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ABSTRACT

Mineral chemistries and textures are described from a suite of sapphirine-bearing granulites from the
Gruf Complex of the Italian Central Alps. The granulites contain combinations of garnet,
orthopyroxene, sapphirine, sillimanite, cordierite, biotite, quartz, spinel, corundum, staurolite,
plagioclase, K-feldspar, ilmenite and rutile, in assemblages with low (usually negative) variance. They
are outstanding in that they preserve a textural and chemical record of a protracted metamorphic
evolution.

Reaction textures are common and include: (i) pseudomorphs (e.g. of sillimanite after kyanite); (ii)
relatively coarse-grained monomineralic reaction rims (e.g. of cordierite between sapphirine and
quartz); (iii) fine-grained symplectitic coronas (e.g. of orthopyroxene + sapphirine round garnet); (iv)
inclusions, in garnet cores, of minerals (e.g. staurolite) not found elsewhere in the rocks.

Detailed microprobe study has revealed large chemical variations within each phase. Different
textural types of each phase have different compositions, and strong zoning is preserved in garnet
(Mg/(Mg + Fe) from 0-30 to 0-61) and coarse sapphirine. Inclusion populations in garnet correlate
with host composition.

The textural and chemical features are interpreted in terms of successive equilibrium assemblages
and reactions. Metamorphic conditions operative at each stage in the evolution are calculated using
published geothermometers and geobarometers as well as thermodynamically calibrated MAS and
FASH equilibria. The results are used to construct a P-T—time path for the sapphirine-granulites,
which can be summarized as follows:

(i) Increasing Tat high P (>7 kb). Partial melting.
(ii) A maximum 7"of -830 °C attained at -10 kb.
(iii) Almost isothermal decompression, reaching 750 °Cat - 5 kb, under conditions of low /iH,o-
(iv) Further cooling, and decompression. Localized hydration. Rocks exposed.

The P-T—time path is interpreted as the product of a single metamorphic cycle (the tertiary 'Lepontine'
event) and is extrapolated to the Gruf Complex as a whole. When combined with published
geochronological data, the results indicate an average uplift rate in excess of 2 mm/yr for the Gruf
Complex between 38 and 30 Ma ago.

An in situ partial melting origin for the sapphirine-granulites is favoured. Extraction of an iron-rich
granitic liquid from a normal pelitic palaeosome could generate a refractory residue with the required
Mg, Al-rich composition. The change in bulk solid composition during partial melting is thought to
account for the extraordinarily strong zoning in the garnets.

I N T R O D U C T I O N

Rocks which preserve a record of an extended metamorphic evolution are the exception

rather than the rule. Outstanding examples of such rocks are found among the
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FIG. 1. Sketch-map of the Bergell area, northern Italy (adapted from Triimpy, 1980). 1. Bergell tonalite. 2. BergeU
granodiorite. 3. Novate granite. 4. Ultramafics, metavolcanics etc. of ophiolite zones. 5. Pennine nappes (names in
capital letters). 6. Austroalpine nappes. 7. Southern Alps. 8. Quaternary. EL. Engadine Line. IL. Insubric Line.
—|— Sillimanite isograd. 'Sapphirine locality. (B: Bresciadega locality; C: Val Conco locality.) Inset: location of

map area relative to Switzerland.

sapphirine-bearing aluminous magnesian granulites from the Gruf Complex of the Italian
Central Alps. This paper is an attempt to extract historical information from mineral textures
and chemistry with the aim of providing constraints on the tectono-thermal evolution of the
Gruf Complex.

The Gruf Complex is a high grade gneiss unit of the Pennine Zone situated entirely within
the Lepontine sillimanite zone (Fig. 1). The Gruf Complex underlies the Bergell Granite
Complex; its tectonic position in the sequence of the Pennine nappes is uncertain, though it
probably correlates with the Zone of Bellinzona (Wenk, 1973). It is composed mainly of
migmatitic biotite-feldspathic gneisses and cordierite-bearing pelitic gneisses (Wenk et al.,

1974; Bucher-Nurminen & Droop, 1983), but ultramafic and calc-silicate rocks occur locally
(Moticska, 1970). Hercynian Rb/Sr whole-rock ages have been obtained from some of the
migmatitic gneisses (Gulson, 1973).

The Gruf sapphirine-granulites contain garnet, orthopyroxene, sillimanite, sapphirine,
cordierite, biotite, quartz, spinel, corundum, staurolite, plagioclase, K-feldspar, ilmenite and
rutile. They were discovered by Cornelius (1916) as rare blocks in a single fossil scree fan 1-3
km east of Bresciadega in Val Codera (Fig. 1). Recent scree deposits nearby contain no
sapphirine-granulite boulders, suggesting that the outcrops are small, if not already totally
eroded away. Wenk et al. (1974) report one boulder of sapphirine-bearing rock at a second
locality in Val Codera (southern end of Val Conco; Fig. 1). No sapphirine-granulites have
been found in situ.

Although many workers have studied the Gruf sapphirine-granulites, there is still no
consensus regarding the origin of their unusual Mg,Al-rich bulk compositions or their
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metamorphic history. Some textural and mineralogical aspects were discussed by Cornelius &
Dittler (1929) who concluded that the rocks had had a complex history and postulated meta-
somatic action of pegmatitic fluids from the nearby Bergell intrusion on a biotite-rock
protolith to account for the present bulk compositions. Barker (1964) identified four successive
mineral assemblages on the basis of textural evidence. Ackermand & Seifert (1969) invoked
a two-stage metamorphic history and calculated a pressure of 12 kb for the earlier
('pre-intrusive granulite fades') stage, though no indication was given of the methods used. In
his field study of the Gruf Complex, Moticska (1970) briefly described the sapphirine-
granulites and stressed that they contain disequilibrium mineral assemblages. Wenk et ah

(1974), in discussing the cordierite-bearing metapelites of the Bergell region, calculated
conditions of 1000 °C and 8 kb for the sapphirine-granulites assuming the mineral
assemblage had equilibrated in a single-stage metamorphism. Recently, Hoernes &
Friedrichsen (1980) have obtained concordant oxygen isotope temperatures of between 658
and 686 °C from minerals separated from one specimen.

Our samples revealed a large number of mineral textures not recorded by previous
workers. These textures confirm earlier observations that the rocks had a complicated
metamorphic history and suggest that present mineral assemblages were never in chemical
equilibrium on the scale of a thin-section. This is borne out by the low variance of these
assemblages (—3 in some samples). In this paper we describe these textures in detail and use
them to trace the evolution of the rocks in terms of successive equilibrium mineral
assemblages and reactions; we then attempt to calculate the pressure and temperature
conditions operative at each stage.

PETROGRAPHY

1. Macroscopic features

The three petrographic varieties of sapphirine-bearing rock are as follows:

(a) Granulites (samples AL18, AL20, AL21, TS100, Codl2). This is the most common
type at the Bresciadega locality. These rocks are dense, coarse-grained, non-foliated, and
dark-coloured due to a high modal proportion of ferro-magnesian silicates (> 90 per cent).
Large (>2 cm) irregular to sub-rounded garnet porphyroblasts are set in a matrix (grain size
1-3 mm) in which sapphirine, orthopyroxene, cordierite, biotite and K-feldspar are clearly
distinguishable. In some samples, K-feldspar is concentrated in irregular monomineralic
patches.

(b) Schist (AL41). In this rock (from Bresciadega), biotite is abundant and forms streaks
which define a rudimentary schistosity. Garnet is less prominent than in the granulites and
2—4 mm ellipsoidal pale blue patches rich in fine-grained sapphirine are conspicuous.

(c) Mixed rocks (AL19, Cod6A). In this type, dark sapphirine-bearing rock is closely
associated with paler quartose rock resembling metapelitic gneiss found in situ. In AL19
(from Bresciadega), half of the rock is composed of'normal' sapphirine-granulite ((a) above);
this is separated from pale foliated garnetiferous quartzo-feldspathic gneiss by a sharp and
concordant planar contact. There is a more intimate association of dark and light material in
Cod6A (the Val Conco boulder reported by Wenk et al. (1974)), in which randomly
distributed dark lensoid fragments (up to 20 cm long) rich in garnet, biotite and fine grained
sapphirine are set in a matrix of medium coarse-grained quartzo-feldspathic rock containing
garnet and biotite.

The Bresciadega samples may well have been derived from a single lens-like body similar
to, but much larger than, those in Cod6A. If so AL19 may be a sample across the margin of
the lens.
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2. Microscopic features

The mineral assemblages of rocks studied in this paper are listed in Table 1.

(a) Granulites

Most samples have a modal compositionclose to: orthopyroxene, 25 per cent; sapphirine,
20 per cent; cordierite, 20 per cent; biotite, 15 per cent; garnet, 8 per cent; feldspars, 5 per
cent; quartz, 3 per cent; sillimanite, 2 per cent; spinel, corundum and other accessories, 2 per
cent.

