deeper seated charnockitic magmas, and migrated upward
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along the sheared UAG and its contacts.

After intrusion of the basic dikes, the area underwent two phases of ductile
deformation. These phases occurred before 1060 Ma, the age of intrusion of undeformed
granitic sheets and pegmatites (Field and Raheim 1979, Baadsgaard et al. 1984), which is
similar to group (3) ages in the Bamble Augen Gneisses.

It is concluded that the Nelaug-Krossvatnet-Ubergsmoen area underwent upper-
amphibolite facies regional metamorphic-deformational events during both the Gothian and
the Sveconorwegian orogenies. Additionally, the country rocks around the Ubergsmoen Augen
Gneiss underwent granulite facies overprinting due to small variations in fluid composition
resulting from the crystallization of a charnockitic magma at deeper levels. This counters
recent claims that the Bamble Sector escaped any Sveconorwegian high-grade metamorphism
(Field and Raheim 1983), and affirms the high-grade polyorogenic nature of the Bamble belt
(Starmer 1972a, 1985a).
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Chapter 3 ... au lointain de cette nuit, la Terre
Jette d’un grand eclat Uinsolite mystere
Sous les siecles hideux qui 'obscurcissent moins.

Mallarme

THE REGIONAL AMPHIBOLITE TO GRANULITE FACIES TRANSITION AT
ARENDAL, NORWAY: EVIDENCE FOR A THERMAL DOME

Abstract - A refinement of the metamorphic zoneography of the Proterozoic amphibolite-
granulite facies transition zone at Arendal in the Bamble Sector of the Baltic Shield is
presented together with the first set of P-T data covering the entire transition zone. The
regional amphibolite to granulite facies transition zone at Arendal is characterized by the
following south facing isograd sequence:

-Ms Muscovite-out in metapelitic rocks.

+Crd Cordierite-in in metapelitic rocks.

+Opx(1) Orthopyroxene-in in amphibolites.

+Opx(2) Orthopyroxene-in in acidic gneisses.

-All Allanite-out in gneisses, metapelites and amphibolites.
-Ttn Titanite-out in gneisses, metapelites and amphibolites.

These isograds are cross cut by a possible south facing

-Ky Kyanite-in isograd in metapelites and cordierite-orthoamphibole rocks.
Cordierite and orthopyroxene-in isograds should be located several kilometres to the northwest
of the presently existing ones. The isograds are accompanied by increasing recrystallization of
sillimanite and an overall increase in the titanium content of hornblende in amphibolites.
Temperature estimates are 752 + 34°C (range 710-780°C) for the amphibolite facies zone at 7.1
+ 0.4 kb (range 6.5-7.6 kb). Granulites of zone B + C show an average temperature of 836° +
49°C at 7.7 £ 0.3 kb; surprisingly, the peak thermal area is situated on the mainland, and
temperatures start towards decrease to the Skagerrak: those in zone D yielded slightly lower P-
T estimates: 797° £ 15°C at 7.2 £ 0.5 kb. All granulite facies samples together yield 822° + 40°C
(range 770-890°C) at 7.4 + 0.5 kb (range 6.6-8.1 kb). Based on the structural trend, isograd
pattern and temperature distribution it is tentatively suggested that the metamorphic complex
represents a thermal dome. Increased heat flow in the centre of the dome caused a temperature
gradient. At the same time, Py, was significantly lowered in the centre of the dome, while
Pt remained roughly constant. Different cooling paths are established for the area along the
Porsgrunn-Kristiansand Fault and the remaining part of the investigated area.
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31 Introduction

The importance of the distribution of metamorphic index minerals has been recognized
since Barrow's (1893) pioneering work in the Scottish Highlands. Mineral isograds and tectonic
units reveal the basic architecture of an orogen. Therefore, their exact location is the
foundation on which more detailed studies have to be built. The high grade metamorphic
terrain between Nelaug and Arendal in the Bamble Sector of the Baltic Shield (Fig. 3.1) is one
of the classic amphibolite to granulite facies transition zones (Bugge 1940, 1943). Such
terrains attract still increasing attention, as they are crucial to elucidate the petrogenesis
of granulite facies rocks, which remains controversial in many areas (cf. Harley 1989,

Newton 1990). The significance of granulites from a more general point of view lies in the
fact that they are, in almost all currently accepted geophysical interpretations, the best
candiates to be the major constituents of the lower continental crust. The polymetamorphic
nature of many of the terrains in which granulites occur obscures the features

diagnostic of their petrogenesis. The nature of the orthopyroxene isograd in such terrains is
considered to be diagnostic for the mechanism of granulite petrogenesis (cf. Newton 1990).

