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An Al-rich intercalation in garnetiferous migmatites near Vikeså, south
western Norway, consists of sapphirine, bronzite, cordierite, phlogopite,
h ercynite, plagioclase (about 32 % An), K-feldspar, and magnetite. Optical
properties and chemical compositions of the dominant minerals were deter
mined in a rock specimen, for which the whole-rock analysis is given. There
is evidence that sapphirine + bronzite + Si02 react into cordierite + h ercynite.
Phlogopite formed as a reaction product where there was metasomatism of
potassium. The relict assemblage sapphirine + bronzite ( 9.2 wt% Al203)
represents a high stage of granulite facies metamorphism with the estimated
petrogenetic conditions of total pressure 3-6 kb and temperature of 900°C.
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During fieldwork in 1972 sapphirine was found on Ivesdalsfj ellet, situated
north of Vikeså in Bj erkreim. Coordinates of the location are 336-6511 on
the topographic map, series M 711, sheet 1212 Il of Norges Geografiske
Oppmåling (Fig. 1).
The Precambrian crystalline basement in Rogaland is made up of several
anorthositic masses and a lopolith-shaped intrusive complex, surrounded
by charnockitic migmatites, with intercalations of garnetiferous migmatites
(Michot 1960, Tobi 1965, Hermans et al. 1975). Radiometric age determina
tions on the migmatites reveal three ages: around 1500, 1200, and between
1000-850 Ma (Versteeve 1974). The ages are thought to indicate main
phases of metamorphism.
The sapphirine-bearing rock is a folded layer interbedded in garnetiferous
migmatites (Fig. 2). The layer is about 400 m long and 2 m thick. Associated
with the sapphirine-bearing rock are various rock-types of the garnetiferous
migmatites (Table l , for locations Fig. 2). It should be noted that these
rocks do not necessarily represent stable mineral assemblages. Commonly
they are polymetamorphic, as shown by texturally separated mineral as
semblages. Garnet occurs not only as separated blasts, but also as thin
rims around spinel and opaque minerals, especially in specimens A 150 and
A 151. The garnet of these rims is lighter coloured. It is supposed to be
younger than the blasts.
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Fig. l. Location map of sapphirine-bearing rocks.

Petrographic description
The sapphirine-bearing rock is medium-grained, except for the sapphirine,
which mineral may occur as lath-shaped crystals up to 2 cm. A rather weak
foliation is due to the irregular alignment of sapphirine and phlogopite
crystals. The dominant minerals are sapphirine, bronzite, cordierite, phlogo
pite, and plagioclase. The mode in different thin sections of specimen

A 146 varies as follows: sapphirine 19-22; bronzite 17-21; cordierite 18-21;
ph1ogopite 19-21; plagioclase 11-14; K-feldspar 3-5; spinel 1-3. Specimens

A 188 and A 191 contain more sapphirine plus bronzite and distinctly less
cordierite plus spinel. A 190 and A 192 contain more cordierite plus spinel
and more K-feldspar, and less sapphirine plus bronzite. In specimen A 192
only a few relicts of sapphirine are left. All these specimens are taken from
the same location Sa (Fig. 2).
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Fig. 2. Sketch map of lvesdalsfjellet. Sa: samples A 146, A 188 , A 18 9, A 190, A 191,
A 192.

Sapphirine.
Forms large euhedral prismatic crystals in the specimens
A 188 and A 191. In places, it is a1most comp1etely mantled by bronzite
(Fig. 3). In specimen A 192 (less obviously in A 190 and A 146) most sapphi
rine crystaJls are successively mantled by cordierite plus spinel, by pure
cordierite and by bronzite (Fig. 4). The minerals cordierite and spine1 may
even completely replace sapphirine (Fig. 5). The cleavage of the sapphirine
is poor, but cracks are abundant in all the samples. For the optical data
the reader is referred to Table 2.
-
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Table 1. Mineralogical composition of the associated rocks
Associated rocks

