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Abstract An SEM, REE, and mineral Sm—Nd isotope
study on olivine-plagioclase coronas in the Vestre Dale
gabbro, Norway, was carried out in order to solve the
temporal relationships within these coronas. It is dem-
onstrated that in contrast to common models, corona
formation is a multistage, late-magmatic process, start-
ing with the formation of orthopyroxene by (partial)
dissolution of olivine, followed by the nucleation and
rapid outward growth of orthopyroxene+ spinel sym-
plectites at its outer margin, and concluded by replace-
ment of this precursory outer shell by calcic amphibole.
Isotopic equilibrium between inner shell orthopyroxene
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and the magmatic assemblage, and the REE contents of
orthopyroxene and outer shell amphibole also provide
strong arguments for a magmatic origin, with the local
availability of fractionated magma acting as a limiting
factor. The absence of replacement of intercumulus
clinopyroxene by amphibole also favours a late stage
magmatic rather than a metamorphic origin for corona
amphibole.

Introduction

Coronitic microstructures have been documented in
both metamorphic and igneous rocks (e.g. Bard 1986).
They record reactions between previously bordering
minerals in response to changing physico-chemical
conditions. Such reactions involve (partial) consumption
of the neighbouring minerals and the growth of new
minerals at the former interface between these minerals.
A well-known example of coronitic microstructures in
magmatic rocks are plagioclase-olivine coronas. In most
cases, the corona consists of an inner shell of orthopy-
roxene around olivine, rimmed by clinopyroxene and/or
amphibole and a clinopyroxene and/or amphibole+
spinel symplectite. In some cases, an outermost shell of
garnet or, more rarely, biotite may be present.

These structures have first been described by Térneb-
ohm (1877) from the Lake Védnern area in Sweden, soon
followed by several descriptions from the Bamble area
(e.g. Sjogren 1883). W.C. Brogger, in his lectures in
Stockholm in April 1885, coined the term ‘coronas’, also
used subsequently by Lacroix (1889, ‘couronnes’).
Rosenbusch (1910) then created confusion by grouping
them together with kelyphitic rims, denominating them
‘Ozellarstruktur oder kelyphitische Struktur’ (Rosen-
busch 1910, p. 178), although the latter, first denominated
by Schrauf (1882), have a different structure and, as
recognised early, origin (Sederholm 1916; Brogger 1934).
From these times, proponents of a secondary, metamor-
phic origin (e.g. Térnebohm 1877; Becke 1882; Lacroix
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1889) and a primary, magmatic origin (e.g. Adams 1893)
have exchanged views, whilst soon the involvement of
deuteric (metasomatic) fluids was proposed in combina-
tion with a secondary, metamorphic origin (Sederholm
1916), later elaborated in general by Korshinskij (1959).

Olivine-plagioclase coronas are a typical feature of
medium- to high-pressure, amphibolite-granulite facies
metamorphic terrains (e.g. Gardner and Robins 1974;
Grieve and Gittins 1975; Grant 1988; Dam 1995), al-
though Turner and Stuewe (1992) describe olivine-pla-
gioclase coronas which have formed at a pressure of
1 kbar. As already stated, they have since long been
known from the Bamble sector, southern Norway, first
reported from the Pdegirden gabbro by Sjogren (1883).
Benchmark studies by Lacroix (1889) and Bregger
(1934) were followed by many studies on similar intru-
sions (‘hyperites’) in the area (e.g. Reynolds and Fred-
erickson 1962; Frodesen 1968a, 1968b; Starmer 1969;
Joesten 1986; Brickwood and Craig 1987; de Haas 1992;
de Haas et al. 1992, 1993; Dam 1995).

From Bugge (1943) onwards, solid-state or fluid-
assisted metamorphic processes became the most com-
monly proposed mechanism for corona development in
Bamble coronitic gabbros. According to Bugge (1943),
the coronas formed through a solid-state reaction, in
connection with magmatic processes. Frodesen (1968a)
proposed a combined deutero-magmatic metamorphic
origin whereas Reynolds and Frederickson (1962) and
Morton et al. (1970) related corona growth to subse-
quent introduction of silica-bearing solutions. Starmer
(1969) suggested that the coronas started to grow early
in the cooling history and continued to develop in re-
sponse to isobaric cooling at elevated pressures. In view
of the apparent contrast between P-T conditions re-
quired for corona-forming reactions and the regional
metamorphic conditions, Brickwood and Craig (1987)
took a similar view. Dam (1995) obtained temperatures
in the order of 825 °C for coronitic assemblages in
samples from the Vestre Dale gabbro, and therefore
regarded the coronas as cooling-related phenomena.

A solid-state, subsolidus origin of the coronas and
formation during the initial stages of cooling of a in-
trusion were also proposed in other terrains, and is
currently agreed upon by most workers (e.g. Gardner
and Robins 1974; Mongkoltip and Ashworth 1983;
Grant 1988). This mechanism implies a single-stage or-
igin for olivine-plagioclase coronas (Grant 1988;
Ashworth et al. 1992), i.e. the individual layers formed
simultaneously. By contrast, Joesten (1986) proposed a
primary, magmatic origin for the olivine-plagioclase
coronas. This model implies a multistage evolution of
the coronas, in which an initial corona formed at the
magmatic stage is modified by annealing and rear-
rangement, resulting in a stable sequence of mineral
assemblages through the corona. This was disputed by
Ashworth (1986), although he did not exclude the pos-
sibility that the reaction started very early in the cooling
history, with some residual liquid still being present.
Davidson and Van Breemen (1988), however, obtained

ages differing by as much as 125 Ma for baddeleyite and
a surrounding corona of columnar zircon, and this co-
rona was interpreted to be contemporaneous with the
olivine-plagioclase corona. If this interpretation is cor-
rect, these results indicate a post-cooling origin for the
latter, at least in the gabbro studied by these authors.
However, the process of corona growth between pla-
gioclase and olivine is rather complex, as is underlined
by the observation of Nijland et al. (1996) that appar-
ently stable plagioclase-olivine contacts and (recrystal-
lised) coronitic microstructures may occur in a single
thin section.

