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Summary

The subvolcanic Vinga intrusion is a quartz jotunite to monzogranite located in the
outermost part of the Göteborg archipelago, SW Sweden. It is one of a number of post-
kinematic, late Sveconorwegian intrusions in the region. Rocks in the intrusion display
complex, but well preserved igneous textures, including complexly zoned plagioclase
megacrysts (cellular) and skeletal=acicular crystals of apatite, zircon, ilmenite and
pyrite. The intrusion has high contents of � Fe, Ti, P, K, F and high field strength
elements, and contains abundant and diverse enclaves (xenolithic, restitic and co-
mingled). The cellular plagioclase may represent partially melted and re-equilibrated
restitic plagioclase. The skeletal crystals formed due to undercooling and rapid crystal-
lisation in the magma when it was brought to upper crustal levels. Ion-microprobe
analyses of skeletal zircons from the intrusion yield a concordia age of 951 � 7 Ma.
The protolith of the parental magma is inferred to have been intermediate, meta-igneous
and was partially molten under high temperature conditions as revealed from pyroxene
thermometry (>1000 �C) on restitic pyroxenes. Miarolitic cavities, in combination with
pressure estimates of �2 kbar from Al-in-hornblende barometry, indicate an epizonal
emplacement depth at final crystallisation temperatures of around 750–800 �C. Zircon
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saturation occurred late, during rapid cooling below 900 �C, resulting in skeletal mor-
phologies. The magma evolution started with early separation of restitic pyroxenes,
plagioclase and Fe–Ti oxides at midcrustal depths, followed by fractionation. The heat
source of melting was related to mafic underplating. Evolved parts of this mafic magma
were co-mingled with the Vinga magma.

Introduction

The interpretation of textures in igneous rocks is critical for the reconstruction of
processes that operated in magmatic systems. Studies that describe and interpret
textural and chemical features in intermediate suites of AMCG (anorthosite-man-
gerite-charnockite-granite) complexes (e.g. Emslie and Hunt, 1990; Emslie, 1991)
in terms of mixing or unmixing processes are few. This study intends to rectify this
deficit. Within the porphyritic Vinga intrusion in SW Sweden numerous textural
disequilibrium features (e.g. skeletal and cellular minerals) have been preserved as
a result of shallow level emplacement. This makes it ideally suited for the com-
bined investigation of textures and composition.

Two-pyroxene-bearing granites and syenitoids are commonly associated with
Proterozoic massif-type anorthosites and related mafic rocks (e.g. Emslie, 1978;
Markl et al., 1998; Duchesne and Wilmart, 1997; Frost et al., 2002; R€aamö and
Haapala, 1995). Mafic to intermediate rocks in these complexes are commonly
represented by cumulate-enriched rocks and jotunites (the term includes e.g. fer-
rodiorites, monzonorites and monzogabbros). The origin of jotunites has been
debated and proposals for their origin include: i) residual magmas after crystalli-
sation of anorthosite from mantle-derived magma (e.g. Emslie et al., 1994;
Mitchell et al., 1996; Markl, 2001; Scoates and Chamberlain, 2003), and ii) deri-
vation from melting of lower crustal mafic sources (e.g. Duchesne et al., 1989;
Longhi et al., 1999). Regarding the latter mechanism, associated granitoid magmas
are considered to be derived by differentiation from jotunitic or related gabbronoritic
magmas (e.g. Anderson et al., 2003, Bolle et al., 2003; Vander Auwera et al., 2003).
The AMCG two-pyroxene granitoids and syenitoids commonly show mineral assem-
blages and bulk compositions indicating high (900–1000 �C) crystallisation tempera-
tures (e.g. Kolker and Lindsley, 1989; Anderson et al., 2003). The coeval, bimodal
character of the magmas in these suites has commonly resulted in mingled and
mixed rocks (e.g. Kolker and Lindsley, 1989; Wiebe, 1980; Eklund et al., 1994).

Origins for such bimodal suites with linear compositional trends in Harker
diagrams and containing abundant enclaves of variable types can be summarized
into two main hypotheses: i) magma mixing between two magmas of contrasting
composition, where one is typically more mafic (mantle-derived) than the other,
which is felsic and typically crustal (e.g. Blake et al., 1965; Whalen and Currie,
1984; Frost and Mahood, 1987; Bateman, 1995; Sandeman et al., 2000), and ii)
restite unmixing where the gradual separation of solid source residue (restite
material) from the melt fraction yields the chemical variation (e.g. White and
Chappell, 1977; Chappell et al., 1987; Chen et al., 1990).

Mafic microgranular (or magmatic) enclaves (MMEs) that form by ‘quenching’
of high-temperature mafic, or partly hybridized, magma droplets in cooler more
silicic magma (mingling) (e.g. Wager and Bailey, 1953; Walker and Skelhorn,
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1966; Vernon, 1984; Ratajeski et al., 2001) are typical for rock suites formed by
mixing of contrasted magmas (e.g. Lindberg and Eklund, 1988; Larsen and Smith,
1990; Poli and Tommasini, 1991; Altherr et al., 1999; Collins et al., 2000). They
are characterised by a magmatic mineralogy, finer grain size than the surrounding
host, occasionally chilled margins, and quench textures (Wyllie et al., 1962; Reid
et al., 1983; Vernon, 1990; Andersson and Eklund, 1994). MMEs may occur to-
gether with restitic enclaves in the same host rock (e.g. Zeck, 1992; Stimac et al.,
1995; Hra�ssko et al., 1998).

Disequilibrium mineral textures can result from changes in composition (e.g.
as a result of magma mixing; e.g. Hibbard, 1981, 1995; Barbarin, 1990; Halsor and
Rose, 1991; M€uuller and Seltmann, 2002) or from changes in physical conditions (P,
T, PH2O) of a rock system (e.g. Vance, 1965; Lofgren, 1980; Åreb€aack and Stigh,
1997; Petcovic and Grunder, 2003; Stewart and Pearce, 2004). Such environmental
changes may cause rapid ‘skeletal’ crystallisation due to supersaturation, or con-
versely (partial) dissolution of crystalline material in undersaturated system, de-
pending on the relative shift in stability relations (e.g. Hibbard, 1995; Johannes and
Holtz, 1996; Nakamura and Shimakita, 1998). A typical texture in disequilibrium
systems is the cellular or ‘sieve’ texture, particularly common for plagioclase (e.g.
Tsuchiyama and Takahashi, 1983; Johannes et al., 1994; Stewart and Fowler,
2001). In supersaturated systems, it may develop as a result of mixing (Kuo and
Kirkpatrick, 1982; Hibbard, 1995) or decompression and=or volatile loss (Landi
et al., 2004). In undersaturated systems, dissolution may result from a temperature
increase (Kaczor et al., 1988; Johannes et al., 1994; Petcovic and Grunder, 2003)
and=or mixing (Tsuchiyama, 1985; Andersson and Eklund, 1994; Hattori and Sato,
1996), or decompression (Vance, 1965; Nelson and Montana, 1992; Åreb€aack and
Stigh, 1997; Singer et al., 1993).

Geological setting

The Vinga intrusion is a plagioclase porphyritic granite to quartz jotunite intrusion
located in the Sveconorwegian (i.e. Grenvillian) orogen (1.2–0.9 Ga) of SW Sweden.
Rocks from the intrusion display complex, but well-preserved, igneous textures and
crop out on Vinga and a few nearby islands in the outermost part of the Göteborg
Archipelago (Fig. 1). Although contacts with the surrounding Mesoproterozoic
gneisses are not exposed, internal magmatic structures and exposures indicate that
the intrusion is a WNW-ESE-elongated body, at least 4�1 km in size. Lundegårdh
(1953) briefly described the Vinga intrusion as a plagioclase-porphyrite, rich in
angular xenoliths, while Lundqvist (2000) termed it a quartz monzodiorite, and
Åh€aall and Schöberg (1999) referred to it as a hybrid, dike-like body, having a
monzonitic composition.

The intrusion is one of a large number of post-kinematic rocks that were em-
placed in the southwestern part of the Fennoscandian Shield towards the end of
the Sveconorwegian orogeny. The majority of these rocks are granites with U–Pb
and Pb–Pb dates in the interval 950 to 920 Ma (see Andersen et al., 2002, and
references therein). However, the rock group includes some anorthositic and mafic
intrusions, such as the 935� 3 Ma Göteborg dykes (Hellström et al., 2004), the
916� 11 Ma Hakefjorden Complex (Scherst�een et al., 2000) and the voluminous
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Fig. 1. Generalised geological map of SW Sweden showing the location of the Vinga
intrusion and other late Sveconorwegian intrusions in the area. The inset map shows major
lithotectonic units of southern Scandinavia. Different shades of grey: Sveconorwegian
province. Subdivision of internal allochthonous (dark grey), external allochthonous (medium
grey) and external para-autochthonous (light grey) terranes after Romer and Smeds (1996).
The most voluminous late Sveconorwegian intrusions occur in the internal allochthonous.
RAV: Rogaland-Vest Agder Sector. T: Telemark sector. K: Kongsberg sector. B: Bamble
sector. WS: Western Segment. ES: Eastern Segment. WG: Western Gneiss Region. TIB:
Trans-Scandinavian Igneous Belt
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�950 to 920 Ma Rogaland Igneous Complex (Sch€aarer et al., 1996; Andersen and
Griffin, 2004) (Fig. 1).

The region affected by the Sveconorwegian orogeny is a mosaic of crustal blocks
separated by shear zones, and the Vinga intrusion occurs within a ca. 20–70 km
wide crustal segment, referred to as the Western Segment. Towards the west, this
segment is delimited by the Oslo Graben and in the east by the Mylonite Zone
(Fig. 1). The main constituents of the segment are polymetamorphic paragneisses
and gneissic granitoids with magmatic ages between 1.62 and 1.55 Ma (e.g.
Connelly and Åh€aall, 1996; Åh€aall et al., 1998). The Vinga intrusion has intruded
a sequence of migmatized greywacke-type sediments, referred to as the Stora Le-
Marstrand (SLM) formation, with a minimum depositional age of 1587 Ma (Åh€aall
et al., 1998).