A 83

A 84

A 145

A 150

A151

quartz
plagioclase

X

X

X

X

X

X

X

X

K-feldspar
biotite
hypersthene

X

X

X

X

X

X

X

X

X

X

X

garnet
cordierite
green spinel
sillimanite
olivine
opaque minerals
1

2
3
4
5

X

X

1

X

X

x2

X

X

X

1

X

X
X

X

A 180

X

X
X

X

X

X

X

X

X

X

X
X

X

X
X

X

A 156

4

X

5

3
X

X

X

garnet crystals present in hand-specimen, not observed in thin section.
cordierite only as rims between hypersthene and spinel.
olivine relicts in contact with spinel and hypersthene.
spinel relicts in garnet and biotite, not in hypersthene.
sillimanite is not in contact with garnet and spinel.

Bronzite.

-

Occurs as large aggregates of subhedral crystals, in places more

or less intergrown with cordierite and phlogopite, especially in specimens

A 192, A 190 and A 146. No zoning could be determined optically in the
bronzite crystals.

Cordierite

-

Found in all specimens as discrete grains, commonly in a bron

zite-phlogopite-cordierite assemblage. However, in specimen A 192 it is

Fig. 3. Sapphirine mantled by bronzite. Sample A 191. br-bronzite; sa-sapphirine.
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Fig. 4. Sapphirine mantled by spinel + cordierite, by pure cordierite, and by bronzite.
Sample A 188 . br-bronzite; co-cordierite; sa-sapphirine; sp-spinel.

mainly present in the reaction rims between bronzite and sapphirine. In
specimens A 191 and A 188 it also occurs as small grains in the sapphirine
bronzite assemblage, in most cases coexisting with some spinel. Polysyn-

Fig. 5. Complete replacement of sapphirine by spinel and cordierite. Sample A 192.
br-bronzite; co-cordierite; sp-spinel.
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Table 2. Optical data of some minerals in A146
Sapphirine

Bronzite

Cordierite

ny

1.72 5 -1.727
1.728

1.682

1. 536

n,

l.73Q--l.731
2Vz 94-10 4

2Vz 84-100

refringence nx

2V angle in
degrees
pleochronism X

y
z

2Vx 5 4-63 for red
66--76 for blue
creamy grey
bluish green
green blue

pink
light green

Analyst M. Maarschalkerweerd, Petrologic Department, State University of Utrecht,
The Netherlands.

thetic twins according to (110) and (130) are common. Pinitization often
starts along the margins of the grains and in certain areas in the thin sec
tions the cordierite is completely pinitized.

Phlogopite.

-

Forms flakes with strong pleochroism from brown (n0) to

light yellow (ne). In specimen A 192 it is found as small crystals in the
cordierite-spinel intergrowth replacing the sapphirine (Fig. 6). Locahly the
phlogopite is altered to chlorite.

Plagioclase.

-

Present as small grains, normally together with cordierite,

phlogopite, and K-feldspar. Its composition determined with the universal

Fig. 6. Phlogopite, cordierite and spinel intergrowth replacing sapphirine. Sample A 192.
br-bronzite; co-cordierite; ph-phlogopite; sp-spinel.
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stage varies between 28 and 33 o/o An. The plagioclase is sometimes anti
perthitic.

K-/eldspar. - Mostly perthitic and commonly associated with cordierite,
plagioolase, and phlogopite.

Direct contact between sapphirine and K

feldspar is scarce and only observed in specimen A 191. Sericite locally
occurs.

