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The Øksfjord peninsula in West Finnmark is composed of voluminous igneous and meta-igneous rocks
that form a southern extension of the Seiland Igneous Complex. The igneous rocks have a large
compositional range, and complex contact relations document several intrusion and deformation events.
Deformation took place under high-grade metamorphic conditions, with complete reactions to granulite
in high-strain zones. Both well preserved igneous rocks and thoroughly equilibrated meta-igneous rocks
(granulites) were selected for dating of igneous activity and high-grade metamorphism. The ultramafic
complex in the Tappeluft-Øksfjordbotn area is one of the youngest of the massive Seiland Province
intrusions on the peninsula. A combined whole-rock and mineral isochron dates this intrusion at

550 ± 34 Ma (2o)

(I = 0.512118 ± 34, MSWD = 1.6 ) . This Early Cambrian age is a minimum age for
that of the major gabbroic, monzonitic and syenitic igneous activity in the Øksfjord area. Recent results
have also confirmed that some of the older intrusions have Late Precambrian ages. Recrystallized,
metamorphic minerals combined with whole rock from a fine-grained mafic granulite (metagabbro) yield
a Sm-Nd isochron age of 502 ± 28 Ma (2o) (I = 0.511983 ± 28, MSWD = 0.008 ). This is interpreted as
dating the recrystallization of the rock under high-grade metamorphic conditions. Metamorphic miner als
and whole rock from a coarse-grained garnet-rich granulite (monzonite) yield a Sm-Nd isochron age of
531 ± 10 Ma (2o) (I = 0.511803 ± 12, MSWD = 0.95), essentially dating garnet formation in this rock.
The metamorphic conditions correspond to a high geothermal gradient situation. The intrusion of the
ultramafics may record the termination of the Late Proterozoic and possibly also Early-Mid Cambrian
active rifting of Barents Shelf or Greenland lithosphere, while some of the deformation at high-grade
conditions may record the transport of the cooling paleorift in Late Cambrian-Early Ordovician time.
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The Øksfjord peninsula comprises voluminous
igneous and meta-igneous rocks which have been
correlated with those of the Seiland lgneous Com
plex. They form part of the Seiland Nappe of the
Kalak Nappe Complex, tectonostratigraphically
within the Middle Allochthon of the Scandinavian
Caledonides (cf. Roberts 197 4). The recon
naissance studies by Krauskopf (1954) indicate a
complex igneous history and high-grade meta
morphism on the Øksfjord peninsula, but more
detailed petrological studies from the area are not
available in the literature. The present project
was started with field-work in 1987 as a precursor
to more comprehensive geological studies of the
Øksfjord peninsula from the University of
Tromsø.
Krauskopf (1954) distinguished between lay
ered gabbro gneiss, which he believed to be meta-
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morphosed volcanic-sedimentary sequences, and
massive igneous rocks that he interpreted as
younger intrusions. The layered series is dom
inated by gabbroic rocks with interlayers such as
syenite and metasediments (series 3), gabbro
anorthosite varieties (series 2) and nearly homo
geneous augite-labradorite gabbro (series 1). At
present, the gabbro gneisses are regarded as lay
ered intrusions and intercalated sediments.
Until recently, isotopic dating of the igneous
rocks was limited to the 3 point Rb-Sr isochron
date of 614 ± 13 5 Ma on a coarse-grained syenite
perthosite within the layered syenogabbro
(Brueckner 197 3 , series 3, near Øksfjord, recal
culated to A.87Rb 1. 42 X w-11 yr-1). This date
was tentatively interpreted as a minimum age for
the intrusion of the syenogabbro and its sub
sequent metamorphism at granulite facies
=
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(Brueckner 1973) suggesting that both the major
intrusions and the high-grade metamorphism in
the Øksfjord area were pre-Caledonian. The sig
nificance of the date and similar analyses of per
thosite from Sørøy and Seiland were doubted
(Pringle 1975). Different results were derived
elsewhere in the province. Sturt et al. (1978, 1980)
related the igneous rocks on Stjernøy and Seiland
to different stages of a Finnmarkian phase of
the Caledonide Orogeny, based on well defined
Paleozoic dates of granite rocks. However, Krill
& Zwaan (1987) questioned both the Paleozoic
ages for the igneous activity and the concept of
Early Paleozoic orogenesis (Finnmarkian
Orogeny). Krill (1989) interpreted the igneous
province as the deeper part of continental rift
magmatism. Recent work by Aitcheson (1989)
and Daly et al. (1990) has shown that both Pre-
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cambrian and Lower Paleozoic igneous rocks are
present. Daly et al. (1990) distinguish between a
Sørøy province (>800 Ma) and a younger Sei
land Province (ca. 670-520 Ma), where the latter
province was related to Early Paleozoic rifting.
They also argue that the main foliation in the
country rocks (the Sørøy Succession) and in some
of the Sørøy gabbros is older than ca. 800 Ma.
Precambrian igneous ages have also been
reported in recent studies from the Øksfjord Pen
insula. Sm-Nd dates for gabbro at Storvik (near
location 9, Fig. l) give an age of 604 ± 44 Ma
(Daly et al. 1990). They also report an age of
612 ± 33 Ma for the Kvalfjord gabbro on Stjer
nøy. These gabbros both belong to the Stjernsund
clinopyroxene gabbro of Robins & Gardener
(1974), corresponding to gabbro-gneiss series l
(Krauskopf 1954). Whole-rock Rb--Sr dating of

N

1
Seiland Nappe
Garnet gneiss
Peridotite
Tholeiite gabbro
Layered gabbro
La y. syenogabbro
Unspecified gabbro
Olivine gabbro
Korsfjord &
Skillefjord Nappe
l. Simplified geological map of the Øksfjord peninsula (Roberts 1974). The area of Fig. 2 is shown. Three outlying sample
locations are indicated by sample numbers.
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the gabbro-monzonite series near Øksfjord
(gabbro-gneiss series 3, Krauskopf 1954) yielded
an isochron with an age of 833 ± 26 Ma (Krogh
& Elvevold, this volume).
The meta-igneous rocks on the Øksfjord pen
insula show different degrees of deformation, foli
ation and recrystallization to granulite and
amphibolite facies assemblages. The detailed
relations between igneous phases and meta
morphic evolution have not yet been established.
Elvevold (1990) reported four metamorphic
phases in the vicinity of the Øksfjord area. The
extent, significance and timing of these are, how
ever, not known.