The results of a TEM study on the inner orthopy-
roxene shell of the Vestre Dale gabbro, south Norway,
seem to indicate that a two-stage evolution of coronas
can not be excluded (Dam 1995). These observations
again impose the following questions.

1. Did all corona shells develop simultaneously (single-
stage model), or was their growth separated in time
(multistage model)?

2. Did the corona develop in response to magmatic
evolution, physicochemical conditions imposed dur-
ing regional metamorphism, or fluid infiltration?

In order to answer these questions, an Sm—Nd iso-
topic, SEM and REE study was performed on primary
(plagioclase, olivine, clinopyroxene) and corona miner-
als (orthopyroxene, spinel, amphibole) in a sample from
the Vestre Dale gabbro. We show that the answer to the
first question is the multistage model, and that to the
second question, at least as far as the orthopyroxene
inner shell is concerned, is magmatic evolution. We
present a model for corona development which not only
supports concepts advocated earlier by Joesten (1986)
but also revives the notions proposed by Hommel (1919)
and Vogt (1921), i.e. development during magmatic
cooling, under influence of changing compositions of
interstitial liquids.

Geological setting

The Bamble sector, south Norway, forms part of the
Southwest Scandinavian Domain of the Baltic Shield
(Fig. 1) which was accreted and reworked during several
mid-Proterozoic events. The Bamble sector is constitut-
ed by gneisses which were metamorphosed to the
amphibolite/granulite facies during Sveconorwegian
(1.25-0.95) and less well-defined pre-Sveconorwegian
events (for a detailed account on the lithologies and the
structural evolution of the Bamble sector, the reader is
referred to Starmer 1985). Sveconorwegian P-T condi-
tions range from 752+ 34 °C and 7.1+0.4 kbar for the
amphibolite facies zone to 836 =49 °C and 7.7 £0.3 kbar
for the granulite facies zone (Nijland and Maijer 1993).
Kullerud and Dahlgren (1993) constrained the timing of
Sveconorwegian peak-metamorphic conditions to the
interval 1,152-1,095 Ma.
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Fig. 1. Geological map of the Vestre Dale gabbro (I ) and sketch
of the Vestre Dale quarry with the location of sample WT217 (I1).
Inset shows the mid-Proterozoic Southwest Scandinavian Domain
and its constituent segments (sectors)

The Vestre Dale gabbro is a lens-shaped body sur-
rounded by migmatitic gneisses (Fig. 1), situated in the
amphibolite facies part of the amphibolite-granulite
transition zone. The gabbro has previously been dated
by Sm—Nd whole-rock method at 1.11+0.14 Ga (de
Haas et al. 1992, 1993). The inner part of the outcrop
consists of fine-grained, coronitic gabbro with purple
plagioclase and greenish olivine. The grain size increases
towards the contact where the gabbro displays a subo-
phitic texture built up by cm-scale plagioclase and dark-
green hornblende. The foliation in the locally migmatitic
gneisses wraps around the gabbro. At the entrance of the
quarry the gabbro-gneiss contact is subhorizontal. Just
above the contact, dark, angular to subrounded gabb-

roic blocks float in a leucocratic matrix, constituting an
agmatitic texture. The foliated parts of the gabbro are
strongly amphibolitised along the contact. The southern
extension consists of a strongly foliated garnet-
amphibolite.

On a microscopic scale, a transition from troctolitic
gabbro to olivine-rich and olivine-poor gabbro to fer-
rogabbro is observed from the core of the intrusion to-
wards the outer margin. The amount of olivine decreases
from 65 modal% in the troctolitic gabbro to 40—
25 modal% in the olivine gabbros. Olivine is absent in
the ferrogabbro. Cumulus plagioclase is concentrated in
clusters, irregularly distributed in the olivine mesocu-
mulate (terminology after Irvine 1982) which, in the case
of the troctolitic gabbros, tends to evolve into an ad-
cumulate. Clinopyroxene and ilmenite are intercumulus
phases. Clinopyroxene contains three types of exsolu-
tion: (1) ilmenite flakes parallel to (100) and (001),
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(2) segregated blebs of orthopyroxene with a length and
width up to 145 and 20 pm respectively, and (3) exso-
lution lamellae of another pyroxene (?) with a width up
to 2 um. Type 2 exsolutions most likely represent mi-
grated exsolution lamellae and predate type 3 exsolu-
tions. Where intercumulus clinopyroxene is in contact
with cumulus olivine, orthopyroxene of type 2 exsolu-
tions seems to nucleate at the crystal face of olivine
(Fig. 2). Coronas between olivine and plagioclase, and
between ilmenite and plagioclase occur in the troctolitic
and olivine gabbros. The inner rim of the olivine coronas
consists of orthopyroxene whereas the outer rim is
largely occupied by green amphibole (Fig. 3). Ilmenite
coronas are mainly composed of brown amphibole, and
sporadically contain minor biotite.

