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Granulite-facies contact metamorphic mineral assemblages developed in the aureole of the ca. 916 Ma Hakefjorden norite-anorthosite complex, 
SW Sweden. Outside the immediate contact, country rocks consisting of Mesoproteroroic meta-greywackes preserve a pre-intrusive, regional 
amphibolite-facies mineral assemblage of quartz, plagioclase, K-feldspar, biotite, muscovite, and scarce garnet. Several reactions at the immediate 
contact produced high-temperature assemblages comprising sillimanite, cordierite, orthopyroxene, high-temperature garnet rims, corundum, her
cynitic low-Zn spinel, K-feldspar, and melt. Considerable changes in the composition of biotite and plagioclase also occurred. The pre-existing 
amphibolite-facies assemblage was recrystallised, partially consumed, or partially molten. Garnet porphyroblasts show preserved prograde growth 
wning with strongly increasing pyrope content in the outermost rims. In other instances, rims are resorbed, contributing to the formation knot
like, Si02-deficient intergrowths of cordierite + spinel + sillimanite +K-feldspar + plagioclase ± corundum. Textural and compositional heteroge
neity indicates that equilibrium conditions were attained only on a local mm-size scale. Some of the garnet appears to preserve a roning record of 
two pre-intrusive metamorphic growth episodes. Geothermobarometry of assemblages in local textural equilibrium records low-P, ultra-high-T 
granulitic peak contact metamorphic conditions of 890-1 O l5°C at pressure below 6 kbar. 
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lntroduction 
Accurate pressure and temperature estimates are cru
cial to our understanding of intrusions particularly 
because these data constrain the depth of emplace
ment. Well-developed aureoles in favourable rock types 
may contain metamorphic mineral assemblages equili
brated during the thermal peak and thus yield informa
tion on the physical conditions of intrusion. Partial 
melting and granulite-facies assemblages in contact 
metamorphic aureoles around mafic intrusions have 
been widely described in the literature (e.g. Loomis 
1972; Berg 1977; Grant & Frost 1990; Owen 1991; Das
gupta et al. 1997). They are characterised by high-tem
perature mineral assemblages form ed at T �700°C (e.g. 
Srogi et al. 1993). Typical assemblages in metapelitic 
rocks dose to the contacts in low- to intermediate-pres
sure aureoles comprise garnet + cordierite + spinel + 
orthopyroxene + sillimanite + K-feldspar + plagioclase 
+ quartz + melt ± co run dum (e.g. Pattison & Tracy 
1991; Dasgupta et al. 1997, and references therein) , and 
sometimes the ultra-high temperature (>900°C) mine
ral osumilite (Harley 1996, and references therein) .  
Cordierite-spinel assemblages are common in high
grade contact metamorphic aureoles and have been 
referred to as cordierite-spinel knots (e.g. Loomis 1972; 
Berg 1977; Grant & Frost 1990). 

In this paper, we report data from the contact aureole 
around the late Sveconorwegian norite-anorthosite 
Hakefjorden Complex ( HFC) ,  SW Sweden, in which 
mineral assemblages suggest formation during low- to 
intermediate-pressure granulite conditions. Osumilite, 
or pseudomorphs after it, has not been observed, alt
hough the calculated P-T conditions are within its sta
bility field. Instead, formation of knot-like inter
growths of cordierite + spinel + sillimanite ± corun
dum is typical, which has also been reported from seve
ral contact aureoles (Grant & Frost 1990; Owen 1991; 
Dasgupta et al. 1997). 

Geological setting 
The HFC was described in detail by Åreback (1995; 
2001) and Åreback & Stigh (1997; 2000). It consists of a 
norite/monzonorite intrusion carrying abundant 
blocks of anorthosite (2 cm to 50 m in size) ,  situated 
about 25 km NNW of Goteborg, SW Sweden (Fig. 1). It 
forms two east-west elongated bodies, both about 500 
m wide and 3.6 and 1.2 km long respectively, intruding 
Mesoproterozoic meta-greywacke of the Stora Le-Mar
strand Formation (SLM; Fig. 1) .  The SLM consists of 
alternating quartzo-feldspathic and pelitic units with 



30 H. Åreback & U. B. Andersson 

Hakefjorden 

i 
N 

� 
[§! l 

rm . 
IIRLI 

NORWEGIAN jOURNAL OF GEOLOGY 

...... -
Norite/monzonorite 

........... ·�" ) �·'·1"""'" 
omp ex 

llmenite-rich leuconorite 
o 1000 m ISJ Stora Le-Marstrand supracrustals 

Fig. l. Simplified geological map of the Hakejjorden Complex and surrounding rocks (after Årebiick & Stigh, 1997), with sample location. The 
inset map shows the major lithotectonic units of southwestern Fennoscandia. CAL = Caledonian; SVF = Svecofennian; TIB = Transscandina
vian Igneous Belt; WGR = Western Gneiss Region; dotted areas = rocks affected by the Sveconorwegian Orogeny; ruled areas = Phanerozoic 
rocks. 

local occurrences of calc-silicates. It is metamorphosed 
in the amphibolite facies and typically contains quartz, 
plagioclase, K-feldspar, biotite, muscovite, and scarce 
garnet (Bergstrom 1963; Sigurdsson 1990; Austin 
Hegardt 2000; Eliasson et al., in prep.) . According to 
Åhall et al. (1990; 1998),  amphibolite-facies metamor
phism and migmatization in SLM is related to Gothian 
(ca. 1.75-1.55 Ga) regional deformation, while later 
Sveconorwegian deformation (1.1-0.9 Ga) is mostly 
restricted to shear zones and folding. Whole-rock K-Ar 
dating of SLM rocks situated two kilometers south of 
HFC yielded ages of 1.07-1.04 Ga, interpreted to date a 
metamorphic event (Magnusson 1960) . 