Spinel. - Usually a green (magnesium-rich) hercynite. It shows exsolution
of magnetite, especially where the hercynite forms an intergrowth with
cordierite. A magnetite-rich spinel is commonly associated with sapphirine
and bronzite. A wide range of compositions in the solid solution hercynite
to magnetite may have been present in these rocks. In a few cases diaspore
and magnetite formed as retrograde minerals along the margins of the
hercynite grains.
The phases bronzite and sapphirine are in direct contact in the specimens
A 188 and A 191, which have probably hetter retained their original minera
logy, and locally in specimen A 146. Some cordierite and spinel are con
centrated preferentially at the contacts of sapphirine and bronzite crystals
in these specimens. The rims of cordierite plus spinel (adjacent to the
sapphirine centre) and of pure cordierite (adjacent to the bronzite outer
rim) in specimens A 192 and A 146 indicate incompatibilities of bronzite
with sapphirine and with spinel, respectively. The sphere-symmetrical tex
ture, compared with the case of a simple bronzite rim around the sapphirine,
suggests a reaction like sapphirine ( + bronzite) into cordierite plus spinel.
A comparison of the dimensions of the sapphirine crystals without any
reaction features with the dimensions of the replacement textures suggests
that practically only the sapphirine has reacted. The sapphirine breakdown
reaction theoretically gives 8 moles spinel for the 2:2: l composition, and
7 moles spinel to l mole cordierite for the 7:9:3 composition (Fig. 7b). If
the breakdown reaction took place isochemicaHy, the volumetric amount of
the newly formed spinel should be about equal or a bit larger than the
amount of cordierite. Only the cordierite-spinel intergrowth adjacent to
the sapphirine seems to give a good agreement with these quantities. How
ever, in all the replacement textures the total volumetric amount of
cordierite ( + phlogopite) is relatively too large with respect to the amount
of the newly formed spinel. The more sapphirine is replaced, the more
cordierite is formed and the wider the pure cordierite rim becomes. Where
sapphirine is completely replaced, up to 80 vol % cordierite is found. The
excess amount of cordierite and the existence of the pure cordierite rim
point to metasomatic infiltration of Si02 through the bronzite outer rim.
The Si02 has probably reacted with spinel to form an excess amount of
cordierite.

On the other hand it could have been possible that the sapphirine-bronzite
assemblage was in equilibrium with quartz, although no evidence for this
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(like e.g. quartz inclusions in the bronzite or sapphirine) was found in thin
sections of the specimens which have best retained the original mineralogy.
A concentration of quartz along the margins of sapphirine crystals is also
very unlikely.
Locally, in specimen A 192 the cordierite-spinel assemblage is intensively
intergrown with phlogopite (Fig. 6), whereas phlogopite without cordierite
and spinel as coexisting phases is nowhere observed within sapphirine cry
stals. It seems logical to explain the intergrowth phlogopite-cordierite-spinel
also by metao
s matisim, for instance, of water and potassium. When making
an attempt to quantify the supposed metasomatic reactions, it is essential
to know the mineral compositions; however, the metasomatism makes it
difficult to prove the reactions by volumetric correlation of the reactants
with the products.

Whole-rock and mineral compositions A 146

The whole-rock analysis of sample A 146 shows a relatively high content
of Al20a, Si� and MgO (Table 3). The molar ratio MgO/(MgO+FeOtot)
is about 0.73 (Fig. 7) and the sum of the main oxide components (Si02+
Al20a+MgO) is a bout 87 mol%. This composition permits an estimation
of the metamorphic conditions by using the available experimental data in
the system Mg0-�1203-Si02(-H20) with minor P-T corrections for the effects
of the other components.
It is difficult to assess the pre-metamorphic equivalent of the sapphirine
bearing rock. In the first place it has undergone a change in composition
due to metasomatism. lts high Al203-content coupled with the low NiO-

Table 3. Total rock composition

A 146

Oxide

method

%wt.

calc. mol%

si o.
Al203
Ti02

X. R. F.

47.03

50.11

X. R. F.

24.35

15.29

X. R. F.

0.85

0.68

X. R. F.

7.02

6.25

CaO

At.Ab.

1.09

1.24

MgO

At. Ab.

11.40

18.10

MnO

X. R. F.

0.08

0.07

Fl. Phot.