Garnet. Garnet diameters range from 1 to 20 mm. The larger grains tend to be subrounded,
though occasionally have a fragmented atoll-like appearance, while smaller ones have
irregular lobate shapes. Crystal faces are absent. Grain boundaries are strongly embayed
(Figs. 2, 3) suggesting that garnet has been resorbed. Two other features support this: (i)
small ragged 'islands' of garnet up to 3 mm away from the nearest large grain (Figs. 2, 4c);
(ii) the almost ubiquitous 0-1-2 mm wide symplectitic corona around each garnet (Figs. 2, 3,
4a, 4b). These coronas are composed predominantly of orthopyroxene + cordierite
symplectite (Figs. 3, 4a) similar to those described by Schreyer & Abraham (1978),
Leyreloup et al. (1975) and Vielzeuf (1980) from coronas around garnet in other pelitic
granulites. Locally, the coronas contain fan-shaped patches of very finely intergrown
orthopyroxene + sapphirine and small amounts of orthopyroxene + spinel symplectite (Fig.
4b). These two types of intergrowth are also known from textures in the pelitic granulites of
Madras (Grew, 1982a).

Sapphirine, orthopyroxene, cordierite, sillimanite, staurolite, biotite, spinel, corundum,
quartz, plagioclase, K-feldspar, ilmenite, rutile and apatite have been observed as inclusions in
garnet. Of these, staurolite, ilmenite, rutile and apatite are not found elsewhere in the rock.
Many of the inclusions are composite, and a list of all recorded inclusion assemblages is given
in Table 2. Some of the more common or significant types of composite inclusions are
illustrated in Fig. 6.
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Mineral assemblages of Gruf sapphirine-bearing rocks
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Fio. 2. Distribution of inclusion minerals in a garnet porphyroblast. TS100. S: area rich in symplectites. M:
matrix of cordiente, biotite, sillimanite, sapphirine, quartz, orthopyroxene and feldspars. B: biotite corona. The

garnet is contoured in values of 100 Mg/(Mg + Fe2+).

Fio. 3. Garnet-breakdown textures. TS100 (x 70). g: garnet; o: orthopyroxene; si: sillimanite; o + c:
orthopyroxene + cordiente symplectite; s + c; sapphirine + cordierite symplectite. The field of view was probably
at one stage occupied entirely by garnet with quartz inclusions; mineralogy and textures were subsequently

modified by reactions 13, 17 and 20 (see text).
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TABLE2

Mineral assemblages of single-phase and composite inclusions in garnet

st st + sp* sill + biot st + sp* + sa*
sp st + sa* sill + plag sp + crm + sa
sa sp + sa* opx + cord sp + crm + biot
crm sp + crm opx + biot sp + sa* + biot
sill sp + cord cord + biot sp + sill + cord
opx sp + biot cord + plag sp + biot + ilm
qz sp + plag biot + plag sp + ilm + rut
biot sp + ilm biot + ilm sa + qz + biot
plag sp + rut biot + rut sill + opx + cord*
ilm sa + opx plag + ksp sill + opx + qz
rut sa + plag sill + cord + biot
ap crm + sill qz + biot + rut

crm + cord biot + plag + ilm
crm + biot biot + rut + ap
sill + opx sill + opx + qz + biot
sill + cord sa + opx + qz + biot + ksp

* Phase forming distinct reaction rims.

There is a distinct zonal distribution of inclusion types within garnets (Fig. 2). Staurolite,
spinel and quartz inclusions are generally concentrated in the cores of larger garnets, while
inclusions containing sapphirine, orthopyroxene and sillimanite are more common near the
rims (Fig. 2).

Sapphirine. In the matrix of the granulites, sapphirine occurs in three distinct forms: (1) in
orthopyroxene + sapphirine symplectite near garnet (Fig. 4b); (2) in coronas of sapphirine +
cordierite symplectite around sillimanite (Figs. 3, 4a, and Schreyer (1970) p. 159); (3)
abundant, large (1-4 mm long) subhedral prismatic single twinned crystals, generally
enclosed by cordierite (Figs. 4a, 5a, 5b, 5d). Prismatic sapphirine is commonly closely
associated with (and locally partially or totally enclosed by) prismatic orthopyroxene, but the
two minerals are generally separated by a thin selvage of cordierite (Fig. 4a). Many
sapphirine prisms are distinctly zoned, with their colour becoming gradually darker towards
their rims. This zoning is less obvious where sapphirine is not in direct contact with cordierite.
The dark rims tend to follow the grain boundaries, even where the latter are very irregular.
Prismatic sapphirines locally enclose grains of biotite, spinel (Fig. 5a), corundum, sillimanite
and orthopyroxene.

Common assemblages involving sapphirine included in garnet are (a) sapphirine +
orthopyroxene, and (b) sapphirine + spinel ± corundum (Fig. 6e). In (a), the sapphirine is
invariably euhedral, unzoned and isolated from garnet by orthopyroxene (Fig. 6c). Composite
sapphirine + orthopyroxene and sapphirine + spinel grains similar to (a) and (b) occur locally
in the matrix cordierite near garnet and are presumed to be former inclusions subsequently
exhumed during garnet resorption.

Sapphirine and quartz are not found in direct contact in the rock matrix. However,
sapphirine and quartz were found in mutual grain contact in some composite inclusions in
garnet (Fig. 6a, 6a^. In one case (Fig. 6a^, a euhedral sapphirine crystal is colour zoned in the
opposite sense to matrix sapphirine. The assemblage sapphirine and quartz is rare and has
been reported from only five other localities: (i) Peekskill, New York (Caporuscio & Morse,
1978), (ii) Labwor, Uganda (Nixon et ai, 1973), (iii) Wilson Lake, Labrador (Morse &
Talley, 1971; Meng & Moore, 1972), (iv) Enderby Land, Antarctica (Dallwitz, 1968; Grew,
1980, 19826; Ellis et al., 1980; Ellis, 1980), (v) Chogar, Siberia (Karsakov et al., 1975).

Orthopyroxene. Several textural types of orthopyroxene occur in the matrix of the rocks;
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(1) Large (0-5-4 mm) subhedral, prismatic grains (Figs. 3a, 4a, 4b) in contact with garnet,
sapphirine, cordierite, biotite, feldspars and quartz. These grains are commonly surrounded
by small biotite flakes (Fig. 5b), suggesting that some late breakdown to biotite has taken
place. Prismatic orthopyroxenes locally enclose small grains of biotite and (rare) garnet (Fig.
4c). (2) Orthopyroxene + cordierite symplectite. (3) Orthopyroxene + sapphirine symplectite.
(4) Orthopyroxene + spinel symplectite. Symplectites (2), (3) and (4) are found in coronas
round garnet. (5) Small blebs in cordierite. (6) Reaction rims between quartz and coarse
matrix biotite (Figs. 5c, 5d). (7) Extensive, optically continuous fringes between garnet and
sillimanite or its breakdown products in TS100 (Fig. 3). (8) in exhumed orthopyroxene +
sapphirine inclusions near garnet.

In addition to isolated orthopyroxene and orthopyroxene + sapphirine inclusions (Fig. 6c),
garnets in TS100 contain composite orthopyroxene + sillimanite inclusions, each consisting
of a euhedral sillimanite prism totally enclosed by orthopyroxene (Fig. 6b). The texture
described under (7) above is probably a version of this texture, somewhat modified by
subsequent sillimanite replacement by cordierite ± sapphirine.

Sillimanite. The bulk of the sillimanite in the rock matrix occurs as 1—3 mm long
polycrystalline aggregates of prismatic crystals (Fig. 4a). Many of these aggregates have
sub-rectangular shapes and strongly resemble the sillimanite pseudomorphs after kyanite
described by Chinner & Sweatman (1968) and Leyreloup et al. (1975).

Sillimanite inclusions in garnet occur both as single crystals (often with orthopyroxene,
rarely spinel) and as aggregates of needles. Most matrix sillimanite aggregates and exhumed
single-crystal inclusions are surrounded by a corona of sapphirine + cordierite symplectite
(Figs. 3, 4a) and locally the sillimanite has been completely replaced (Fig. 3).

Cordierite. Cordierite is abundant. Grain size is variable; large twinned grains and small
granules are common. It is found in contact with all minerals except staurolite, ilmenite and
rutile. Cordierite grains are generally euhedral against quartz (Fig. 50^.

Cordierite is commonly included in garnet rims (Fig. 2) where it is locally intergrown with
orthopyroxene as in the symplectitic coronas around garnets.

Biotite. Large orange-brown biotite flakes are distributed evenly throughout the matrix,
where they make contact with all matrix minerals except sillimanite. Orthopyroxene reaction
rims have developed locally along contacts with quartz (Fig. 5c). Small biotite flakes rim
prismatic orthopyroxene (Fig. 5c) and form almost monomineralic shells enveloping the
symplectic coronas around garnets (Fig. 2).

Biotite inclusions in garnet are common and show no zonal distribution, but close to garnet
rims are paler, i.e. more magnesian, than matrix biotites.

Spinel. Green spinel is a minor phase, occurring mostly as inclusions in garnet. Composite
spinel + staurolite inclusions (in which spinel in places rims staurolite) are common in garnet
cores (Fig. 6/) while spinel + sapphirine and (in AL19, AL20) spinel + corundum inclusions
are found near garnet rims. Where they occur together, spinel is generally rimmed by
sapphirine, but the reverse has also been found. Isolated spinel inclusions are found in both
garnet core and rim regions, even in rocks (e.g. TS100) in which spinel is concentrated in
garnet cores (Fig. 2).

Outside garnet, spinel is rare and occurs in four textures: (1) inclusions in prismatic
sapphirine (Fig. 5a); (2) orthopyroxene + spinel symplectite near garnet (Fig. 4b); (3) small
irregular grains (possibly replacing sapphirine) in some sapphirine + cordierite intergrowth;
(4) composite sapphirine + spinel grains (presumably exhumed inclusions) in cordierite close
to garnet.