P-T estimates of two samples from the SLM, a garnet
bearing amphibolite and a garnet-bearing leucosome in 
the meta-greywakes about 5.5 km and 4 km south of 
the HFC, respectively, suggest regional metamorphic 
conditions of around 7-8 kbar and -620°C (Austin 
Hegardt 2000).  Preliminary geothermobarometric esti
mates from garnet- and quartz-bearing calc-silicate 
lenses in SLM meta-greywakes ca. 80 km NNE of the 
HFC indicate that the last metamorphism (Sveconor
wegian?) reached at least 5-7 kbar, and 500-550°C 
(Sigurdsson 1990) .  

The HFC shows no signs of ductile deformation and is 
discordant to the metamorphic fabric of the SLM. A 5-
20 m wide partially melted contact aureole that com
monly disrupts the earlier regional migmatite structu
res, has developed around the intrusion. Recent U-Pb 
geochronology of zircons from the contact melt (leuco-

some) yields an age of 916 ± 11 Ma, interpreted to 
represent the minimum crystallisation age of HFC 
(Schersten et al. 2000).  The melanosome of the contact 
aureole contains plagioclase, quartz, garnet, cordierite, 
K-feldspar, orthopyroxene, biotite, spinel, sillimanite, 
and corundum. 

Samples and analytical techniques 
Samples for polished thin sections were collected at the 
immediate intrusion contact, central Algon (Fig. 1). A 
few samples at 10-20 m distance from the intrusion and 

Fig. 2. Contact migmatite developed in the Stora Le-Marstand meta
sediment at the immediate intrusion contact showing the chaotic 
orientation of foliated fragments and quartz veins, eastern Algi:in. In 
the lower right part of the photography norite (dark) with blocks of 
anorthosite (light grey) occurs. 
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Fig. 3. Photomicrographs (a) and (b), and back-scattered electron 
(BSE) image (c) of a cordierite-spinel knot in sample Ll. (a) Garnet 
(Grt) and K-feldspar (Kfs) occur in the upper left part of the knot. In 
addition to cordierite (Crd) and spinel (dark), the knot consists of 
moderate contents of sillimanite (needel-shaped mineral) and minor 
plagioclase and corundum (not visible). The broken line represent 
the o u ter limit of the knot; location of compositional profile L1 :A is 
shown. Matrix phases present outside the knot are K-feldspar (Kfs), 
cordierite (Crd), orthopyroxene (Opx), biotite (dark), and minor 
quartz. Plane-polarised light. (b) Glose-up of the knot showing cor
dierite (matrix), spinel (dark), sillimanite and corundum (needle
shaped). Plane-polarised light. (c) Back-scattered electron image 
showing spinel (Spl), sillimanite (Sil) and corundum (Crn) in a 
matrix of cordierite (Crd). 

a few SLM samples not affected by contact metamor
phism have been examined too, but not analysed for 
mineral chemistry. 

Microprobe analyses were obtained with a Cameca 
Camebax SX50, Department of Earth Science, Uppsala 
University. Operating conditions were 20 kV accelera
ting voltage, 15 nA beam current, 1-2 j.lm beam diame
ter, with counting times of 10-25 s (depending on the 
element) .  Calibration was performed on natural and 
synthetic mineral standards from Cameca. Compositi
onal profiles through minerals reported in Figs. 6 and 
7b are based on complete spot analyses. 

Petrography and mineral chemistry 
The present study concentrates on well-preserved peak 
metamorphic assemblages in the HFC contact aureole 
melanosome, focusing on petrological indicators for P
T conditions. The HFC induced partial melting in the 
SLM metasediments that resulted in anatectic, granitic 
veins and dykes which sometimes back-vein the HFC 
(Åreback 1995) . In places, the contact migmatites have 
a spectacular appearance with a chaotic disruption of 
the SLM-foliation and abundant quartz veins oriented 
in different directions (Fig. 2 ) .  However, on the centi
metre-scale, the melanosome is a rather massive horn
feis. The granitic veins and dykes (leucosome) are fine
to medium-grained, equigranular, and consist essenti
ally of quartz, K-feldspar, albite, and subordinate chlo
rite (Åreback 1995; Cornell et al. 2000) . Accessory 
minerals include apatite, muscovite, hematite, zircon, 
sphene, and epidote. 

The hornfels at the immediate contact is fine- to 
medium-grained and has a granoblastic to porphyrob
lastic texture. Garnet and cordierite occur as porphyro
blasts. Two samples (2A and Ll) have been investigated 
for mineral chemistry and P-T estimates. In sample 2A 
the porphyroblastic garnet is weakly or moderately 
resorbed and surrounded by abundant, small pods of 
quartz, recrystallised feldspars, and minor biotite. In 
sample Ll, cordierite + spinel + sillimanite ± corun
dum ± K-feldspar ± plagioclase form symplectites 
occurring as irregular, up to 5 mm wide domains, the 
cordierite-spinel knots (Fig. 3) .  In places, these cordie
rite-spinel knots contain small, anhedral to subhedral 
garnet in their central parts (Fig. 3a) . These garnets are 
interpreted as remnants of larger garnets that have been 
extensively replaced by cordierite + plagioclase (An42_ 
d ± K-feldspar, grading outwards to cordierite + spi
nel + sillimanite + progressively more Ca-rich plagio
clase (An52_6 1 )  ± corundum symplectites. The hornfels 
matrix consists essentially of cordierite, K-feldspar, bio
tite, orthopyroxene, plagioclase, and quartz. Ilmenite, 
Fe-sulphides, and zircon occur in minor amounts. In 
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the best-preserved rocks (e.g. sample Ll) ,  the contact 
metamorphic high-grade assemblages are pristine. In 
other samples (e.g. sample 2A) they have been conside
rably retrogressed, with cordierite partly altered to a 
mass of fine-grained white mica (pinnite) ,  biotite 
locally replaced by secondary chlorite, orthopyroxene 
by secondary biotite, and plagioclase may show same 
sericitisation. 