3.27

2.22

Na.O

2.40

2.48

H20+

0.87

Total

98.49

FeOtot

K20

H2o

NiO
ZnO

0.13

At.Ab.
At. Ab .

}

3.56
100.00

90ppm.
60pp m.

Analysts: C. H.v. d. Weijden and co-workers of Vening Meinesz Laboratory, Dep artment

of Ge ochemistry, State University of Utrecht, The Netherlands.
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7. A-F-M. Si02-(Al203+Ti02)-(Mg0+Fe0) and Si02-Mg0-Fe0 diagrams for

specimen A 146.

e : plotted mineral and whole-rock composition Sa: sapphirine;
Co: cordierite; Br: bronzite; Ph: phlogopite; Pl: plagioclase;
Sp: Mg-rich hercynite Tr: whole-rock
whole-rock minus feldspar composition.

composition;

Tr':

* : plotted chemical composition of B 70, used by Hensen &
Green 1970.

J- -1

•

:

ideal garnet composition.

*

:

starting composition for the replacement reaction.

heavy solid line : range of end compositions for the replacement reaction.

>

·

) ) : metasomatic influx of silica, re sp. outflux of magnesium.

content (both components being considered to be immobile) makes it un
likely that we are dealing with a metamorphic ultramafic rock, whereas a
gabbroic or anorthositic origin is excluded as CaO is low and MgO relatively
high. It is more likely that the original rock had a Mg-rich pelitic or mafic
composition.
The mineral compositions are determined by electron microprobe, con
structed by the Technisch Physische Dienst 1NO
11I Delft, The Nether
lands. The analyses of Table 4 are corrected for absorption, fluorescence,
-
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Table 4. Microprobe analyses A 146
Oxide

sapphirine

cordierite

green spinel

bronzite

phlogopite

plagioclase

Si02

14.6

49.9

37.1

48.1

2.2

58.2

Al203

58.7

33.6

16.1

9.0

61.0

25.4

.l

.o

.2

9.2

2.7

8.3

15.2

23.9

.l

.o

.o

.o

.l

.o

6.2

MgO

16.9

11.9

18.8

25.4

14.2

MnO

.l

.5

.o

.2

.l

.o
.o

Ti02

FeOto t
CaO

Kp

.os

.l

3.85

.25

11.7
.25

N�O
99.6

7.15

98.65

96.1

98.1

18 o

24 o

24 o

91.5

101.4

Numbers of ions on the
basis of

10 o

Si

.88

Al

.12

Al
Al

4.00

Ti

.00

Fetot
Ca

Mg
Mn

K
Na

.o5

}
l

:�')

1.52

.oos

1.00

5.01
.99
2.99

.00
2.04

23
.00
1.78
.005

}

}

1

6.00

5.53

8.00

.00

.92

32 o
8.00

.00

.43
1.04
2.015

}

M
�l} l

2.47

2.99

}

7.08

5.99

1.88
.02

14

:�
00

8.12

4.16
.00

4.16

5.56

4.41

.00

.04

.04

2

:�;

}

)

32 o
15.46

10.62
5.47

.02
01
8.61

2.29

and atomic number with the aid of a standard computer program (Springer
1967), by using Heinrich's absorption coefficients (Heinrich 1964).
Sapphirine. - Shows a normal composition. There is no essential difference
between several analyzed crystals in specimens A 146, A 190, and A 191.
No compositional zoning could be esta:blished in the sapphirine of specimen

A 146. The anaiyzed composition is not really stoichiometric in the simpli
fied formula range 2:2:1 to 7:9:3. The molar ratio MgO/(MgO+FeOtot+
MnO) is about 0.76 (Fig. 7b).
Bronzite. - Has a relatively high Al203-content. No decrease of the Al203content is observed towards the margins in the bronzite grains of specimen
A 146. The molar ratio MgO/(MgO+FeO+MnO+CaO) is about 0.74.
Cordierite. - Has a normal composition for a Mg-rich cordierite. There
is no compositional difference between the two phases: one in the inter
growth with the green spinel and the other in assemblages with sapphirine
and bronzite. The water content was not analyzed, as later pinite is dispersely
distributed in many cordierite grains. The analytical sum would allow about
1.35 wto/o H20. The molar ratio MgO/(MgO+FeO+MnO) is about 0.87.