Corundum. Corundum occurs only as inclusions in garnet (AL19, AL20, Cod 12) (Fig. 6e)

and prismatic sapphirine (AL20).
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GRUF COMPLEX GRANULITES

(b)

775

(0

(d)

FIG. 6. Composite inclusions in garnet, s: sapphirine; o: orthopyroxene; si: sillimanite; b: biotite; q: quartz; k:
It-feldspar; sp: spinel; st: staurolite. (a), (b) and (c): in TSlOO garnet rims (x20); (</) and (<?): in AL20B garnet

rims (x 20); ( / ) : in TS100 garnet core (x 80).

Staurolite. The occurrence of staurolite is restricted to inclusions in garnet cores (TSlOO,
AL20). It is commonly associated with spinel (Fig. 6/).

Quartz. Quartz is present in small quantities both in garnets and in the matrix of the rocks.
Within garnet, quartz is in contact with biotite, orthopyroxene, sapphirine and garnet (Figs.
6a, 6d). In the matrix, quartz forms irregular, cuspate polycrystalline patches and is in
contact with biotite, orthopyroxene, cordierite, K-feldspar and plagioclase. Matrix sapphirine
prisms are invariably separated from quartz by a rim of cordierite at least 0-2 mm thick (Fig.
Sd). This cordierite is euhedral to quartz and seems to have grown at the expense of quartz
and sapphirine.

Plagioclase. Small, twinned, locally strained plagioclase grains are distributed sporadically
in the garnets and matrix.

K-feldspar. The K-feldspar is a microperthite with a blebby exsolution texture (Fig. 5b). In
the matrix, the grain size is generally large (1-4 mm), but small K-feldspars are found in
composite inclusions in garnet (Fig. 6a). The margins of some matrix K-feldspars have been
locally embayed by myrmekite.

Muscovite. Small patches of retrogressive sericite and coarser muscovite occur near late
fractures in TSlOO.

Ilmenite, rutile, apatite. These minerals only occur as inclusions in garnet.
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(b) Schist (AL41)

This sample is texturally and mineralogically similar to those described above. The main
differences are that AL41 contains (a) much more sillimanite, and hence much more
sapphirine + cordierite symplectite, (b) no coarse biotite, (c) very few (and smaller) prismatic
sapphirine grains, (d) anthophyllite, but no orthopyroxene. The anthophyllite occurs both as
tiny blebs in cordierite near garnet (where it presumably replaces former symplectitic
orthopyroxene) and as aggregates of aligned prisms in 1-2 mm long rectangular patches of
anthophyllite ± talc ± phJogopite which are probably pseudomorphs after prismatic
orthopyroxene.

Thus, AL41 would seem to be a sillimanite-rich variety of the sapphirine-granulite that has
undergone some retrograde hydration.

(c) Mixed rocks (AL19, Cod6A)

The dark part of AL19 is sapphirine-granulite, as described in (a), above. The pale part
of AL19 consists mainly of granular quartz, plagioclase (bytownite), and sub-poikilitic
sector-twinned cordierite. Bands rich in small anhedral garnets and aggregates of sillimanite
prisms define a crude foliation. Green spinel occurs locally in cordierite near sillimanite, but
does not touch quartz.

The dark lenses in Cod6A are texturally and mineralogically different from the
sapphirine-granulites described above. The minerals have a uniformly small grain size.
Ellipsoidal patches (5 mm long) of granular sapphirine + plagioclase are embedded in a
matrix of quartz + plagioclase + K-feldspar + garnet + orthopyroxene + biotite (Fig. Ad).

Spinel appears instead of sapphirine within 1 mm from the edge of each lens.

The leucocratic portion of Cod6A consists of small (0.5 mm) rounded garnets and
orthopyroxenes in a coarse, granular non-foliated matrix of quartz, perthite, plagioclase
(oligoclase) and biotite.

WHOLE ROCK CHEMISTRY

Bulk analyses of sapphirine-granulites from the Bresciadega locality indicate that these
rocks have low SiO2 (~40 wt. per cent), high A12O3 (~25 wt. per cent), high MgO (~17 wt.
per cent) and high Mg/(Fe + Mg) (-0-76) (Cornelius & Dittler, 1929; Barker, 1964).

Sapphirine rocks with similar compositions have been described by Lai et al. (1978) who
present evidence that their rocks formed as Mg,Al-rich restites left after removal of Fe, Si-rich
granitic liquids produced by 75-85 per cent partial melting of pelitic schist of average
composition. Origins proposed for Mg, Al-rich sapphirine bearing rocks from other areas
include (i) isochemical metamorphism of unusual sedimentary bulk compositions (e.g.
McKie, 1959; Meng & Moore, 1972), (ii) metamorphism of hydrothermally altered basalts
(e.g. Wilson, 1971), (iii) Mg-metasomatism of pelites (e.g. Muthuswami, 1949), and (iv)
metamorphism of ultramafic rocks that have suffered metasomatism (e.g. Lensch, 1971).
Cornelius & Dittler (1929) and Barker (1964) both favour explanation (iv) for the Codera
rocks, but new evidence is presented below in support of a partial melting origin.

MINERAL CHEMISTRY

The mineral chemistry is discussed in detail because the thermodynamic calculations
depend on it and very few analyses from these rocks have been published to date. Also, large
variations in the compositions of certain minerals occur within each sample; these are
reflected both in compositional zoning of individual grains and in differences in composition
between grains of the same mineral in different textural settings.
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Minerals were analysed using an energy dispersive electron-microprobe at the Department
of Earth Sciences, University of Cambridge. Accelerating potential was 20 kV and live
counting time 80 s. Peaks were measured and processed by iterative peak stripping (Statham,
1976) and corrected using the method of Sweatman & Long (1969). Precision and accuracy
of analyses are similar to those listed by Dunham & Wilkinson (1978).

Representative analyses of the minerals in their various textural settings are presented in
Tables 3, 4, and 5. Chemographic relationships among iron-magnesium silicates are shown
in Fig. 7, and the extent of Mg = Fe and (Mg, Fe), Si = A1,A1 substitutions are summarized in
histograms (Figs. 8, 9). Compositions of minerals in direct contact are plotted on AFM
projections from quartz and K-feldspar (Figs. 10, 11) and a projection from Al2Si03 onto the
orthopyroxene-spinel plane of the FeO-MgO-Al2O3-SiO2 tetrahedron (Fig. 12).

Garnet. Of all the minerals, garnet shows the greatest range in Mg/(Mg + Fe2+) ratio
(= 'M value') (Fig. 8). Detailed analysis (130 spots) of a garnet porphyroblast in TS100 has
revealed strong zoning (Figs. 2, 13). Four successive zones can be recognized: (1) a core region
of roughly constant M value (~0-32) and appreciable Ca and Mn concentration; (2) a zone of
decreasing Ca and Mn and sharply increasing M value (as high as 0-61 at one point); (3) a
rim of varying width with low Ca and Mn concentrations and high but gently decreasing M

values towards the edge, and (4) a 01-0-3 mm wide edge showing a small but abrupt
decrease in M value.

There is a close correspondence between inclusion mineralogy and the composition of the
garnet host adjacent to inclusions (Fig. 2).

orthopyroxene i ^ \ sillimanite

(Mg,Fe)0 spinel corundum'' A l 2 0 3

FIG. 7. Chemographic relationships among phases in the system (Mg,Fe)O—A12O3—SiO2. +: Integrated
composition of sapphirine + orthopyroxene symplectite.
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sapphirine-granulite TS100.

Zones 1, 2 and 3 are considered to be primary garnet growth zones, as the boundaries
separating them are smooth and concentric (Fig. 2). Garnet resorption has resulted in erosion
and locally complete removal of the Mg-rich rim (zone 3). Zone 4, however, closely follows
the convoluted garnet grain boundary and maintains its width even where zone 3 is missing.
These features suggest that zone 4 developed during garnet resorption, although it shows
none of the Mn-enrichment commonly displayed by resorbed garnets (e.g. Grant & Weiblen,
1971; DeBethuneetal., 1975).

Woodsworth (1977) has been shown that prograde garnet zoning profiles may be
smoothed or homogenized at high grade. Clearly, no such homogenization has been effective
in these garnets even though temperatures of 800 °C. were attained (see below). It is possible,
nonetheless, that some diffusion between core, and rim did take place after garnet growth, in
which case zone 2 would have been initially narrower than at present.
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(FejMg)2Si2O6 (Fe,Mg)Al2SiO6

FIG. 9. Histograms showing number of analyses vs. the extent of TschermaW substitution in orthopyroxene,
sapphirine and biotite.

Garnets in the pale parts of the mixed rocks AL19 and Cod6A have M values clustering in
the ranges 0-43-0-47 and 0-26-0-28, respectively.