The purpose of the present study was to date
parts of the igneous activity on the Øksfjord pen
insula, and to date the gamet-forming high-grade
metamorphism in selected areas there using the
Sm-Nd isotopic method. The strategy was to sel
ect ultramafic and mafic rocks with the best pre
served igneous mineral assemblages for dating of
igneous activity in the Tappeluft-Øksfjordbotn
area, and thoroughly equilibrated gamet-bearing
meta-igneous rocks (granulites) for dating of the
metamorphism. A few Rb-Sr isotopic analyses
were also included for comparison.
This work is based on sampling from road sec
tions along the east side of Øksfjorden and the
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2. Geological map of the Øksfjordbotn-Tappeluft area showing sampling locations for Sm-Nd isotopic studies within the
ultramafic complex and surrounding gabbros. 031 is a plagioclase rich layered gabbro possibly intruded by the ultramafics.
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peninsula west of the fjord (Fig. 1), and recon
naissance mapping (by the first author) of the
igneous rocks in the Tappeluft-Øksfjordbotn area
(Fig. 2).

Geology
Well preserved igneous rocks in the
Tappeluft-Øksfjordbotn area

The igneous rocks in the Tappeluft-Øksfjordbotn
area (Fig. 2) consist of layered gabbros, syenite,
ultramafics, gabbro pegmatite and various types
of cross-cutting dykes, which correspond to
Krauskopfs (1954) gabbro-gneiss series l and
associated intrusions.
The layered gabbro is a heterogeneous
sequence with layering defined mainly by modal
variations of plagioclase and pyroxene. Anor
thositic layers are present (Rivarfjell) and pyrox
enitic layers are common south of Øksfjordbotn
near the ultramafic complex. Igneous phases and
textures are well preserved. The layering ranges
in scale from one-crystal thick banding, through
cm and dm thick layers to metres-thick lithological
alternations. Coarse-grained pegmatitic gabbro
occurs both as distinct layers within the sequence,
and as irregular transecting dykes. Minerals com
monly show alignments parallel to the com
positional layering. Foliation related to
deformation is usually subparallel or at a low
angle to the igneous layering. The original igneous
structures are best preserved in the vicinity of the
ultramafic rocks, while layered gabbros both to
the north and the south within the map area are
strongly foliated. The layered metagabbros here
show different degrees of metamorphic trans
formation into recrystallized, layered granulite.
The syenite body at Tappeluft consists of mass
ive coarse-grained syenite which weathers pale
red to yellow, and is closely associated with
patches of more mafic syenitic rocks and gabbro
pegmatite. Coarse-grained gabbro pegmatite
occurs both as layers within the syenite and as
irregular patches which clearly intrude it. Coarse
grained pegmatitic syenite dykes occur within the
gabbro complex north of the syenite body.
Gabbro pegmatite occurs as apparently con
cordant layers in the layered igneous rocks
described above, and as cross-cutting irregular
dykes or patches of different sizes. The main body
of pegmatitic gabbro (Fig. 2) is younger than the
layered gabbro, syenite and ultramafic rocks. This
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body was previously termed 'undifferentiated
gabbro' by Roberts (1974). The major phases
are plagioclase, pyroxene, Ti-rich amphibole and
apatite. The crystals are mainly of cm to dm size.
Amphibole crystals up to half a metre long Iie
across igneous layering in a crescumulate fashion
dose to the syenite border in Tappeluft.
Although the pegmatitic gabbro appears mass
ive and undeformed, in detail there is evidence
of strong intracrystalline deformation by partial
recrystallization within plagioclase domains, local
growth of garnet, kinking of pyroxene and amphi
boles, and formation of carbonate-filled cracks
and veins.
The ultramafic complex consists of pyroxenites,
gabbros and peridotites. The pyroxenites are
plagioclase-bearing. The contact relations
between gabbros and ultramafic rocks are
obscured by layers and patches of pegmatitic gab
bro. The ultramafic rocks are only weakly foliated
and nearly unaffected by metamorphism. The
ultramafic complex and its associated pegmatitic
gabbro are interpreted as being the youngest of
the massive intrusive rocks on the Øksfjord pen
insula (cf. Brueckner 1973).
Numerous younger dykes, including different
generations of diabase and felsic (syenitic, mon
zonitic) dykes, cut the igneous rocks described
above. These dykes include both fine-grained and
pegmatitic examples.
Metamorphic rocks in the northern areas