Fig. 2. (a) Map of Vinga and the surrounding islands in the outermost part of Göteborg
archipelago. The shaded area represents the estimated limit of the Vinga intrusion. Rocks to
the north of the shaded area are dominated by gneissic granitoids and paragneisses of the
Stora Le-Marstrand Formation. (b) Aerial photograph of Vinga Island with the Vinga light-
house, looking ESE. Photo (by Lars Ericsson) reproduced with the permission of DET AB,
Partille, Sweden. (c) Geological map of the Vinga intrusion on Vinga and Koholmen islands
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Samples and methods

Twenty samples were selected for whole-rock geochemistry, to cover all apparent
textural and lithological varieties of the Vinga intrusion (Fig. 2). Except for three
MME samples (Vi11, F1 and F2), weighing approximately 50 g each, all whole-rock
samples exceed 2 kg in weight. They were all crushed in a jaw-crusher and ground in
a chrome steel swingmill at the Earth Sciences Centre, Göteborg University. The
geochemical analyses were performed by the Centre de Recherches P�eetrographiques
et G�eeochimiques (CRPG), France; major elements were determined by ICP-AES
and trace elements by ICP-MS. Duplicate analysis of sample F1 and F2 showed
that the reproducibility for trace elements is better than 12% for concentrations up
to about 4 times the detection limit, and better than 9% for higher concentrations.
The reproducibility for the major elements is better than about 2%. Fluorine was
analysed in three samples (24, 107, and M2) by ACME Analytical Laboratories,
Canada, using the Na2O fusion method.

A polished thin-section was also prepared for each of the twenty whole-rock
samples. All these thin-sections underwent modal analysis (Table 1). Quantitative
mineral analyses and element distribution images were obtained at the Department
of Earth Sciences, Uppsala University, using a Cameca Camebax SX50. Operating
conditions for spot analyses were 20 kV accelerating voltage, 15 nA beam current,
1–10 mm beam diameter, with counting times of 10–25 s (depending on the ele-
ment); for element distribution images, 20 kV accelerating voltage and 30 nA beam
current were used. Calibration was performed on natural and synthetic mineral
standards from Cameca. Microtextural studies and mineral identification were per-
formed using a Link energy-dispersive spectrometer system, attached to a Zeiss
DSM 940 scanning electron microscope (SEM) at the Earth Sciences Centre,
Göteborg University.

Zircons from sample 107 were separated by crushing, sieving, panning and
heavy liquids, and were examined using a Zeiss DMS 940 SEM. U–Th–Pb analyses
of zircons were made using the CAMECA ims 1270 ion microprobe (NORDSIM
facility) at the Swedish Museum of Natural History, Stockholm. The analytical
and data reduction procedures are similar to those given by Whitehouse et al.
(1997, 1999). Pb=U calibration was made relative to Geostandards zircon 91500
(1065.4 Ma) (Wiedenbeck et al., 1995).

Field relations

The exposed part of the Vinga intrusion extends from ‘Grytan’ islet in the east to
‘Vinga ungar’ islet in the west, over a distance of about 4 km (Fig. 2). Seafloor
topography suggests that the intrusion extends WNW for at least 5 additional
kilometers (Åh€aall and Schöberg, 1999). The rock is plagioclase porphyritic, medi-
um-grained and grey in hand specimen, although reddish grey varieties occur
locally. The reddish colour is generally more common towards the ESE and cor-
relates positively with the modal content of K-feldspar.

Rounded, complex plagioclase megacrysts (CPM) are abundant (Fig. 3), as are
different types of enclaves, including: i) numerous hornblende-mantled quartz
fragments that are evenly distributed throughout the intrusion (Fig. 3a, b), and
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ii) partly digested gneiss fragments (paragneisses, orthogneisses and a few amphi-
bolites), which are locally common (Fig. 3a). Small rounded mafic microgranular
enclaves (MME) and coarse-grained feldspar-dominated enclaves are also impor-
tant components of the intrusion (Fig. 3c, d). Late stage magmatic features such as
miarolitic cavities and granitic segregations are common, as well as a few cross-

Fig. 3. Photographs of representative field structures in the Vinga intrusion. (a) Vinga rock
containing rounded, complex plagioclase megacrysts (CPM), a rounded (partly digested)
paragneiss xenolith (Stora Le-Marstrand metasediment) and a hornblende-mantled quartz
fragment (Qtz). Note the black hornblende mantle (arrow) around the quartz vein in
the xenolith. Length of pencil is 14 cm. (b) Quartz fragment mantled by a mm-wide rim
of hornblende. (c) Detail showing dark mafic mineral inclusions in CPM and a rounded
mafic microgranular enclave (MME). Diameter of coin is 2.0 cm. (d) Feldspar-dominated
enclave, consisting of coarse-grained feldspars (light grey, complexly zoned plagioclase
and granophyre) and fine-grained mafic minerals (dark). (e) Marginal Unit of the Vinga
intrusion, showing internal magmatic structures (arrow). View of vertical outcrop is to
the east

8 H. Åreb€aack et al.



cutting N10–30� E trending late magmatic aplitic dykes. Late- to post-magmatic
joints at N10� E are common throughout the intrusion. These joints are vertical to
subvertical, persistent and lined with peripheral quartzþK-feldspar� calcite and
chlorite� calcite in their central parts.

The northern side of Vinga Island exposes a slightly more mafic and homoge-
nous variety of the intrusion, with internal planar structures (magmatic layering),
containing orthopyroxene in addition to the ubiquitous clinopyroxene, and is here
referred to as the ‘Marginal Unit’ (Fig. 2). This unit contains fewer megacrysts and
enclaves than the rest of the intrusion. The internal layers range in width from a
few decimetres to about one metre (Fig. 3e). The orientation of the layers varies
from N75� W to E–W (i.e. parallel to the length of the intrusion) dipping 50� to 60�

towards the south. The contact between the Marginal Unit and the Main Intrusion
is rather diffuse, but commonly marked by the parallel alignment of hornblende-
mantled quartz fragments.

Petrography

Main Intrusion

The rock matrix consists of plagioclase, K-feldspar, quartz, hornblende, biotite,
chlorite, Fe–Ti oxides and relics of clinopyroxene, in order of decreasing abun-

Fig. 4. QAP modal classification diagram after Streckeisen (1976). Rock nomenclature for
orthopyroxene-bearing rocks is in brackets. For comparison rocks from the Hakefjorden
Complex (HFC) are included (shaded area¼HFC norite and monzonorite)

The late Sveconorwegian Vinga intrusion 9
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dance (Table 1). In QAP ternary classification diagram (Fig. 4), the Vinga intrusion
is classified as quartz monzodiorite (quartz jotunite for orthopyroxene-bearing
rocks) to monzogranite.

Euhedral to subhedral plagioclase crystals predominate in the intrusion (26–
36 vol%). Feldspars, especially plagioclase, are affected by deuteric sericitisation
to a variable extent. Matrix plagioclase from both the Main Intrusion and the
Marginal Unit is normally zoned, with andesine core compositions, ranging from
�An50 in the northernmost part of the Marginal Unit to �An40 in the eastern part
of the Main Intrusion (Table 2). The most sodic margins are An19–24. K-feldspar
(17–32 vol%) occurs in interstices and as thin rims on plagioclase. Quartz (17–
23 vol%) is typically interstitial and non-undulose. Granophyric intergrowths are
common, especially along grain boundaries and as rims on K-feldspar-mantled
matrix plagioclase.

The primary mafic minerals in the Main Intrusion, are hornblende (10–
17 vol%), biotite (0.1–4 vol%) and clinopyroxene (0.2–2 vol%). Also chlorite is
a major constituent (3–10 vol%), but is a secondary alteration product after the
above mentioned mafic phases. The hornblende grains are typically euhedral with
rims of increased Fe-content. The most common hornblende types in the Main
Intrusion and the Marginal Unit are ferrian magnesio-hornblende (core¼Mg#
51–61, rim¼Mg# 41–45; Fig. 5a). Aggregates=clots, 1–3 mm in diameter, of

Fig. 5. (a) Mg# vs. Al2O3 of horn-
blende from different units of the
Vinga intrusion. (b) Composition
of pyroxenes (and simplified no-
menclature) in the Vinga intrusion,
plotted in the En-Fs-Wo triangular
diagram

H. Åreb€aack et al.: The late Sveconorwegian Vinga intrusion 11



euhedral hornblende occur sparsely throughout the rock and are typically inter-
grown with anhedral quartz in their central parts (Fig. 6). Hornblende also
replaces clinopyroxene (Fig. 7b), which rarely occurs as discrete grains. Biotite
is typically associated with Fe–Ti oxides and hornblende. Fe–Ti oxides (2–
4 vol%) are dominated by ilmenite, although intergrowths of ilmenite and mag-
netite do occur.

Accessory minerals include apatite (0.5–1 vol%), zircon, epidote, calcite, alla-
nite, sphene, pyrite and pyrrhotite. Skeletal morphologies are observed for zircon,
apatite and pyrite. Zircon (Figs. 7a and 11a) typically occurs late in the paragenetic
sequence and locally as minute crystals on ilmenite. Apatite occurs as prismatic
crystals, but also with acicular and tube-like (hollow) morphologies (Fig. 7c).

Marginal Unit

The Marginal Unit differs from the Main Intrusion by the occurrence of orthopyr-
oxene (1–8 vol%), and by containing slightly more plagioclase, clinopyroxene, Fe–
Ti oxides and apatite at the expense of quartz, K-feldspar, hornblende and chlorite.
There are fewer megacrysts in the Marginal Unit and their size decreases towards
the north where the rock becomes more equigranular. Clinopyroxenes in the
Marginal Unit and in the Main Intrusion are augitic (En38–41Fs21–25Wo34–39)
and orthopyroxene is hypersthene (En48–66Fs31–44Wo3–4; Fig. 5b). Normally zoned
orthopyroxene is common; the core and rim composition in one grain is En61

Fs35Wo3 and En45Fs50Wo4, respectively. Orthopyroxene and clinopyroxene are
commonly intergrown and surrounded by a rim of hornblende (Fig. 7b).

