
Introduction
The Western Gneiss Complex (WGC) of Norway is an
area of more than 25 000 km2 of dominantly middle Pro-
terozoic gneissic rocks outcropping between Bergen and
Trondheim (Fig. 1). The WGC forms part of the Baltic
shield, which according to Gorbatschev & Gáal (1987)
grew during 4 orogenies between 3.5 and 1.5 Ga, followed
by reworking during the Sveconorwegian and Caledo-
nian events. Tucker et al. (1990) suggest that the Sveco-
norwegian influence was limited to the southern part of
the WGC (Fig.1). Skår & Pedersen (2003) found that the
Sveconorwegian overprint also involved migmatitization
and granite intrusion. During the Scandian phase of the
Caledonian orogeny, the WGC was subjected to high- and
ultra-high-pressure metamorphic conditions, while it
constituted the root zone of the orogen (Andersen &
Jamtveit 1990). In this paper we present new and precise
geochronological evidence from Hisarøya. We use these
data to discuss the age and metamorphic evolution of the
southern part of the WGC.

Field description
The island of Hisarøya (Fig. 1) compromises ortho-
and paragneisses that have been reworked at eclogite-
and amphibolite-facies conditions during the Caledo-
nian orogeny. Granitic gneiss, commonly characterized
by augen texture, is the dominant rock type. In the nor-

thernmost part of the island, the gneisses are intensely
deformed by top-to-the-west shearing along the 
Nordfjord Sogn Detachment Zone (e.g. Andersen &
Jamtveit 1990). Further to the south, this shearing
becomes less prominent, and in places the granite is
coarse-grained and only slightly lineated.

The central part of Hisarøya, west of Hjartåsvågen (Fig.
1), is dominated by a complex of foliated amphibolites
with local eclogites, coarse-grained rutile-bearing
kyanite-garnet-micaschist and quartzite. Field observati-
ons suggest that these rocks were intruded by the granite
mentioned above at an early stage. Later, during Caledo-
nian deformation, they have been interfolded with the
granite into a large-scale sheath-like fold structure,
which today forms the low topography across the island.

The southern part of the island comprises a banded gra-
nulite complex where mafic and felsic rocks alternate on
a scale of meters to 10’s of meters. These rocks are varia-
bly eclogitized. Geothermobarometric estimates from an
equilibrated mafic eclogite show temperatures of 562 ±
35°C, and pressures of 15.3 ± 1 kbar (Røhr in prep.). In
places, the granulite complex has been amphibolitized
without significant deformation. More commonly,
amphibolite-facies mineralogies are found within shear
zones cross-cutting the granulites/eclogites.

The mafic granulites contain plagioclase, two
pyroxenes, Ti-rich amphibole, biotite and opaques, and
have a granoblastic texture. All stages of metamorphic
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transitions between granulite- and eclogite-facies mineral
assemblages can be found. The least altered mafic granuli-
tes have clouded plagioclase while ferromagnesian mine-
rals are slightly corroded and surrounded by thin coronas
of garnet and omphacite. Fully equilibrated eclogites have
a granoblastic texture and a strong fabric determined by
alternating zones of garnet and omphacite. In addition the
eclogites contain rutile and phengite.

The felsic rocks vary in composition from syenogranitic
to monzonitic and granodioritic. These rocks have
granulite-, eclogite- and amphibolite-facies mineral
assemblages. Preserved granulites have plagioclase,
perthitic K-feldspar, characteristic blue quartz, biotite,
opaques, garnets that are up to one cm in size, and local
pseudomorphs after orthopyroxene. The Caledonian
high-pressure metamorphism has caused clouding of
plagioclase, even in the best preserved granulites. Thin
coronas of garnet around biotite and opaques are also
common in these samples (Fig. 2b). More evolved
eclogite-facies felsites contain quartz, zoisite, white mica
(probably phengite), small garnets and bluish amphibole.