Parts of the clinopyroxene in the troctolitic and oli-
vine gabbros display an irregular, thin rim of brown
amphibole which locally has grown inwards along
cleavage planes. By contrast, clinopyroxene in the
ferrogabbros is bordered by granular aggregates of blue-
green amphibole and quartz blebs. Late alteration
includes the development of patchy or fibrous pale-green
actinolite within intercumulus clinopyroxene in samples
from the margin.

Objectives and sample selection

For the purpose of this study one olivine gabbro sample
was selected. The sample, WT217 of de Haas et al.
(1992), originates from the Vestre Dale quarry (Fig. 1),
the best locality to study the Vestre Dale gabbro as it
represents a continuous exposure of the transition from
fresh, unaltered olivine gabbro in the core of the intru-
sion to the more evolved and altered ferrogabbro along
the margin.

Fig. 2. Segregated blebs of type 2 orthopyroxene exsolution in
intercumulus clinopyroxene, nucleated at the interface with
cumulus olivine (numbers mark locality of microprobe analyses;
see Table 1). O/ Olivine, pl plagioclase, cpx clinopyroxene, opx
orthopyroxene, am amphibole, sp/ spinel, bt biotite

Fig. 3. Sketch of the olivine-plagioclase (dark shading) corona in
Vestre Dale gabbro sample WT217, with an inner rim of
orthopyroxene (light shading) and an outer rim of amphibole (for
mineral abbreviations, see Fig. 2)

Olivine-plagioclase coronas were studied in great
detail with SEM, supplemented with microprobe ana-
lyses. Special attention was paid to the spatial distri-
bution of the corona minerals and contact relations
between them. In addition, magmatic and corona
minerals were analysed for their Sm—Nd isotope syste-
matics in an attempt to resolve the temporal relation(s)
between the magmatic assemblage and the corona
mineralogy. More information about the processes
which play a role in corona formation is provided by a
modelling study applying the REE contents of the
various minerals. It is demonstrated that the results
allow for a further refinement of the model for corona
formation.

Analytical techniques

Mineral analyses and SEM

Mineral compositions were determined at the Mineralogisk-Geo-
logisk Museum, University of Oslo, with a Cameca Camebax
electron microprobe, using natural and synthetic standards and
Cameca’s PAP software for online data reduction. Operating
conditions were 15-kV acceleration voltage, 20-nA sample current,
and 10-s counting time. Representative mineral analyses are listed
in Table 1 . SEM observations were performed with a JEOL JSM-
840 scanning electron microscope at the Institutt for Geologi at
Blindern, University of Oslo. Operating conditions were 15-kV
accelerating voltage, 0.3-nA probe current, and 15-mm working
distance.

Isotope and REE analyses

Ten kg of Vestre Dale gabbro sample WT217 was broken and
crushed to grain sizes smaller than 250 um. A split of ca. 75 g was
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used for whole-rock analysis. Mineral separates for clinopyroxene,
plagioclase, orthopyroxene, amphibole, and olivine were obtained
by heavy-liquid and magnetic separation techniques. The plagio-
clase fraction was split into three density fractions by heavy liquid
separation: 2.68-2.70 (I), 2.70-2.72 (II), and >2.72 gjem? (III). The
purity of the fractions was checked by XRD analysis. Final frac-
tions were obtained by handpicking.

Sm—Nd isotope analyses were performed at the Laboratory for
Isotope Geology, Free University, Amsterdam, according to the
procedures described by Valbracht (1991). Sm and Nd mass
spectrometry analyses were made using a Finnigan MAT 261 mass
spectrometer with a fixed multicollector array. The very low Sm
and Nd contents of olivine, 0.02 and 0.05 ppm respectively, did not
allow for an accurate analysis of the isotopic composition. The
results for the other minerals are listed in Table 2 . Total Nd blanks
were less than 1 ng. The '**Nd/"**Nd ratios were normalised to
H4ONd/"*Nd = 0.7219. Three analyses of the La Jolla standard gave
Nd/"**Nd =0.511853+5 (2 s). Quoted errors in '**Nd/"**Nd are
within-run precision (1¢). The precision of the '**Nd/!'**Nd ratio is
estimated to be 0.002%. The error in the '*’Sm/'*Nd ratios is
generally less than 0.2%. Sm and Nd concentrations have an un-
certainty of ca. 1.0% (cf. Valbracht 1991). Isochron calculations
were performed using the Isoplot 2.90 software package (Ludwig
1996), using 2-'¥7Sm = 6.54x10 '2a"'. All calculated isochron errors
are 2s.

REE analyses were made by INAA at the IRI in Delft ac-
cording to the procedures described by de Bruin (1983). The pre-
cision is generally better than 10%. The results are listed in Table 2.

Petrographic and SEM observations on the corona
structure

Olivine is unzoned with Fo contents of about 64%.
Laths of cumulus plagioclase are normally zoned with
cores of Ang, and rims of Angg. They are cloudy, con-
taining minute inclusions of spinel, especially in the
cores. Intercumulus clinopyroxene has an augitic com-
pOSition, EH42,46FS10,12WO48,41 .