In this study, the assemblages more than l metre from 
the intrusion have not been analysed for mineral che
mistry. However, a few samples collected l O to 20 
metres from the intrusion, have been studied petro
graphically. In these, the contact metamorphic assem
blage consists of discrete grains of altered cordierite 
and 0.5-5 mm wide irregular domains of fibrolitic and 
prismatic sillimanite intergrown with biotite and K
feldspar, in places mantled by spinel ± cordierite. 

Garnet 

Garnet occurs both as 'small' (O.l-l mm) ,  anhedral to 
subhedral grains in the matrix and 'large' (0.5-2.5 mm) ,  
subhedral, rounded porphyroblasts (Fig. 4 ,  5) .  The 
large grains contain abundant inclusions of plagioclase 
(An20_55) , same quartz, and rare biotite in the cores and 
intermediate zones. The rims are almost inclusion-free. 
Garnet zoning profiles were obtained from three large 
garnets ( two rounded and o ne irregular) in contact 
with plagioclase, quartz, cordierite, and biotite (Fig. Sa
c, 6b-d) and one small garnet in contact with K-feld
spar and cordierite inside a cordierite-spinel knot (Fig. 
3a, 6a) .  

Porphyroblastic garnet. - The garnet porphyroblasts 
show prograde growth zoning with rimward increasing 
pyrope content, decreasing Fe/(Fe+Mg) ratio, and 
decreasing spessartine content (Fig. 6). Three different 
zones can be distinguished. Cores, which occur only in 
some porphyroblasts (possibly due to off-centre secti-

Fig. 4. Photomicrograph of the matrix phases including garnet (Grt), 
cordierite (Crd), K-feldspar (Kfs), biotite (Bt), orthopyroxene (Opx), 
ilmenite + Fe-sulphides (black), and minor interstitial quartz. 
Plane-polarised light. Sample Ll. 
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ons),  have fewer inclusions that are commonly oriented 
in straight trails, compared to the intermediate zones. 
The latter are rich in inclusions (mainly plagioclase ± 
quartz) oriented in a concentric fashion (Fig. Sb-c) .  
The outermost rims are essentially inclusion-free. The 
cores are rich in grossular and spessartine components 
<Xcrs up to 20, and Xsps up to 38) . The intermediate 
zones generally show smooth zoning patterns with 
decreasing Xcrs and Xsps' and Fe#, while XAlm and Xpr 

increase (Fig. 6d) . The outermost rims are associatea 
with a strong increase in Xprp {up to 29) . In one case a 
high pyrope p la tea u (a bo ut 45 11m wide) has developed 
along the margin (Fig. 6c) .  This plateau has a very 
gentle slope with increasing Fe# towards the garnet 
edge. All three garnet porphyroblasts analysed occur in 
the same garnet-rich sample, 5-15 mm from each other. 
Cordierite in contact with these porphyroblasts is inter
preted to have replaced the rims of garnet (Fig. Sd) . 

Matrix garnet and garnet within cordierite-spinel knots. 
- These are more anhedral than the garnet porphyro
blasts. Inclusions are less common and no regular 
zoning has been observed. They are dominantly alman
dine (64-76 molo/o), with 7-11 molo/o spessartine, 11-25 
molo/o pyrope, and 3-5 molo/o grossular. Garnet within 
the cordierite-spinel knots is anhedral and displays a 
very homogeneous composition (Fig. 6a) .  

Cordierite 

Cordierite occurs both as euhedral, tabular and roun
ded porphyroblasts (0.2-2 mm; sample 2A; Fig. 7a) ,  
subhedral to  anhedral grains in  the matrix, and as  cor
dierite-spinel knots ( <0.5 to 5 mm) with intergrowths 
of spinel ± sillimanite ± plagioclase ± corundum (sam
ple Ll; Fig. 3) . The cordierite is believed to be of con
tact metamorphic origin, since it to our knowledge has 
not been reported from elsewhere in the SLM. Sector 
twinning is common (Fig. 7a) and pinnitisation occurs 
along grain boundaries and microcracks. Compositio
nal variations between cordierites in different textural 
positions are distinct, but only minor zoning in single 
grains or single domains has been observed (cf. Fig. 
7b) .  Fe/(Fe+Mg) ratios of matrix cordierite in sample 
L1 vary from 43 to 46, while cordierite in the cordierite
spinel knots within the same sample are distinctly more 
Fe-rich (Fe#= Sl-56). In sample 2A, a few metres from 
sample Ll, only porphyroblastic cordierites have been 
analysed, having Fe/(Fe+Mg) ratios from 29 to 36. A 
profile across a round porphyroblast (Fig. 7) displays a 
slight increase of Fe# in the o u term ost rim. 

Plagioclase and K-feldspar 

Plagioclase grains are typically subhedral to anhedral 
and irregular. A patchy texture comprising compositio
nally different plagioclase phases and irregular quartz 
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Fig. 5. Photomicrographs showing garnet porphyroblasts (Grt) and associated phases, plagioclase (Pl), biotite (Bt), cordierite (Crd), and spinel 
(Spl), in sample 2A, and the location of garnet compositional zoning profiles. Plane-polarised light. (a) Compositional zoning profile 2A:A. (b) 
Compositional zoning profile 2A:B; broken line represents the approximate transition between the intermediate zone and the rim. (c) Composi
tional zoning profile 2A:C; broken line with dots represents the approximate transition between the core and the intermediate zone; broken line 
represents the approximate transition between the intermediate zone and the rim. (d) Garnet porphyroblast in contact with plagioclase (Pl), 
quartz (Qtz), biotite (dark), and cordierite ( Crd). The latter is suggested to partly replace garnet. Note the irregular embayments of the garnet. 

inclusions is frequent, particularly in sample 2A (Fig. 
8) . In these grains the outer zone is in general more Na
rich (An25_28) than the core (An36_39; Table 1) . Matrix 
plagioclase, which does not show this patchy texture, 
varies from An20 to An33 (average An27.5) .  Plagioclase 
within cordierite-spinel knots occurs as irregular grains 
with a progressive increase in anorthite component 
from the centre (An42) and outwards ( to An61 ) .  Inclusi
ons of plagioclase within garnet vary in composition 
from An52 to An55 in the relatively grossular-rich (Fig. 
Se), and from An19 to An30 in the relatively grossular
poor garnets (Fig. Sb) .  