Internal layering in the Marginal Unit is revealed by weak but distinct modal
and cryptic layering. Starting at the northern shore, internal layers were sampled
across a �30 m wide section (Fig. 2). Modal variations in the major phases are

Fig. 6. Photomicrograph of Vinga rock showing aggregate=clot of hornblende (Hbl) with
quartz (Qtz) in the central part. Other minerals are mainly plagioclase (Pl; with a varying
degree of sericitisation) and minor K-feldspar. Plane-polarised light. Sample 60

12 H. Åreb€aack et al.



shown in Fig. 8. There is a general decrease in the abundance of plagioclase and
orthopyroxene and a slight increase of quartz and hornblende towards the Main
Intrusion. Cryptic variations of plagioclase and orthopyroxene range from An50!44

and En62!48, respectively (Fig. 9). As in the Main Intrusion, plagioclase is typi-
cally mantled by a thin rim of K-feldspar, but is less sericitisised (Table 1).
Granophyric intergrowths and skeletal zircons occur here as well as in the Main
Intrusion. Apatite from the Marginal Unit generally shows the highest aspect ratios
(typically around 20, and locally 100–200), and is commonly hollow (skeletal),
forming small tube-like grains (Fig. 7c).

Fig. 7. Back-scattered electron (BSE) images of representative textural features in the
Vinga intrusion. (a) Arrays of skeletal zircons enclosed in quartz and K-feldspar. Sam-
ple 107. (b) Intergrown orthopyroxene (Opx) and clinopyroxene (Cpx) with a rim of
hornblende (Hbl). Black area represents plagioclase (Pl). Sample 29. (c) Tube-shaped
apatite (Ap) cut approximately along its c-axis. Other minerals are plagioclase (Pl), K-
feldspar (Kfs), quartz (Qtz), biotite (Bt), clinopyroxene (Cpx) and Fe–Ti oxides (Ox).
Sample 29

The late Sveconorwegian Vinga intrusion 13



Complex plagioclase megacrysts (CPM)

CPM are millimetre- to centimetre-sized (Fig. 3) and occupy �3–8 vol% of the
Main Intrusion and �1–3 vol% of the Marginal Unit. The megacrysts are subhe-
dral to ovoid, and occur as single crystals or aggregates. They show a cellular=
skeletal texture (except the rim, which is non-cellular and normally zoned; Fig. 11),
and contain inclusions of mafic minerals (clinopyroxene, orthopyroxene, horn-
blende and Fe–Ti oxides), K-feldspar and irregular quartz. The term cellular is
used here for crystals not perfectly formed, in which the cells contribute to an
irregular morphology of the crystal, and includes skeletal forms. The cellular
domains have distinct compositions, An34–51 and An22–30 (Figs. 10, 11; Table 3).
In general, the more Ca-rich plagioclase occurs in the core of each cell, rimed by
the more Na-rich plagioclase. Each cell is in optical continuity as albite twins are
continuous in the core and the rim. Compositions follow approximately those of
the matrix plagioclase, i.e. the most calcic CPM are found in the northern Marginal
Unit and become more sodic towards and into the Main Intrusion. Normally zoned

Fig. 8. Modal variation of some major minerals, from north to south, across the Marginal
Unit and two samples from the Main Intrusion

Fig. 9. Cryptic variations of plagioclase and
orthopyroxene in samples from the Marginal Unit

14 H. Åreb€aack et al.



rims range from An50 to An22, similar to that observed in the matrix plagioclase.
The modal content of K-feldspar inclusions increases towards the margin of the
megacrysts, and K-feldspar or granophyre commonly occur as an outer rim around
the megacrysts (Fig. 11). The mafic minerals are typically in contact with both
compositional types of plagioclase (Figs. 10 and 11). The mafic mineral inclusions
are generally Fe-enriched compared to those in the matrix. Hornblende is ferro-

Fig. 10. Photomicrographs of different CPM showing the variation in textural appearance.
(a) Central part of a ca. 2�3 cm large megacryst showing the cellular morphology of the
plagioclase enclosing abundant irregular quartz inclusions (white). Plagioclase composi-
tions range from An42 (Ca-rich phase; light grey) to An27 (Na-rich phase; dark grey). The
Ca-rich plagioclase typically occupies the core of the cells, whereas the peripheral parts are
more Na-rich, and usually associated with the quartz. A few clinopyroxene inclusions
occur in the centre of the microphotograph. Crossed polarisers. Sample Vi 2. (b) Marginal
part of a 1.5 cm large megacryst. In this crystal, the cellular morphology includes more
distinct ‘box-like’ cells, still enclosing irregular quartz (white), some K-feldspar (dark in
this view) and minor hornblende. Plagioclase compositions range from An45 to An24. As in
(a) the Ca-rich plagioclase typically occurs in the core of the cells. The photomicrograph
shows two cellular crystals, each in optical continuity but with different optical extinction;
the one to the left shows strong sericitisation. In the lower right part of the photomicro-
graph the Vinga matrix can be observed. Crossed polarisers. Sample Vi 2. (c) Marginal part
of a cm-sized megacryst (right) in contact with granophyre (left). The cellular megacryst,
which occurs in a coarse-grained feldspar dominated enclave (see text), is built up of ‘box-
like’ plagioclase cells, enclosing quartz (white) and K-feldspar (black), with a rim of K-
feldspar (black). Plagioclase composition ranges from An35 (core) to An22 (rim) of the
cells. Sample 60. Crossed polarisers

The late Sveconorwegian Vinga intrusion 15



hornblende (Mg# 32–33; Fig. 5a), clinopyroxene ranges between augite to
ferroaugite (En25–34Fs22–34Wo35–44; Fig. 5b) and orthopyroxene is ferro-hyper-
sthene (En37–49Fs46–56Wo3–7; Fig. 5b; Table 3).

Fig. 11. BSE and element distribution images of a mm-sized CPM, sample 107 (a) BSE-
image displaying different phases of the CPM and the Vinga matrix. Note the cellular
texture of the CPM, the inclusions of mafic silicates (Hbl, Cpx, Opx¼white to light grey),
Fe–Ti oxides (Mt, Ilm¼white), K-feldspar (grey) and the homogenous and normally zoned
rim (except where it is altered to saussurite (Sau)). The CPM as well as matrix plagioclase
(Pl) is rimmed by K-feldspar or granophyre (Kfs). Other minerals in the matrix are horn-
blende (Hbl), quartz (Qtz), biotite (Bt), ilmenite (Ilm) and skeletal zircon (Zrn). The white
line marks the location of a compositional traverse through the megacryst shown in Fig. 16.
(b) Ca-distribution image. The different plagioclase phases in the CPM appear as blue (Na-
rich) and greenish blue (Ca-rich). The Ca-rich plagioclase seems to occur as patches in the
Na-rich phase, but is connected to the Ca-rich rim and, the K-feldspar (black) is associated
to the Na-rich phase. (c) Na-distribution image. (d) Fe-distribution image. Fe–Mg silicates
appear as blue, magnetite as red and ilmenite as green

16 H. Åreb€aack et al.
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Aplitic dykes and granitic segregations

The Vinga intrusion is cut by a few NNE-trending aplitic dykes (Fig. 2). They
range in thickness from a few cm to 0.5 m, and enclose drusy cavities towards their
centres. Even though these dykes have sharp external contacts, they commonly
have convolute or en echelon forms which indicate that they intruded the Vinga
intrusion when it was still semi-plastic.

Decimetre-sized granitic segregations are sparsely distributed in the Main
Intrusion, most commonly in the ESE part and close to the aplitic dykes. They are
medium-grained and rich in K-feldspar (Table 1 and Fig. 4). The granitic segrega-
tions contain millimetre- to centimetre-sized miarolitic cavities infilled with central
quartzþ chlorite and peripheral K-feldspar. Miarolitic cavities are also found in the
Main Intrusion, but they are not as abundant as in the granitic segregations. The
granitic segregations contain biotite and hornblende, whereas the predominant
mafic phase in the aplitic dykes is chlorite. The hornblende is Fe-enriched relative
to the rest of the intrusion and ranges from ferri-tschermakitic to magnesio-has-
tingsitic hornblende (Mg#¼ 31–35; Table 2 and Fig. 5a). Accessory phases in both
the dykes and the segregations include apatite and skeletal zircon.

Mafic microgranular enclaves (MME)

Rounded, mafic enclaves of millimetre- to centimetre-size are scattered through
the intrusion (Fig. 3b). They are fine-grained, equigranular, and constitute<1 vol%
of the intrusion. In order of decreasing abundance, the enclaves consist of plagio-
clase (An43–51), clinopyroxene (En33–36Fs26–29Wo35–40), Fe–Ti oxides, orthopyr-
oxene (En40–44Fs49–53Wo3–10), biotite, hornblende (ferrian-magnesio hornblende;
Mg#¼ 42–50), apatite� quartz�K-feldspar (Table 1). Some of the orthopyrox-
ene contain>Wo5, i.e. pigeonite composition. Both the clinopyroxene and ortho-
pyroxene are enriched in Fe relative to the host rock (Fig. 5b; Table 3). In places,
the MME also contain a few megacrysts of plagioclase and hornblende. Apatites
are typically acicular.

Coarse-grained feldspar-dominated enclaves

The Vinga intrusion locally contains irregular, decimetre- to metre-sized enclaves
of coarse-grained plagioclase and fine-grained granophyre with aggregates of in-
terstitial hornblende, chlorite, epidote, calcite� pyrite (Fig. 3c). Cavities lined with
quartzþ calciteþ chlorite� hornblende� epidote are common, mainly in the
granophyric matrix. The granophyre also contains accessory amounts of acicular
apatite and ilmenite (aspect ratios of 12–26). The subhedral plagioclase consists of
cellular=(skeletal) plagioclase, commonly sericitised, containing abundant inclu-
sions of mafic minerals, K-feldspar and quartz, i.e. CPM. The MME are typically
spatially associated with these coarse-grained enclaves.