1.22

:��

.06
2.53

l

l

16.11

3.82
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Is remarkable for its Ti�content. The molar ratio �0/
(K20+N�O) is about 0.97 and MgO/(MgO+FeO) is about 0.80.

Phlogopite.

-

Plagioclase.
Has a composition of 66.4 mol albite, 32.0 mol anorthite,
and 1.6 mol orthoclase. The analysed composition agrees with the optical
-

determination.
Not analyzed in specimen A 146, as it contains very fine per
thitic exsolution strings.

K-/eldspar.

-

Green spinel.
Only analyzed in the intergrowth with cordierite. The ex
solution structures make the analysis rather imprecise although an indication
of the composition can be gleaned. The Si02-content is too high. The
molar ratio MgO/(MgO+FeO) is about 0.52, after correction for magnetite
about 0.55.
Although chemical equilibrium between all the minerals in rock sample
A 146 must be ruled out on account of the textures, the ratio MgO/(MgO+
FeO) still follows the natural assemblage sequence as given by Hensen &
Green (1970) and Nixon et al. (1973).
-

A 146

MgO/(MgO+FeO)

Cord.

Phlog.

Sapp.

Bronz.

0.87

0.80

0.76

0.74

Spin. (corrected
0.55 for
magnetite)

The order of this sequence can be partiaUy understood, knowing that
cordierite + phlogopite + spinel assemblage can be formed by breakdown
reactions of the assemblage sapphirine + bronzite, so the natural sequence
is not necessarily indicative of a kind of equilibrium between the five
solid phases.
In Fig. 7, mineral and whole-rock compositions are plotted in A-F-M,
Si02-(Al203+Ti02)-(Mg0+Fe0) and Si02-Mg0-Fe0 diagrams. The miner
als sapphirine, bronzite, cordierite, and spinel have compositions more or
less within these diagrams. The spinel is corrected for magnetite. Phlogopite,
plagioclase, and the whole-rock compositions are projected through the
(N�O+K20+Ca0) component. The whole rock is also plotted for the
minus-feldspar composition. It is remarkable that this point falls in the
three diagrams just in the field of the apparently original assemblage
sapphirine-bronzite-spinel. Despite the fact that the composition of the
total rock minus-feldspar (Tr') lies close to the garnet composition, no
garnet is found in these sapphirine-bearing rocks, probably due to the
high MgO/(MgO+FeO) ratio and high K20 content of the whole rock
and to the conditions of formation under moderately low pressure (p. 10).
The crossing tielines, drawn in the diagram of Fig. 7b, show the break
down reaction of the primary assemblage into an assemblage consisting of
cordierite and spinel: 91 o/o sapphirine + 9 o/o bronzite into 33 % cordierite
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+ 67 % spinel (mole percentages). The reaction coefficients of the reac
tants are in agreement with the mentioned volumetric comparison of the
sapphirine crystals and the replacement textures. The compositions of the
original minerals sapphirine and bronzite are assumed to remain constant.
Based on textural arguments, neither sapphirine nor bronzite (constant
Al20s-content) have been produced during the formation of the replacement
textures, so the starting composition for the replacement reaction can be
plotted in Fig. 7c.
The cordierite may have changed its MgO/(MgO+FeO) ratio during
later recrystallization, but we use the analyzed composition for reaction
correlation. The volumetric amounts of the cordierite-spinel intergrowth
seem to suggest an isochemical reaction; however, by assuming this the
spinel should have a MgO/(MgO+FeO) ratio of O. 73 instead of the analyzed