K-feldspar occurs both i n  the matrix, in sample Ll 

associated with orthopyroxene, cordierite, and biotite, 
and as larger grains associated with cordierite-spinel 
knots. The latter have a composition of Or73_76 Ab23_26• 

Biotite, orthopyroxene and ilmenite 

Biotite is abundant in the matrix, but is absent from the 
cordierite-spinel knots. In general, it is reddish and 

strongly pleochroic in the contact aureole and brown to 
greenish brown outside the aureole. The Ti02 content 
of biotites in the contact aureole is typically high (3.0-
5.7 wt%), and their Fe# vary from 46 to 60. Although 
generally fresh, some alteration to chlorite ± muscovite 
± rutile is observed. A single biotite inclusion from a 
garnet porphyroblast ranges in Fe# from 57 to 58. 

Orthopyroxene replaces biotite and is abundant in bio
tite-rich domains (Fig. 9) . In sample Ll, the enstatite 
component ranges from 38 to 41, and in sample 2A 
from 45 to 47, except in a small orthopyroxene inclu
sion within a cordierite porphyroblast (Fig. 7; Table 2 )  
in  which the most Mg-rich composition, En52, is recor
ded. The orthopyroxenes are moderately aluminous 
with Al203 ranging from 1.5 to 4 wto/o. 

Small, 0.01-0.2 mm long, needle-shaped or rounded 
ilmenite grains occur, particularly together with feld
spars, orthopyroxene, and cordierite (possibly replacing 
biotite) .  They are almost end-member ilmenites with 
Xnm from 0.92 to 0.96 and XPyrophanite (Py) =0.03-0.08. 
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Fig. 6. Compositional zoning profiles of garnets, for locations see Fig. 3 and 5. (a) Across a garnet occurring in a cordierite-spinel knot, L l :A. (b) 
From core to rim of an irregular porphyroblast, 2A:A. Note the slight increase of Xsps in the outermost rim which may indicate resorption. (c) 
From core (intermediate zone) to rim of a rounded porphyroblast, 2A:B. Note the strong increase of X prp in the rim and ca. 45 Jlm wide high 
Mg-plateau in the outer rim. (d) From core to rim of a rounded porphyroblast, 2A:C, which display the compositional differences between the 
c ore (relative/y high in XGrJ, intermediate zone, and rim (strong increase in X prp). 

Spinel 

Spinel occurs as microscopic (ca. 10-100 l-LID), equi
dimensional to needle-shaped, dark green grains, pre
dominately in symplectitic intergrowths within cordie
rite (Fig. 3 ), but also as min ute grains within plagio
clase. In sample 2A, spinel is also observed together 
with quartz. All grains are hercynitic in composition 
with Fe/(Fe2++Mg) ratios of 74-91, AI!(Al+Cr+Fe3+) 
ratios of 96-99 and Zn-contents from 0.18 to 0.76 wto/o 
ZnO (average 0.42 wto/o ZnO; Table 2 ) .  

Sillimanite and corundum 

Sillimanite has been observed at the immediate intru
sion contact only as intergrowths within cordierite-spi
nel knots (sample Ll & 2A; Fig. 3) . Further away from 
the contact (ca. 10-20 m) elongate domains of fibrolitic 
and prismatic sillimanite are intergrown with biotite 
and K-feldspar (sample 92046; Fig. 10) ,  in places with a 

rim of intergrown spinel + cordierite. The sillimanite in 
the cordierite-spinel knots contains minor amounts of 
iron (Fe203 =0.6-1.6 wt%; Table 2 ) .  

Small amounts of  fine-grained corundum occur in pla
ces in the cordierite-spinel knots. It is prismatic to 
needle-shaped and because of the small size (ca. 10-80 
l-LID), very hard to distinguish from sillimanite and 
impossible to detect without backscatter imaging (Fig. 
3c) . Corundum occurs together with spinel, sillimanite 
± Ca-rich plagioclase in the outer half of the cordierite
spinel knots. Three analyses indicate minor amounts of 
iron (Fe203 0.4-0.7 wt%; Table 2 ) .  

Discussion 
Textural interpretation and reaction history 

In the HFC aureole, newly formed contact metamor
phic minerals comprise sillimanite, cordierite, orthopy-
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Fig. 7. (a) Photomicrograph of cordierite porphyroblast in contact with quartz (Qzt), plagioclase (Pl), biotite (Bt), and orthopyroxene (Opx). 
Location of the compositional pro file 2A:D. Plane-polarised light. Sam p le 2A. (b) Compositional zoning profile across the cordierite porphyro
blast shown in (a). 

roxene, corundum, and hercynitic spinel, while mine
rals of the pre-existing SLM amphibolite-facies assem
blage (quartz, plagioclase, biotite, muscovite, K-feld
spar, and garnet) have been strongly affected by the 
contact metamorphism. Biotite, quartz, plagioclase, 
and garnet were partially consumed and muscovite dis
appeared completely. New formation of K-feldspar, 
melt (Kfs + Qtz + Na-rich Pl) , and garnet, as well as 
considerable changes in the composition of biotite and 
plagioclase are observed. The systematic variation in 
plagioclase composition within and among samples is 
consistent with incongruent melting, and partitioning 
of an albite-rich component into granitic melt leaving a 
more calcic plagioclase in the residue. 