Sapphirine. Natural sapphirine compositions can be considered as Mg4Al8Si2O20 (2:2:1
sapphirine) modified by Mg = Fe2+, (Mg, Fe2+), Si = A1,A1 (Tschermak) and Al = Fe3+

substitutions (Deer et al., 1978). All three substitutions are represented in the sapphirines
studied here. The sapphirine analyses are calculated on the basis of 20 oxygens. With all iron
as Fe2+, cation totals generally exceed 14-00, implying that some Fe3+ is present (see Ellis et

al., 1980; Grew, 1980). Further evidence for this is the fact that (Al-8) > (6-Si-Mg-Fe) with
all iron as Fe2+. The Fe3+ contents of sapphirines are estimated by making the sum of Si, Ti,
AJ, Fe3+, Fe2+, Mn, Mg = 14-00 per 20 oxygens. The Fe3+ contents generated by this
method are probably fairly accurate as many of the analyses satisfy or nearly satisfy the
criterion Al (vi) + Fe3+ = Al (iv) (Higgins et al., 1979).

The matrix prismatic sapphirines of the granulites are compositionally zoned, and show a
smoth decrease in M value from core (0-86) to rim (0-80) (Fig. 14B), which correlates with
the colour zoning, and 3 :5 :1 sapphirine contents fall in the range 30-40 per cent (Fig. 9).
There is no significant Si- and Al-zoning.

The sapphirine inclusions of Fig. 6d are zoned in that Al content and M value increase
from core to rim (Fig. 14C). Euhedral sapphirine inclusions in orthopyroxenes are not
zoned.

Compared to prismatic grains, sapphirines from sapphirine + cordierite symplectites have
similar Mg and Fe contents but are more aluminous (Fig. 9).

Despite having comparatively low Al contents, the prismatic sapphirine cores in AL20B
must have been saturated with Al at the time of formation as they contain inclusions of both
spinel and corundum. The Al content of sapphirine in this limiting assemblage is controlled
by the equilibrium:

Mg4Al,Si2O20 + 4 A12O3 + 2 MgAl2O4 = 2 Mg3Al10SiO20

sapphirine 1 corundum spinel sapphirine 2

(1)



GRUF COMPLEX GRANULITES 783

The Al-rich symplectitic sapphirines cannot have crystallized under the same metamorphic
conditions as the prismatic sapphirine cores since the same value of the equilibrium constant
of (1) cannot have applied during growth of the two types. The sapphirines of Cod6A have a
fairly uniform M value (between 0-71 and 0-75 but vary in the degree of Tschermak
substitution (28-52 per cent 3:5:1 sapphirine).

Orthopyroxene. The compositions of all analysed orthopyroxenes fall close to the plane
En—Fs—MgTs—Fe2+Ts. Cation totals are close to 4-00 per 6 oxygens, implying that little Fe3+

is present. Ca contents are very low (<0-2 wt. per cent).
The main compositional variable is the degree of Tschermak substitution; (Mg, Fe)Al2SiO6

contents range from 3 to 23 per cent (Fig. 9). The orthopyroxenes with the highest Al
contents (>21 per cent Ts) form inclusions in prismatic sapphirine and composite
orthopyroxene + sapphirine inclusions in garnet. Matrix prismatic orthopyroxenes and ortho-
pyroxene fringes around sillimanite in garnet also have high Al contents, typically between
17 and 21 per cent Ts. Symplectitic orthopyroxenes have significantly lower Al contents,
ranging from 12 to 16 per cent Ts. The orthopyroxenes with the lowest Al contents (3 to 5
per cent Ts) form reaction rims between biotite and quartz.

If garnet and orthopyroxene coexist, the Al content of the orthopyroxene is controlled by
the equilibrium:

Mg3Al2Si3012 = Mg3Al2Si3O12

orthopyroxene garnet

(2)

With the exception of the fringes between biotite and quartz, all types of orthopyroxene
mentioned above occur close to garnet. The large differences between their Al contents imply

[ + qz, ksp. H20 ]
sillimanite

sapphirine

cordierite

: biotite

M
FIG. 10. Compositions of contiguous mineral grains in TS100 plotted on an AFM projection from quartz and

K-feldspar.
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that these orthopyroxenes must have grown under different P—T conditions if they
equilibrated with garnet. This is supported by the observation that although the symplectitic
orthopyroxenes are less aluminous than prismatic orthopyroxenes, symplectitic sapphirines
are more aluminous than prismatic sapphirines; the equilibrium constant of

MgAl2Si06 + Mg4Al8Si2O20 = Mg2Si206

Opx Sa Opx

Mg3Al10SiO20

Sa

(3)

must therefore have changed between prismatic mineral growth and symplectite develop-
ment. Analysed orthopyroxenes show a moderate range in the degree of Mg-Fe substitution
(Fig. 8). In the granulites, matrix prismatic orthopyroxenes have the lowest and most variable
M values, and inclusions in garnet rims have the highest. Other textural types have
intermediate values.

Prismatic orthopyroxenes show no distinct compositional zoning (Fig. 14A) but a slight
decrease in Al is observed towards the rims of some grains.

Orthopyroxenes in Cod6A have Af values of between 0-51 and 0-55 and contain between
11 and 13 per cent Ts.

Cordierite. The cordierites are found to have fairly uniform composition within each rock
(M values of between 0-85 and 0-89 in TS100; between 0-88 and 0-91 in AL20B) irrespective
of local mineral assemblage or grain size. One exception is a TS100 cordierite inclusion in
garnet which has a M value of 0-91. Most analyses show c. 0-1 wt. per cent Na2O. No
zoning has been detected. The cordierite of AL20B was found to contain 0-80 wt. per cent
H2O by gravimetric analysis, which corresponds to 0-265 moles H2O per mole cordierite.

I + qz, ksp, H20 ]
sillimanite

sapphirine

cordierite

F L * M
FIG. 11. Compositions of contiguous mineral grains in AL20B plotted on an AFM projection from quartz and

K-feldspar.
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fS

F-

hc-

sill.]
quartz

TS1OO

garnet

staurolite

spinel

f t cord.

- en

M

-sp

0-5
Mg / Mg + Fe+ 10

FIG. 12. Compositions of contiguous mineral grains in TSlOO plotted on a projection from Al2SiO, onto the
enstatite-ferrosilite-spinel-hercynite plane of the FMAS tetrahedron ('opx-spinel' projection).

Biotite. Matrix biotites from a given sample are extremely uniform in terms of both
Mg-Fe- and Tschermak-substkutions (Figs. 8, 9) but contain variable amounts of Ti. By
contrast, M values of biotite inclusions in TSlOO garnets are highly variable and reflect the
composition of the enclosing garnet in the vicinity of each inclusion; values range from 0-68
(in garnet cores) to 0-88 (in garnet rims).

Biotites in the dark lens of Cod6A have generally higher M values (~O-78), higher Al and
lower Ti than those in the leucocratic matrix (with M values from 0-59-0-64).

Biotites were not analysed for halogens. The presence of 0-7 wt. per cent in a biotite
analysed by Barker (1964) suggests that all the biotites studied here probably have significant
F substituting for (OH).

Spinel. The spinels are essentially solid solutions of Mg-spinel, hercynite and magnetite, but
contain minor amounts of Co, Zn, and Mn. Cr and Ti could not be detected. Fe3+

concentrations were calculated assuming a cation total of 24-00 per 32 oxygens.
Spinel inclusions, like biotite, show a systematic variation in M value with the composition

of the enclosing garnet. Compositions range from SpjjHCajM^Garin, (in garnet cores) to
Sp61Hc34Mt4Gahn, (in garnet rims). Some Mg-rich spinels contain as little as 2 mole per cent
magnetite, others as much as 3 per cent gahnite. Exhumed spinel inclusions and small spinel
grains in cordierite have intermediate M values.

Spinels from Cod6A are richer in Zn and have compositions close to Sp40Hc52Mt2Gahn6.
Staurolite. Staurolite analyses have been calculated to 48 oxygens and 4 hydrogens (i.e. to

46 oxygens in the anhydrous state) as suggested by GrifFen et al. (1982) assuming all iron to
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Fio. 13. Zoning profile of a garnet porphyroblast in TS100.

be Fe2+. Compared with normal staurolites, those studied here are unusual in that they are
very aluminous (up to 19-1 Al atoms per 46 oxygens), and correspondingly poor in Si (as few
as 6-5 atoms) without being abnormally poor in Mg + Fe (4-0 to 4-2 atoms). The Si contents
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matrix prismatic sapphirine. (c) euhedraJ sapphirine in sa + biot + qz inclusion shown in Fig. 6d.

are lower than any yet reported (see Ribbe, 1982, p. 178). It is not clear how much
structurally bound water these staurolites contain; high anhydrous oxide weight per cent
totals suggest very low water contents, but high cation totals are reasonably consistent with
the theoretical value of 2 H2O per formula unit. Clearly, water and Fe3+ contents must be
known before the relative importance of Si = 4H (Richardson, 1968), Al = Fe3+, and
Tschermak substitutions can be ascertained.

Most staurolite inclusions in garnet cores have M values of ~0-34, but values of up to 0-43
have been measured on inclusions in garnet outer cores. Minor amounts of Ti, Co, and Mn
are generally present but no Zn or Cr could be detected.

Sillimanite and corundum. The only impurity detected was iron (0-5-0-7 per cent Fe2O3 in
sillimanite, c. 1-5 per cent in corundum).