Sample description
The dated sample was collected from the southern part
of the island at Vilsvikvågen (Fig. 1). The sample has a
quartz-monzonitic to quartz-monzodioritic composi-

tion. The granulite-facies mineral assemblage includes
plagioclase, string-perthitic K-feldspar, quartz, biotite,
orthopyroxene, garnet and opaques (mainly
magnetite). Orthopyroxene is pseudomorphed by
microcrystalline bastite aggregates. The garnet
(Alm62.5Pyr13.5Grs10.5Sps9.0) is exceptionally enriched
in Y (1.9 wt %) and HREE (ca. 2 wt %) (work in pro-
gress). Accessory minerals include zircon, monazite,
xenotime and apatite. The granulite-facies minerals are
medium-grained and display a granoblastic texture.

In addition to the dominant granulite-facies mineral
assemblage, the rock contains a second generation of
minerals, which is distinguished from the dominant
assemblage by a finer grain size and by forming coronas
on the early granulite-facies minerals. Second-genera-
tion garnets (Alm59Pyr9Grs28Sps7) typically form a rim
around granulite-facies garnet (Fig. 2a), biotite (Fig.
2b), and opaques (Fig. 2b). Secondary garnet also
forms dendrite-like textures in plagioclase, and it
differs from the first generation by having significantly
lower Y (0.3 wt %) and HREE (0.3 wt %). Plagioclase is
clouded by needles of zoisite and amphibole, and this
clouding is at its most intense near bastite (after opx),
biotite and opaques. Monazites are slightly corroded
(Fig. 3a), with a thin rim of apatite. In samples that
show a stronger alteration, the apatite rim becomes
coarser and a rim of allanite appears outside the apatite.
By analogy with the mafic rocks, where the second gene-
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Fig. 1. Geological map of Hisarøya with inset showing its location in the WGC. Mapping on Hisarøya has been done by the main author, whereas the
inset map is based on Fig 1 in Corfu & Andersen (2002). B: Bårdsholmen. D: Dalsfjord. J: Jotun Nappe. NSDZ: Nordfjord Sogn Detachment Zone.
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Fig. 2. Microtextures for the dated sample. a) Granulite-facies garnet, with poikiloblastic overgrowth of secondary garnet. b) Coronas of garnet
around biotite (bio) and oxide (ox). Note dendrites of garnet penetrating plagioclase (plag) along fractures.

Fig. 3. CL/BSE images of zircon and monazite. a) BSE
image of monazite with fringed edges and a patch-like
internal zoning. b) CL image of a zircon showing internal
concentric zoning. c) The late metamorphic overgrowth is
also visible as a brighter rim on the BSE image.



ration of minerals includes omphacite, we interpret this
second generation of minerals to represent the Caledo-
nian eclogite-amphibolite facies influence in the area.

Zircons appear to have preserved some of their
magmatic characteristics. When viewed with cathodolu-
minescence (CL) imaging, a concentric zoning of the
grain interiors is clearly visible (Fig. 3b). We believe that
these parts of the zircons record the earliest part of the
rock’s history. The internal euhedral concentric zoning is
cut and / or surrounded by zones of bright lumine-
scence, possibly representing zones of secondary recrys-
tallization. The zircon outer rims display a faint, diffuse
and irregular zoning, which appears as a more uniform
and brighter zone when viewed with Back-Scattered
Electron (BSE) imaging (Fig. 3c). This part of the grain is
interpreted to represent later metamorphic overgrowth,
and the interpretation is supported by U-Pb analysis (see
below). The internal compositional variations found
within the monazites form a patch-like pattern of uncer-
tain petrogenetic significance (Fig. 3a). However, as
mentioned above, their corroded rims and the over-
growths of apatite plus allanite may be interpreted as
resulting from Caledonian metamorphic reactions.

Nine clear grains (6 zircons and 3 monazites) were cho-
sen for mass spectrometry. The monazites were all clear,
sub-rounded tabular grains. The zircons were divided
into three groups: z-subr - four sub-rounded grains; z-
euh - an euhedral grain; z-rim - and a concentric shrap-
nel, probably part of a metamorphic rim (Figs. 3b,c).