Simplified, coronas between olivine and plagioclase in
this sample consist of an inner shell almost entirely
composed of enstatite-rich orthopyroxene and an outer
shell of pargasitic amphibole (Fig. 3). In detail, the ac-
tual situation may be more complex. The inner shell
consists of columnar orthopyroxene grains, radially ar-
ranged around olivine, in a low-angle boundary (l.a.b.)
arrangement manifested by undulatory extinction

(cf. Joesten 1986). Occasionally, the l.a.b. orthopyroxene
has recrystallised into a granular fabric. The inner shell
has a width between 26 and 93 pm. The width of the
inner shell may vary by as much as 40 pm in a single
corona but this variation is typically ~15 um. Contacts
between olivine and orthopyroxene are convex towards
olivine (Figs. 4 and 9), indicating that orthopyroxene
grew at the expense of the latter. Occasionally, contacts
are cuspate, with cusps ~5 pum wide and 7 pm deep,
relative to a 50-um local width of the orthopyroxene
inner shell (Fig. 4). In the outer margin of the inner shell,
rare, isolated inclusions of spinel occur (Figs. 4 and 5).
These may be up to 20 um in length. L.a.b. orthopy-
roxene ranges in composition from Eng; to Eny; with
Xmg values which are identical to those for exsolved
orthopyroxene blebs, but higher than Xy, values for
bordering olivine (Table 1).

Fig. 4. SEM picture of an olivine—plagioclase corona, consisting of
an inner shell of orthopyroxene with some isolated spinel
inclusions, bordered by an outer shell of amphibole with inclusions
of orthopyroxene-spinel symplectites. Note the convex and cuspate
contacts between olivine and orthopyroxene (filled arrows to the
left and right respectively), and the fan-like shape of the
orthopyroxene-spinel symplectites which stop halfway in the outer
shell (for mineral abbreviations, see Fig. 2)

Table 2. Whole-rock and mineral REE contents and Sm—Nd isotopic compositions (d/ below detection limit value)

La® Ce Nd Sm Eu Tb Yb 47Sm/"*Nd  **Nd/“Nd
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Whole rock 42 10.7 7.27 1.97 0.74 0.28 1.21 0.1640 0.512496 + 4
Clinopyroxene 1.6 7.2 9.04 3.44 1.00 0.9 2.9 0.2303 0.513022+4
Plagioclase I° 5.3 7.9 2.55 0.32 1.21 0.028 0.024 0.0752 0.511795+7
Plagioclase II 3.63 6.1 2.08 0.30 1.19 0.03 0.10 0.0864 0.511885+4
Plagioclase I11 4.6 7.9 2.42 0.41 1.12 0.05 0.14 0.1011 0.511994+6
Olivine dl dl 0.02 0.05 dl dl dl
Orthopyroxene 1.04 1.2 1.61 0.47 0.17 0.15 0.5 0.1774 0.512594+4
Amphibole 9.0 20 22.44 6.46 2.30 1.29 4.65 0.1739 0.512551+5

“La, Ce, Eu, Tb and Yb determined by INAA, Nd and Sm by isotope dilution
Plagioclase I: 2.68-2.70 g/cm? density fraction, plagioclase II: 2.70-2.72 g/cm?® density fraction, plagioclase IIT: density larger than 2.72

g/cm3



The outer shell is dominated by calcic amphibole
which may either have an l.a.b. type of microstructure or
display a granular, polygonal fabric. It has a pargasitic
composition with Xy, values between 0.69 and 0.71 and
a compositional range  (Nage3-0.74K0.17-0.28)0.85—
0.96(Cay.83-1.91Na0.020.11F€0.05 0.13)2.00(F€1.04 1.18 Mn <

0.03M2 83-3.04Cr < 0.01Nig.01Tig.07-00.17V Al 71-0.97)5.00
("VAI 86-1.97816.03-6.14)5.00022(0H),. The width of the

outer shell varies from 20 to 103 um, although variation
in a single corona is typically much less. In contrast to
most olivine-plagioclase coronas described in the litera-
ture, the corona amphibole is not symplectitically in-
tergrown with spinel. Isolated inclusions of
orthopyroxene occur in the amphibole. This orthopy-
roxene has a slightly more Fe-rich composition than the
inner shell orthopyroxene (Table 1 ). In several coronas
(but not in all), fan-like orthopyroxene+ spinel sym-
plectites are present (Figs. 4 and 6). Hercynitic spinel in
the symplectites, with Cr,O3 contents typically less than
0.10 wt% and Xy, ranging from 0.43 to 0.50, is gener-
ally worm-like with a width up to 7 um, and typically
less. In some cases, spinel in the symplectites is granular,
which may be due to recrystallisation during cooling.
The fan-like symplectites widen towards the outer shell —
plagioclase contact (Figs. 4 and 6). They are always in
contact with the outer margin of the outer shell, and
may either continue to the inner-outer shell contact (i.e.
the amphibole shell itself may be discontinuous; Fig. 6)
or stop halfway in the outer shell (Fig. 4). Where orth-
opyroxene + spinel symplectites are in contact with inner
shell orthopyroxene, contacts are planar (Fig. 6). Outer
shell — plagioclase contacts are generally convex towards
plagioclase, irrespective of whether plagioclase is bor-
dered by pargasitic amphibole or by orthopyrox-
ene + spinel symplectite.

In a few odd coronas, clinopyroxene+ spinel sym-
plectite has been encountered in a similar arrangement

Opx/spl=”

Fig. 5. SEM picture of a corona for which the outer shell largely
consists of amphibole. The inner shell orthopyroxene contains
some isolated spinel inclusions. Note the large cusp at the olivine-
orthopyroxene interface, a result of partial consumption of olivine
during formation of orthopyroxene (for mineral abbreviations, see
Fig. 2)

Fig. 6. SEM picture of a corona in which a fan-shaped
orthopyroxene + spinel symplectite is in direct planar contact with
the inner shell of orthopyroxene. Amphibole forms a discontinuous
outer shell (for mineral abbreviations, see Fig. 2)

as, and adjacent to orthopyroxene + spinel symplectite
(Fig. 7). This clinopyroxene is compositionally indistin-
guishable from intercumulus clinopyroxene except for its
lower TiO, contents (Table 1 ). In a few cases, SEM and
microprobe investigations revealed the occurrence of a
very thin rim (<6 pm) of biotite with composition
(K1.57Nag 17Cag.08)1.82(Fer.14Mg4.08Nig.02Tio.01 VI Alo.66)
5v91(IVA12'37Si5'63)8_00020(01‘1)4 Surrounding the outer
shell of some coronas. No coronas are present between
olivine and clinopyroxene. In cases where an original
plagioclase-olivine boundary was apparently truncated
by intercumulus clinopyroxene, the corona shells devel-
oped between the former minerals are discontinuous.
However, a layer of orthopyroxene may occasionally
(but not always) be present between olivine and inter-
cumulus clinopyroxene.