Ilmenite. Ilmenite inclusions in garnet are rich in Mg and have compositions close to

g 3 M 3

K-feldspar. Integrated TS100 microperthite compositions range from Or81Ab,8An, to
Or84Ab13An,. ^

Plagioclase. Matrix plagioclases were found to have fairly uniform compositions
(An4g-AnJ4 in TS100; An38-An40 in AL20B). Plagioclases in AL19 and Cod6A range in
composition from An87 to An,,, and from An2} to An30, respectively.
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I N T E R P R E T A T I O N OF M I N E R A L T E X T U R E S

In this section, mineral textures and compositions are used to construct a sequence of
metamorphic reactions describing the mineralogical evolution of the sapphirine-granulites
(the approach of Thompson et al., 1977). Fortunately, many of the early assemblages in the
sapphirine-granulites appear to be partially preserved. Nevertheless, because early-formed
minerals were necessarily consumed in the crystallization of subsequent assemblages, the
early assemblages are probably incomplete. There is therefore considerable uncertainty in the
interpretation of the early stages of the metamorphic history detailed below.

(7) Staurolite stage

The earliest recognizable stage in the mineralogical history of the sapphirine-granulites is
represented by the garnet cores and their inclusions of quartz, biotite, staurolite, and spinel.
Since many of the inclusions are monomineralic, they are likely to be primary (i.e. their
assemblages have not changed since they were enclosed by garnet) rather than secondary (in
which present mineral assemblages developed through reaction between primary inclusion
minerals and enclosing garnet after entrapment).

The assemblage gt + st + biot + qz is common in amphibolite facies metapelites and is
normally accompanied by muscovite. The assemblage K-feldspar + sillimanite takes the
place of muscovite + quartz in the matrix of the sapphirine-granulites, but there is no
evidence that music + qz was not once stable. The relatively low M values of garnet core and
staurolites (compared to the M values of the bulk rock and the matrix minerals) are consistent
with these rocks having once been comparatively Fe-rich staurolite zone metapelites. The
composition of staurolite and adjacent parts of garnet cores may have been slightly modified
after formation during the granulite facies metamorphism (as indicated by the unusual high M

values of staurolite). Textural evidence discussed earlier suggests that kyanite may have been
the stable Al2SiO5 polymorph early in the rock's history. Rare relicts of kyanite were reported
from two metapelitic gneisses in the Gruf Complex (see Bucher-Nurminen & Droop, 1983).
The presence of isolated spinel inclusions in garnet cores implies that spinel coexisted with
matrix phases during garnet growth. Partial rims of spinel around staurolite (Fig. 6 / ) argue
that spinel grew from a reaction involving staurolite. No composite Qz + Stau inclusions were
found in any of the garnet cores. The upper stability limit of Qz + Stau is given by the
reaction:

6 St + 11 Qz - 4 Aim + 23 Ky + 3 H2O (4)

The textures suggest that staurolite in qz-saturated portions of the rocks was removed by
some mechanism other than reaction 4, because of the absence of abundant kyanite
(sillimanite) in garnet cores. Because of the incomplete preservation of the early assemblages,
many kyanite-absent reactions consistent with the textural observations and the modal
distribution of inclusion minerals in garnet core areas (Table 2) can be formulated but their
significance would be difficult to prove.

The close association of spinel and quartz in garnet cores (Fig. 2) is puzzling. This
assemblage is known only from high temperature granulite terrains where sillimanite is the
stable Al2SiO3 polymorph (Ellis et al., 1980; Vielzeuf, 1983; D. J. Waters, pers. comm.). In
view of this it seems unlikely that spinel and quartz could have coexisted at an early stage in
the Codera rocks, especially as they have not been found in direct contact. The spinel may be
a breakdown product of staurolite in localized silica-deficient parts of the rock by the reaction:

1 0 S t - 3 Alm+ 11 Hc + 31Ky + 5H2O (5)
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The stable matrix assemblage by the end of the staurolite stage may have been Gt + Ky +
Biot + Plag + Qz/Sp (+ Muse ?). This assemblage follows from observed single phase
inclusions in garnet core areas. The persistence of peraluminous staurolite in the garnet cores
implies on the other hand that the upper thermal stability of staurolite was never exceeded
during the metamorphic history of the rock.

(2) Pyrope stage

The next stage in the metamorphic history began with a dramatic increase in garnet M
value from 0-3 to 0-6 (Fig. 13) and a corresponding increase in M values of ferromagnesian
minerals included in garnet This dramatic increase of the Mg/(Mg + Fe) ratio in the minerals
reflects a substantial increase in bulk rock M value.

The evidence for this is as follows:
(a) It is impossible to generate the present bulk rock composition by mixing the minerals

of the early staurolite stage assemblage Gt + St + Biot + Ky + Qz + Muse + Plag (see
above) without obtaining large negative modal coefficients (Table 6, column 1). This
calculation assumes that the relevant mineral compositions have not changed significantly
since then.

(b) The deduced early staurolite stage mineralogy as given above may be incomplete or
incorrect, due to the limited information on the early stages. As a potential Mg-rich precursor
mineral, chlorite seems a good candidate, although there is no positive evidence for its former
presence in the early staurolite stage assemblage. However, the inclusion mineralogy in garnet
core areas, textural evidence (see above) and the occurrence of relict kyanite in the Gruf
Complex are positive evidence that in terms of an AFM projection the minerals garnet,
staurolite, biotite and kyanite were present at the early staurolite stage. Chlorite nevertheless
could have been present in the amphibolite facies prograde assemblage, in which case five

T A B L E 6

Modal calculations. The columns list the modal proportions required to generate the present

observed whole-rock composition {taken from Barker, 1964) from given assemblages of

minerals of known composition appropriate to each stage

Stage

Quartz
Sillimanite
Staurolite
Garnet (PyM)
Biotite
Plagioclase
Spinel
Garnet (Py4J)
Orthopyroxene
Sapphirine
Cordierite
K-feldspar
Garnet (Py3J)

I |mode|

1

Staurolite

stage

-15-40
55-23

-68-80
31-28
0-32
0-04

171

2

Pyrope

stage

-0-71
0-70

0-32
0 0 4

-1-14
1-83

4-74

3

Pyrope

stage

0-21

0-32
0 0 4
0 0 5

- 0 1 7
0-54

1-33

Modal proportions

4

Sapphirine

stage

0 0 5
0-02

0-55
0-27

0 1 8
- O i l

118

5

Cordierite

stage

0-44
0 0 4

0 0 9

0-32
- 0 0 8

0 1 9

116

6
Symplectite

stage

0 1 9
0 0 3

0-39
0-17
0 1 2
0 0 9

0-99

7
Symplectite

stage

0-32
0 0 4

0-23
0 0 8
0-22

0 1 0

0-99
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AFM phases would have coexisted. The bulk rock composition of the early staurolite stage
rock must have had a M value lower than that defined by the tie-lines between chlorite and
kyanite (or staurolite) and chlorite and biotite. M values of garnet core staurolite, biotite and
garnet are 0-32, 0-61 and 0-32, respectively. Even allowing the hypothetical chlorite to have
had a slightly higher M value than the coexisting biotite (Thompson, 1976) the present bulk
rock M value of 0-76 is still outside accessible chemical space if modal abundance
requirements are to be met.

The inferred change in bulk rock composition between the staurolite and pyrope stages
was probably a consequence of partial melting. This is supported by the following evidence:

(a) Migmatitic gneisses and granites form the bulk of the Graf Complex showing that the
unit reached conditions of partial melting during its geologica] history.

(b) In the mixed rock Cod6A, the sapphirine + biotite mafic lenses have a higher bulk M

value than the enclosing leucocratic Qz + Ksp + Plag + Gt + Opx + Biot — rock. The
migmatitic nature of this rock can be explained if both leucosome and melanosome resulted
from the partial melting of a homogeneous precursor (the comparatively Fe-rich leucocratic
rock representing the melt, and the Mg-rich mafic lenses the restite).

(c) The granulites certainly underwent prograde metamorphism at high grade and
ultimately attained temperatures of about 800 °C (Fig. 16), well within the field of wet
melting of muscovite- and quartz-bearing pelites (Storre & Karotke, 1972).

(d) The mass-balance calculations of McRae & Nesbitt (1980) show that partial melting
of a pelite is likely to result in increasing the M value of the refractory residue relative to the
protolith.

(e) A wide range of bulk chemical compositions is represented by the metapelitic rocks of
the Gruf Complex (Bucher-Nurminen & Droop, 1983). Most of these rocks show features of
partial melting (e.g. cross-cutting veinlets or irregular patches of feldspar + quartz
leucosome). The sapphirine-granulites are likely to represent restates left after extraction of a
very high proportion of leucosome. Metapelitic gneisses with lower bulk rock M values have
equilibrated under the conditions of the cordierite or symplectite stages (see below),
(Bucher-Nurminen & Droop, 1983) and have 'lost their memory' of their granulite facies
past. The higher the bulk rock M value of the gneisses (corresponding to higher degrees of
extracted melt) the better is the preservation of granulite facies assemblages.

The actual melting reactions that affected the granulite precursors are not known, but it
can be assumed that the assemblage muscovite + quartz was removed during this process. A
major textural effect of melting was to crystallize garnet The growth of garnet during
partial melting can be expressed by the schematic reaction:

Biot + H2O + other minerals -• Gt + melt (6)

The garnet and liquid produced would have been more Fe-rich than the biotite. Thus, if
melting was fractional; M values of remaining garnet (and biotite) would have increased, as
observed in the zoning profile.

Melting reactions consume water. In a rock system closed or partially closed to water, the
assemblages Muse + Ky + Qz + melt and Gt + Ky + Biot + Qz + melt can buffer the water
contents of coexisting vapours to progressively lower values with increasing temperature. In
such a system, therefore, reaction 6 (and other H2O consuming melting reactions) are likely
to be continuous (Powell, 1983).