Analytical procedure
The sample was crushed in a jaw crusher and pulverized
in a hammer mill before mineral separation, which was
performed using a Wilfley table, Frantz magnetic
separators and heavy liquids. The grains were later
submerged in ethanol and individually picked under a
binocular microscope. The zircons were abraded with
pyrite (Krogh 1982) before cleaning in concentrated
nitric acid. A mixed spike solution of 235U and 205Pb was
later added to all samples. The zircons were dissolved in a
mix of hydrofluoric and nitric acids at 185°C, while the
monazites were dissolved with hydrochloric acid on a
hot-plate. The monazites, weighing 4 and 5 µg (one and
two grains, respectively), were subsequently treated with
ion exchange resin to remove the REE. All zircons,
including the group of four sub-rounded grains, weighed
less then 1 µg, so no treatment was necessary.

Results
One of the three zircon analyses (Table 1) is concordant
and the others variously discordant. When plotted in a
Concordia diagram (with the program Isoplot 3.0,
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Ludwig 2003) they define a discordia line with intercept
ages at 1646 ± 110 Ma and 987 ± 10 Ma (Fig. 4a). The
latter corresponds to the age of the concordant analysis
of the single zircon rim, thus confirming that this
concentric shrapnel is part of the late metamorphic
overgrowth (Fig. 3b, c). The low Th/U ratio in this
grain compared to the other grains can also be seen as
an indicator for a secondary origin (Rubatto 2002). In
fact, low Th/U ratios are a common, but not exclusive,
feature of secondary new growth, likely reflecting
growth in the presence of aqueous fluids, either fluid-
assisted solid-solid reactions or growth in water-rich
melts (e.g. Söderlund et al. 2002; Andersson et al.
2002). On the other hand, metamorphic zircon found
in high-grade rocks can exhibit the contrary behaviour
with high Th/U (e.g. Corfu et al. 1994; Bingen et al.
2001). We suggest that the lower intercept age repre-
sents fluid-assisted zircon crystallization during the
granulite-facies event, whereas the upper intercept
represents the intrusive age of the rock.

Of the three monazite analyses one plots on Concordia
defining a Concordia age of 949 ± 3 Ma, whereas the other
two are reversely discordant (Fig. 4b). There are two pos-
sible explanations for this relationship: (1) the two rever-
sely discordant analyses reflect initial isotopic disequili-
brium caused by excess 230Th (Schärer 1984), and thus the
207Pb/235U age of 960 ± 3 Ma best approximates the age of
the grains. The alternative is that the grains are reversely
discordant because of U loss or Pb gain caused by recent
alteration or an analytical problem. The latter possibility is
supported by the fact that all three analyses have
207Pb/206Pb ages that overlap at 948 ± 4 Ma, whereas the
former would be consistent with the fact that the two ana-
lyses with reversely discordant data also have the highest
apparent Th/U ratios. By contrast, the data do not show
any simple indication in favour of a link between the
negative discordance and the Caledonian overprint.

Discussion
We suggest that the 1646 ± 110 Ma zircon intercept

approximately dates the intrusion of the granite, and
that this event is represented by the magmatic cores of
the zircons. This age corresponds to the main crust-
forming event in the Southwest Scandinavian Domain,
referred to as the Gothian event (Gorbatschev & Gáal
1987). Gothian intrusion ages presented from other
parts of the WGC range between 1686 and 1631 Ma (Tuc-
ker et al. 1990; Skår et al. 1994; Austrheim et al. 2002; Skår
& Pedersen 2003). Our upper intercept age, although
with a high degree of uncertainty, falls within this range.

The 987 ± 10 Ma intercept probably dates the
granulite-facies metamorphic event. This event,
represented by the metamorphic overgrowth seen in
the Scanning Electron Microscopy (SEM) pictures (Fig.
3b,c), must have had a large impact on the zircon
chemistry, and corresponds to the Sveconorwegian/-
Grenvillian Orogeny (Gorbatschev & Gáal 1987). The
time span between the zircon lower intercept age of 987
± 10 Ma and the concordant monazite age of 949 ± 3 Ma
indicates that the Sveconorwegian event was either long-
lasting or alternatively consisted of two or more events.