The fact that cordierite has not been reported from the 
regional amphibolite-facies metasedimentary rocks 
may be attributed to several factors. Firstly, the estima
ted pressure-temperature conditions for the regional 
metamorphism (ca. 6-8 kbar at ca. 550-650°C; Sigurds
son 1990; Austin Hegardt 2000) exceed the stability 
field with respect to pressure for pure Mg-cordierite 

(Bucher & Frey 1994, and references therein) .  Secondly, 
for systems richer in Fe, cordierite stability is restricted 
to even lower pressures. Thirdly, the SLM metasedi
ments are in general not particularly Al-rich, suppres
sing the formation of Al-rich silicates that could contri
bute to the low abundance of garnet, and absence of 
aluminium silicates and staurolite. 

Rocks 1 0-20 m from the intrusion contact. - Formation 
of sillimanite intergrown with K-feldspar and biotite 
can be described by the breakdown and disappearance 
of muscovite according to the reaction (e.g. Pattison & 

Tracy 1991) : 

Ms + Pl + Qtz = Sil + Kfs + melt (l ) 

Reaction ( l )  occurs some tens of degrees high er than 
the beginning of H20-saturated melting in pelitic 
rocks, which takes place at c. 650°C at pressures >3.9 
kb ar according to (e.g. Pattison & Tracy 1991) :  

Fig. 8 .  (a) Photomicrograph (crossed polarisers) and (b) BSE image of  cellular plagioclase (Pl) in sample 2A. In the BSE image lighter grey 
areas, mainly in the core of the grains, represent more Ca-rich plagioclase (Ca-Pl) than darker grey areas (Na-Pl). 
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Ms + Qtz + Pl + H20 = melt (precipitating mainly 

Kfs + Pl +  Qtz) (2)  

In some margins of the sillimanite + K-feldpar ± bia
tite intergrowths, cordierite + spinel has started to 
grow, suggesting the reaction (e.g. Srogi et al. 1993; 
Dasgupta et al. 1997) : 

Bt + Sil + Qtz = Spl + Crd ± Kfs + melt (3) 

Rocks at the immediate intrusion contact (<l m). - At 
the contact, the cordierite-spinel knots are extensively 
developed, suggesting that the above reaction (3) has 
gone to local completion. Spinel-cordierite assemblages 
are common in pelitic rocks metamorphosed at low 
pressure and high temperature (e.g. Dietvorst 1980; 
Mantel et al. 1986; Grant & Frost 1990; Clarke et al. 
1990; Owen 1991; Srogi et al. 1993; Fitzsimons 1996; 
Dasgupta et al. 1997; Whittington et al. 1998; Li & 

Naldrett 2000; Scrimgeour et al. 2001).  
The formation of the contact metamorphic pyrope
rich garnet may have occurred as a new growth rim on 
the regional metamorphic grains according to (Pattis
son & Tracy 1991, and references therein) :  

Bt + Sil + Qtz + Pl =  Crd + Grt + Kfs + melt (4) 

The cordierite and garnet porphyroblasts in sample 2A 
are typically surrounded by leucocratic coronas consis
ting mainly of quartz and plagioclase with some biotite. 
These coronas represent the melt formed, and here the 
plagioclase commonly shows a patchy, cellular compo
sitional zoning indicative of partial melting (Fig. 8) . 
Locally in the aureole, garnet was also consumed accor
ding to reactions (5) and ( lO )  (see below) . 
The remnants of corroded garnets inside some of the 
cordierite-spinel knots suggest that garnet was also 
consumed during the formation of at least some of 
these knots (cf. e.g. Srogi et al. 1993; Fitzsimons 1996; 
Dasgupta et al. 1997) possibly according to a reaction 
of the type: 

Grt + Bt + Sil + Qtz = Crd + Spl ± Kfs + melt (5) 

The remnants of garnet and sillimanite may indicate 
that reaction ( 5) stopped when biotite was consumed. 
If low in the gahnite component, as here, spinel is stable 
together with quartz in metapelitic rocks at a minimum 
temperature of 800° C at about 3 kbar, while breaking 
down to garnet + sillimanite at higher, and cordierite at 
lower pressures (Montel et al. 1986; Waters 1991) .  
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However, in some knots, local Si02-undersaturated 
conditions seem to have prevailed following the con
sumption of quartz, facilitating the formation of 
corundum together with spinel (e.g. Srogi et al. 1993) :  

Bt  + Sil = Crd + Spl + Crn + melt (6 )  

This may be due to centimetre-scale, pre-existing com
positional heterogeneities in the SLM migmatites, 
which enhanced by partial melt removal resulted in the 
quartz-depleted domains. Corundum within cordierite 
+ spinel domains is described by Srogi et al. {1993) 
from granulite-facies gneisses, where in some samples 
the corundum is in apparent textural equilibrium with 
cordierite + spinel + garnet, whereas textures in other 
samples suggest growth of sillimanite and spinel at the 
expense of corundum and cordierite. Corundum may 
also be produced by the breakdown of plagioclase 
according to (Li & Naldrett 2000) : 

Na-Ca Pl = Crn + Anorthite + melt (Na20 + Si02) (7 )  

The fact that corundum is  associated with the most Ca
rich plagioclase (An52_61 )  recorded in the investigated 
samples, and the progressive increase in anorthite con
tent of plagioclase from the centre of the cordierite-spi
nel knots toward their margin may support that reac
tion (7) has occurred. The co-existence of cordierite, 
spinel and corundum suggests pressures less than ca. 6 
kbar (Hensen 1987) . 

In the contact aureole (pelitic rocks) around the Lara
mie anorthosite complex, mineral assemblages similar 
to those described here occur (Grant & Frost 1990) . 
Amongst others, the association of prismatic sillima
nite and corundum in a matrix of cordierite + hercyni
tic spinel + K-feldspar is also found very dose to the 
contact. Grant and Frost {1990) proposed that the asso
ciation of sillimanite and corundum may represent 
pseudomorphs after mullite. However, no indication of 
mullite has been detected in the studied samples. 