Xenoliths

The most prominent type is quartz fragments mantled by hornblende (Fig. 3b).
Gneissic xenoliths also occur, but are much more sparsely distributed. A third, rare
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type, includes ‘pegmatitic’ coarse-grained feldspar� quartz. The numerous milli-
metre- to metre-sized quartz fragments are remarkably evenly distributed through-
out the intrusion. They show different shapes, from rounded to angular, but most of
them are brick-shaped, resembling randomly oriented pieces of vein quartz. The
quartz is medium- to coarse-grained, usually very pure in terms of inclusions and
displays undulatory extinction. All the quartz fragments feature a millimetre-wide rim
consisting of hornblende, or an inner and an outer hornblende rim with granophyre
between. The hornblende rims consist of euhedral to subhedral, ferri-magnesio-horn-
blende (Mg#¼ 50–54). The granophyre is irregularly distributed around the xeno-
liths. Acicular apatite is common in the granophyre.

In addition to the quartz fragments, there are some decimetre- to metre-sized
quartzitic fragments. These fragments consist of alternating layers of fine-grained,
granoblastic quartz with minor feldspar. Like the quartz fragments, they exhibit
hornblende� granophyre rims toward the matrix.

Decimetre- to metre-sized gneissic enclaves are not as common as the quartz
fragments and are concentrated in the western part of Vinga Island. These enclaves
are primarily migmatised paragneisses, rocks similar to the enclosing SLM, al-
though a few orthogneisses and amphibolites were observed. Most of the gneiss
enclaves have strongly resorbed margins (Fig. 3a), indicating that the Vinga mag-
ma experienced some crustal contamination.

Whole-rock geochemistry

Major and trace element analyses for the Vinga intrusion are reported in Table 4.
With the exception of the granitic segregation and aplitic dyke, all samples are
ferroan, with high contents of Ti, P, K, and high field strength elements (HFSE).
The SiO2 content of the granitic segregation and the aplitic dyke exceeds 70 wt%,
ranges from 59.3 to 62.4 wt% in the Main Intrusion, from 55.4 to 59.2 wt% in the
Marginal Unit, and from 47.2 to 56.3 wt% in the MME. In the classification of
Frost et al. (2001), the intrusion is ferroan with an alkali-calcic affinity (Fig. 12).
The rocks are metaluminous and form a roughly linear trend of increasing A=CNK
(0.74–0.98) with increasing SiO2. Fluorine was analysed in one sample from each
of the major rock units, including the Marginal Unit, the Main Intrusion and the
granitic segregation. All three samples have high F contents, ranging up to
0.9 wt%. The high contents of F, Fe and HFSE shown by the intrusion are typical
for A-type or AMCG-type granitoids (e.g. Whalen et al., 1987; Sallet, 2000; Frost
et al., 2002). The ferric iron content was analysed in the same three samples. The
ferric=ferrous ratio, which is dependent on the oxidizing state, shows increasing
values with increasing SiO2.

In Harker diagrams of major and trace elements the evolution of the Vinga
rocks define trends that can be divided into three segments, separated by kinks in
the diagrams (Fig. 13). The first segment represents the evolution from the
Marginal Unit to the more mafic end of the Main Intrusion, the second the evolu-
tion within the Main Intrusion, and the third the evolution towards the granitic
segregation. The Marginal Unit is characterised by higher contents of MgO, Fe2O3,
TiO2, CaO, Al2O3, Ni, and Sr than the Main Intrusion, but lower K2O, Rb, Ba, Eu,
Th, Ce, Y, Nb, and Fe#, and approximately equal amounts of Na2O, P2O5, and Zr.
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The compositional variation within the Main Intrusion and further to the granitic
segregation is characterized by decreasing MgO, Fe2O3, TiO2, CaO, Al2O3, P2O5,
Ni, Sr, Eu, Sr, Ce, Y, and Nb, but increasing K2O, Rb, Ba, Zr, Th, and Fe#.

The chemistry of the Vinga intrusion is compared with that of the mafic,
penecontemporaneous, late Sveconorwegian Hakefjorden Complex (HFC) rocks
and the Göteborg dykes (Fig. 13). The HFC rocks are separated into norites and
the generally more evolved monzonorites (Åreb€aack, 2001). The Göteborg dykes
are distinct from the HFC because of their high Al2O3, Na2O, Sr, and low Zr
contents.

MMEs define trends separate from those between the Main Intrusion and
Marginal Unit, having elevated contents of LILE, and a few HFSE (Fig. 13).
The most basic Vinga-MME resembles the HFC-norite with some exceptions,
e.g. Fe, Rb, and Eu, which are higher in the Vinga enclave. The MMEs appear
to form an indistinct trend plotting roughly between the more evolved part of the
HFC-norites and the Vinga Main Intrusion.

The composition of the aplitic dyke is notably different from the granitic seg-
regation in terms of Na2O, K2O, P2O5, Zr, Rb and Ba (Fig. 13 and Table 4), and the
dyke shows geochemical similarity with the metasediments of SLM.

Fig. 12. Geochemical classification of granitoid rocks according to Frost et al. (2001). For
comparison, rocks from the Hakefjorden Complex are included. (a) Plot of SiO2 vs Fe#
(Fe2O3tot=(Fe2O3tot þMgO) showing the ferroan nature of the Vinga intrusion. (b) Plot
of SiO2 vs. MALI (modified alkali lime index; Na2OþK2O–CaO) displaying the alkali-
calcic affinity of the intrusion
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The � REE contents are 350–377 ppm in the Main Intrusion and 282–336 ppm
in the Marginal Unit, 225–367 ppm in the MME, and 170 ppm in the aplitic dyke.
Chondrite-normalised REE patterns (Fig. 14) for the Main Intrusion, the Marginal
Unit and the granitic segregation are subparallel, with moderate enrichment of
LREE relative to HREE [(La=Yb)n¼ 6.4–8.3], suggesting that no HREE-retaining
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phase (e.g. garnet) was present in the source after melting. All rocks of the intru-
sion (except some MMEs) display negative Eu anomalies (Eu=Eu� ¼ 0.71–0.87).
The MMEs on the other hand, show both slightly positive and negative Eu anoma-
lies (Eu=Eu� ¼ 1.23–0.77), compatible with a wide range in modal plagioclase
contents (Fig. 14). The granitic segregation differs from the other samples by its
slightly lower content of intermediate REE.

U–Pb geochronology

More than hundred zircon crystals with skeletal morphology were recovered from
sample 107. This sample represents the same rock type as was collected by Åh€aall
and Schöberg (1999), which yielded a highly discordant U–Pb zircon age of
963� 17 Ma (2�; MSWD¼ 1.3) by conventional TIMS analysis. These authors

Fig. 14. REE patterns of the Vinga intrusion samples. Data are normalised to chondrite
values of Taylor and McLennan (1985)

1
Fig. 13. Harker variation diagrams for selected major and trace elements of the Vinga
intrusion. Compositional fields for the Hakefjorden complex (HFC) and the Göteborg
dykes have been included for comparison (Åreb€aack, 1995; Hellström et al., 2004;
Johansson, 1997). The compositional evolution of the Vinga rocks can be separated into
three segments, as indicated in the CaO diagram: (1) From the Marginal Unit to the Main
Intrusion, characterised by the separation of ortho- and clinopyroxene, Fe–Ti oxides and
plagioclase, (2) in the Main Intrusion the melt becomes saturated in apatite, which is
removed together with plagioclase, clinopyroxene, oxides and amphibole, and (3) rep-
resents the removal of residual melt of the granitic segregations from a crystal mush of the
phases in (2). The fractionating assemblage does not contain zircon, biotite, or K-feldspar.
Extensions of the trends do not result in a defined mafic end member. The MMEs represent
variable mixtures of a mafic end member similar to the HFC norites and the Vinga Main
Intrusion. Rb and K2O diagrams show that they have been subjected to selective fluid
enrichment of LILE from the host rock. The aplitic dyke has geochemical similarities with
the SLM metasediments
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described zircons from their concentrate as ‘ . . . euhedral and elongate with aspect
ratios of �40 with some grains having ‘ . . . irregular surfaces or even corroded
appearance’. Surprisingly, only one such prismatic crystal was found among the

Table 5. Ion microprobe U–Th–Pb data for skeletal zircons of Vinga sample 107 (Swedish national grid
639800=124840; latitude 57038.195200=longitude 11035.482500)

Crystal [U] [Pb] Th=U f206
a Isotopic ratios Ages (Ma)b Discc

ppm ppm % 206Pb=238U �� 207Pb=206Pb ��% 206Pb=238U 207Pb=206Pb
%

5 848 174 0.69 0.04 0.1598 2.05 0.07078 0.3 956 � 18 951� 7
6 321 64 0.77 0.14 0.1533 2.06 0.06774 0.8 919 � 18 861� 15 0.2
15 201 39 0.52 0.06 0.1563 2.06 0.07036 0.7 936 � 18 939� 13
31a 1310 278 0.76 <0.01 0.1634 2.06 0.06918 0.7 976 � 19 904� 15 1.6
31b 3413 530 1.30 0.50 0.1062 2.14 0.06410 0.8 650 � 13 745� 16 �6.2
63a 1023 224 0.85 0.01 0.1649 2.05 0.07000 0.4 984 � 19 928� 7 1.4
63b 1328 294 0.93 0.01 0.1637 2.05 0.07037 0.4 977 � 19 939� 8
63c 1959 441 1.01 0.01 0.1634 2.10 0.07079 0.2 976 � 19 951� 5
80a 820 170 0.69 <0.01 0.1617 2.05 0.07106 0.3 966 � 18 959� 7
80b 1484 241 0.96 0.32 0.1192 2.07 0.06651 0.5 726 � 14 822� 9 �7.5
89 437 85 0.53 1.10 0.1587 2.06 0.06919 0.9 949 � 18 904� 17
108 1148 232 0.46 0.01 0.1672 2.06 0.07055 0.3 997 � 19 944� 6 1.1

a Percentage of 206Pb contributed by common 206Pb, estimated from measured 204Pb assuming Stacy and Kramers
(1975) model
b Errors on ages are 1�
c Degree of discordance; positive numbers are reverse discordant. Blanks indicate concordance within 2�

Fig. 15. Tera-Wasserburg diagram showing analytical data for skeletal zircons from sam-
ple 107. Shaded error ellipses indicate concordant analyses; the striped error ellipse is their
weighted mean or concordia age. Error ellipses are 1�; concordia tick marks are every
50 Ma
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skeletal zircons of sample 107. Back-scattered electron and cathodoluminescence
images of the skeletal zircons reveal that they are rather structureless, apart from
occasional, vague angular growth zoning (Fig. 7a), or irregular, back-scattered
electron-dark embayments. The single prismatic crystal preserves a distinct oscil-
latory zoning, typical of magmatic crystallization.