Further melting resulted in an abrupt 'flattening-out' of the garnet M value zoning profile
(Fig. 13). The reason for this may have been a change from fractional to equilibrium melting.
The first appearance of K-feldspar inclusions coincides with this point in the garnet profile.
Textural evidence suggests that biotite melting reactions failed to go to completion. The
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assemblage biotite and quartz persists in the rock matrix and has not been completely
removed from the rock.

By the end of the pyrope stage, the garnets had grown very large (about 3 cm diameter).
Primary kyanite, spinel and spinel + kyanite inclusions were probably trapped in pyrope rims
along with the observed biotite, quartz, rutile and ilmenite. Observed spinel + corundum and
corundum + Al2Si03 inclusions may have developed from them by the reaction:

3 Sp + 3 Ky - Gt + 5 Crm (7)

which also could have resulted in corundum growth in silica-deficient parts of the rock matrix.
The resultant stable matrix sub-assemblages were: (i) Gt + Ky + Qz + Biot + Ksp + Plag
(silica-saturated), (ii) Gt + Ky/Sp + Crm + Biot + Ksp + Plag (silica-deficient). Parts of the
feldspar ± quartz in these assemblages presumably occurred as a melt phase.

(3) Prismatic sapphirine stage

Further rise in temperature resulted in the crystallization of prismatic sapphirine in both the
rock matrix and in composite inclusions in garnet rims. One of the following reactions is likely
to have been largely responsible for the formation of sapphirine:

2 Biot + 6 Ky - 3 Sa + 3 Qz + 2 Ksp + 2 H2O (8a)

Biot + Ky + H2O -• Sa + Qz + Melt (8b)

The textural evidence for this is the spatial dissociation of coarse biotite and Al2Si03 in the
rock matrix. Reaction 8a could also explain the appearance of composite sapphirine + quartz
inclusions in garnet (Figs. 6a, 6d) by the decomposition of primary biotite + kyanite
inclusions.

Textures such as composite sapphirine + spinel + corundum inclusions in garnet (Fig. 6e)
and closely associated corundum and spinel inclusions within prismatic sapphirine indicate
that in silica-deficient parts of the rock, sapphirine was produced by the reaction:

Gt + 3 Sp + 2 Crm - 3 Sa (9)

Reaction 9 resulted in the conversion of most of the matrix spinel to sapphirine, with some
sapphirine preserving unreacted spinel relicts as inclusions (Fig. 5a), and the conversion of
some spinel + corundum inclusions in garnet to secondary sapphirine + spinel inclusions.

The presence of high-alumina orthopyroxene inclusions in prismatic sapphirine suggests
that orthopyroxene began to crystallize during sapphirine growth. Some of the ortho-
pyroxene could have been produced by continuous melting reactions such as

Biot + Qz -• Opx + Ksp + melt (10)

but textures such as (i) 'islands' of relict garnet in prismatic orthopyroxene (Fig. 4d), and (ii)
composite orthopyroxene + sapphirine inclusions in, and apparently replacing, garnet rims
(Fig. 6c) indicate that some of the high-alumina prismatic orthopyroxene and sapphirine was
produced by one of the following continuous garnet resorption reactions:

6 G t - 7 O p x + 2Sa + 2 Ky (11)

(Fig. 15) and

2 Gt - 2 Opx + Sa + Qz " (12)

By the end of the prismatic sapphirine stage, the rocks had acquired much of the
coarse-grained granulose texture visible today. Large (2-5-3 cm diameter) garnets (already
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showing signs of resorption) were embedded in a matrix of kyanite, prismatic sapphirine,
prismatic orthopyroxene, biotite, quartz, K-feldspar and plagioclase. The stable matrix
sub-assemblage in Al2Si05-deficient areas was:

Gt + Qz + Sa + Opx + Biot + Ksp + Plag

The composite inclusion of Fig. 6a provides direct evidence for this sub-assemblage. The
close association of prismatic orthopyroxene, prismatic sapphirine, garnet and sillimanite
(after kyanite) in Fig. 4a suggests that in Al2Si03-saturated areas (common only in TS100)
the stable sub-assemblage at this stage was:

Gt + Ky + Sa + Opx + Ksp + Plag + Qz

Modal calculations (Table 6, column 4) indicate that the sapphirine-granulites had already
achieved Mg,Al-rich bulk compositions close to present values by the end of the prismatic
sapphirine stage, and that fractional melting had ceased.

(4) Cordiertte stage

The large grain size of pyrope stage and prismatic sapphirine stage reaction products and
the extent to which many of the reactions went to completion suggest that temperature was
rising over this period. In subsequent stages, however, reaction products became
progressively finer-grained (tending to form reaction rims, coronas, and ultimately
symplectites) and many reactions failed to go to completion. These features imply a reduction
in the scale of equilibrium, and require either falling temperature or a progressive 'drying-out'
of the rocks or both.

F-

QUARTZ
CORDIERITE

I
ORTHOPYROXENE

GARNET

SPINEL

SAPPHIRINE

?

-JU1

ifl
FIG. 15. Sequence of schematic.'opx-spinel' projections (as in Fig. 12) from AljSiO, (kyanite, 2; sillimanite, 3—6)
summarizing the later part of the reaction history of the Bresciadega sapphirine-granulites. Migration directions of
3-phase triangles are only shown for reactions supported by textural evidence. 1. Chemographic relationships; 2.
Prismatic sapphirine stage (late); 3. Cordierite stage (early); 4. Cordierite stage (late); 5. Symplectite stage (early);

6. Symplectite stage (late).
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The composite high-alumina orthopyroxene + sillimanite inclusions in garnet rims (Figs. 3,
6b) probably developed during this stage of initial temperature drop by reaction of primary
quartz inclusions with pyrope-rich garnet host:

2 Gt + 2 Qz - 3 Opx + 2 Al2Si05 (13)

Reaction 13 is one explanation for the comparative rarity of quartz inclusions in pyropic
rims of the garnets. The preservation of primary quartz inclusions in garnet cores is due to the
low pyrope activity (hence high value of K13) for garnet cores compared with rims.

As sillimanite seems to have been the stable Al2Si05 polymorph during reaction 13, the
pseudomorphing of large kyanite crystals by aggregates of prismatic sillimanite probably also
took place at this time:

Ky-Si l l (14)

The broad reaction rims of cordierite between prismatic sapphirine and quartz (Fig. Sd)

formed during this stage by the reaction:

Sa + 5 Qz -• Cord (15)

In the MgO-Al2O3-SiO2 system, the equilibrium has dP/dTx 0 (Newton, 1972), suggesting
that pressure was decreasing at this stage.

Because Mg-sapphirine was preferentially dissolved during reaction 15, the remaining
sapphirine became richer in iron (Fig. 15). This resulted in the development of the
characteristic dark Fe-rich rims of the large matrix sapphirines (Fig. 14B) and explains the
absence of such rims in sapphirine grains still contacting quartz.

Localized reaction rims of low alumina orthopyroxene formed between quartz and coarse
biotite (Fig. 5c) at this stage by the reaction:

2Bi + 6 Q z - 3 O p x + Ksp + 2H2O (16)

In contrast to the prograde melting reaction 10 above, Opx rims formed by reaction 16
resulted from locally fluctuating H2O activities during the inferred P-T drop.

(5) Symplectite stage

Continued falling pressure and temperature led to the development of localized symplectitic
coronas by cordierite producing reactions which consumed garnet, prismatic orthopyroxene
and sillimanite. In general, these reactions did not involve quartz because initial cordierite
crystallization by reaction 15 effectively desilicated the bulk of the rock matrix.

The sapphirine + cordierite symplectites around sillimanite aggregates (Figs. 3, 4a)
developed as the result of the reaction:

4 Opx + 8 Sill -> Sa + 3 Cord (see also Schreyer, 1970). (17)

Several reactions were involved in garnet breakdown. The fine-grained orthopyroxene +
sapphirine symplectites (Fig. 4b) have an integrated composition (MgO +
FeO)46(Al2O3)M(SiO2)40 very close to pyralspite garnet (Fig. 7), and were probably formed,
therefore, by near-isochemical decomposition of garnet:

8 Gt - 8 Opx + 3 Sa + Cord (18)

The fan-like shapes of these intergrowths imply that reaction 18 became progressively less
important with respect to the reaction producing the abundant orthopyroxene + cordierite
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symplectites (Figs. 3, 4a, 4b). This common type of intergrowth is usually explained by the
reaction:

2 Gt + 3 Qz - 2 Opx + Cord (19)

(e.g. Schreyer & Abraham, 1978) but the rarity of quartz in the Codera rocks by this stage
makes reaction 19 very unlikely. A more plausible reaction would be:

4 Gt + 2 Ksp + 2 H2O - Opx + 2 Cord + 2 Bi (20)

which would also explain the biotite coronas around garnets (Fig. 2). The biotite rims fringing
prismatic orthopyroxene (Fig. Sb) could also have developed at this stage by the reverse of
reaction 16 (again as the result of local variations in the H2O activity).