0.55 ratio (Fig. 7c). So also for this part of the texture an isochemical reac
tion is excluded.
The volumetric amounts of the total cordierite and spinel in the replace
ment textures and the compositions of these two phases can be used for the
calculation of the range of end compositions for the replacement reaction.
The diagram in Fig. 7c shows the discrepancies with the starting composi
tion.
The only plausible explanation for these discrepancies is metasomatism
of especially the component silica. In terms of constant volume, as the
bronzite outer rim remains unchanged for the part of the mineral that does
not react, the influx of silica means outflux of other components, mainly
magnesium. Another argument for the outward transport of magnesium
is that if all the magnesium stays in the volume of the replacement an
impossibly large amount of Mg cordierite had to form in relation to the

0.55 spinel. Probably an influx of ferroic iron simultaneously took place.
It practically means reduction of ferric iron. However, the presence of mag
netite suggests an oxidation during the replacement reaction.

Neither

bronzite nor sapphirine contain enough ferroic iron for the formation of
all the magnetite. The diagrams in Figs. 7a and 7b show that Al203 is itself
relatively immobile in relation to the silica, magnesium, and iron. The
arrows in Fig. 7c iUustrate the two extreme ratios between the influx of
Si02 and the outflux of MgO as can be derived for the extremes of the
range of end compositions.
The reasoning for the pure cordierite rim adjacent to the bronzite may
be a question of local equilibrium; the bronzite keeps the chemical potential
of Si02 too high for a Si02-free phas,e like spinel. The factor time is not
necessarily needed for the explanation of the two different replacement
rims.
The volumetric amount of phlogopite in the replacement textures never
exceeds the 20 o/o of the total amount of cordierite plus spinel. The amount
of influx of potassium and sodium can be derived for each texture. Because
of the normally accepted immobility of titanium the high Ti�-content of
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phlogopite may indicate that in some cases a mineral like ilmenite was in
volved in the breakdown reaction; the phlogopite in the replacement texture
is not yet analyzed.

Petrogenesis
The assemblage sapphirine-enstatite in the system Mg0-Al203-Si02 has a
large stability field according to Seifert (1974) (Fig. 8). The MgSi-AlAI
substitution is in fact in both phases important, but less understood in the
sapphirine. The Al203 isopleths of the enstatite solid solution of each three
phase assemblage containing enstatite are univariant relations in a P-T
diagram for this system (Hensen 1972). The 9 wt% Al203 enstatite isopleths
can be tentatively drawn with the aid of the ,experimental data of Anastasiou

& Seifert (1970) for the three-phase assemblages: enstatite + forsterite +
spinel (9), sapphirine + enstatite + cordierite (9'), enstatite + cordierite

+ spinel (9"), and enstatite + cordierite + forsterite (9"') (Hensen 1972).
The discrepancy in temperature of the intersection of the 9 wt% Al203
enstatite isopleth of the assemblage enstatite + forsterite + spinel (10) of
MacGregor (1974) with the enstatite + spinel into cordierite + forsterite
(12) reaction of Anastasiou & Seifert (1970) and their 9 wt% Al203
content in the enstatite solid solution is about 150°C (Fig. 8).
Assuming for the Rogaland sapphirine-bearing rocks that the observed
enstatite-phlogopite-cordierite assemblage (the enstatite containing 9 wt %
Al203) coexists with the sapphirine, as also has been reported by, for
example Barker (1964), Meng & Moore (1972) and Lutts & Kopaneva (1968),
the experimental curves (6 and 6') of Modreski & Boetcher (1972) give more
support to the 9 wt% Al203 isopleth (lO) of MacGregor for natura:! systems.
Especially the amount of the FeO component in the natura! systems of the
Rogaland specimens may lower the temperature for the Al203 isopleths
and for the upper stability curves of the phlogopite-enstatite assemblage
by 50--l00°C. We have made a temperature estimation of about 900°C. In
addition, the assemblage olivine-hypersthene-spinel, observed in specimen

A 145 of the associated rocks, also points to high temperatures.
In the sapphirine-bearing rocks no quartz is found, not even as small
relict grains in the bronzite crystals, whereas cordierite is observed in all
the specimens, not only in the replacement textures.