Orthopyroxene typically occurs as grains replacing bia
tite, suggesting the dehydration-melting of biotite to be 
the major pyroxene-forming reaction (e.g. Waters 1988, 
Andersson et al. 1992, Begin & Pattison 1994 and refe
rences therein) :  

B t  + P l  + Qtz = Opx + Kfs + melt (8) 

Cordierite occurs in textural equilibrium with orthopy
roxene, the latter also as inclusions in the cordierite in 
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the quartz-rich domains. Moreover, small grains of gar
net commonly occurs as inclusions in cordierite and 
associated with biotite, orthopyroxene and K-feldspar 
(Cf. Fig. 4). This may indicate that garnet was consu
med in an orthopyroxene + cordierite + K-feldspar
forming reaction. These observations suggest that the 
following reactions may be appropriate (e.g. Pattison & 
Tracy 1991): 

Bt + Qtz = Opx + Ctd + Kfs + melt (9) 

Bt + Grt + Qtz = Opx + Crd + Kfs + melt (lO) 

To summarise, a generalised continuous reaction of the 
form: 

Bt(l) + Qtz + Grt(l) + Pl(l ) ±Sil= (Il) 
Crd + Spl ±Cm + Bt(2) + Grt(2) + Pl(2) + Kfs + melt 

is proposed for the HFC contact event. Phases labelled 
(l) refer to pre-existing regional metamorphic phases 
and those labelled (2) to phases recrystallised as a result 
of the HFC intrusion. The strong increase of the 
pyrope-content in the outer rims of the garnet porphy
roblasts indicate high-temperature growth, in agree
ment with their proposed development during the HFC 
contact metamorphism (Grt(2)). The core and inter
mediate zone of the garnets were formed during previ
ous regional metamorphism (Grt(l)). 

Fig. 9. Photomicrograph of an orthopyroxene (Opx)-rich domain in 
sample Ll. Orthopyroxene replaces biotite (Bt). Other phases present 
are plagioclase (Pl), quartz (Qzt), K-feldspar (Kfs), cordierite (Crd), 
ilmenite (Jim), and pyrrhotite (Po). Plane-polarised light. 

Disequilibrium and local equilibrium 

The textures observed in the contact aureole of the 
HFC preserve relict mineral assemblages, mineral 
zoning and variations in mineral compositions and 
thus demonstrate disequilibrium. Assemblages repre
senting chemical equilibrium at peak contact meta
morphism are considered to have developed only in 
local mm-scale domains, such as inside the cordierite
spinel knots. Garnet is only in equilibrium with contact 
assemblages in the pyrope-rich rims, while the resorbed 
garnets largely retain the composition from the regio
nal metamorphism. This makes the selection of suitable 
equilibrium mineral compositions delicate and P-T 
estimation difficult, particularly since garnet is essen
tial for pressure calculation. 
However, P-T estimates have been obtained using the 
compositions of the analysed minerals in assumed local 
equilibrium within specific domains in each thin sec
tion. The compositions used are reported in Table l 
and 2. The spread in calculated results, described below 
and summarised in Tab le 3 and Fig. Il, is considerable. 

P-T estimates 

Estimation of the contact metamorphic P-T condition 
was performed using assemblages in the cordierite-spi
nel knots ( sample Ll) and assemblages associated with 
matrix garnet (sample Ll), as well as assemblages asso
ciated with the high-Mg garnet rims (sample 2A). The 
spreadsheet software GPT (Reche & Martinez 1996) 
was used in the calculations. This software contains a 
large num ber of different P-T calibrations for meta
morphic assemblages in pelitic rocks, same of which 
have been used, see below. 
For the cordierite-spinel assemblages, T calculations 
using the garnet-cordierite (GC) and cordierite-spinel 
(CS) exchange thermometers have been applied, cali
brated by Holdaway & Lee (1977) and Vielzeuf (1983), 

Fig. 10. Photomicrograph showing a domain of fibrolitic and pris
matic sillimanite (Sil) intergrown with K-feldspar (Kfs) and biotite 
(Bt). Light areas around the prismatic grains are K-feldspar. Plane
polarised light. Sample 92046. 
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Fig. 1 1 . P-T diagram illustrating the indicated conditions for the 
HFC contact metamorphism (jield C) as determined in this study. 
The approximate P-T conditions of the preceding Sveconorwegian 
regional metamorphism (Austin Hegardt 2000) are als o shown (��ld 
R). Al-silicate stability fields are from Holdaway (1971); the stablltty 
field for low Zn-spinel + quartz is after Montel et al. (1986). Musea
vite and K-feldspar melting reactions, as well as reactions ( 4) and 
(lO) are after Pattison & Tracy (1991), while reaction (8) is after 
Clemens & Wall (1981). 

respectively. Although strictly not applicable to the 
quartz-undersaturated conditions in the cordieritesp
inel knots, pressures were calculated from the garnet
cordierite-aluminum silicate ( sillimanite) -quartz 
(GC AQ; Holdaway & Lee 1977) and garnet-plagioclase
aluminum silicate-quartz (GPAQ; Hodges & Crowley 
1985) net-transfer reaction barometers for comparative 
purposes. 

The composition of matrix phases in sample LI and 
2A, judged to be in local textural equilibrium with the 
matrix garnet and pyrope-rich garnet rims, respecti
vely, were used in the calculations. In addition to the 
Ge and es thermometers above, the garnet-biotite 
(GB; Holdaway & Lee 1977) and garnet-orthopyroxene 
( GO; Bhattacharya et al. 1991) thermometers were 
used. For P estimates, the garnet-plagioclase-biotite
quartz (GPBQ; Hoisch 1990) and garnet-orthopyro
xene-plagioclase-quartz (GOPQ; Bhattacharya et al. 
1991) barometers were applied. 