Judging from textural relationships, skeletal zircons are associated with inter-
stitial phases such as quartz and K-feldspar, and therefore must have crystallised
from the magma. These zircons should constrain the emplacement age for the
Vinga intrusion. Twelve ion microprobe (SIMS) U–Th–Pb analyses were performed
on 8 skeletal fragments (Table 5). Except for some indication of Pb loss in analyses
31b and 80, these data are mostly near-concordant within error (Fig. 15). For the six
concordant analyses, a 207Pb=206Pb-238U=206Pb concordia age (Ludwig, 1998) of
951� 7 Ma (2�; MSWD¼ 1.8) was obtained, which is considered the best estimate
of the crystallization age of this sample.

Estimates of crystallisation conditions

Pressures and temperatures were estimated for the different units where appropriate
mineral assemblages occur are summarised in Table 6. The pressure of emplacement
crystallisation is estimated to be �2 kbar using the temperature-corrected Al-in-
hornblende barometer of Anderson and Smith (1995). For temperature estimates,
the two-pyroxene QUILF thermometer (Ca partitioning; Anderson et al., 1993), the
amphibole-plagioclase thermometer of Holland and Blundy (1994) and the zircon
and apatite saturation thermometers of Watson and Harrison (1983) and Harrison
and Watson (1984) were used. For the amphibole-plagioclase thermometer, the
calibration reaction edeniteþ 4 quartz¼ tremoliteþ anorthithe was used. A pres-
sure of 2 kbar was assumed for the amphibole-plagioclase thermometer and 5 kbar
for the two-pyroxene thermometer. P–T was also estimated using clinopyroxene-
liquid thermobarometers calibrated for basic to silicic compositions by Putrika
et al. (2003).

Two-pyroxene temperatures of 1015� 20 �C were determined for the Marginal
Unit, whereas the pyroxenes in the MME and the CPM yielded lower temperatures
of equilibration, 880� 10 �C and 870� 50 �C, respectively. The clinopyroxene
geobarometer of Nimis (1999), based on structural and chemical response to pres-
sure variations, was applied to core and rim compositions from the Marginal Unit
(T¼ 1015 and 950 �C, respectively). The compositions of the Vinga rocks are close
to those used to calibrate the barometer for ‘mildly alkaline’ (MA) systems, and
yield results consistently in the range 4.0–6.0 kbar. Similarly, the clinopyroxene
thermobarometer calibrated for compositions up to SiO2¼ 71% by Putirka et al.
(2003) yielded maximum pressures in the range 4.6–6.6 kbar for rocks in the
Marginal Unit and the MME, and temperatures of 1090–1100 �C. These data indi-
cate subemplacement pressures for early pyroxene crystallization, at mid-crustal
depths of 15–20 km. Additionally, certain clinopyroxenes, e.g. in the CPM, in-
dicate crystallization during emplacement at pressures as low as 2.0–0.7 kbar
and 1050 �C. The composition of the clinopyroxenes and whole rocks yielding
these results generally satisfies the test according to the clinopyroxene saturation
model of Putirka (1999).
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Results from the amphibole-plagioclase thermometer using hornblende and rim
composition of coexisting plagioclase (oligoclase) suggest an average temperature
of 785� 35 �C in the Main Intrusion and in the Marginal Unit, about 800 �C in the
CPM and about 750 �C in the granitic segregations. Using the bulk chemistry, the
method of zircon saturation in melts gives an average temperature of 829� 11 �C
in the Main Intrusion, 809� 5 �C in the Marginal Unit (geochemical M-parameter
of Watson and Harrison (1983) range 1.9 to 2.3) and �910 �C in the granitic
segregation. However, since rocks of both the Marginal Unit and Main Intrusion
contain an appreciable amount of solid material that increases the M-parameter
(mainly an effect of lowering the Si content), the saturation temperatures may be
underestimated. Assuming that the composition of the granitic segregation (M-
parameter¼ 1.52) represents a melt composition which approaches that present
also within the other units, results in a average temperatures of 871 and 872 �C
for the Marginal Unit and Main Intrusion, respectively (Table 6).

Calculated average saturation temperatures for apatite (after Harrison and
Watson, 1984; Piccoli and Candela, 2002) are significantly higher than those for
zircon, 954 and 994 �C for the Marginal Unit and Main Intrusion, respectively
(Table 6). However, using the composition of the granitic segregation as an ap-
proximation of the melt composition (and that all P is dissolved in the melt) result
in average saturation temperatures around 1100 �C.

It is important to note that there is no single crystallisation temperature for
a plutonic rock since minerals are crystallizing over a considerable temperature
interval. In our case, the clinopyroxene-liquid and two-pyroxene thermometers
yielded the highest equilibrium temperatures (1015–1100 �C) estimating condi-
tions closest to the liquidus for the Marginal Unit, whereas the amphibole-plagio-
clase temperature of the Main Intrusion, Marginal Unit, and granitic segregation
(750–800 �C) represent conditions closer to the solidus (see Discussion).

Discussion

Evidence at variance with an origin by magma mixing, assimilation,
or fractionation from a mafic precursor

In this section we argue against formation of the Vinga suite of rocks by: i) magma
mixing, ii) assimilation or, iii) extensive crystal fractionation from a mafic parental
magma. Instead, we will propose a model for crustal melting and an overlapping
shift from unmixing to crystal fractionation to account for the evolution of the
Vinga suite.

i) Assuming that the semi-contemporaneous late Sveconorwegian Göteborg
dykes and the norites-monzonorites of the Hakefjorden complex represent possible
variations in associated mafic magma compositions (in the absence of any suitable
mafic rocks in the Vinga complex), the rocks of the Marginal Unit should form
linear arrays between a specific mafic end member and the more felsic rocks of the
Main Intrusion if magma mixing had occurred. This is not the case. Linear trends
through the Marginal Unit extrapolate alternatively to the compositions of the
Göteborg dykes, HFC-monzonorites or norites for different elements (Fig. 13).
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Thus, no unique mafic end member can be defined. For example, the trends in the
diagrams of Nb and Ni extrapolate to very primitive mafic end member compositions
(more primitive than sampled in the HFC), whereas the Zr and TiO2 trends extrapolate
to Zr- and Ti-rich evolved compositions. Moreover, there is a distinct geochemical gap
between the relatively homogeneous composition of the Marginal Unit and possible
mafic end member compositions, rather than a continuous trend, which is expected
from a magma mixing process. Similarly, the most mafic magmatic enclave does not
consistently lie on a linear extension from the Vinga rocks, and hence, does not qualify
as a mafic mixing end member. Although this geochemical evidence does not preclude
the existence of an unknown mafic end member of the required composition, it does
not favour such a model. Such an end member would have a composition at SiO2¼
50 wt% of approximately: TiO2¼ 4%, Al2O3¼ 16%, Fe2O3t¼ 13%, MnO¼ 0.2%,
MgO¼ 5.5%, CaO¼ 6%, Na2O¼ 3.5%, K2O¼ 2%, and P2O5 0.6%, Sum¼ 100.7%,
with Ni¼ 120 ppm, Cr¼ 200 ppm, Rb¼ 25 ppm, Nb¼ 15 ppm, Zr¼ 500 ppm, Y¼
25 ppm, Th¼ 2 ppm and Eu¼ 2 ppm. The major element compositon is similar to
some ferrodiorites (e.g. Mitchell et al., 1996), but the high contents of Ni, Cr in
combination with e.g. high Zr does not define a plausible mafic endmember.

Even though magmatic enclaves (chilled droplets of mafic-intermediate mag-
mas) are numerous in the intrusion, and clearly suggest mingling of mafic to hybrid
magmas with the Vinga rocks, the composition of these enclaves is completely
different from that of the trend of the host rocks. The mafic enclaves appear to
roughly form a separate trend of hybridization between a mafic end member,
similar to the more evolved members of the HFC-norites and a felsic end member
close to the composition of the Vinga Main Intrusion host (sketched in Fig. 13).
However, with respect to the mafic end member the enclaves are enriched in K and
particularly Rb; a feature that has been observed for many enclave suites and has
been ascribed to selective enrichment through volatile transfer from the host gran-
itoids and biotite formation (e.g. B�eedard, 1990; Orsini et al., 1991; Stimac et al.,
1995). Furthermore, field evidence for disaggregation of enclaves and associated
hybridization with the host is lacking.