In the Nelaug-Arendal area, an isograd sequence has been established two decades ago
by Touret (1971a) and has since only been slightly adapted (Field et al. 1980, Smalley et
al. 1983a). Newton (1990) considered the isograd pattern in the area as diagnostic for
carbonic metamorphism. The aim of this paper is to place constraints on granulite petrogenesis
in the Bamble Sector. Therefore, we conducted a new study of metamorphic index minerals,
accompanied them by a new, consistent set of P-T estimates, as previous P-T surveys were
almost entirely restricted to the granulite facies areas, and will discuss them in relation
to structures, age determinations and geotectonics in the area.

3.2 Regional petrology

The Bamble Sector (Fig. 3.1) is part of the Southwest Scandinavian Domain of the
Baltic Shield {Gaal and Gorbatschev 1987) and has been in international petrological focus
since the second half of the nineteenth century. The belt is constituted by an early Gothian
supracrustal suite that was metamorphosed and intruded by basic and acidic magmas during
the Gothian (Kongsbergian, 1.75-1.5 Ga) and Sveconorwegian (Grenvillian, 1.25-0.9 Ga)
orogenies (Verschure 1985, Starmer 1985a, 1990a, 1991). Visser and Senior (1990) established a
clockwise prograde P-T path for the area, which was followed by prolonged isobaric cooling
and final uplift (Touret and Olsen 1985, Touret 1985, Visser and Senior 1990, Nijland et al.
1993a, ch. 6).

Touret (1971a) was the first to map a set of isograds in the Nelaug-Arendal area (from
north to south): (1) Muscovite-out (-Ms), (2) Cordierite-in (+Crd), (3) Orthopyroxene-in
(+Opx), (4) Cordierite-out (-Crd). The latter was due to a lack of suitable lithologies in the
highest grade part of the area (Touret and Falkum 1987). In addition, Moine et al. (1972)
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Fig. 3.1 Geological sketch map
of the Bamble Sector (Modified
after Starmer 19853).
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recognized the LILE-depleted nature of some of the granulites, and divided them in a strongly
depleted Tromoya-Arendal association and a non-depleted Dypvag-Flostagya association.
Andreae (1974) postulated that the transition from amphibolite to granulite facies in the area
was also accompanied by the formation of perthites and myrmekites and by a change in the
colour of hornblende.

Field and coworkers (Field and Clough 1976, Cooper and Field 1977, Clough and Field
1980, Field et al. 1980, Smalley et al. 1983a) confirmed the LILE-depleted nature of Tromoya
rocks, but mapped the boundary between the depleted and non-depleted granulites in the
Tromgysundet between Tromgy, Hisgy and the mainland. Based upon this boundary, and
separated orthopyroxene-in isograds for basic and acidic rocks, the Nelaug-Arendal area was
split up into four zones (Field et al. 1980, Smalley et al. 1983a): Zone A - upper amphibolite
facies; zone B - orthopyroxene in basic rocks; zone C - orthopyroxene in basic and acidic
rocks; zone D - LILE and LREE-depleted granulite facies rocks, nearly devoid of K-feldspar,
hornblende and biotite. Touret and Falkum (1987) pointed out that the boundary between
zones C and D is a tectonic line with minor regional significance. Although they did not
establish a discrete isograd, Touret and Falkum (1987) suggested an eastward increase in
pressure, featured by the presence of kyanite.

P-T determinations were almost entirely restricted to the granulite facies zones. These
are summarized in table 3.1. Generally, temperature and pressure were estimated at ~ 800 °C
and 7-8 kb. for the granulite facies area. Lamb et al. (1986) obtained a P-T box of 800 £ 60 °C
and 7.3 £ 0.5 kb. Based solely upon granulite facies data, these authors concluded that no
pressure or temperature gradient existed over the transition zone, and attributed the transition
to variation in carbon dioxide activity, as proposed by Touret (1971b).

Table 3.1 Previous P-T determinations. Zones are after Smalley et al. (1983a), mineral
abbreviations after Kretz (1983).