The areas to the north along Øksfjorden consist
of alternating layered gabbro-monzonite
gneisses and metasediments corresponding to
gabbro-gneiss series 3 of Krauskopf (1954). Mon
zonitic rocks on both sides of Øksfjorden have
been transformed into poikiloblastic garnet
granulites in zones of strong ductile deformation.
Folded syenite veins within monzonitic gabbro
gneiss series 3 (syenogabbro; Fig. l) are cut by
younger, fine-grained shear zones with garnet
granulite mineralogy (Gnt + Cpx + Pl + Qtz;
locality 3 in Fig. 2), suggesting the existence of
two stages of deformation under high-grade meta
morphic conditions.
Metasediments occur within high-strain zones
along Øksfjorden (Fig. l) and Langfjorden (Fig.
2). These consist of mylonitic quartz-rich garnet
gneisses, marbles and calc-silicate gneisses and
mafic granulites. Sillimanite-bearing gneisses
have been reported by Elvevold (1990).
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Storvik (metagabbro; 09, Fig. 1), and coarse
grained garnet granulite from layered gabbro
monzonite gneisses on the northwest side of the
fjord at Klubbneset (monzonite; 022, Fig. 1).
Mineral chemical analyses are given in Table l.
Petrographic data for other rocks in this study
may be obtained from the first author.

Deformation and metamorphism

Deformation of the igneous complexes is het
erogeneous. Well preserved, weakly foliated
igneous rocks, such as those from the Tappeluft
Øksfjordbotn area, alternate with strongly foli
ated and variably recrystallized igneous rocks and
metasediments. The strongly deformed rocks
occur both in wide zones of ductile deformation
and in thin shear zones. There are several gen
erations of shear zones, including zones with high
grade mineralogy and zones containing thin
opaque mylonites. This suggests that the igneous
rocks of the Øksfjord peninsula have been affec
ted by shearing at several different levels in the
crust, both under granulite-facies conditions and
during later uplift. The size of the displacements
and their tectonic implications remain to be estab
lished. High-grade metamorphic assemblages
occur in the layered gabbro (Krauskopf gabbro
gneiss series l) and the monzonitic rocks associ
ated with metasediments (Krauskopf gabbro
gneiss series 3 ). The oldest generation of isoclinal
folds in the monzonites/metasediments has not
been observed in the gabbro, but much more
field-work is required to establish the detailed
structural relations of the three different gabbro
gneiss series. Metasediments in this area form
thin screens between large intrusions, so their
earlier metamorphic history is often obscured by
intense contact metamorphism and partial
melting. However, Elvevold (1990) has divided
the metamorphic evolution of both the mafic
meta-igneous rocks and the metasediments into
four stages. These are (1) low-P granulite, (2)
interrnediate-P granulite and (3 ) high-P granulite,
followed by a retrograde metamorphism repre
sented by appearance of prehnite in calc-silicate
gneisses and monzonitic granulites. She reports
a nearly isothermal pressure increase from ca.
6 kbars to 8 kbars at ca. 650°C from stage 2 to
stage 3 .

Well preserved igneous rocks

The plagioclase spinel pyroxenite (043 ) is medi
um-grained, with the igneous assemblage: OI +
Cpx + Pl + Hb! + Spl + Opa + Opx. Pyroxene
and olivine appear as cumulus phases with inter
cumulus plagioclase (Fig. 3 ). Orthopyroxene
occurs as an early phase and within tiny coronas
around olivine. Brown hornblende is interstitial
to all phases. Spinel (green pleonaste) forms
inclusions both within opaques and hornblende
and is interpreted as an igneous phase. Meta
morphic effects are very limited and include kely
phitization, growth of biotite along cracks in
orthopyroxene, and development of thin ser
pentine rims along a few olivine grains.
The hornblende-gabbro (03 3 ) within the lay
ered gabbro is medium- to coarse-grained and
consists of Cpx + Pl + OI + Amp + Spi +
Opa + Opx. Brown hornblende is interstitial,
occurring as coronas between plagioclase and
opaques and in composite coronas with ortho
pyroxene and amphibole between olivine and
piagioclase. Minor metamorphic breakdown
involved exsoiution of opaques within clino
pyroxene, appearance of minor carbonate and
biotite, and appearance of amphibole patches
within clinopyroxene.

Sample descriptions
The samples selected for mineral dating were
plagioclase + spinel pyroxenite from the well
preserved ultramafic complex in the TappeluftØksfjordbotn area (043 , Fig. 2), coarse-grained
hornblende gabbro from Øksfjordbotn (03 3 , Fig.
.
2), mafic granuhte from more strongly deformed
and recrystallized layered gabbro farther north at
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Note the well preserved igneous phases with
interstitial plagioclase between ortho- and clinopyroxene.
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Meta-igneous rocks

The mafic granulite (09) is part of the layered
metagabbro. It consists of fine-grained, allo
triomorphic Pl + Cpx + Opx + Gnt + lim + OI.
Relict igneous textures occur in the form of