Fig. 7. An example of an odd corona in which, adjacent to the
common orthopyroxene-spinel symplectites, clinopyroxene-spinel
symplectites are observed (for mineral abbreviations, see Fig. 2)
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Sm-Nd isochron calculations

The intrusion age of the Vestre Dale gabbro may be
calculated from the magmatic minerals, viz. plagioclase
(fractions II and III) and clinopyroxene, and the whole-
rock sample. As plagioclase shows normal zonation, i.e.
a decrease of An content and hence in density from core
to rim, it is assumed that these fractions represent parts
of the plagioclase which have not been affected by co-
rona formation or later processes. The resulting iso-
chron age of 1,207+ 14 Ma (MSWD=0.5; Fig. 8a) is,
within error, identical to the Sm—Nd whole-rock age of
1.11£0.14 Ga for the Vestre Dale gabbro (de Haas et al.
1993). The dominance of olivine and plagioclase as cu-
mulus phases causes a limited range in the "*’Sm/'**Nd
ratios among the different cumulate groups (from 0.1618

Fig. 8a—c. Sm-Nd isochron diagrams: a magmatic assemblage
(cpx-plag 11+ III-WR), b magmatic assemblage + opx + plag I, and
¢ magmatic assemblage + opx +plag [ +am
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to 0.1761; de Haas et al. 1993), resulting in a whole-rock
isochron age with a relatively large uncertainty.
147Sm/"**Nd ratios for the Sm—Nd whole rock — mineral
isochron span a range between 0.0864 and 0.2303, al-
lowing for a more precise age determination.

The 1,207+ 14 Ma age compares well with ages re-
ported for coronitic gabbros from the Kongsberg sector
(Fig. 1), which has been argued to have formed one
continous belt with the Bamble sector during the mid-
Proterozoic (Bugge 1943; Starmer 1990). Jacobsen and
Heier (1978) presented a Rb-Sr whole-rock age of
1,200 + 50 Ma (recalculated with 2-3’Rb=1.42%10""'a™")
for the Vinoren gabbro. Munz and Morvik (1991) ob-
tained a 1,224 £ 15 Ma Sm—Nd whole rock — plagioclase
— clinopyroxene age for the Morud gabbro.

Regression of the magmatic assemblage, plagioclase
fraction I and orthopyroxene yields an indistinguishable
isochron age of 1,203+12 Ma (MSWD =0.8; Fig. 8b).
The near-unity MSWD indicates isotopic equilibrium
between the magmatic assemblage, orthopyroxene and
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plagioclase 1. Regression including amphibole results in
a comparable isochron age of 1,197+27 Ma (Fig. 8c).
Although the significantly higher MSWD value of 3.3
indicates that the scatter is beyond that which can be
accounted for by analytical error, the growth of the
corona minerals apparently took place before the main
peak of Sveconorwegian metamorphism between 1,150
and 1,100 Ma.

REE modelling

Sm—Nd isotope systematics support a (partly) magmatic
origin for the corona. Hence, it should be verified if
systematics of the entire REE group within primary
igneous and corona minerals in the Vestre Dale gabbro
are in agreement with such a origin. A remarkable as-
pect of these REE systematics concerns their contents in
corona orthopyroxene. Textural relationships indicate
that orthopyroxene grew at the expense of olivine. A
subsolidus origin for the orthopyroxene shell (e.g.
Nishiyama 1983; Mongkoltip and Ashworth 1983), in
which orthopyroxene largely grows at the expense of
olivine (Grant 1988), however, cannot explain the
observed REE budget of Vestre Dale inner shell orth-
opyroxene: orthopyroxene has much higher REE con-
tents than olivine. Similarly, it is not possible to account
for the REE abundances in corona amphibole by mass
balance calculations based on any closed-system reac-
tion (except for water) involving igneous plagioclase
and olivine and corona orthopyroxene. The REE con-
tents of the latter minerals are too low (Table 2 ). K
contents in amphibole also indicate involvement of
another component, as the orthoclase component in
neighbouring plagioclase is less than 1% (Table 1).
Residual magmatic liquids may be a candidate for such
a component, and their interactions with already crys-
tallised primary igneous minerals (olivine, plagioclase)
should be considered. The composition of the parental
magma of the Vestre Dale gabbro is not known but the
REE abundances of cumulus plagioclase reveal that the
REE abundances of the parental magma are not high
enough to explain those of orthopyroxene and
amphibole, given their mutual mineral/melt partition
coefficients. Progressive crystallisation in a closed
cumulus-intercumulus  system, however, will raise
abundances of incompatible elements like the rare
earths in a fractionating magma. Such a fractionated
liquid would explain the high REE abundances in
corona orthopyroxene and amphibole.