The abundance of non-igneous enclaves (quartz fragments, coarse feldspar-
dominated enclaves, and gneissic xenoliths), showing evidence of disequilibrium
and reaction with the magma, cannot be fitted into a model of mixing between two
magmas. Rather, these represent partially melted crustal source material and=or
partially assimilated wall rock contributions. The large and abundant CPMs in the
Vinga rocks are a textural feature that is not easily accommodated in a model of
magma mixing. Rapid growth of plagioclase in a mixed system should yield main-
ly euhedral, skeletal growth forms (e.g. Lofgren, 1974, 1980; Landi et al., 2004). It
would theoretically be possible to obtain similar textural forms if the felsic magma
just prior to the mixing event contained abundant large plagioclase crystals of a
more albitic composition than that in equilibrium with the mixed magma, and if
very extended plutonic re-equilibration times were available. However, in a mixed
system, relatively fast overgrowth of new plagioclase of more anorthitic composi-
tion would tend to shield (e.g. Nakamura and Shimakita, 1998) and preserve the
albite-rich parts in core areas (cf. e.g. Andersson and Eklund, 1994). The presence
of identical CPMs in the coarse-grained feldspar-dominated enclaves support the
argument that the CPMs did not form in a mixing system.
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ii) In view of the large amounts of non-igneous enclaves in the Vinga magmas,
dominantly quartz fragments, quartz ocelli, or quartzites that ubiquitously show
reaction rims of amphibole, one would expect an important element of assimilation
of metasedimentary rocks in the evolution of the magmas. However, the geochem-
ical trends of the Vinga magmas lends no support for major assimilation, at least
not of rocks similar to the local SLM metasediments (Fig. 13). Extension of the
Vinga trends to high SiO2 contents deviates substantially from the composition of
the SLM metasediments for, e.g. Al2O3, MgO, K2O, Rb, and Zr. In addition, the
persistent metaluminous and alkali-calcic Vinga geochemistry is not in accordance
with a major influence of assimilation of metasediments. Thus, these xenoliths and
xenocrysts have been engulfed in the magma and partly reacted with it, but not
assimilated extensively; all probably took place at the emplacement or subempla-
cement levels.

iii) Extended crystal fractionation from ferrodioritic (jotunitic) magmas has
been advocated as the process for yielding the entire range of magma compositions
in AMCG-complexes up to granite, supplemented by some crustal assimilation
(e.g. Scoates et al., 1996; Duchesne and Wilmart, 1997; Frost et al., 2002;
Bolle et al., 2003; Vander Auwera et al., 2003). The rocks of the Vinga Marginal
Unit have higher or equally high abundances of Ni and Cr as the evolved rocks of
the HFC (but lower MgO), as well as lower or equal amounts of, for example, Nb,
Y, REE, Zr, and Ba (Figs. 13 and 14). This effectively precludes fractionation of fer-
romagnesian silicates from such parental magmas. Additionally, Na2O, Al2O3, and
Sr are higher in the Marginal Unit than in the more evolved HFC rocks, while CaO
and Eu are lower. This does not allow a relation by plagioclase fractionation, and
leaves only oxides and accessory minerals as possible fractionating phases.
However, the decrease in CaO and MgO is not consistent with oxides dominating
the fractionating assemblage, and no combination of accessory minerals can ac-
count for such trends. Another argument against the Vinga rocks evolving by
extended fractionation from Fe-enriched jotunites is that this would lead to even
stronger Fe-enrichment (e.g. Anderson et al., 2003; Scoates and Chamberlain,
2003). In contrast, the Vinga rocks and minerals are significantly less Fe-enriched
compared with evolved, intermediate rocks from HFC (Fig. 12; Åreb€aack, 2001)
and other AMCG-complexes (cf. e.g. Emslie and Stirling, 1993: Duchesne and
Wilmart, 1997; Markl et al., 1998; Anderson et al., 2003). In addition, the devel-
opment of CPMs, as those present in Vinga, have not been reported in extensively
fractionated rocks from AMCG suites, nor is the texture expected to develop during
normal fractional crystallization, but typical for environments of strong disequilib-
rium. However, crystal fractionation did occur within the Vinga magma following
unmixing, but we argue that the former process is not the main mechanism for the
origin of the Vinga parental magma.

Melting of metaluminous intermediate-granitic crustal sources

During melting of intermediate, metaluminous rock compositions, the liquidus
temperatures are substantially higher in systems with low fH2O (e.g. Whitney,
1975; Johannes and Holtz, 1996), and the temperature interval between the solidus
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and liquidus may exceed 300 �C (from <700 to >1000 �C; e.g. Wyllie, 1977).
Water-saturated conditions are normally expected only at, or immediately above
the solidus, giving way to increasing water dilution and undersaturation upon
continued heating and melt formation (e.g. Johannes and Holtz, 1996). Among
the felsic phases, plagioclase is normally the most refractory and quartz has typi-
cally the second highest thermal stability, particularly for calc-alkaline composi-
tions (e.g. Conrad et al., 1988; Pati~nno Douce and Beard, 1995; Skjerlie and
Johnston, 1996; Singh and Johannes, 1996). At pressures of the lower-middle crust,
and temperatures above ca. 850–900 �C, experiments show that ortho- and=or
clinopyroxene form at the expense of biotite and amphibole (and any minor garnet)
as ferromagnesian silicates in partially molten granitoids of metaluminous, calc-
alkaline to alkali-calcic compositions (e.g. Naney, 1983; Conrad et al., 1988;
Skjerlie and Johnston, 1993, 1996; Pati~nno Douce and Beard, 1995; Singh and
Johannes, 1996). This leaves a high-temperature assemblage of the major phases
clinopyroxeneþ orthopyroxeneþ plagioclase� Fe–Ti oxides� quartz in equilibri-
um with a water-undersaturated melt, which is in agreement with the observed
paragenesis and textural relations in the Marginal Unit of the Vinga intrusion
(except for quartz). Such development during progressive heating of calc-alkaline
crustal rocks has also been observed in natural examples (e.g. Bacon, 1992).

The temperature recorded by the clinopyroxene-liquid and two-pyroxene ther-
mometry (>1000 �C) of compositions in the Marginal Unit (Table 6) supports the
high-temperature nature of this magma. Such elevated temperatures in the crust
result in a large proportion of anatectic melt (cf. Skjerlie and Johnston, 1996),
leaving residual pyroxenes, plagioclase, and possibly some quartz to re-equilibrate.
Hence, the pyroxenes are inferred to record a minimum estimate of the temperature
conditions during melting in the source, as re-equilibration during slow cooling
may have occurred in the source area before emplacement, and this is corroborated
by the clinopyroxene barometry (mid-crustal depths). The lack of garnet and the
HREE depletion in the Vinga rocks give additional support of a mid- rather than
deep-crustal generation (<10 kbar; e.g. Pati~nno Douce and Beard, 1995; Singh and
Johannes, 1996; Skjerlie and Johnston, 1996). Such elevated temperature conditions
in the crust can only be attained as a result of an extra heat supply from the mantle,
most probably in the form of mafic magma underplating or intraplating. Late
Sveconorwegian mafic intrusions are well-known in the area (Åreb€aack, 2001;
Hellström et al., 2004), as well as in SW Norway, where they are also associated with
considerable amounts of mangerite to charnockite (e.g. Duchesne and Wilmart, 1997).
Åreb€aack and Andersson (2002) estimated a mid-crustal intrusion level (4–6 kbar) for
the Hakefjorden norite-anorthosite complex situated just 35 km to the north.

The relatively low temperatures (805–830 �C) calculated from the zircon satu-
ration thermometry, together with the skeletal nature of the zircon crystals, indicate
that the melt was undersaturated with respect to zircon at the elevated temperatures
(>1000 �C) calculated for the Vinga magmas. A comparison with the experiments
indicates that Zr contents need to be in excess of 2000 ppm for zircon to be sat-
urated at 1000 �C for compositions such as those of the Vinga magmas. Moreover,
using the composition of the the granitic segregation as an approximation of the
melt composition also for the more mafic Vinga magmas results in appreciably
higher saturation temperatures (ca. 870 �C), but still considerably lower than the
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pyroxene temperatures. This demonstrates that all zircon was dissolved in melt at
1000 �C and that zircon present in a metaluminous source should become ex-
hausted, which is supported by the very few identified inherited grains. This is
in agreement with the model proposed by Miller et al. (2003) for the generation of
‘hot’, Zr-rich, but Zr-undersaturated granitoids. In addition, the relatively even Zr
content (415–470 ppm) among the main Vinga rocks (except the late stage granitic
segregations and dykes) is in accordance with complete solution and even distri-
bution of Zr in the melt phase. The relatively high F contents in the Vinga magmas
may have contributed to zircon dissolution during melting, but even higher con-
tents are needed to affect zircon solubility (Keppler, 1993; Baker et al., 2002).

The metaluminous composition of all the Vinga rocks fulfils the criteria for the
application of the apatite saturation thermometer of Harrison and Watson (1984).
Assuming that the melts in the Vinga magmas had compositions somewhere be-
tween that of the Main Intrusion and granitic segregation suggests that apatite
became saturated between 1000 and 1100 �C (Table 6), indicating that apatite may
not have become entirely melted out of a metaluminous source.

Interpretation of the complex plagioclase megacrysts (CPMs)

During melting of crustal lithologies, plagioclase is a refractory phase (e.g.
Johannes and Holtz, 1992, 1996, and references therein). Heating experiments
and observations of natural partially melted quartzo-feldspathic rocks invari-
ably show that plagioclase responds to elevated temperatures by partial dis-
solution=melting following crystallographically-oriented zones of weakness (e.g.
Tsuchiyama and Takahashi, 1983; Tsuchiyama, 1985; Kaczor et al., 1988; Petcovic
and Grunder, 2003). The crystals dissolve and new plagioclase with higher Ca-
content, approaching the equilibrium composition at the elevated temperature of
the system, begins to precipitate along the dissolution boundaries (e.g. Johannes,
1989; Johannes et al., 1994; Nakamura and Shimakita, 1998). Given enough time
in a plutonic environment, heating to a temperature considerably above the solidus
(but below the upper thermal stability of plagioclase), the entire original crystal may
be completely replaced by a coarse, sieve-like, cellular grain, with a rounded irreg-
ular outline, whose composition is significantly enriched in the An-component.