P (kb) T (°C) Zone Method Reference
6-7 700-800 BCD Mineral assemblage Touret (1971a)
740-830 D Ilm-Mag Comin Chiaramonti (1974)
8-9 725-820 D Mineral assemblage Comin Chiaramonti and
Frangipane (1974)
6-8 700-900 B Grt-Bt, Grt-Crd, Jansen et al. (1985)

Grt-Opx-Pl-Qtz

73+0.5 800 + 60 BCD Opx-Cpx, Grt-Opx-PIl-Qtz, Lamb et al. (1986)
Grt-Opx, Grt-Cpx, Grt-
Cpx-P1-Qtz, Grt-PI-Sil-Qtz

7 750-800 A Grt-Bt, Grt-Crd Visser and Senior (1990)
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3.3 Metamorphic index minerals

About 2000 thin sections of all major rock types were studied by optical microscopy.
The following rock types were considered: Amphibolites (no different response could be
observed between quartz-free and quartz-bearing ones), metagabbros, gneisses (covering the
entire range from granitic to tonalitic gneisses), cordierite-orthoamphibole rocks, metapelites,
and the late 1.06 Ga granitic sheets of Field and Raheim (1979). Quartzites were excluded
because of their limited response to changing metamorphic conditions. Calcsilicate and
carbonate rocks are not very useful because they are confined to two narrow zones, but some
observations will be reported. In order to keep the regional transition zone between Nelaug and
Arendal clear in the picture, the Hovdefjell-Vegarsheia and Ubergsmoen Augen Gneisses and
their surrounding aureoles were not considered in this study; details on these areas may be
found in Hagelia (1989), and in Nijland and Senior (1991). Sample localities are shown in fig.
3.2

3.3.1 Orthopyroxene

The distribution of metamorphic orthopyroxene in amphibolites and acidic gneisses is
shown in fig. 3.3. The shape of the isograds is roughly similar to those of Field and coworkers
(Field et al. 1980, Smalley et al. 1983a), but both isograds have to be shifted several kilometres
at the expense of the amphibolite facies zone. In amphibolites, orthopyroxene usually occurs in
a foam texture with clinopyroxene, hornblende and plagioclase, + biotite and opaque minerals.
Sporadically, ortho- and clinopyroxene have overgrown hornblende, or occur in small discrete
bands in the amphibolites. A specific type of orthopyroxene occurrence is provided by
so-called "dehydration bands" at the contacts of amphibolites with gneisses, in which it
occurstogether with clinopyroxene and plagioclase (e.g. Visser et al. 1991). In acidic gneisses,
orthopyroxene occurs usually in bands with mafic minerals, like biotite, ilmenite and
magnetite. Relationships with hornblende are variable. Both orthopyroxene and hornblende
may overgrow each other.

A few occurrences of metamorphic orthopyroxene have been found in the area north
of the orthopyroxene-in isograds. Non-coronitic orthopyroxene overgrowing hornblende
occurs in the Jammasknutene, Vestre Dale, Ripasen en f)steb'c')fjellet metagabbros.
Orthopyroxene also occurs in lenses of cordierite-orthoamphibole rocks at Niksji (J. Kihle,
pers. com. 1991), near 6steb6fjellet and Fidalskjerret. At the latter two localities,
orthopyroxene postdates the first generation of cordierite and orthoamphibole, but precedes a
second generation of these minerals.

Two metapelite occurrences also contain orthopyroxene north of the isograds (Fig. 3.2).
In the first one, situated on the shore of Hauglandsvatn, biotite and quartz broke down to
orthopyroxene, K-feldspar and melt; subsequently, spinel and sapphirine have been developed
(Vogels and Nijland 1991, Nijland et al. in prep.). The second occurrence is in a metapelite
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Fig. 3.2 Sample localities. Coordinates refer to the 1:50,000 map sheets of Norges Geografiske
Oppmiling. Scale bar is 1 km, Upper left: gneisses; upper right: amphibolites; lower left:
pelites; lower right: cordierite-orthoamphibole rocks.

band near the Gloserhei pegmatite, and contains the assemblage orthopyroxene-garnet-biotite-
cordierite-sillimanite-plagioclase.

3.3.2 Cordierite

The distribution of cordierite in metapelites is shown in fig. 3.4. The +Crd isograd of
Touret (1971a) is largely confirmed, although it has to be shifted to the northwest like the
+Opx isograds. We observed no cordierite in metapelites from Tromeya and Hisgya, i.e. in
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Fig. 3.3 (Left) Distribution of orthopyroxene in amphibolites (+) and gneisses (x).