Fractionation of the Vestre Dale magma started with
crystallisation of olivine and plagioclase. The total REE
budget is made up by plagioclase and the intercumulus
liquid (the contribution of olivine is neglected, given its
very low REE contents):

ZREE = Mplag * Cplag REE + MiC * CIC,REE

whered ) REE= REE budget of the system, equivalent to
the whole rock abundances (Table 2 ), M, = mass
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fraction of plagioclase, cprgREE concentration
of REE in plagioclase (Table 2 ), Mjc = mass fraction
of intercumulus liquid, and cjc rgg = concentration of
REE in intercumulus liquid.

As M., and Mjc are 39 and 26% respectively (de-
termined by modal analysis), cjc rgg may be calculated
(Table 3 ). As most of the intercumulus space is now
occupied by clinopyroxene, its REE contents provides a
check to the validity of this approach. REE contents of
clinopyroxene should correspond to those in the inter-
cumulus liquid using correct cpx/melt partition coeffi-
cients. Indeed, REE pattern and contents of
clinopyroxene in WT217 are generally compatible with
those of the calculated clinopyroxenes (Fig. 9a).

REE contents of the intercumulus liquid at this stage
are still too low to account for those in corona ortho-
pyroxene and amphibole. However, continued crystalli-
sation of clinopyroxene will enhance the REE contents
of the remaining intercumulus liquid, i.e. the final liquid,
as REE clinopyroxene/melt distribution coefficients are
significantly <1. REE abundances in the final liquid
may be calculated according to:

crL.Ree = {CICREE — (Fepx * CepuREE) }/ (1 — Fepx)

where cpp rgg = concentration of REE in the final

liquid, ¢;c reg = concentration of REE in the intercu-
mulus liquid, Fopx mass fraction of intercumulus
liquid which crystallised into clinopyroxene, and
Cepx,REE concentration of REE in clinopyroxene
(Table 2 ).

Results for F.,,=0.8 are presented in Table 3 . REE
concentrations in orthopyroxene and amphibole in
equilibrium with this final liquid may be calculated using
appropriate distribution coefficients. These calculations
demonstrate that the REE concentrations in the final
liquid have been sufficiently raised to account for the
magnitude of REE contents in corona orthopyroxene
and amphibole (Fig. 9b, c¢). Chondrite-normalised REE
patterns of both corona orthopyroxene and amphibole
show, however, some differences with the calculated

Table 3. Results of REE modelling (concentrations in ppm)

Stage 1* Stage 2°

WR) (g (IC)  (po  (fina)
La 4.2 4.5 9.4 1.6 40.6
Ce 10.7 7.0 30.7 7.2 124.5
Nd 7.27 2.30 24.51 9.04 86.40
Sm 1.97 0.35 7.05 3.44 21.50
Eu 0.74 1.16 1.11 1.00 1.53
Tb 0.28 0.04 1.02 0.9 1.48
Yb 1.21 0.05 4.58 2.9 11.29

4Stage 1: composition of the trapped, intercumulus liquid (IC) after
cumulus crystallisation of plagioclase (plag, average of all frac-
tions). Composition of cumulus and intercumulus material is
equivalent to whole-rock abundances (WR)

bStage 2: composition of the fractionated final liquid (final) after
80% crystallisation of WT217 cpx (cpx) from the intercumulus

liquid (IC)
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patterns. Corona orthopyroxene lacks the steep HREE
part of the pattern shown by calculated orthopyroxene
compositions and has high La contents compared to Ce,
whereas calculated orthopyroxene compositions show
opposite behaviour (Fig. 9b). Corona amphibole lacks
the negative Eu anomaly and moderately steep increase
from La to Nd shown by (nearly) all calculated amphi-
bole patterns (Fig. 9c¢).

<

Fig. 9a—c. Actual (measured) REE patterns (thick /ine) and
calculated patterns (shaded fields) for a clinopyroxene, b orthopy-
roxene, and ¢ amphibole. The calculated REE patterns assume
crystallisation of clinopyroxene from an intercumulus liquid (/C in
Table 3) and crystallisation of the orthopyroxene and amphibole
from a fractionated intercumulus liquid, i.e. after 80% crystallisa-
tion into clinopyroxene (final in Table 3 ). Calculated patterns were
obtained by applying different melt/mineral Kp values from the
literature: Schnetzler and Philpotts (1970), Weill and McKay
(1975), Henderson (1982), McKay (1982), Irving and Frey (1984),
Budahn and Schmitt (1985), McKay et al. (1986), Hart and Dunn
(1993), Johnson (1994), Sisson (1994), Dalpé and Baker (1994).
Cl-chondrite data from Sun and McDonough (1989)

These differences may in part be attributed to con-
temporaneous crystallisation of intercumulus phases
other than clinopyroxene, such as zircon and apatite,
both present in the Vestre Dale gabbro. Zircon prefer-
entially incorporates HREE (Fujimaki 1986), resulting
in a lower HREE budget of the final liquid. This will
result in lower HREEs in orthopyroxene and amphibole,
as is observed (especially for orthopyroxene; Fig. 9b).
Apatite, on the other hand, tends to incorporate pref-
erably the LREEs (e.g. Lieftink et al. 1994), which
would lower rather than enhance the LREE contents, in
contrast to the observations (Fig. 9b, ¢). Summarising,
both Sm—Nd isotope systematics and REE chemistry
require corona formation by interactions between pri-
mary igneous minerals and magmatic residual liquids.

Corona growth: magmatic and post-magmatic processes
Stage 1: Magmatic corona orthopyroxene formation

Sm-Nd isotope data, SEM observations, and REE
modelling all demonstrate a magmatic origin for corona
orthopyroxene.