Towards the end of the symplectite stage, spinel took the place of sapphirine in
symplectite-producing reactions still in progress, indicating that sapphirine had become
unstable with respect to spinel + cordierite:

5 Sa - 8 Sp + Cord (21)

For example, the textures in Fig. 4b show that reaction 18 ultimately gave way to:

5 Gt -»5 Opx + 3 Sp + Cord (22)

The end of the symplectite stage marks the end of the reaction history for most of the rocks
studied. Total cessation of reaction at this point was probably caused by hydration reactions
(such as 16 and 20) using up the remaining H2O (which may have been stored partially in
cordierite).

(6) Retrograde hydration

A few samples show evidence of the following retrogressive hydration reactions, either in
localized patches, adjacent to late fractures (e.g. AL21, TS100) or pervasively (e.g. AL41):

Sill + Ksp + H2O - Muse + Qz (23)

7 Opx + 2 Qz + 2 H2O - 2 Anth (24)

In AL41, symplectitic orthopyroxene was affected by reaction 24, implying that the influx of
H2O responsible occurred after the symplectite stage.

CONDITIONS OF METAMORPHISM

In this section, an attempt is made to quantify the P-T evolution of the sapphirine-granulites.
If it can be assumed that the mineral sub-assemblage assigned to a particular evolutionary
stage on textural grounds was in chemical equilibrium at that stage, and that individual
mineral compositions were not significantly altered by subsequent re-equilibration, then the
physical conditions under which each sub-assemblage equilibrated may be estimated using
geothermometers and geobarometers based on equilibrium thermodynamics. However, the
compositions of some minerals have obviously changed since their formation (e.g. staurolite,
spinel included in garnet). Equilibria involving such minerals consequently result in
minimum or maximum P-T estimates for a given stage depending on the reaction
stoichiometry. An extreme case of late equilibration of mineral chemistry was found in biotite
inclusions in garnet (see below).
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Thermodynamic calculations—methods

(i) Equilibria in the MgO-A^O^-SiO^ system. Equilibria among pyrope, enstatite,
sapphirine, sillimanite, kyanite, cordierite, quartz, spinel and corundum were calculated using
the approach of Kleppa & Newton (1975), which is based on high-temperature (1000 K)
oxide-melt solution calorimetry. If temperatures of interest are fairly close to 1000 K, (as they
are likely to be in this study), the position of a solid—solid equilibrium may be calculated from
the equation:

where AH(Tn 1000, ASWIOOO and AV(r)l 10CO denote the enthalpy, entropy and volume change of
a given reaction at 1 bar and 1000 K. R stands for the gas constant, P for the pressure of
interest, T for the temperature in Kelvin and InK for the natural logarithm of the equilibrium
constant at P and T. The data set used with this equation is essentially that of Harris &
Holland (1984), with the addition of data for disordered 2:2:1 sapphirine. The entropy and
molar volume of sapphirine at 1000 K (664-2 J K~' mol~' and 100-63 cm3, respectively)
were taken from Kleppa & Newton (1975). The enthalpy of formation of sapphirine from the
oxides at 1000 K (—4-41 kJ mol"1) was adjusted to make the data set consistent with the
experimental reversals of Newton (1972) for equilibrium 9. Mineral compressibilities have
been ignored.

Unfortunately, the data set is not entirely consistent with all experimentally reversed
equilibria. In particular, the data cannot be made consistent with the experimental reversals of
Hensen & Essene (1971) and Hensen (1972) for equilibrium 13, the reversals of Ackermand
et al. (1975) for equilibrium 15, or the reversals of Chatterjee & Schreyer (1972) for the
equilibrium:

En + 2 Sill = Sa + 3 Qz (25)

(even allowing for Al in enstatite) without greatly modifying enthalpies and entropies of
several phases. Equilibria 13, 15 and 25 all have very small volume changes and are thus
liable to large errors in both slope and position. In applying the data to the sapphirine-
granulites the greatest faith is placed on equilibria with large volume changes. The minimum
error on each geobarometer is ± 2 kb.

The data derived for sapphirine from experimentally studied equilibria necessarily refer to
disordered sapphirine (Kiseleva, 1976). In applying the data to the Gruf rocks with natural
ordered sapphirine serious uncertainties may therefore be introduced with respect to the
positions of solid—solid reactions involving sapphirine. This may explain the apparent
discrepancy of the assemblage sapphirine + kyanite deduced from the textures with
experimentally derived topologies in this system (e.g. Newton, 1972).

In calculating activites of end-member components in minerals ideal mixing was assumed
for all solutions. For orthopyroxene and cordierite the solution models are as follows:

Enstatite: a°£x = * & • * $

Cordierite: a™™ = (XMtY • (1 - X^),

where XHiQ represents the number of moles of H2O per mole anhydrous cordierite. X^ has
been taken as 0-262 throughout.

(ii) Equilibria in the system FeO-Al-iOJ-SiO2-H2O. Equilibria among almandine,
Fe-cordierite, hercynite, corundum, quartz, sillimanite, kyanite, staurolite and chloritoid were
calculated using the program SUPCRT and a modified form of Helgeson's data set (Helgeson
et al., 1978). Standard state thermodynamic data for quartz, Al2Si05 polymorphs and
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TABLE 7

Thermodynamic data for FASH phases, used in conjunction with the data set of Helgeson

etal.,1978

Mineral

Almandine
Hercynite
Fe-cordierite
Staurolite
Chloritoid

Formula

Fe3Al2Si3012

FeAl2O4

Fe2ALSi,O,.
Fe2Al^>i4O23(OH)
FeAl2SiO3(OH)2

(Jmol-
1
)

-5,267,581
-1,952,054
-8,474,901

-11,936,529
-3,230,856

5°
(Jmol-'IK-')

326-48
106-20
377-82
44915
124-60

V*
(cm

3
)

115-28
40-75

232-17
223-0

69-63

•Robie etal. (1967).

corundum were taken directly from Helgeson et al. (1978), also the heat capacities of other
minerals. Molar volumes were taken from Robie et al. (1967). Enthalpies and entropies of
almandine, hercynite, Fe-cordierite, staurolite and chloritoid were adjusted to make the data
consistent with experimental reversals of the following equilibria:

6 St + 11 Qz = 4 Aim + 23 Ky + 3 H2O (4)

4 Chloritoid + 5 Ky = 2 St + 1 Qz + 3 H2O (26)

3 FeCord = 2 Aim = 4 Sill + 5 Qz (27)

1 FeCord = 2 He + 5 Qz (28)

(Ganguly, 1972; Rao & Johannes, 1979; Holdaway & Lee, 1977; Richardson, 1968). The
data are listed in Table 7.

Ideal mixing was assumed in calculating almandine, staurolite and hercynite activities in
natural phases.

(iii) Equilibria in other systems. Published calibrations of the following geothermometers
and geobarometers were also used where appropriate: (a) the garnet-biotite Fe-Mg exchange
geothermometer (Ferry & Spear, 1978); (b) the sanidine-high albite solvus geothermometer
(Stormer & Whitney, 1977); (c) the garnet-orthopyroxene geobarometer (equilibrium 2)
(Harley & Green, 1982).

Thermodynamic calculations—results

The equilibrium constants used to calculate equilibria relevant to the sapphirine-granulites
are listed in Table 8. Equilibrium curves are summarized in Fig. 16.

Despite the errors inherent in the calculations, the texturally defined sub-assemblages in the
sapphirine-granulites yield distinct P-T conditions for the various evolutionary stages (Fig.
16), thus supporting the textural arguments for a poly-metamorphic history. Furthermore, the
sequence of calculated P-T conditions define a loop. Although the exact shape of the loop is
not well constrained, the systematic arrangement of P-T intersections strongly suggests that
the rocks have preserved a chemical record of their P-T evolution and that the spread in
calculated conditions is not merely the result of accumulated errors. The inferred P-T history
is as follows:

(1) increasing Tat relatively high P (staurolite and pyrope stages);
(2) a maximum Tof 830 ± 70 °C reached at 10 ± 2 kb (prismatic sapphirine stage);
(3) almost isothermal decompression, reaching 750 ± 100 °C at 5 ± 1 kb (cordierite and

symplectite stages);
(4) further cooling and decompression until rocks exposed.
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TABLE8

Equilibria and equilibrium constants used to calculate P-T conditions at each stage in the

metamorphic evolution of the Bresciadega samples

Staurolite stage

Pyrope stage

Prismatic sapphirine stage

Cordierite stage

Symplectite stage

Equilibrium

6st + 1 lqz = 4alm + 23ky + 3H2O
{T maximum)

3hc + 3ky = aim + 5crm
muse + qz + H2O = ky + melt
ky = sill (P minimum)
en + 2ky = sa + 3qz
sanidine-high albite solvus
Al-en = py
lOst = 3alm + 1 lhc + 3 Iky + 5H2O
(T maximum)

ky = sill (P maximum)
lOst = 3alm + 1 lhc + 3 lsill + 5H2O
(7" maximum)

sa + 5qz = cord
2py + 2qz = 3en + 2sill
4en + 8sill = sa + 3 cord
8py = 8en + 3sa + cord
5py = 5en + 3spin + cord
5sa = 8spin + cord
Al-en = py

(4)

(7)

(14)
(25)

(2)
(5)

(14)
(5)

(15)
(13)
(17)
(18)
(22)
(21)
(2)

Equilibrium

constant

1 0

0-95
1-0
1 0
1-11
ksp: Ab,,; plag: Ab4,
r°p* = 0-38
7-%

1-0
7-75

1-18 (cores) 1-28 (rims)
4-04
1-97
330
14-3
13-6
X£P« = 0-29

These results are at variance with P-T conditions calculated by Ackermand & Seifert
(1968), Wenk et al. (1974) and Hoemes & Friedrichsen (1980) for the sapphirine-granulites.
The regional significance of the P-T'-time path is discussed below.