Fig. 3.4 (Right) Distribution of cordierite in metapelites. Cordierite occurrences in the
northeast are related to the Ubergsmoen and Hovdefjell Augen Gneisses and not considered
here.

zone D, but this may be due to unsuitable whole rock composition. Cordierite generally occurs
in domains between the foliation in the metapelites, which is usually made up by biotite and
sillimanite.

Cordierite-orthoamphibole rocks have been described as small lenses from many
localities in the Bamble Sector (Bragger 1934b, Bugge 1943, Beeson 1976, Visser and Senior
1990). In these lenses, cordierite is present irrespective of their position with respect to the
+Crd isograd for metapelitic rocks.

3.3.3 Allanite and titanite

The occurrence of allanite and titanite in amphibolites, gneisses and metapelites is
shown in fig. 3.5. Two roughly coinciding out isograds, -All and -Tit, are situated on the
mainland near Arendal. Allanite is also absent from in skarns on Tromgya, but titanite is
found (M. Broekmans pers. com. 1990). Outside the isograds, allanites usually occur as small
isolated grains, or as inclusions in other minerals like hornblende or biotite. In microfolded
metapelites, allanite tends to accumulate in the fold hinges. Most grains are zoned, and often
metamict. Overgrowths of epidote and clinozoisite are common. Allanite is present in samples
from granitic sheets which intrude the granulite facies gneisses on Tromgya and Hisgya, and
have been dated at 1.06 Ga (Rb-Sr whole rock; Field & Riheim (1979)).

We suggest that the -All isograd is the real boundary between zones C and D. As
allanite is a LREE-bearing epidote, it could be assumed that this isograd is related to depletion
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of the granulites, thus confirming older conclusions of Moine et al. (1972) that depletion is not
restricted to Tromgya and Hisgya. Preliminary whole rock chemical data (T.G. Nijland
unpubl. data) confirm the latter observation, but preclude the possibility that the - All isograd
is related to the depletion, as they indicate non-depleted, granulite facies metabasic rocks
occur in both zones.

Titanite occurs as small isolated grains, or associated with ilmenite and biotite. In the
latter cases, it is occasionally present as overgrowths. Although the -Ttn isograd is not based
on these overgrowths, they have not been observed at the -Ttn side. The disappearance of
titanite in charnockitic rocks has also been noticed by Touret (1968). Titanites tend to display
more intense absorption colours with increasing metamorphic gradient.
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Fig. 3.5 (Left) Distribution of allanite (+) and titanite (x) in amphibolites, gneisses and
metapelites.

Fig. 3.6 (Right) Distribution of old (+) and young (x) kyanite in metapelites and cordierite-
orthoamphibole rocks.

3.34 Kyanite

During this century, kyanite has been considered as a rare mineral in the Bamble
Sector. However, both recent observations and forgotten publications report kyanite from all
over the Bamble Sector: Nesodden (Broch 1926, this study), Bamble (Weibye 1847, 1849),
Bjordammen (Touret 1979, Visser and Senior 1991), Kragero (Weibye 1847, Touret and
Falkum 1987, this study), Risor (Forbes 1857), Sondeled and Gjerstad (D. Visser pers. com.
1990, 1992), Tvedestrand (D. Visser pers. com. 1993), Hovdef jell (Hagelia 1989), Ubergsmoen
(this study), Froland (Oftedal 1963, Visser and Senior 1990, 1991, Nijland et al. 1993a, this
study) and near Kristiansand, just out of the Bamble Sector (A.C. Tobi in Jansen et al. 1985).
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Kyanite occurs in both metapelites and cordierite-orthoamphibole rocks from the present area
(Fig. 3.5). As kyanite has since long been known from the eastern part of the Bamble Sector,
Touret and Falkum (1987) suggested the possibility of a pressure increase towards the east. The
recently reported occurrences do not support this hypothesis.

Visser and Senior (1990) provided evidence for the presence of two generations of
kyanite, and considered the oldest of Gothian age, and the younger one of Sveconorwegian
age. Both generations are confined to the northern part of the area. We do not known if this
possible Ky isograd might be extended east and westwards, but as kyanite also occurs in the
coastal strip around Kragero, it seems possible that the Ky isograd follows the trend set by the
+0px isograds and bends towards the Skagerrak. Especially for the old kyanite, this isograd
should probably be interpreted as a south facing kyanite-out isograd, due to increasing
temperature at roughly equal pressure, as the old kyanite was the result of M2 metamorphism
and is replaced by M3 sillimanite (Visser and Senior 1990).