1. Orthopyroxene is in isotopic equilibrium with pla-
gioclase and clinopyroxene, both magmatic phases.
The results of isochron calculations with and without
orthopyroxene point towards contemporancous
crystallisation of plagioclase and clinopyroxene and
corona orthopyroxene.

2. The REE budget of orthopyroxene is only explained
by a significant contribution from fractionated mag-
ma (final liquid). Silica required for the replacement
of olivine by orthopyroxene will also have been
provided by this final liquid, as continued fractiona-
tion of a basic magma is accompanied by an increase
of the silica content (cf. Naslund 1989).

3. SEM observations show that olivine-orthopyroxene
contacts are convex towards olivine and locally
strongly cuspate, demonstrating formation of the
orthopyroxene layer by reaction involving (partial)
dissolution of olivine instead of solid-state diffusion.

4. The coexistence of both stable plagioclase-olivine
contacts and coronitic microstructures on thin-sec-
tion scale (e.g. Nijland et al. 1996). Formation of the



corona will be limited by the local availability of
fractionated magma. The absence of sufficient frac-
tionated magma in the intercumulus spaces, e.g. in
case of an adcumulate-textured (part of the) rock,
will prevent corona development.

Stage 2: Orthopyroxene + spinel symplectites

Inner shell l.a.b. orthopyroxene is occasionally in con-
tact with outward-fanning orthopyroxene + spinel sym-
plectites, in which case they have planar contacts (Fig. 6).
This indicates a stable arrangement rather than growth
at expense of another. The occurrence of orthopyrox-
ene + spinel symplectites in olivine-plagioclase coronas
has previously been described by Joesten (1986) in a
sample of troctolitic gabbro from Riser in the Bamble
sector, 40 km NE of the Vestre Dale gabbro. These
coronas, displaying the sequence Ol | la.b. Opx |
Opx + Spl symplectite | Am + Spl symplectite | Pl, have
been interpreted as ‘primary coronas’ by Joesten (1986).
In both these and the Vestre Dale coronas, the opx + spl
symplectites show an outward growth direction. The
orthopyroxene + spinel symplectites in the Risor sample
separate an inner shell of l.a.b. orthopyroxene from a
layer of amphibole + spinel symplectite (Joesten 1986, p.
445) whereas in the Vestre Dale sample, the symplectites
do not occur in any kind of layer-like arrangement; they
are not always in contact with inner shell orthopyroxene
and do not separate an outer shell of calcic amphibole
symplectitically intergrown with spinel. Riser orthopy-
roxene + spinel symplectites are considered to have de-
veloped at least in part contemporaneously with
amphibole + spinel symplectite (Joesten 1986). In the
case of the Vestre Dale gabbro, textures imply nucle-
ation of orthopyroxene + spinel symplectites at the outer
margin of the inner shell, followed by relatively rapid
outward growth of the symplectites, and their subse-
quent replacement by calcic amphibole which started at
the original outer shell — plagioclase interface. In solid
state, such nucleation and outward fanning is restrained
by the surrounding solid phases, whereas it is easily
achieved in (and typical for) a saturated liquid. The
lower Xy, value of symplectitic orthopyroxene (Table 1)
supports the concept of a stepwise growth, i.e. ortho-
pyroxene crystallisation from a more fractionated mag-
ma than the inner shell orthopyroxene.

A similar origin may be proposed for clinopyroxene/
spinel symplectites locally present. Inward growth of
amphibole is supported by its locally preserved l.a.b.
arrangement more or less perpendicular to the contact
with plagioclase. The fact that orthopyroxene+ spinel
symplectites are locally absent may indicate their entire
consumption or dissolution.

Stage 3: Post-magmatic formation of corona amphibole

Appearance of outer shell calcic amphibole constitutes
the final stage of corona formation. The omnipresence
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of relic orthopyroxene inclusions in this outer shell
amphibole shows that formation of the corona shells
consists of a series of reactions rather than the entire
corona being the product of a single-stage process.
Amphibole has largely grown at the expense of a pre-
existing orthopyroxene layer instead of plagioclase (e.g.
Grant 1988). Involvement of plagioclase is likely in the
formation of amphibole in the Vestre Dale corona,
and would explain the absence of the negative Eu
anomaly in the amphibole REE pattern (Fig. 9c¢). It is,
however, difficult to establish with certainty and to
what extent.

The relationship between calcic amphibole and
orthopyroxene + spinel symplectites in the outer shell is
more difficult to interpret. The latter always occur at the
contact between the outer shell and plagioclase, whereas
amphibole is occasionally present between these sym-
plectites and inner shell orthopyroxene. It may be pro-
posed that the symplectites do not belong to the original
corona, but developed by virtue of later dehydration
(e.g. Dam 1995). If this is the case, it may be expected
that orthopyroxene would (1) nucleate at the crystal
faces of orthopyroxene already present, and (2) develop
at places where ag,o was lowest, which is more likely at
the contact between the inner and outer shells of the
corona than at its outer margin, neither of which is
observed. If it is assumed that the symplectites are due to
post-corona dehydration and started at the outer shell —
plagioclase interface, then the direction of growth of the
symplectites should be inwards. This is at odds with the
observed geometry of the orthopyroxene+ spinel sym-
plectites, whose fan-like internal arrangement indicates
that they grew outwards.