Two independent lines of evidence suggest that the sapphirine-granulites were relatively
'dry' during decompression:

(i) If the P—T position of the phlogopite + quartz breakdown reaction (equilibrium 16) is
calculated for mineral compositions appropriate to the prismatic sapphirine stage (i.e. K16 =

2-89); the water activity in the fluid phase must be reduced to 0-2 in order to make the curve
pass through 830 °C at 10 kb. The same reaction 16 operative during the cordierite stage
(Opx rims separating biotite and quartz) requires even lower H2O activities.

(ii) The water content of cordierite is a function of water activity as well as P and T

(Newton & Wood, 1979). If it is assumed that most of the cordierite in AL20 grew from
sapphirine + quartz at about 7 kb and 800 °C (Fig. 16) the isohydron plot of Newton &
Wood can be used to predict the water content of cordierite under these conditions with
flH,o = 1- This value is 0-6 mole of H2O per formula unit and is much higher than the
measured water content of 0-265 mole. The difference implies a low water activity in the
fluid (c. 0-4) during cordierite growth.

Anomalous results

The equilibrium calculations give results reasonably consistent with the Al2SiOj phase
diagram except for the five reactions involving pyrope, sapphirine, kyanite, enstatite and
quartz relevant to the prismatic sapphirine stage which were found to intersect at an
anomalously low pressure. However, if the P-T position of the kyanite version of equilibrium
25 is calculated by extrapolating the experimentally determined position of 25 (Chatterjee &
Schreyer, 1972) down temperature and allowing for the kyanite-sillimanite inversion and
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FIG. 16. Successive metamorphic conditions and P-T-ume trajectory of the Bresciadega sapphirine-granulites.
(a) to (e): P—Tdiagrams showing estimated conditions (shaded) at each stage in the metamorphic evolution. ( / ) :

P-JT-time trajectory. Dotted lines: uplift curves calculated by Albarede (1976) (uplift rates given in mm/yr).

impurities in coexisting prismatic sapphirine stage phases (K2S = 1-11), the resultant curve
passes through 790 °C at 10 kb, in good agreement with other equilibria for this stage. These
difficulties again may arise from the fact that ordered sapphirine occurs in natural rocks and
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therefore experimental sapphirine equilibria are of highly uncertain value in assessing P-T

conditions for natural sapphirine assemblages.
The Harley & Green (1982) garnet-orthopyroxene geobarometer gives very high

temperatures (>1000°C at 10 kb) when applied to coexisting garnet and high-Al
orthopyroxene of the prismatic sapphirine stage. Such extreme temperatures, while more in
agreement with estimates from mineralogically similar sapphirine—quartz-granulites from
Antarctica (Ellis, 1980; Grew, 1980) are inconsistent with the inferred existence of kyanite
and the persistence of staurolite. The geobarometer gives consistent results when applied to
symplectitic orthopyroxene and retrogressive garnet extreme rim compositions.

Garnet—biotite thermometry on biotite inclusions in TS100 garnet gives anomalously low
temperatures (570 to 666 ± 50 °C at 8 kb) irrespective of position. Such temperatures
clearly do not reflect conditions during prograde garnet growth as they are too low and too
well clustered; it is more likely that the temperatures recorded are 'blocking temperatures' of
the garnet-biotite exchange equilibrium, in which case they cannot be used to constrain
conditions prevailing during a texturally defined stage in the reaction history. The low
concordant oxygen isotope temperatures of Hoernes & Friedrichsen (1980) may also reflect
this type of blocking behaviour.

DISCUSSION

The inferred compositional change in the history of the sapphirine-granulites has been used
to suggest that these rocks originated by in-situ parial melting. The random orientation of
sapphirine-rich lenses and chemical differences between lenses and leucosome in rock Cod6A
support this idea. Alternatives to an in situ origin for the sapphirine rocks, such as late stage
tectonic emplacement, seem highly unlikely therefore, especially since there is no evidence of
shearing along sapphirine rock/leucosome contacts in the rocks Cod6A and AL19. Thus the
P-r- t ime path calculated for the sapphirine rocks (Fig. 16/) is probably applicable to the
entire Gruf Complex. This conclusion is consistent with the metamorphic history deduced for
metapelitic gneisses and ultramafic rocks of the Gruf Complex (Bucher-Nurminen & Droop,
1983).

The uninterrupted nature of the reaction history suggests that these features may be the
product of a single metamorphic cycle. Regional geological constraints presented by
Bucher-Nurminen & Droop (1983) show that the Gruf Complex attained pressures and
temperatures in excess of 4 kb and 700 °C during mid-Tertiary Alpine metamorphism. Thus,
although Hercynian whole rock ages have been obtained from one Gruf rock sample
(Gulson, 1973) we conclude that the loop shown on Fig. 16/represents the P-T-time path of
the entire Gruf Complex during Alpine metamorphism. If forced to relegate part of the
deduced metamorphic history to a pre-Alpine event, the staurolite stage would be the obvious
suspect. Clearly some detailed geochronology must be done before this problem is fully
resolved. This work is currently in progress.

The P-T-timc path of Fig. 16/has a 'clockwise' sense, a feature which Schuiling (1963)
suggested may be normal for orogenic belts. Since his work, clockwise loops have been
described from several terrains (e.g. the Eastern Alps (Holland & Richardson, 1979); West
Norway (Krogh, 1982); British Columbia (Hollister, 1982), though none as extensive as the
present example. Recent theoretical calculations (England & Richardson, 1977; Oxburgh &
England, 1980) suggest that a clockwise P-r- t ime loop is a likely consequence of concurrent
thermal relaxation and erosion following tectonic crustal thickening in collisional belts.
Tectonic thickening has undoubtedly taken place in the Central Alps (e.g. Triimpy, 1980). In
detail, however, the estimated P-T-t\me loop does not correspond to the theoretically derived



800 G. T. R. DROOP AND K. BUCHER-NURMINEN

trajectories in that the nearly isothermal decompression path is very steep and a stage of
simultaneous T increase and P decrease is absent. The discrepancy could be explained if, in
the vicinity of the Gruf Complex, (a) a close approach to a thermal 'steady state' existed prior
to erosion, and (b) initial uplift was extremely rapid. In a collisional orogen the achievement
of a thermal 'steady state' is unlikely, but might be closely approached if there is either (i) a
very long time interval between rapid tectonic thickening and the onset of erosion, or (ii) an
extended period of simultaneous heating and slow tectonic thickening prior to erosion. The
slope of the prograde trajectory in P-T space should enable one to choose between these
alternatives, but the present data are not precise enough to resolve this.

Existing geochronological data can be used in conjunction with the observed P-T-time

path to constrain possible uplift rates of the Gruf Complex. In the Central Alps the thermal
peak of'Lepontine' metamorphism occurred 38-35 m.y. ago (Jager, 1973). If these figures
also apply to the Gruf Complex, 38 m.y. is the earliest date at which the sapphirine-granulites
could have begun decompression from 10 kb (c. 35 km depth). The Bergell Granite was in-
truded 30 m.y. ago (Gulson & Krogh, 1973). Thermally metamorphosed country rocks at the
eastern margin of the intrusion crystallized at 2-3 kb (Bucher-Nurminen, 1977). Since the
difference in the structural depth between the eastern margin and the western (lower) contact
can be no more than 6 to 7 km, the Gruf rocks in Val Codera were at 4 to 5 kb 30 m.y. ago
and therefore underwent a pressure drop of at least 5 kb in 8 m.y. This indicates that the
average uplift rate of the Gruf Complex was at least 2-2 mm/yr in the period 38-30 m.y. ago.

In theory it should also be possible to calculate the initial uplift of the Gruf Complex from
the slope of the decompressive part of the i'-T'-time path, especially if an initial thermal
'steady state' can be assumed, and hence to date the onset of erosion. Albarede (1976) has
calculated model P-T-Xime paths for deep crustal rocks (initially at 800 °C, 10 kb) exhumed
at different rates. The calculated curve that most closely matches the slope of the deduced
trajectory (Fig. 16/) is the one for an erosion rate of 2 mm per year. This would be at best an
order of magnitude estimate for the Gruf Complex because (a) our trajectory is not precisely
located, and (b) Albarede's model may not be applicable. Nevertheless it agrees well with the
figure obtained above and implies that Jager's date of 38 m.y. is valid for the regional
metamorphic peak in the Bergell region.

This high initial uplift rate corroborates the data of Schmutz (1976) who reported a highly
compressed sequence of E-W trending isograds along the northern contact of the Gruf
Complex (Fig. 1). This isograd pattern in the Chiavenna ophiolite sequence may be explained
by large horizontal thermal gradients set up by the rapid uplift and juxtaposition of hot Gruf
rocks against comparatively cool Chiavenna ultramafics and Tambo Gneisses to the north.

For the last 23 m.y., uplift rates in the Bergell area have been lower and decreasing (0-7
mm/yr down to 0-2 mm/yr) (Wagner et al., 1977, 1979). Viewed together with the deduced
high initial uplift rate (>2 mm/yr), these data suggest that the Bergell region has experienced
a continuously decreasing uplift rate since the Oligocene.
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