Contact metamorphism. - Calculations on two separate 
cordierite-spinel knots give variable results. The first 
ane yields: 886°C (GC) at 3.6 kbar (GCAQ) and 892°C 
(GC) at 4.7 kbar (GPAQ; An56). The es thermometer 
gives significantly higher temperature: 958°C at 4.5 
kbar (Table 3). 4.5 kbar is used in the temperature cal
culations as the closest estimate of pressure when an 
appropriate P calibration not is available. The second 
knot yields considerably lower temperatures; 774°C 
(eS) at 4.1 kbar (GeAQ), 768°C (GC) at 2.9 kbar 
(GPAQ; An61) and 798°e (eS) at 4.5 kbar. The plagio-
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clase composition used is the most An-rich observed 
in each knot as this is seemed to be in textural equili
brium with the highest-T assemblage. Using a plagio
clase composition with 10 molo/o lower An-content, 
which is found at more central positions in the knots, 
gives ca. l kbar higher pressure. The lower T calculated 
for the second knot is caused by somewhat more Fe
rich compositions of both spinel and cordierite, parti
cularly spinel (Table 2 and 3). As noted previously, the 
garnets may not be in equilibrium with the contact 
metamorphic assemblage in the knots as it has to a 
large degree been consumed (reactions 5) and has a 
distinctly lower X prp ( 11-16% ), compared wi�h t�e 
pyrope-rich (up to XPrp 29%) porphyroblast nms m 

sample 2A. 

Using compositions of the quartz-containing assembla
ges in the matrix of sample LI, including the small gar
net shown in Fig. 4, results in temperatures around 
nooe at 7.1 kbar (GPBQ) and 2.8 kbar (GOPQ; Table 
3). Pressures are divergent and temperatures similar to 
those for the second erd-Spl knot (Table 3). This 
assemblage, and same knots, does not represent equili
bration at peak contact metamorphic temperature. 
Apparently, re-adjustment to peak conditions was not 
evenly recorded by all assemblages in the aureole. 
Moreover, partial re-equilibration of these relatively 
fine-grained assemblages upon cooling of the intrusion 
may have contributed locally. The high-Mg/high-T gar
nets may also have been consumed according to reacti
ons (5) and (10). 

Estimates of the contact metamorphic P-T conditions 
were also obtained using the rim of the garnet porphy
roblast in sample 2A, strongly enriched in pyrope com
ponent (Xpr 29.4; Fe# 66.8; Fig. 5b and 6c), interpreted 
to have fon�ed during maximum T conditions. Other 
phases used were high-Mg-spinel, high-Fe-cordierite, 
high-Fe-Ti-biotite, and orthopyroxene, located in the 
matrix in the vicinity of the garnet and in apparent tex
tura! equilibrium with the garnet. The most ea-rich 
internal parts of the patchy plagioclase grains ( An39) 
are considered to be in equilibrium at peak conditions, 
as the more Na-rich plagioclase is interpreted to have 
crystallized from the melt phase (Fig. 8). ealculated 
results are: 929oe (GB) at 6.4 kbar (GPBQ), 1016oe 
(GO) at 3.7 kbar (GOPQ), 934oe (GC) at 4.5 kbar, and 
971°C (CS) at 4.5 kbar (Table 3). T he GPBQ barometer 
probably overestimates the pressure since the assem
blage cordierite-spinel-corundum is not stable at pres
sures above 6 kbar (Hensen 1987). The gentle slope 
(increasing Fe/(Fe+Mg) = decreasing temperature) of 
the outermost high-temperature plateau in Fig. 6c, 
records continued garnet growth during the cooling of 
the intrusion. 

We suggest that peak metamorphic conditions in the 
HFC aureole be most closely approximated by erd-Spl-
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Table 3 . P-T estimates for the HFC contact metamorphism. Thermometers used are garnet-cordierite (GC), garnet-orthopyro
xene (GO), garnet-biotite (GB), and cordierite-spinel (CS); barometers used are garnet-orthopyroxene-plagioclase
quartz (GOPQ), garnet-cordierite-aluminum silicate-quartz (GCAQ), garnet-plagioclase- aluminum silicate-quartz 
(GPAQ), and garnet-plagioclase-biotite-quartz (GPBQ). Mineral compositions are displayed by Fe# (l OOxFe/ 
(Fe+Mg) except plagioclase which show An-content, full analyses are given in Table l and 2. Bold numbers are 
suggested fe) represent the best estimate of the contact metamorphic condition. A pressure of 4.5 kbar is used in tfie 
temperature calculations os the closest estimote of pressure when an appropriate P calibration not is available. 
Numbers within porenthesis are reported for comparison but should not be regarded as reliable values since quartz 
is not stable in the Crd-Spl knots and sillimanite is not stable in the matrix and at the pyrope-rich Grt-rim. Concer
ning calculations for 2A Grt intermediate zone, the results should not be regarded as true values but as the best 
estimate for the regional metamorphism from these samples. See text for discussion. 

Sample 

Ll, Crd-Spl knot 

(Grt 82, Crd 53, Pl 56, SpiSS) 

Ll, Crd-Spl knot 

(Grt 87, Crd 57, Pl61, Spl91) 

Ll,matrix 

(Grt 80, Crd 43, Bt 58, Pl31, Opx 61, Spl86) 

2A,Grt rim 

(Grt 67, Crd 36, Bt 51, Pl39, Opx 54, Spl78) 

2A, Grt intermediate zone 

(Grt 85, Bt 57, Pll9) 

Thermometers (•C) 

GC GO GB 

886 

774 

775 774 770 

934 1016 929 

(654) 

Opx-Pl ± Bt assemblages in local equilibrium with the 
most pyrope-rich garnet rims, and by local equilibrium 
in some Si02-undersaturated cordierite-spinel knots. 
Thermometers, including GB, GC, CS and, GO applied 
to these assemblages varies from ca. 890 to 1015°C 
(Table 3). This is supported by the fact that complete 
elimination of biotite in quartz-undersaturated 
domains of metapelitic rocks, such as in the cordierite
spinel knots, indicate temperatures above 900°C (Seng
upta et al. 1999), which is in accordance with two-pyro
xene crystallisation temperatures of l 040° to l 080° C 
determined for the HFC norite (Åreback & Stigh 2000). 
Pressure calculations using GOPQ and GPBQ indicate 
conditions in the range of 3.7 to 6.4 kbar. 