A Sveconorwegian high-T event has already been
reported from this area by Skår & Pedersen (2003), who
obtained an age of 969 ± 8 Ma for migmatitization of
various gneissic units, a zircon age of 966 ± 2 Ma for
intrusion of a granite, and titanite ages ranging from
973 to 951 Ma dating intrusion of dykes and
concurrent metamorphism. Our concordant monazite
age of 949 ± 3 Ma corresponds to the youngest pegma-
titic event recorded in that study. Engvik et al. (2000)
described granulite-facies rocks from Bårdsholmen in
Sunnfjord (Fig. 1). The rocks at Bårdsholmen have
many similarities to the layered granulite on Hisarøya,
both with respect to rock types and metamorphic
evolution. A Sveconorwegian age of ‘close to 1000 Ma’
has been obtained for zircon in these rocks by Gromet
& Andersen (1994), an age which Engvik et al. (2000)
interpreted to represent the granulite-facies metamor-
phism. Their dating by the zircon evaporation method
also indicated the presence of ages up to at least 1400
Ma, probably the same relationships observed in this
study and in the migmatites of Skår & Pedersen (2003).
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Fig. 4. Concordia diagrams
with a) zircon and b) monazite
U-Pb data. Ellipses indicating
the 2σ uncertainty are numbe-
red according to Table 1.



Thus, the existing data indicate that the rocks on
Hisarøya and Bårdsholmen may be remnants of a regi-
onal granulite-facies terrain of Sveconorwegian origin.

The U-Pb data and Precambrian evolution outlined for
Hisarøya bear many resemblances with the ages and
metamorphic evolution recorded for the Middle
Allochthon of Western Norway. Corfu & Andersen
(2002) reported intrusive ages of 1634 ± 3Ma from a
Dalsfjord Suite monzonite, which also recorded a Sve-
conorwegian event represented by concordant U-Pb
titanite ages ranging between 960 and 920 Ma. From
the Lindås Nappe, Bingen et al. (2001) obtained a late
Sveconorwegian U-Pb zircon age of 929 ± 1 Ma for the
granulite-facies metamorphism. And in the Jotun
nappe, Schärer (1980) documented a pervasive, meta-
morphic-deformational event that strongly reset zircon
and formed titanite at ca. 900 Ma in amphibolite-facies
rocks, whereas Lundmark (work in progress) obtained
ages between ca. 950 and 900 Ma for rocks in the higher
grade part of the nappe. These data support previous
interpretations suggesting that the basement rocks wit-
hin the nappes of the Middle Allochthon were derived
from a common region in southwestern Baltica.

One interesting aspect of our data is the fact that none of
the analyzed systems seems to have been affected at all by
the Caledonian orogeny. Only the reversely discordant
monazite analyses could be interpreted as reflecting such
an event, but, as discussed above, the evidence points
more convincingly towards either a recent disturbance of
the U-Pb system of these grains or initial disequilibrium
in 960 Ma monazite. Thus the U-Pb data do not provide
direct confirmation that the corrosion of monazite and
the development of thin rims of apatite (Fig. 3a) are rela-
ted to Caledonian eclogitization processes (Fig. 2). The
fact that Pb did not diffuse out of monazite when heated
to temperatures of 560˚C (Røhr in prep.) is in accord with
the high closure temperatures proposed for this mineral
(e.g. Heaman & Parrish 1991).

Acknowledgments: The first author obtained the results presented here
during the course G4830 - Geochemical Analytical Methods held at the
Department of Geology during the autumn semester 2003. We are
grateful to Gunborg Fjell, Muriel Erambert and Turid Winje for their
skilful supervision during mineral separation, electron microprobe
analysis and scanning electron microscope work. Funding for this
study was provided by the Norwegian Centre of Excellence: Physics of
Geological Processes (PGP).

References

Andersen, T.B. & Jamtveit, B. 1990: Uplift of deep crust during
orogenic extensional collapse; a model based on field studies in the
Sogn-Sunnfjord region of western Norway. Tectonics 9, 1097-1111.

Andersson, J. Möller, C. & Johansson, L. 2002: Zircon geochronology
of migmatites gneiss along the southern Mylonite Zone: A major

Sveconorwegian terrane boundary in the Baltic Shield.
Precambrian Research 114, 121-147.

Austrheim, H., Corfu, F., Bryhni, I. & Andersen, T.B. 2002: The Hustad
Igneous Complex; a low strain enclave with a key to the 
Mid-Proterozoic history of the Western Gneiss Region of Norway.
Precambrian Research 120, 149-175.