c
Fig. 4. A. Photomicrograph of dated metagabbro (mafic granu
lite) Ø9 (parallel polars). Light lenticular and elongated
domains consist of recrystallized plagioclase aggregates,
pseudomorphing igneous plagioclase. The elongated domains
are parallel to the main metamorphic foliation. B. and C. Close
up of A with parallel and crossed polars respectively, showing
gamet growth at the contact between aggregates of plagioclase,
pyroxenes and an opaque phase.
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elongated mafic and felsic domains which are
pseudomorphed by recrystallized polygonal
aggregates of plagioclase and mafic phases
respectively (Fig. 4). The recrystallized cli
nopyroxene is glassy and pale green with a salite
composition. A metamorphic foliation is defined
by alignment of the feldspathic domains. Fine
grained garnet aggregates are generally con
centrated along the border zones between the
original mafic and felsic domains (Fig. 4). Garnet
also forms coronas, in part with rod-like feldspar
intergrowths, between plagioclase and ilmenite.
The polygonal aggregates or metamorphic min
erals indicate chemical equilibrium during meta
morphism on a local scale. However, a fraction
of dark, apparently relict igneous, clinopyroxene
was detected during mineral separation.
The felsic granulite (022) (metamonzonite) is
coarse-grained with Gnt + Opx + Cpx + Pl +
Kfsp + Qtz + lim + Ap ( ± Bio ± Zir). Garnet
forms megapoikiloblasts (commonly 1-2 cm) with
inclusions of three types of pyroxene, quartz,
ilmenite and very fine-grained apatite (Fig. 5).
Garnet also occurs as thin reaction rims between
pyroxene and plagioclase in the feldspar-rich
matrix between the megapoikiloblasts. Clin
opyroxene (ferrosalite) and orthopyroxene (eul
ite-ferrohypersthene)
occur as relatively
homogeneous isolated pale greenish grains. Pyr
oxene with exsolution lamellae has a pidgeonitic
bulk composition (En28Fs6 1Wo1 1). Orthopyrox
ene (eulite) forms the broad lamellae, and cli
nopyroxene (ferrosalite) occurs both as regular
thin lamellae and as cross-cutting more irregular
patches and veins (Fig. 5). The matrix feldspars
and quartz have seriate and often diffuse grain
boundaries. Low-angle boundaries are common
in quartz, indicating strain. Foliation is not detect
able in this particular rock although adjacent
gneisses are strongly foliated. This is in part due
to the high density of large garnet poikiloblasts.
The composite inclusions of pyroxenes and
quartz (Fig. 5) within garnet appear to have
formed by metamorphic replacement of the origi
nal igneous assemblage. There is no regular dis
tribution pattern for the different inclusion types
within garnet, and the large garnet poikiloblasts
are unzoned. Igneous pyroxene (pidgeonite)
transformed to eulite and ferrosalite, which are
compositionally similar to the metamorphic pyr
oxenes. Garnet and quartz formed at the expense
of pyroxene and an additional phase, (possibly
plagioclase), that in places was replaced com-
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5. A. Three examples of inclusion relations in poikiloblastic garnet in monzonitic garnet granulite (022), sketched after
backscattered electron image. Got = garnet, Opx =orthopyroxene, Cpx =clinopyroxene, Kfs = alkali feldspar, Qtz = quartz,
A =apatite, I = ilmenite. B. Photomicrograph (crossed polars) of relations between garnet and inclusions of different pyroxenes
and quartz. C. Backscattered electron image of inverted pidgeonite consisting of orthopyroxene (light grey) and two generations
of clinopyroxene lamellae (thin and cross-cutting broad dark lamellae).
Fig.

Px2 + Gnt +
pletely by garnet (Px1 + Pl
Qtz). The presence of garnet coronas between
plagioclase and pyroxene in the matrix also sug
gests that garnet has formed at the expense of
these minerals.
=

Metamorphic conditions
The metamorphic assemblages both in the mafic
granulite (09} and in the felsic granulite (022}
make it possible to use geothermobarometry to

examine the metamorphic conditions. Some
representative chemical analyses of coexisting
minerals used for thermobarometry are given in
Table l.
For pressures between 4 and 8 kbars, garnet +
clinopyroxene exchange thermometry for sample
09 gives a total spread in temperature values
beteen 640°C and 670°C using the calibration by
Ellis & Green (1979} and Powell (1985). Sample
022 gives a total spread between 625°C and 708°C
with the same methods. In the latter sample,
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the highest temperature values result from the
pyroxene exsolution lamellae (Fig. 5) and adjac
ent garnet. The geothermometer calibration by
Krogh (1988) results in ca. 50°C lower tem
perature values for both samples. Orthopyroxene
+ garnet geobarometry has been applied both
by using the pyroxene exsolution lamellae and
homogeneous pyroxenes in 022 using the cali
bration by Harley (1984) and a temperature of
650°C. Unfortunately very few pairs of ortho
pyroxene adjacent to clinopyroxene were found
in the thin sections studied. The highest pressure
was calculated for the exsolution lamellae (9 kbar)
while a pair of homogeneous phases gave 8 kbar.
In sample 09 orthopyroxene is quite rare. Only
one orthopyroxene grain was analysed adjacent
to garnet, giving a pressure value of 7 kbar.
Pressures have also been calculated by the gar
net + plagioclase + orthopyroxene + quartz and
the garnet + plagioclase + clinopyroxene +
quartz geobarometers. Plagioclase (An40) has
only been found outside the garnet poikiloblast.
This composition gives 4-5 kbars using the cali
brations by Powell & Holland (1988) and Newton
& Perkins (1982). The mafic granulite 09 gives
pressures around 5 kbars (5. 1-5. 7 kbars) with the
same methods (An50).
Table
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The geothermometry indicates that the two
different rocks have equilibrated at quite similar
temperature conditions, comparable with those
reported by Elvevold (1990; using the calibration
by Krogh 1988). The P-ranges defined by the
mafic granulite (5-7 kbar) are comparable with
the conditions of the main metamorphism (st. 2,
Elvevold 1990) while data from the felsic granulite
(4-9 kbar) do not allow detailed correlations with
the different metamorphic stages. The main
inconsistency in the geobarometrical data arise
between methods that use Al in orthopyroxene
(Harley 1984) and methods that involve the
activity of Ca in plagioclase (except the Holland
1980 method). It is, however, also possible that
the garnet + orthopyroxene inclusion pressure
records an older stage of local equilibrium while
the lower garnet + plagioclase pressure records
a younger event and that some of the pressure
difference may be real. The occurrence of plagio
clase in the matrix outside garnet, and ortho
pyroxene as inclusions in garnet, makes the
composition of plagioclase in equilibrium with
orthopyroxene uncertain. Another problem is
that Iow diffusion rates of Al in pyroxenes mean
that Al may be difficult to equilibrate in pyroxene
(cf. Mørk 1985).