According to the

upper stability of cordierite (3 and 5) (Newton et al. 1974) the total pressure
has not exceeded the 7 kb for the temperatures involved. The FeO com
ponent will even 'lower this maximum pressure. The whole-rock composition
is about the same as the composition of B 70 used by Hensen & Green (1970)
for the experiments on coexisting cordierite and gamet (Fig. 7). In this
Rogaland occurrence no gamet is found, suggesting that the pressure was
lower than 6 kb for the primary assemblages. The minimum pressure
estimation is based on the sapphirine + enstatite into cordierite + spinel
reaction (13) (Seifert 1974); the P-T influence of FeO on this reaction is
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2

curves of the Al-silicates stability diagram (Richardson et al.

1969).
3 and 5', resp. 3 and 5

Mg-cordierite stability limits in the synthetic system Mg0Al203-Si02, resp. natura! system (Newton et al. 1974).

4'

lower stability limits of the sapphirine + enstatite + quartz

and 5', resp.

4

and 5

assemblage in the synthetic Mg0-Al203-Si02 resp. natura!
system (Newton et al. 1974).
6 and

7,

resp. 6' and

8

7

disappearance of phlogopite + enstatite assemblage in wet
and dry system respectively (Modreski & Boettcher 1972).
upper temperature stability limit of almandine (Keesman et
al.

9, 9', 9",

9"'

1971).

tentative plot of the
Hensen

1972,

9

wt% Al203 enstatite isopleths after

Anastasiou & Seifert

1972.

10, 10'

analogous plot of the 9 wt% Al203 enstatite isopleths after

11

lower pressure stability limit of gamet for the B

MacGregor

1974.

tion used by Hensen and Green

12

lower pressure stability limit of enstatite +
system Mg0-Al203-Si02-H20 (Seifert

13,14

70

composi

1970.
spinel in the

1974).

stability field of assemblage cordierite

+

spinel (Seifert

1974).

13, 15

stability field of assemblage enstatite + sapphirine (Seifert

1974).
Hatched: P-T area inferred from gamet and cordierite compositions in samples from
Rogaland (Henry

1974).

Abbreviations used are: And (andalusite), Si (sillimanite), Ky (kyanite), En (enstatite),
Q (quartz), Co (cordierite), Sa (sapphirine), Ph (phlogopite), V (vapor), Fo (fosterite),
L (liquid), Alm (almandine), Ga (gamet), Sp (spinel), Chl (chlorite), Ko (komerupine).
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hard to predict. Nevertheless we estimate for the primary assemblages
a total pressure between 3 and 6 kb.
The metasomatic phenomena described in the preceding sections indicate
that in a 'later stage' of metamorphism the assemblage sapphirine-enstatite
became unstable. In the Mg0-Al203-Si02 system cordierite plus spinel is
only stable under pressure less than 4 kb (Seifert 1974). A shift of the
conditions towards lower temperatures and pressures, as weH as the men
tioned metasomatism, could have favoured the stability of the assemblage
cordierite + spinel. Although no reliable estimates can be made for the
phlogopite-cordierite-spinel assemblage, the surrounding cordierite-gamet
migrnatites were studied by Henry ( 1974) and J. H. Brons (pers. comm.)
and their estimates for the conditions of formation of these migmatites,
where gamet and cordierite are assumed to be in equilibrium with sillimanite
and quartz or orthopyroxene, are of the order of 5-7 kb total pressure and
700--800°C. These estimates seem to be a bit high in pressure.
The retrograde minerals chlorite, pinite, sericite, and especially diaspore
give an impression of the later metarnorphic events.
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