We interpret the inner parts of the cells in the Vinga CPMs to represent plagio-
clase equilibrated at temperatures approaching the thermal maximum at the depth
of magma generation. Only the most Ca-rich plagioclase and Mg-rich pyroxenes
retain compositions approaching the thermal peak of the melting event (>1000 �C).
Relatively stable conditions at elevated temperatures (e.g. during underplating)
allowed for the slow dissolution of large protolith plagioclases and replacement
by coarse Ca-enriched cellular grains (Fig. 10), and Na-enriched melt. The pres-
ence of identical plagioclases in the coarse, feldspar-dominated enclaves provides
independent evidence for the formation of the CPMs by high-temperature dissolu-
tion as outlined above. This type of orthogranitoid enclave may in fact resemble the
protolith lithology for the Vinga magmas, though presumably somewhat too felsic.

Åreb€aack and Andersson (2002) observed the presence of similar patchy, cellu-
lar-type plagioclases that formed in conjunction with partial melting in the con-
tact aureole of the late Sveconorwegian HFC at metamorphic conditions of 890–
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1015 �C and a pressure below 6 kbar. These cellular plagioclase grains are com-
posed of a Ca-rich phase in the core, inferred to be in equilibrium during the high-
temperature metamorphism and partial melting, and a more Na-rich phase at the
rim that crystallized from the anatectic melt upon cooling. This textural evidence,
suggests that complex plagioclase megacrysts can form during high-temperature
melting of greywacke-type sediments as well, such as those of the SLM.

The preservation of well-developed plagioclase textures with their composi-
tional zoning was made possible by the emplacement of the intrusion at essentially
subvolcanic levels, 1–2 kbar as recorded by the Al-in-Hbl and Cpx-liquid barome-
try and miarolitic cavities. Slow cooling and re-precipitation of continuously more
Na-rich plagioclase may, however, have started at depth. The drop in pressure and,
in particular, the rapid cooling at the emplacement level resulted in the infilling of
the CPMs as well as a rapid nucleation and growth of matrix plagioclase. Melt
portions filling the voids in the sieve-like plagioclase crystallized as mafic miner-
als, quartz and K-feldspar. The composition of these mafic mineral inclusions is
comparable to the rim composition of equivalent matrix minerals, suggesting that
they were formed from the same melt. During emplacement, at relatively high
temperatures, the Ca-rich rims began to develop around the CPMs, followed with-
out interruption by the normal zoning of the rims and matrix plagioclase. The Na-
enriched melt, trapped within the CPMs, also started to reprecipitate onto the Ca-
enriched domains and continuously grew with normal zonation (Fig. 16). At this
stage plagioclase commonly developed a boxy skeletal growth texture (Fig. 10; cf.
Johannes et al., 1994; Hibbard, 1995; Nakamura and Shimakita, 1998).

Related magmatism

Other exposed late Sveconorwegian magmatic complexes in the nearby region are
represented by the Iddefjord-Bohus granite complex (Eliasson et al., 2003), the
Hakefjorden Complex (Åreb€aack, 2001), and the Göteborg dykes (Hellström et al.,
2004) (Fig. 1). The latter two represent mafic magma input serving as potential
heat sources for partial melting of the crust. In south Norway, the Rogaland
Intrusive Complex contributed a major pulse of mafic magma input in late
Sveconorwegian time (e.g. Sch€aarer et al., 1996; Duchesne, 2001; Andersen and
Griffin, 2004).

Fig. 16. Microprobe traverse
through part of a CPM showing
the variation in An-content. The
variation of An-content in the
cellular core is about the same
as in the normally zoned rim.
Sample 107. For traverse loca-
tion see Fig. 11a
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The Iddefjord-Bohus granite complex intruded mainly the metasediments of
the Stora Le-Marstrand formation at 920� 5 Ma (Eliasson and Schöberg, 1991). It
has imposed contact metamorphic assemblages that indicate an intrusive depth of
about 15 km. A derivation from mixed ortho- and paragneisses during post-colli-
sional extensional collapse has been proposed (Eliasson et al., 2003).

The Rogaland Intrusive Complex (RIC) is one of the best studied AMCG com-
plexes worldwide (e.g. Duchesne, 2001). It crops out over an area of ca. 1750 km2

and comprises major massif-type anorthosites, one large layered intrusion, major
granitoid intrusions (granodiorite to charnockite) and numerous jotunitic to quartz
mangeritic dykes (e.g. Duchesne, 2001, and references therein). It has been sug-
gested that the jotunitic magmas (monzonorites) of RIC were derived from crustal
sources by partial melting of basic rocks, coeval but not comagmatic with massif-
type anorthosites (Duchesne et al., 1989; Bolle et al., 2003). According to Sch€aarer
et al. (1996) the RIC intruded the crust in a post-collisional setting at 932–920 Ma.
However, recent data from zircons in the RIC indicate a crystallisation age of
949� 7 Ma, suggesting a duration of the magmatism from ca. 950 to 920 Ma
(Andersen and Griffin, 2004). As in the case of many other massif-type anorthosite
complexes, a polybaric crystallisation history has been inferred for RIC; from a
deep seated magma chamber (at 11–13 kbar) up to mid-crustal depth (�5 kbar)
(e.g. Duchesne et al., 1985; Longhi et al., 1999).

The 935� 3 Ma Göteborg dykes, east of Vinga, are a set of about 20 widely
spaced WNW to W trending mafic dykes west of the Göta €AAlv Shear Zone in SW
Sweden (Fig. 1; Hellström et al., 2004). Unlike the Vinga intrusion (and the HFC,
described below) most of these dykes contain olivine (Hellström et al., 2004),
which indicates that they are not as silica saturated as the former intrusions. The
dykes are rich in Ti, K and P, and have a monzogabbroic composition. Hellström
et al. (2004) proposed a common source-type for all the high Ti–K–P, mafic, late
Sveconorwegian magmatic rocks in southern Scandinavia, including the RIC, HFC,
and Göteborg dykes, although this can be questioned since the Göteborg dykes
contain olivine.

The ca. 915 Ma Hakefjorden complex (HFC) is a Fe–Ti–P–K-rich norite-mon-
zonorite intrusion (jotunitic), 5�1 km in size, with numerous blocks of anorthosite,
trending W to WNW, (Fig. 1). The HFC, which shows similarities with Proterozoic
massif-type anorthosites, has evolved through deep-crustal (high pressure) frac-
tional crystallisation which produced anorthositic and ultramafic cumulates, fol-
lowed by mid-crustal norite-monzonorite crystallisation; (Åreb€aack, 1995, 2001;
Åreb€aack and Stigh, 1997, 2000).

Proposed petrogenetic model

Coarse, plagioclase-bearing source lithologies, presumably quartz monzonite to
quartz monzodiorite (cf. starting compositions in the experiments of Pati~nno
et al., 1995) of metaluminous, alkali-calcic composition at mid crustal depths
(15–20 km) crust were underlain by hot, mantle-derived magmas, similar to other
Sveconorwegian mafic intrusions (cf. Åreb€aack, 2001), in conjunction with the late
Sveconorwegian post-collisional tectono-magmatic event (Fig. 17). The ponding
of mafic magma caused the temperature rise to >1000 �C. At such elevated tem-
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peratures the metaluminous source was extensively melted. Plagioclase, ortho- and
clinopyroxene, and Fe–Ti oxides (�apatite) survived, while all other phases dis-
solved in the melt, including zircon. Bacon (1992) reported a similar case of crustal
melting, however, at much shallower level, and postulated that in deeper melting
zones the longer duration of heating would affect larger volumes and approach
equilibrium. The large plagioclase crystals in the source rock began to dissolve,
developing the cellular structure of the CPMs. The negative Eu anomaly for all
rocks may indicate that some plagioclase should have remained in the source.

The composition of the Marginal Unit in comparison with the Main Intrusion
represents a higher proportion of residual (restite) minerals in the former, and
higher proportion of melt in the latter. Evidence for this is that the mineral phases
that define the trends between the Marginal Unit and the Main Intrusion are those
expected to remain residual or in equilibrium with a melt at �1000 �C at bulk
compositions represented by the Vinga magmas, i.e. ortho- and clinopyroxene,
Fe–Ti oxides, and minor plagioclase. The fractionation of these residual phases

Fig. 17. Schematic sketch of the evolution of the Vinga intrusion. (a) A mafic, mantle-
derived magma body, presumably similar to the HFC in composition, is emplaced at c.
20 km depth and induces melting of the crustal lithologies. The partially molten crustal
rocks largely consist of alkali-rich, intermediate metaigneous rocks, containing relatively
large plagioclase crystals. (b) The plagioclase develops into partially dissolved cellular
megacrysts. Both the crustal and the mantle magmas differentiate into upper, more evolved
and melt-enriched, and lower crystal-enriched layers. (c) Mingling of evolved mafic mag-
ma into the Vinga rocks as MMEs, and triggering of eruption to upper crustal levels, where
textural and compositional features are preserved by rapid crystallization. Metasedimentary
enclaves are engulfed and local melting results in aplitic back-veining of the intrusion.
MI Main Intrusion, MU Marginal Unit
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(‘restite unmixing’) is reflected by the steeply decreasing contents of MgO, Fe2O3,
TiO2, Ni, and less steep decrease of CaO, Sr, Na2O, and steeply increasing Fe#,
with increasing SiO2 in the Harker diagrams (Fig. 13). The opposite trends for
other elements reflect their partitioning into the melt phase.

At the composition of the most mafic rocks of the Main Intrusion a distinct
inflection point, observable for most elements, marks the onset of a trend with
different slope. This slope is less steep for particularly MgO, and Ni, reflecting
the absence of orthopyroxene for this trend, while clinopyroxene and oxides per-
sist. Steepened trends for CaO and Sr emphasize the increased importance of
plagioclase removal. The shift to a slightly upward trend for Na2O is most probably
related to progressive partial melting of the CPMs, with the melt becoming
enriched in Na and the residual plagioclase in Ca.