2. Sm-Nd isotopic data for whole-rocks (wr) and minerals.

ppm Sm

ppm Nd

147Sm/144Nd

143Nd/144Nd
( ± 2o)

wr
wr
Cpx
Pl

0.83
3.15
4.38

2.92
10.5
14.3

0.1740
0.1826
0.1860

0.512746 ± 11
0.512765 ± 7
0.512798 ± 8

033a
031
042
028a

wr
wr
wr
wr

2.11
1.74
2.81
3.10

8.00
5.56
10.2
16.4

0.1606
0.1904
0.1685
0.1153

0.512723 ± 8
0.512781 ± 8
0.512768 ± 7
0.512432 ± 7

033b
033b
033b

wr
pyroxene l
pyroxene 2_

2.09
1.15
4. 77

7.91
4.41
16.2

0.1608
0.1584
0.1798

0.512686 ± 2
0.512715 ± 8
0.512773 ± 2

12.9
11.7
4.3
11.8

57.4
20.6
24.5
58.0

0.1369
0.3453
0.1070
0.1240

0.512283 ± 5
0.513003 ± 5
0.512172 ± 5
0.512262 ± 5

9.8
8.2
8.9
7.1

44.5
43.7
28.4
23.7

0.1338
0.1139
0.1909
0.1!!21

0.512422 ± 5
0.512357 ± 5
0.512610 ± 5
0.512618 ± 4

Igneous samples

032
043
043
043

0.15

1.27

0.0729

Meta-igneous samples

022
022
022
022

wr
Gnt
Pl
Px (relict)

Ø9
09
Ø9
09

wr
Pl
Cpx-F
Cpx-G (reliet)

Johnson Matthey Standard

0.512381 ± 8

0.511113 ± 8
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Isotopic results

Sm-Nd mineral dates, ultramafic rocks

lgneous whole-rock data

Sm-Nd isotopic data from plagioclase, clino
pyroxene and the whole-rock from the plagioclase
pyroxenite (043) plus the whole-rock spinel peri
dotite (032) from the same ultramafic body
when combined defined an isochron corres
ponding to an age of 550 ± 34 Ma (2o) with I
0.512118 ± 0.000034 (2o) and MSWD 1.6 (Fig.
6B). The Ekd values are in accordance with deriv
ation from a weakly depleted mantle source, but
could equally well represent magma from a much
more depleted source which has suffered less than
a few percent contamination by continental crust.
The latter interpretation is supported by recent
work by Aitcheson (1989) who on the basis of a
range of Seiland intrusions and mantle xenoliths
has shown that a depleted mantle similar to the
model mantle of De Paolo (1981) underlay the
region from before 800 Ma to at !east 540 Ma, and
that the less depleted igneous rocks have been
contaminated by crustal material. The date has
been interpreted as an igneous age because of the
high retentivity of the Sm-Nd isotopic systems
within igneous plagioclase and p} roxene in the
absence of recrystallization (cf. Mørk & Mearns
1986) combined with the excellent preservation
of the igneous phases in this rock (Fig. 3). The
closure temperatures for these minerals are also
known to be high from experimental data, dep
ending on the cooling rates and on grain size
(Sneeringer et al. 1984).
Sm-Nd isotopic compositions of minerals and
the whole-rock for the hornblende-gabbro 033
(Px1 + Px2 + wr, Table 2) record disequilibrium,

Sm-Nd isotopic analyses from the Tappeluft0ksfjordbotn igneous rocks are shown in Table
2. The whole rocks alone show no isochron
relations; the mafic to ultramafic rocks (031,
032, 033a, 033b, 043) show relatively limited
variation in the Sm/Nd ratio, and irregular scatter
in Fig. 6A, while syenite 028a has a relatively
low Sm/Nd ratio. The apparent disequilibrium
may either refiect different intrusion ages, dif
ferent degrees of contamination with a crustal
component or Sm/Nd fractionation.
Rb--Sr isotopic data from the mafic and ultra
mafic whole-rock samples above (031, 033, 042,
032, 043; Table 3) show very little spread and
plot in a circular fashion in the 87Sr/86Sr-87Rb/
86Sr diagram. The syenite 028 has a much higher
Rb/Sr isotopic ratio than the others, broadly com
parable with Brueckner's (1973) data.
The mafic and ultramafic rocks have positive
Ekd(CHUR) values between 1.5 and 2.6 and
negative E�,(UR) values between -10 and -1
corresponding to quadrant Il in the Esr - ENd
diagram (Fig. 6A; cf. Faure 1986, using t
550 Ma). Rocks within this quadrant originate
from sources which are depleted relative to the
bulk earth. By contrast, the syenite has a negative
ENd value ( -4.2) and a large positive Esr value
(49). The position of the syenite within quadrant
IV in the ENd - Esr diagram probably refiects con
tamination of the magma by old crustal material
(cf. Faure 1986).
=

Table 3.