Fig. 3.6 Distribution of fibrolite (+) and

65080 euhedral sillimanite (x) in metapelites.
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3.35 Sillimanite

Two types of sillimanite occur throughout the area: (1) fibrolite, and (2) sub- to
euhedral, prismatic sillimanite. Fibrolite usually constitutes the foliation together with biotite,
or is present as inclusions in garnet, quartz, tourmaline or feldspars. When both types of
sillimanite occur together, it is not always possible to infer their relative age. In cases when
this is possible, two textures dominate: (a) A preserved fibrolite foliation occurs in garnet,
whereas outside, the main foliation is constituted by prismatic sillimanite. (b) Both types
occur in the same main foliation, but crystal faces of prismatic sillimanite truncate the
fibrolite. Both textures indicate that prismatic sillimanite is the youngest, and probably in most
cases a recrystallization of fibrolite. The spatial distribution of both types of sillimanite (Fig.
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3.6) shows increasing dominance of prismatic sillimanite over fibrolite with increasing
metamorphic grade.

3.3.6 Other high grade index minerals and chemical fossils

We tried to identify isograds based on what may be called “"chemical fossils". Exsolution
textures may indicate the existence of high temperature phases that have fallen apart due to a
low temperature immiscibility gap. Andreae (1974) claimed that the formation of myrmekite,
perthite and antiperthite coincides with the +Opx isograd, whereas the colour of hornblende
changed abruptly from green to brown. No systematic distribution of myrmekite or
antiperthite could be observed. Perthite is almost absent in zone D, but this is obviously related
to the K-deficient nature of the rocks present. A discrete hornblende colour isograd, which
has been observed and mapped in some other amphibolite-granulite facies transition zones
(e.g. Rogaland: Dekker 1978) is not present in the area. However, a general increase exists in
the presence of brown over green hornblende with the metamorphic gradient.

All reported sapphirine occurrences are restricted to the granulite facies zones (Touret
and de la Roche 1971, Lamb 1981a). We only found one occurrence outside the +Opx isograds;
this is the same as the Hauglandsvatn orthopyroxene locality (See above). Kornerupine has
only been found at two localities on Tromg@ya (Hulzebos-Sijen et al. 1990, Visser et al. 1991,
this study), and one locality in the amphibolite facies terrain near Boylefoss. No systematic
distribution is present in the sparse occurrences of staurolite or andalusite. Clinopyroxene is
abundant, but does not show any variation with the metamorphic gradient.

3.3.7 Index minerals in calcsilicate and carbonate rocks

Clinopyroxene (hedenbergite-diopside), tremolitic amphibole, hornblende, scapolite,
epidote, phlogopite and titanite are common at all localities (Bugge 1940, 1945, this study).
Vesuvianite has been observed in both the granulite (Arendal: Bugge 1940, 1943, Barth 1963,
this study) and amphibolite facies (Froland: Barth 1963) areas. Grossular-andradite (Arendal
and Tromgya) and spinel (Arendal skarns, Tromaya marbles) have only been observed in
exposures in the granulite facies terrain. Olivine occurs in marbles near Loddesol, at the
margin of the granulite facies area (Bugge 1945), at Arendal (Bugge 1943) and on Tromgya.

3.3.8 Index minerals in late Sveconorwegian granitic sheets

Granitic sheets at Tromaya and Hiseya postdate the peak of metamorphism (Field and

Raheim 1979), and may provide information about conditions during the latest stage of the
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Sveconorwegian orogeny. Metamorphism of these sheets is limited to the growth of
poikiloblastic muscovite at the expense of feldspars and to the alteration of biotite to chlorite.
It is unclear whether this biotite is primary or of metamorphic origin. Garnet has been
observed in one sheet.

339 Index minerals of low grade metamorphism

Late muscovite is common in many metapelites, and has developed at expense of
sillimanite. It either occurs as fine grained aggregates replacing fibrolite aggregates or as large
unoriented poikiloblasts. Sporadically pseudomorphs after prismatic sillimanite or kyanite
occur. Fine grained sericite developed in plagioclase in many samples. Green biotite is rare,
but chlorite is common.