P-T estimates from the coeval late Sveconorwegian con
tact aureole around the 930 Ma Rogaland anorthosite 
complex in SW Norway (Scharer et al. 1996) have yiel
ded 4-7 kbar and up to 1050°C (Wilmart & Duchesne 
1987; Jansen et al. 1985; Tobi et al. 1985; Wilmart et al. 
1991). Experimental p hase equilibrium data from the 
Bjerkreim-Sokndal layered intrusion, belonging to the 
Rogaland anorthosite complex, indicate an emplace
ment pressure of � 5 kbar (Van der Auwera & Longhi 

Barometers (kbar) 

es GOPQ GCAQ GPAQ GPBQ 

958 (3.6) (4.7) 

798 (4.1) (2.9) 

764 2.8 (4.9) (5.9) 7.1 

971 3.7 (4.5) (5.2) 6.4 

(6.9) 

1994). Contact metamorphic assemblages in xenoliths 
of the late Sveconorwegian 920 Ma Bohus granite (Eli
asson & Schoberg 1991), emplaced ca. 40 km north of 
HFC indicate pressures of about 4 kbar and temperatu
res around 715°C, corresponding to a depth of ca. 14 km 
(Eliasson et al., in prep.). 

Regional metamorphism. - Except for the cores and 
intermediate zones in porphyroblastic garnet, minerals 
are likely to have recorded prograde and retrograde 
contact-metamorphic conditions. However, garnet 
zoning indicates that there were two episodes of garnet 
growth prior to intrusion of the HFC. Hence, the gar
net zoning appears to record three metamorphic episo
des, where the inner, inclusion-poor core (commonly 
lacking) represents an early stage, and the surrounding, 
inclusion-rich intermediate zone a later stage of regio
nal metamorphism. The zoning in the intermediate 
zone (steady decrease in Fe/(Fe+Mg)) suggests pro
grade growth, ending with a sudden strong increase in 
temperature during the growth of the inclusion-free 
rim at the time of HFC intrusion. The prograde zoning 
in the intermediate zone is interpreted to have develo
ped during a Sveconorwegian regional event, preceding 
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emplacement of the HFC. The development of the high 

Xcrs cores could be related to a pre-Sveconorwegian 
event, although this is unknown at present. 

The considerable variation in composition of the plagi
oclase inclusions in the porphyroblastic garnet and the 
fact that only two biotite inclusions (of which o ne was 
chloritised) were found in the porphyroblastic garnet, 
makes regional metamorphic P-T estimation in these 
samples very tentative. However, in Table 3 one calcula
tion is reported using garnet, plagioclase and biotite 
from the intermediate zone in a garnet porphyroblast. 
The result, about 650°C at 7 kbar, is in good agreement 
with previous P-T estimates from SLM rocks (Austin 
Hegardt 2000; Sigurdsson 1990), but should be regar
ded as provisional. More petrologic work is needed for 
reconstruction of the regional P-T evolution in the 
SLM and the Western Segment. 

Conclusions 
Petrographic examination of rocks from the contact 
aureole of the HFC shows that the pre-existing SLM 
amphibolite-facies assemblage (quartz, plagioclase, 
biotite, muscovite, K-feldspar and garnet) has been 
strongly affected by the contact metamorphism. Bio
tite, quartz, plagioclase and garnet were partially con
sumed, while muscovite disappeared completely. Newly 
formed contact metamorphic minerals comprise silli
manite, cordierite, orthopyroxene, corundum, high-T 
garnet rims, and hercynitic spinel, as well as new for
mation of K-feldspar and melt (Kfs+Qtz+Na-rich Pl). 
Remaining biotite and plagioclase underwent conside
rable compositional changes. A particular feature is the 
intergrowths of cordierite and spinel, forming Si02-
undersaturated knots, including also sillimanite, 
corundum, plagioclase and K-feldspar. 

There is abundant evidence of disequilibrium, both 
texturally and chemically. Plagioclase is strongly pat
chily zoned, where low-An marginal areas represent 
late plagioclase precipitated from melt. Garnet preser
ves pre-intrusive growth zoning, and show both high-T 
growth and resorption. This, in addition to significant 
chemical variation for most minerals, suggests partial 
equilibrium or non-equilibrium rather than true che
mical equilibrium. 
Estimated peak metamorphic conditions from local 
equilibrium or near-equilibrium assemblages vary 
from 3.7 to 6.4 kbar and 890 to 1015°C, corresponding 
to low-P ultra-high temperature granulite-facies. The 
coexistence of cordierite + spinel + corundum suggest 
an upper limit for the pressure of ca. 6 kbar, i.e. maxi
mum 21-22 km depth in the crust (Hensen 1987). The 
values obtained here are dose to those obtained for the 
contemporaneously intruded, but much larger Roga-

NORWEGIAN JOURNAL OF GEOLOGY 

land anorthosite complex (e.g. Jansen et al. 1985; Schu
macher & Westphal 2001), and would roughly corres
pond to an uplift of ca. 5-10 km between the regional 
metamorphic event and the HFC intrusion in the area, 
which could have been accomplished in the late Sveco
norwegian (cf. Jansen et al. 1985). 
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