In the Main Intrusion, P2O5 and REE decrease with SiO2, giving evidence for
the beginning of crystallization and removal of apatite from the melt, which could
have started already at temperatures >1000 �C according to the apatite saturation
thermometry (Table 6). In contrast, Zr and Th increase, suggesting that the system
was not saturated with zircon at this stage. Similarly, the increases of K2O, Ba, and
Rb show that K-feldspar and biotite are not part of the assemblage that is progres-
sively removed from the magma. In fact, these components remain in the liquid
until the latest stage, represented by the granitic segregation (Fig. 13). The com-
position of the late stage magma of the granitic segregation indicates separation of
melt from a crystal mush consisting of clinopyroxene, plagioclase, Fe–Ti oxides,
apatite, and probably amphibole (decreasing Nb, deepening Eu anomaly, middle
REE most depleted, Figs. 13 and 14), but before major zircon crystallization as
shown by the high Zr content (637 ppm).

In terms of processes, there is thus a shift from the ‘unmixing’ of unmelted
(restite) phases early in the evolution, successively complemented and superseded
by crystallization from the melt and fractionation of newly formed crystals and
overgrowths on restite phases, and final separation of a residual liquid from a
crystal mush. This sort of overlapping shift from unmixing to crystal fractionation
may be much more common than previously recognized, particularly for crustal
magmas.

Thus, we propose the following model for the evolution of the Vinga suite: the
crustal magma started to differentiate at depth by the gravitational separation of
residual solids (restite unmixing) into a lower portion (the Marginal Unit) being
most enriched in solids, and an upper melt-enriched portion (the Main Intrusion)
(Fig. 17). Concomitant with progressive melting of plagioclase, differentiation
proceeded in the upper magma portion, at this stage involving also apatite crystal-
lization from the melt, while zircon remained undersaturated. The melt became
increasingly water-enriched and amphibole replaced clinopyroxene. The differen-
tiation caused stratification with the melt- and fluid-enriched, lower-density parts
on top. During withdrawal from the lower chamber the magmas preserved this
general stratification and spread out laterally at the emplacement level as observed
today (Fig. 17c).

The underplated mafic magma differentiated and the emplacement of the in-
trusion to upper crustal levels was triggered by the injection of a new pulse of
mafic magma from below and=or tectonically induced pressure release. Relatively
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evolved, Fe-rich portions of the uppermost layer of the underlying mafic magma
were entrained and chilled (MME), partly mixed, in the Vinga magma as mafic-
hybrid magmatic enclaves. The coarse, feldspar-dominated enclaves show signs of
rejuvenation and partial melting from heating – corroded crystals, cellular disso-
lution and precipitation of melt as granophyric mesostasis in and around the cor-
roded crystals. The CPMs distributed within the Vinga magmas originate from the
disaggregation of such material. The gneissic and quartzitic enclaves and most of
the quartz fragments represent more or less dissolved quartz-rich metasediments or
quartz veins from the upper crust, presumably from lithologies equivalent to the
surrounding SLM sedimentary formations (cf. Fig. 3a and b). This quartz-rich
material was out of equilibrium, partly dissolved, and reacted with the intermediate
Vinga magmas, developing reaction rims of amphibole (cf. Eklund and Lindberg,
1992).

During emplacement of the intrusion at subvolcanic levels (<7 km) the compo-
sitional differentiation was preserved as the intrusion spread out laterally and
formed the Main Intrusion and the Marginal Unit. Rapid crystallization of plagio-
clase from the Na-enriched melt caused a continous normal zoning of the CPM
cells and margins, as well as matrix plagioclases. The granophyric mesostasis,
particularly developed around larger crystals (e.g. CPMs and quartz; Figs. 7c
and 11) but also in the groundmass, is a result of rapid crystallization from the
undercooled melt upon emplacement (cf. Candela, 1997). This also includes skel-
etal growth of accessory phases from the melt, most notably zircon.

As the Vinga magma crystallized early anhydrous phases, the H2O content in
the melt rose and amphibole replaced pyroxene in the crystallizing assemblage,
together with biotite, particularly in the H2O-richer Main Intrusion (Fig. 7b). The
granitic segregations represent fluid-enriched late stage melt pockets. The aplitic
dykes, on the other hand, have many geochemical characteristics in common with
the SLM rocks (cf. Fig. 13), and are interpreted as melts formed in the metasedi-
mentary country rocks due to the heat from the Vinga intrusion, and that back-
veined the intrusion at late stage. The crystallisation of the magma at this high
crustal level is estimated from the clinopyroxene-liquid and amphibole-plagioclase
thermometer (using plagioclase rim compositions) to have begun above 1000 �C
and continued to at least 750 �C. The calculated temperatures and ubiquitous skel-
etal habit of zircon, apatite and pyrite clearly suggest crystallization upon rapid
cooling during emplacement, when the melt became saturated in solidus or near-
solidus phases below ca. 900 �C. This oversaturation and rapid growth of late stage
phases during the emplacement may have been enhanced by saturation and loss of
a vapour phase due to decompression (e.g. Lowenstern et al., 1997). Abundant
miarolitic cavities throughout the intrusion, most common in the granitic segrega-
tions, support exsolution of a magmatic volatile phase, and the low pressures of
emplacement (cf. Candela, 1997, and references therein).

Conclusions

1. The Vinga intrusion in SW Sweden comprises a suite of metaluminous, alkali-
calcic, intermediate (55–63 wt% SiO2) rocks. It contains a variety of enclaves,
including mafic microgranular enclaves, coarse-grained feldspar-dominated
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enclaves, quartz fragments and quartz-rich (gneissic) xenoliths of variable sizes.
Granitic segregations represent late stage residual magmas.

2. The emplacement age was determined by U–Pb zircon SIMS geochronology to
be 951� 7 Ma, overlapping within error with the previous U–Pb TIMS age of
963� 17 Ma (Åh€aall and Schöberg, 1999). This shows that the Vinga intrusion
belongs to an early pulse of late Sveconorwegian magmatism in SW Sweden
(otherwise 935–915 Ma; Eliasson and Schöberg, 1991; Scherst�een et al., 2000;
Hellström et al., 2004), which is identical within error of the most recent U–Pb
zircon dating of RIC (Andersen and Griffin, 2004).

3. The prominent porphyritic texture of the intrusion is dominated by large (<4 cm)
irregularly rounded complex plagioclase megacrysts (CPMs). These consist of a
coarse cellular network, where the cores of the cells are more calcic (An50–35)
compared with the margins (An30–22). The outer rims of the CPMs and matrix
plagiclase are normally zoned down to An22. Identical CPMs occur in the coarse,
feldspar-dominated enclaves. The CPMs are interpreted to result from high-tem-
perature partial dissolution, compositional readjustment, and reprecipitation of
original plagioclase grains from the protolith of the Vinga magma.

4. Pyroxene thermometry of the most mafic parts of the intrusion yielded tempera-
tures in excess of 1000 �C, interpreted to reflect minimum temperatures of the
source-melting event. Pressure conditions during melting, estimated from clin-
opyroxene compositions, are suggested to be mid-crustal, in the range 5–6 kbar.
Hornblende-plagioclase thermometry on late stage amphibole and rim plagio-
clase yielded 750–800 �C, and Al-in-Hbl barometry ca. <2 kbar, corresponding
to the high-level emplacement of the intrusion (<7 km). At 1000 �C, all Zr was
dissolved in the melt, and crystallisation proceeded rapidly during emplacement
below ca. 900 �C, as calculated from Zr saturation thermometry on skeletal
zircon.

5. We propose that the magmas of the Vinga intrusion were generated from heat-
ing associated with intraplated, mafic, mantle-derived magma in the middle
crust, from igneous, metaluminous, intermediate sources, containing abundant
relatively large plagioclase crystals of oligoclase=andesine composition. As the
temperature rose to>1000 �C, a major part of the source melted and only ortho-
and clinopyroxene, plagioclase, and Fe–Ti oxides remained in the magma. Melt
and solids differentiated gradually at depth, and the compositional stratification
was preserved during emplacement. During emplacement, crystallisation
resulted in normally zoned plagioclase and pyroxene crystals, biotite and am-
phibole precipitation, as well as rapid crystallisation of skeletal accessory mi-
nerals (zircon, pyrite and apatite) and granophyric mesostasis.

6. The following observations argue against alternative hypotheses: i) geochemical
trends that are inconsistent with mixing and no identifiable mafic end member;
ii) assimilation of metasediments does not explain the geochemical trends; iii)
no reasonable fractionating assemblage can account for the geochemical transi-
tion from possible mafic parental magmas to the Vinga rocks; iv) the relatively
low Fe-enrichment in the Vinga rocks and minerals, lower than in evolved rocks
of spatially and temporally related mafic complexes; and v) the formation of
large, rounded, cellular CPMs (by dissolution), and their presence in the coarse,
feldspar-dominated enclaves.
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Centre, Göteborg University B60

Kaczor SM, Hanson GN, Peterman ZE (1988) Disequilibrium melting of granite at
the contact with a basic plug: a geochemical and petrographic study. J Geol 96:
61–78

Keppler H (1993) Influence of fluorine on the enrichment of high field strength elements in
granitic rocks. Contrib Mineral Petrol 114: 479–488

Kolker A, Lindsley DH (1989) Geochemical evolution of the Maloin Ranch pluton,
Laramie anorthosite complex, Wyoming: petrology and mixing relations. Am Mineral
74: 307–324

Kuo LC, Kirkpatrick RJ (1982) Pre-eruption history of phyric basalts from DSDP legs 45
and 46: evidence from morphology and zoning patterns in plagioclase. Contrib Mineral
Petrol 79: 13–27

Landi P, M�eetrich N, Bertagnini A, Rosi M (2004) Dynamics of magma mixing and degassing
recorded in plagioclase at Stromboli (Aeolian Archipelago, Italy). Contrib Mineral Petrol
147: 213–227

Larsen LL, Smith EI (1990) Mafic enclaves in the Wilson Range pluton, northwestern
Arizona: implications for the generation of a calc-alkaline intermediate pluton in an
extensional environment. J Geophys Res 95: 17693–17716

Lindberg B, Eklund O (1988) Interactions between basaltic and granitic magmas in a
Svecofennian postorogenic granitoid intrusion, Åland, southwest Finland. Lithos 22:
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