Bingen, B., Davis, W.J. & Austrheim, H. 2001: Zircon U-Pb geochrono-
logy in the Bergen Arc eclogites and their Proterozoic protoliths,
and implications for the pre-Scandian evolution of the
Caledonides in western Norway. Geological Society of America
Bulletin 113, 640-649.

Corfu, F. & Andersen, T.B. 2002: U-Pb ages of the Dalsfjord Complex,
SW Norway, and their bearing on the correlation of allochthonous
crystalline segments of the Scandinavian Caledonides.
International Journal of Earth Sciences 91, 955-963.

Corfu, F., Heaman, L.M. & Rogers, G. 1994: Polymetamorphic
evolution of the Lewisian complex, NW Scotland, as recorded by
U-Pb isotopic compositions of zircon, titanite and rutile.
Contributions to Mineralogy and Petrology 117, 215-228.

Engvik, A.K., Austrheim, H. & Andersen, T.B. 2000: Structural,
mineralogical and petrophysical effects on deep crustal rocks of
fluid-limited polymetamorphism, Western Gneiss region, Norway.
Journal of the Geological Society of London 157, 121-134.

Gorbatschev, R. & Gáal, G. 1987: The Precambrian history of the
Baltic Shield. In Kröner, A. (ed.): Proterozoic Lithospheric Evolution,
vol. 17. AGU-CSG Geodynamic series, 149-159.

Gromet, P.L. & Andersen, T.B. 1994: Eclogite inclusions in granite
gneisses: Preservation of Precambrian intrusive relations in the
eclogitized deep crust of Sunnfjord, SW Norway. Abstract volume:
GSA-annual meeting, Seattle 1994. A-198.

Heaman, L. & Parrish, R. 1991: U-Pb geochronology of accessory minerals.
Short Course handbook on application of radiogenic isotope systems
to problems in geology. Mineralogical Association of Canada 59-102.

Ludwig, K.R. 2003: Isoplot 3.0, a geochronological toolkit for
Microsoft Excel. Berkeley Geochronological Centre Special Publi-
cation No. 4, 71 pp., (http://www.bgc.org/klprogrammenu.html)

Krogh, T.E. 1982: Improved accuracy of U-Pb zircon ages by the
creation of more concordant systems using an air abrasion
technique. Geochimica et Cosmochimica Acta 46, 637-649.

Rubatto, D. 2002: Zircon trace element geochemistry; partitioning
with garnet and the link between U-Pb ages and metamorphism.
Chemical Geology 184, 123-138.

Schärer, U. 1980: U-Pb and Rb-Sr dating of a polymetamorphic nappe
terrain: the Caledonian Jotun nappe, southern Norway. Earth and
Planetary Science Letters 49, 205-218.

Schärer, U. 1984: The effect of initial 230Th disequilibrium on young
U-Pb ages: The Makalu case, Himalaya. Earth and Planetary
Science Letters 67, 191-204.

Skår, Ø. & Pedersen, R.B. 2003: Relations between granitoid
magmatism and migmatization; U-Pb geochronological evidence
from the Western Gneiss Complex, Norway. Journal of the
Geological Society of London 160, 935-946.

Skår, Ø., Furnes, H. & Claesson, S. 1994: Proterozoic orogenic
magmatism within the Western Gneiss region, Sunnfjord, Norway.
Norsk Geologisk Tidsskrift 74, 114-126.

Söderlund, U., Möller, C., Andersson, J., Johansson, L. & Whitehouse,
M. 2002: Zircon geochronology in polymetamorphic gneisses in
the Sveconorwegian Orogen, SW Sweden: ion microprobe
evidence for 1.46-1.42 and 0.98-0.96 Ga reworking. Precambrian
Research 113, 193-225.

Tucker, R.D., Krogh, T.E. & Råheim, A. 1990: Proterozoic evolution
and age-province boundaries in the central part of the Western
Gneiss Region, Norway: Results of U-Pb dating of accessory
minerals from Trondheimsfjord to Geiranger. In Gower, C.F.,
Rivers, T., & Ryan, B. (eds.), Mid-Proterozoic Laurentia-Baltica.
Special Paper - Geological Association of Canada 38, 149-173.

256 T. S. Røhr,  F. Corfu, H. Austrheim & T. B. Andersen NORWEGIAN JOURNAL OF GEOLOGY