028a
031
032
033
042
043
Ø9
022

=

=

·

Rb--Sr isotopic data, whole-rock samples.

wr
wr
wr
wr
wr
wr
wr
wr

Standard NBS 987

ppm Rb

ppm Sr

87Rb/86Sr

83
0.74
0.27
1.94
2.73
0.69

102
650
64
1054
737
295

2.3641
0.0032
0.0121
0.0053
0.0107
0.0068

87Sr/86Sr
(±2o)
0.725837 ± 5
0.703223 ± 8
0.703228 ± 11
0.703335 ± 8
0.703344 ± 7
0.703190 ± 5
0.705409 ± 9
0.710343 ± 9
0.710261 ± 11
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Fig. 6. A. 143Ndjl44Nd-147Smfl44Nd diagram showing the position of all samples (whole rocks) in this study, with reference isochrons
as defined below (Figs. 6B, 7A, 7B). Inset shows ENd(CHUR) - E5,(UR) plot for t = 550 Ma for well preserved igneous rocks from
the Øksfjord peninsula. Changing t to ca. 850 Ma does not change the position of the points in this diagram. CHUR and UR
normalization values refer to Jacobsen & Wasserburgh (1984) and De Paolo & Wasserburgh (1976), respectively. B. 143Nd/144Nd147Sm/144Nd diagram for ultramafics showing plagioclase pyroxenite 043, peridotite 032 and clinopyroxene and plagioclase from
043.
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feldspar. Relict igneous pyroxene (Px) is shown for comparison (diamond), and was not included in the regression (see text).
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possibly related to disturbance by secondary pro
cesses.
Sm/Nd mineral dates, metamorphic rocks

The whole-rock samples from the mafic (09) and
felsic gamet granulite (022) differ significantly in
their isotopic compositions from the well pre
served igneous rocks (except the syenite).
Although their Sm/Nd ratios are similar to those
of the igneous rocks, their 143Ndjl44Nd ratios are
much lower (Table 2), corresponding to negative
E �d values at 550 Ma of -4.4 (sample 09) and
-7.1 (sample 022). The relatively large negative
E Nd values indicate either extensive contami
nation with crustal material, or (less probably)
magma sources that bad low time-integrated Sm/
Nd ratios. In sample 022 metasomatism may be
responsible for the large-scale growth of gamet
and if the fluid bad equilibrated isotopically with
old crustal material it might also explain the low
ENd value of this sample.
Mafic granulite. - Sm-Nd isotopic data from fine

grained,
transparent
metamorphic clino
pyroxene, feldspar and whole-rock from sample
09 yield an isochron corresponding to an age of
502 ± 28 Ma (2o) (I = 0.511983 ± 0.000028 (2o);
MSWD= 0.008; Fig. 7A). A coarse-grained frac
tion of non-transparent relict igneous clino
pyroxene falls above the metamorphic isochron.
This pyroxene leads to a significantly older date
when
combined
with
the
whole-rock
(620 ± 43 Ma, I= 0.5119}. This older date agrees
well with the 604 ± 44 Ma age for this body
reported by Daly et al. (1990} and interpreted as
an age of igneous crystallization. The younger
date for the recrystallized metamorphic parts of
the gabbro is not in conftict with this, recording
the age of metamorphic recrystallization.
Felsic granulite. - The combination of whole

rock, recrystallized glassy clinopyroxene and
feldspar from megapoikiloblastic gamet granulite
022 leads to a well defined isochron correspond
ing to an age of 531 ± 10 Ma (2o) with I=
0.511803 ± 0.000012 (2o) and MSWD= 0.95
(Fig. 7B). Coarse-grained, heterogeneous and
non-transparent pyroxene from the same rock
Iies slightly above this line and would lead to a
regression with a somewhat larger error and a
high MSWD (525 ± 28 Ma, I= 0.511817 ±
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0.000036, MSWD= 10.3). From its appearance
this pyroxene is interpreted as relict igneous, and
thus may not have equilibrated completely with
the metamorphic minerals with respect to isotopic
systems, or with a metasomatizing fluid as sug
gested earlier.