The low grade index mineral assemblages prehnite-pumpellyite, pumpellyite-actinolite
and epidote-actinolite occur throughout the entire area. Prehnite occurs usually as lenses in
biotite, and more rarely in thin veinlets or aggregates of euhedral crystals. Pumpellyite and
epidote also occur as small lenses in biotite, but commonly developed at the expense of
plagioclase, hornblende or allanite. Other Ca-minerals also occurring as lenses in biotite are F-
OH-andradite, calcite and fluorite. Scapolite is not bound to the metamorphic grade, but in
specific areas it is significantly more abundant.

Summarized, the regional amphibolite to granulite facies transition zone at Arendal is
characterized by the following south facing isograd sequence (Fig. 3.8):

-Ms Muscovite-out in quartzites (Touret 1971a).

+Crd Cordierite-in in metapelitic rocks.

+0px(1) Orthopyroxene-in in amphibolites.

+0Opx(2) Orthopyroxene-in in acidic gneisses.

-All Allanite-out in gneisses, metapelites and amphibolites.
-Ttn Titanite-out in gneisses, metapelites and amphibolites.

These isograds are cross cut by a possible south facing
-Ky Kyanite-in isograd in metapelites and cordierite-orthoamphibole rocks.
The isograds are accompanied by increasing recrystallization of sillimanite and increasing

dominance of brown over green hornblende, which correlates with increasing titanium
contents of hornblende in amphibolites.
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Fig. 3.8 a (Left) Metamorphic zoneography of the Nelaug-Arendal area of the Bamble Sector:
+0px(1): Opx-in isograd for basic rocks; +Opx(2): Opx-in isograd for gneisses; +Crd: Crd-in
isograd for metapelites; -Ky: Ky-out isograd for old kyanite in metapelites and
orthoamphibole rocks; -All & -Ttn: All-out and Ttn~-out isograds for gneisses, metapelites and
amphibolites. b (Right) Isotherms for 750°C and 800°C, and pressure estimates. Samples which
were used for geothermometry are indicated with a +; samples which were used for
geobarometry are indicated with circles of increasing size, representing the intervals P < 7 kb,
7<P<7.5kb, 7.5 <P <8 kb, P> 8 kb. Used temperatures are the best core estimates in °C;
the anomalously high temperature of TN250 is left out of consideration.

34 P-T distribution

Selected amphibolite and metapelite samples were analyzed by a Jeol JXA 8600
electron microprobe at the Department of Geochemistry, Utrecht University, in order to
obtain a set of P-T estimates for the various parts of the transition zone. Running conditions
were 15 keV and 10 nA, at a counting time of 30 sec. Analyses were checked against synthetic
and natural standards and corrected with a Tracor Northern PROZA correction program. A
concise description of the samples is given in the appendix. Selected mineral analyses are given
in table 3.2 for the amphibolites and in table 3.3 for the metapelites. Average P-T estimates
for the amphibolites are presented in table 3.4 (cores) and 3.5 (rims). Pressure estimates for the
metapelites are presented in table 3.6.

The garnet-hornblende (Powell 1985) and hornblende-plagioclase (Blundy and Holland
1990) geothermometers were applied to all samples, except in two cases. The garnet-
hornblende-plagioclase geobarometer (Kohn and Spear 1990) was applied to the quartz-
bearing samples to obtain pressure estimates. Garnet-biotite (Thompson 1976, Perchuk 1981)
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and orthopyroxene-clinopyroxene (Wells 1977, Fonarev and Graphikov 1987) geothermometers
were also applied to samples with a suitable mineralogy. All methods yielded consistent
pressures and temperatures within each sample. The garnet-plagioclase-Al,Si0;-quartz
geobarometer (Newton and Haselton, 1981) was applied to the metapelites, using the newly
determined anorthite breakdown reaction of Koziol and Newton (1988).

3.4.1 Temperature

Generally, the highest temperatures are those obtained from hornblende-plagioclase
pairs (Table 3.4). The Hbl-Pl temperatures may be slightly higher or lower than Wells’ Opx-
Cpx temperatures. They tend to be 50-100° higher than Fonarev and Graphikov Opx-Cpx
temperatures, and 100-150 °C higher than Grt-Hbl temperatures, which is larger than the
uncertainty in the Hbl-PI calibration (Blundy and Holland 1990). The Hbl-PI temperatures of
710-890 °C are in fair agreement with the mineral assemblages that were considered to
represent the thermal metamorphic climax (Visser and Senior 199