Outer shell amphibole is apparently not in isotopic
equilibrium with orthopyroxene and the igneous min-
erals. It may be argued that this is due to the fact that
the Sm—Nd closure temperatures for amphibole are
lower than those of the other minerals. Foden et al.
(1995) indicated Sm—Nd closure temperatures of 500-
650 °C for hornblende-garnet pairs. If corona amphibole
underwent isotopic exchange until lower temperatures
than the other minerals, an additional phase, such as a
fluid, is required to re-equilibrate with. Growth of am-
phibole in an otherwise anhydrous mineral assemblage
requires the intervention of an aqueous fluid anyway.
Involvement of such a fluid would also help to explain
the observed deviations from a purely magmatic REE
pattern (Fig. 9c).

The partial replacement of orthopyroxene in the co-
rona by amphibole, and relationships with orthopyrox-
ene +spinel symplectite may be put forward as an
argument in favour of growth of the amphibole during
(Sveconorwegian) metamorphism. The transformation
of the gabbro along the margin to garnet amphibolites
makes it clear that the gabbro, or at least parts of the
intrusion, has been exposed to relatively high-grade
metamorphic conditions. Sm—Nd isochron calculations,
however, (apparently) invalidate this option. It is highly
unlikely that amphibolite facies metamorphism,
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accompanied by the infiltration of hydrous fluids, would
only affect the corona orthopyroxene, and would not
result in the formation of any amphibole at the expense
of intercumulus clinopyroxene or otherwise destruction
of igneous textures. A metamorphic origin for the co-
rona amphibole is excluded.

Magmatic fluids, remaining active during isobaric
cooling after crystallisation of the gabbroic magma, are
the most likely candidates to be involved in amphibole
development. Generally, the water content of a differ-
entiating magma increases with progressive fractiona-
tion. In the Vestre Dale gabbro, the width of the
amphibole outer shell increases with increasing differ-
entiation, from less than 50 pm in the troctolitic
gabbros to more than 100 pm in the olivine-poor
gabbros. This increase likely reflects the progressively
water-rich nature of the magma, and as such argues for
the involvement of late-stage magmatic fluids in the
formation of the amphibole outer shell. Pure magmatic
fluids, however, do not satisfactorily explain the
enhanced La (and possibly also alkali) content of the
amphibole, which requires input from an LREE-en-
riched source. The enhanced La and alkali contents are
obviously due to contamination of the differentiating
magma by a crustal component. The transition from
troctolitic gabbros to ferrogabbros in the Vestre Dale
gabbro is attended by an increase of the Sr isotope
composition of the respective whole-rock samples, re-
vealing continuous contamination of the differentiating
magma, albeit on a rather restricted scale (de Haas et al.
1992). The most likely contaminating agent is the sur-
rounding migmatitic gneiss. This gneiss is significantly
more enriched in LREEs than the Vestre Dale gabbro
(and its parental magma; de Haas, unpublished data);
admixture of the parental magma, or the final liquid,
with a gneiss-derived agent, such as an aqueous fluid,
will result in the enhanced La concentration of the outer
shell amphibole compared to calculated amphibole
compositions.

Implications for lower crustal metamorphism

It is shown that corona development in the Vestre Dale
gabbro is due to the interaction of the crystallised
phases with late-stage magmatic liquids and, finally,
fluids. Gabbroic intrusions in the Bamble sector com-
monly show irregular amphibolitisation in the inner
parts of these intrusions, which cannot be explained by
regional metamorphism. Likely, this type of amphibo-
litisation is also due to interaction with the similar late
magmatic fluids. Intrusion of the Vestre Dale gabbro
predates peak regional Sveconorwegian metamorphism
in the Bamble sector (e.g. Kullerud and Dahlgren 1993).
The post-magmatic stage of intrusions like the Vestre
Dale gabbro in fact marks the beginning of Sveconor-
wegian metamorphism in the area. The conspicuous
association of carbonic fluids with gabbroic intrusions
in the Bamble sector (Touret 1986), which have also

been observed in samples from the Vestre Dale gabbro
(Touret, personal communication 2001) indicates that
the tandem of lower crustal intrusions and related fluids
may be an essential part of triggering regional lower
crustal granulite facies metamorphism in the area. The
involvement of an aqueous La, K-bearing fluid in the
development of outer shell amphibole indicates that
low-salinity brines may also be part of this tandem, like
in anorthosite-mangerite-charnockite-granite-type rocks
(cf. Safonov 1999).

Conclusions

The results of this combined REE, SEM, and Sm-Nd
isotope study provide strong arguments for a magmatic
origin of the olivine-plagioclase coronas in the Vestre
Dale gabbro:

1. inner shell corona orthopyroxene is in isotopic equi-
librium with cumulus plagioclase and intercumulus
clinopyroxene;

2. the REE contents of this corona orthopyroxene and
amphibole, which is located in the outer shell, can be
explained by a significant contribution of highly
fractionated liquid, located in the intercumulus
spaces;

3. SEM observations indicate formation of the corona
orthopyroxene layer by reaction involving (partial)
dissolution of olivine.

These findings are not compatible with the subsoli-
dus, solid-state origin commonly proposed for olivine-
plagioclase coronas. Such a model can not account for
the REE contents of the corona orthopyroxene and
amphibole, as the REE contents of the original phases in
such a model, plagioclase and olivine, are too low.
Moreover, SEM observations of the outer shell reveal
that the corona is the product of a multistage process.

Development of the amphibole outer shell probably
occurred by inward reaction, consuming the precursory
outer shell of orthopyroxene+spinel symplectite. As
formation of late amphibole at the expense of intercu-
mulus clinopyroxene is entirely lacking, late-stage mag-
matic overgrowth is favoured over a metamorphic
origin, whereas the slightly deviating REE and Sm—Nd
characteristics of amphibole are explained by minor
assimilation with increasing fractionation of the final
liquid.
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