Interpretation
The Sm-Nd isotopic results from the well pre
served igneous rocks show that the youngest of
the massive intrusions, the pyroxenite, is an
(Early-Mid) Cambrian intrusion. The present
data combined with the dates for the layered
gabbro (Daly et al. 1990 and this study} also
support the interpretation that the ultramafics are
younger than the layered gabbro (gabbro-gneiss
series 1). The ca. 530 Ma metamorphic date for
the felsic granulite at Klubbneset only gives a
minimum age for the intrusion of the monzonite
protolith; it is not known if the intrusion belongs
to the Late Precambrian or Cambrian intrusive
activity.
In order to interpret the metamorphic dates for
the mafic and felsic granulites, both petrological
factors and the theoretical closure behaviour for
the Sm-Nd isotopic systems must be considered.
Some experimental diffusion data are available
for Sm diffusion in pyroxene, plagioclase and
gamet (Sneeringer et al. 1984; Harrison & Wood
1980). For the fine-grained mafic granulite the
closure temperature equation of Dodson (1979)
and the above-mentioned experimental data
would indicate theoretical closure temperature
values higher than or comparable to the calculated
metamorphic temperatures for rapid cooling
models (10°C/My}, and slightly lower tem
peratures ( <600°C) for very slow cooling (1.3°C/
My).
The isotopic data for the mafic granulite show
that, whereas the recrystallized metamorphic
phases equilibrated isotopically during the meta. morphism, relict igneous pyroxene did not. Com
parison with the Sm-Nd isotopic data by Daly et
al. (1990} also supports the view that more mass
ive parts of the gabbro have not been isotopically
reset on a mineral scale. Similar observations of
the retentivity of Sm-Nd isotopic systems during
high-grade metamorphism have also been docu
mented elsewhere (cf. Mørk & Meams 1986;
Cohen et al. 1988; Vance & O'Nions 1990). The
502 ± 28 Ma date of the mafic granulite is thus
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interpreted as the age of closure to Nd diffusion (Nordre Bumannsfjord, Kvalfjord, Melkvann,
following the metamorphic recrystallization. The Reinfjord) which have been studied in more detail
recrystallization is closely related to the formation (cf. Sturt et al. 1980; Bennett et al. 1986), belong
of the (eastsoutheast) foliations in the meta to a relatively late stage in the general igneous
gabbro at high-grade metamorphic conditions. evolution of the province. They post-date older
The 502 ± 28 Ma age is therefore interpreted as alkali basaltic series, as well as syenites and lay
the age of the foliation-forming deformation and ered gabbros, but pre-date the latest phase with
metamorphism of the metagabbros along the alkaline dykes (cf. Bennett et al. 1986). Earlier,
fjrrd north of Øksfjordbotn (gabbro-gneiss series the ultramafic bodies were interpreted by Sturt et
l of Krauskopf 1954). Whether this foliation is
al. (1978) to have intrusion ages between 530 and
restricted to a broad (kilometre scale) shear zone 490 Ma based on geological correlations and the
(ESE-strike) along Øksfjordbotn, or belongs to dates of other igneous activity. The Cambrian
the 'regional' main foliations in other parts of the (ca. 550 Ma) intrusive age for the Tappeluft ultra
area, is not known.
mafics suggests that the phase with ultramafic
The 531 ± 10 Ma date from the felsic gamet intrusions is older. This agrees with geochrono
granulite Ø22 gives a minimum age for the logical constraints on the age of ultramafics
intrusion of the monzonitic protolith, but is dif emplacement elsewhere in the Seiland Province.
ficult to interpret due to the complex geological Combined with Sm-Nd dates given elsewhere in
history of the sample. The metamorphic assem the Seiland-Stjemøy igneous province by Snow
blage could have formed as a result of reactions et al. (1986, 559 ± 36 Ma) and byR. Cadow (pers.
during cooling from igneous conditions, or during comm. 1988, ca. 540 Ma) and the minimum age
a latter metamorphic and/or metasomatic event. set for these intrusions by the 530--520 Ma dates
The large and chemically homogenous garnets of the youngest alkaline dykes on Sørøy and Stjer
either record that the gamet grew slowly with nøy (Pedersen et al. 1988), the present results
time for diffusional homogenization at high tem confirm that extensive igneous activity took place
peratures, or that the gamet growth took place during the Early-Mid Cambrian.
in equilibrium with a metasomatic fluid (or both).
It is, however, possible that the main igneous
The high Sm-Nd concentrations within the meta activity on the Øksfjord peninsula is of Late Pre
morphic minerals are believed to support the cambrian age as suggested by the Rb--Sr whole
interpretation that gamet may have grown in rock dates of gabbro-syenite series (cf. Krogh &
equilibrium with a metasomatic fluid with high Elvevold, this volume; Brueckner 1973) and the
concentrations of both Sm and Nd. The large size Sm-Nd date for the Storvik and Kvalsund gabbros
of the garnets means that the closure temperature (Daly et al. 1990, and present results for Ø9). It
for the Sm-Nd isotopic system is high. From the is therefore possible that a division of the rocks
dose relation between Sm-Nd isotopic behaviour into two igneous provinces (cf. Sørøy and Seiland
and diffusion behaviour of major elements within province, Daly et al. 1990) is also relevant for the
gamet (cf. Vance & O'Nions 1990) the ca. 530 Ma Øksfjord peninsula, and that the older province
date is interpreted as the age of growth-controlled may be represented by the gabbro-gneiss series 3
chemical homogenization of the gamet at high of Krauskopf (1954).
grade metamorphic conditions. If the above inter
pretations are correct, the ca. 530 Ma date is also
Metamorphism
the age of metasomatism at high-grade meta
morphic conditions in the Klubbneset area. This This study has shown that rocks of the Øksfjord
may have been contemporaneous with the peninsula have been subjected to high-grade
intrusion of alkaline dykes dated elsewhere in the metamorphic conditions during the Cambrian
(Cambrian to Early Ordovician). Gamet granu
Seiland province (cf. Pedersen et al. 1988).
lite assemblages of this age have been recorded
both in basic meta-intrusives in the Storvik area
which belong to the youngest of the Late Pre
Discussion
cambrian (ca. 604 ± 44 Ma to 620 ± 43 Ma) lay
Igneous activity
ered igneous rocks, and in monzonitic meta
The Tappeluft ultramafic body, like the larger intrusives of unknown protolith age in the
ultramafic complexes of the Seiland Province Klubbneset area. The gamet granulite assem-
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blages appear to be concentrated in zones of
strong deformation and have equilibrated at tem
peratures comparable with the regional meta
morphism defined by Elvevold (1990). The garnet
date of ca. 530 Ma is interpreted as the age of
garnet-forming metamorphism and metasoma
tism during high-grade conditions, but this is dif
ficult to correlate with the main deformation
reported elsewhere on the Øksfjord peninsula (cf.
Elvevold 1990; Krogh & Elvevold, this volume).
The dates may record minimum ages for the main
metamorphism (stage 2 of Elvevold 1990). It can
not be excluded, however, that some of the
deformation and metamorphism elsewhere on the
Øksfjord peninsula is older (cf. Late Precam
brian), as indicated by Brueckner (1973) and Daly
et al. (1990). 1t was pointed out earlier that several
generations of shear zones are present in the
Øksfjord area, making correlations difficult in the
absence of comprehensive and detailed mapping.
The strong foliation (ESE) and recrystallization
recorded in the layered gabbro at Storvik is absent
in the ultramafics, although there is evidence for
deformation in its associated gabbro pegmatites.
The apparent progressive increase in deformation
in the gabbros from the ultramafic body towards
Storvik has led the first author to interpret parts
of the foliation as younger than the ultramafic
complex, and that the area of the ultramafics
has acted as a rigid zone during heterogeneous
deformation. Emplacement of the ultramafic
rocks into the older layered gabbro complex may
have provided heat which has facilitated the meta
morphic recrystallization observed there.
However, the recrystallization there could also be
related to deformation long arter the emplace
ment of the ultramafics. Unfortunately, these
alternatives cannot be tested here because of the
large 2o errors of the dates.
Studies elsewhere in the Kalak Nappe attri
buted the high-grade metamorphism to contact
metamorphism, related to local magmatic heat
sources (Hooper & Gronow 1970; Roberts 1974;
Krill & Zwaan 1987), while Krill (1989) is arguing
for contact metamorphism in a broader sense
in terms of elevated geotherms due to crustal
thinning, rifting and magmatism. The latter type
of contact metamorphism is in fact difficult to
distinguish from regional metamorphism, and the
present results cannot exclude repeated intrusions
as a major source for metamorphism in the
Øksfjord area. The metamorphic pressures cor
respond to depths of 17-23 km. The geothermal
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conditions which may be deduced from the cal
culated metamorphic data for the Øksfjord rocks
correspond to elevated geotherms such as for
intermediate T/P regional metamorphism but are
also comparable with crustal depressions (cf.
Transcarpathian trough; Kutas et al. 1979). Simi
lar or significantly higher T/P conditions may also
be revealed by linear extrapolation of thermal
data from the present Barents Shelf (cf. Sættem
1988) in an apparently stable platform setting. In
addition, the emplacement of large intrusions has
caused periods with higher temperatures and con
tact metamorphism localized near the intrusions.
This study gives new support to the existence
of Cambrian thermotectonic events, although the
original concept of the Finnmarkian orogenic
phase has been disputed (Krill & Zwaan 1987;
Binns 1989) or modified (Pedersen et al. 1988;
Roberts 1988). The high-grade garnet-forming
metamorphism is slightly older or comparable
in age with some of the main foliation-forming
metamorphism elsewhere within the Kalak Nappe
Complex at around 505-485 Ma (Hall & Robers
1988; Roberts 1988; Dallmeyer 1988), but
younger than the Sørøy Late Precambrian phase
(Daly et al. 1990). This indicates a sequence of
different intrusion- and deformation-events
within the complex igneous province. This was
terminated by a younger metamorphic event and
uplift after 425 Ma (Dallmeyer & Reuter 1987).
Late Cambrian-Early Ordovician metamor
phism has also been documented elsewhere in the
Northern Scandinavian Caledonides (Mørk et al.
1988; Dallmeyer & Gee 1986) related to westward
underthrusting or subduction of Baltie continental
rocks. These data show that the Iapetus Ocean
had developed destructive plate margins in the
Late Cambrian with onset of Caledonian Nappe
formation. The closure of Iapetus is thought to
have started in Late Cambrian-Early Ordovician
(Harland et al. 1988). The Late Precambrian rift
ing that led to the production of the Seiland
Stjernøy igneous rocks (Krill & Zwaan 1987; Krill
1989) including an Early Paleozoic phase with
renewed rifting between 670 and 520 Ma (Daly et
al. 1990) is here believed to have been terminated
by the emplacement of the ultramafic bodies. This
was followed by cooling of the plutonic rocks to
elevated geothermal conditions accompanied by
deformation and metamorphic recrystallization to
garnet granulite during Mid-Late Cambrian (? to
Early Ordovician) in deformation zones. This
may have been associated with emplacement of
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the Øksfjord-Seiland paleorift from the Barents
Shelf area towards its present position. Later
underthrusting also at high-grade conditions may
be evidenced by the pressure increase recorded
in Jocal shear zones (Elvevold 1990). Finally,
tectonic transport of the Kalak Nappes occurred
during the Silurian (Scandian) phase (Dallmeyer
1988; Dallmeyer & Reuter 1987). More extensive
mapping and lithological correlations as well as
isotopic dating of different generations of meta
morphic rocks and shear zones are recommended
to understand the complex igneous and tec
tonometamorphic history of the igneous
province(s) (cf. Binns 1989).
- This project resulted from the first
author' s temporary teaching position in Tromsø in 1987 and
benefited from collaboration and discussion with Erling Krogh
and Synnøve Elvevold. The support from 'Nansenfondet og de
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advice. Erling Krogh is thanked also for his critical comments
on the first draft. The manuscript has also benefited from critical
reviews by Euan Mearns and Susan Aitcheson. Dr Aitcheson
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Appendix
Analytical techniques
Chemical analyses of minerals were performed at the Min
eralogical-GeologicalMuseum in Oslo (Camebax micro, crystal
spectrometer analyses) and at the Continental Shelf Institute
(IKU; Jeol Superprobe, crystal spectrometer analyses and back
scattered electron images).
Mineral separation for isotopic analyses was performed by
magnetic separation at the University of Tromsø and at the
Norwegian Geological Survey. The separates were purified by
hand-picking under a binocular microscope. Only glass-clear
garnet fragments were selected from the poikiloblastic garnets
in 022 for the dating.
The chemical separation of Sm, Nd, Rb and Sr and Nd and
Sr isotopic analyses were performed at the National MS lab,
Min. Geo!. Mus., Oslo (1987-88) using a fully automated VG354 five collector mass spectrometer and following the pro
cedure described by Mearns (1986). The Nd isotopic ratios are
normalized to 146Nd/1"" Nd 0.7219. The 145Nd/1""Nd ratio of
the analyses varied between 0.348402 and 0.348434. Isochrons
were calculated using the program ISOCHR (written by B.
Sundvoll}, based on the method by York (1969).
=
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