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Abstract. Metapelitic hornfelses in the contact aureole of 
the Vedrette di Ries pluton exhibit the terminal decom- 
position of Zn-poor Fe-staurolite in a muscovite-quartz- 
free domain. The reaction takes place only within coarse- 
grained sillimanite that has replaced andalusite porphy- 
roblasts during prograde metamorphism. The product is 
a gahnite-poor hercynitic spinel, which occurs as very 
small grains closely associated in space with resorbed 
staurolite. Microstructural observations indicate that 
hercynite growth postdates the pseudomorphs of silli- 
manite after andalusite. The textural evidence for a genet- 
ic relationship between hercynite and staurolite is con- 
firmed by the identical Fe/Mg/Zn ratios of the two min- 
erals, which causes the collinearity of hercynite, staurolite 
and A12SiO 5 in FeO-MgO-ZnO-AlzO3-SiOz-H20 compo- 
sition space (FMZASH), and indicates hercynite formed 
by the reaction: 

Fe-staurolite = 3.85hercynite 
+ 5.1sillimanite + 2.55quartz + 2 H 2 0  

Staurolite inclusions within andalusite did not break 
down to form hercynite, indicating a kinetic control, as 
well as little overstepping of the equilibrium conditions, 
of the reaction forming hercynite. Assuming overstep- 
ping did not occur, modelling of the reaction with exist- 
ing thermodynamic data in the simplified FASH system 
suggests that the terminal breakdown of staurolite to 
form hercynite occurred at 2.5-3.75kbar and 585-655~ 

Introduction 

Hercynite-rich, ternary Fe-Mg-Zn spinel is a typical min- 
eral of both quartz-bearing (Waters 1991) and quartz-free 
metapelitic rocks (Ganguly 1972; Harris 1981) that form 
under low-pressure high-temperature conditions in the 
granulite facies (Stoddard 1979; Clarke and Powell 1991; 
Sengupta et al. 1991) or upper-amphibolite facies of re- 
gional (Harley and Fitzsimmons 1991) and contact meta- 

morphism (Loomis 1972; Pattison and Tracy 1991 and 
references therein). 

Several equilibria, based both on field evidence and 
experimental results, have been modelled to constrain the 
prograde appearance of hercynite. These commonly in- 
volve sillimanite and ferromagnesian reactant phases 
such as Fe-cordierite (Richardson 1968; Harris 1981), 
garnet (Shulters and Bohlen 1989; Harley and Fitzsim- 
mons 1991) or Fe-staurolite (Richardson 1968; Ganguly 
1972). In other instances, the appearance of gahnite-rich 
spinel has been attributed to the decomposition of either 
sphalerite (Spry and Scott 1986), or biotite (Montel et al. 
1986), or, most frequently, to the breakdown of Zn-rich 
staurolite in assemblages both bearing (Schumacher 
1985) and devoid of muscovite + quartz (Atkin 1978; 
Loomis 1972; Stoddard 1979: Tuccillo et al. 1992). 

A genetic relationship between Zn-bearing staurolite 
and hercynite is predictable since Zn easily substitutes for 
Fe 2+ in tetrahedral coordination, and this crystal-chemi- 
cal configuration only occurs in staurolite and spinel 
among the minerals typical of high-grade metapelites. 
Evidence for the interrelationship between staurolite and 
hercynite, although rejected in some circumstances (Spry 
and Scott 1986), has been texturally documented by sev- 
eral authors, even during lower amphibolite-facies retro- 
grade metamorphism, with the overgrowth of staurolite 
on gahnite-rich spinel (Moore and Reid 1989). 

The reaction: 

St ~.~ Her + AI2SiO 5 + Qtz + H20 (1) 

(mineral abbreviations according to Kretz 1983) has been 
proposed for explaining examples of either prograde her- 
cynite (Loomis 1972; Tuccillo et al. 1992) or retrograde 
staurolite growth (Moore and Reid 1989). However in 
none of these cases was the stoichiometry of the reaction 
completely balanced because of the different Fe/Mg/Zn 
ratios of coexisting staurolite and spinel. 

This contribution describes an example of hercynite 
growth through the breakdown of Zn-poor staurolite in 
metapelites from the contact aureole of the Vedrette di 
Ries pluton. On the basis of microstructural evidence and 
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because the Z n / F e / M g  ratios of stauroli te  and  hercynite 
are equal, react ion (1) is considered to have actual ly tak- 
en place in the muscovi te  + quartz-free doma ins  of the 
rock. 

Geo-petrographic setting 

The staurolite-hercynite assemblage is found in the pelitic horn- 
felses located at the northern intrusive contact of the Oligocene 
(Borsi et al. 1979) tonalitic pluton of Vedrette di Ries (eastern Italian 
Alps, Fig. 1). These rocks are part of the Austroalpine crystalline 
basement, which displays a polymetamorphic history of pre-Alpine 
and Alpine age (Borsi et al. 1973, 1978; Frank et al. 1987), that 
culminated with a contact metamorphic event in the aureole of the 
tonalite. 

The reaction sequence developed during the contact metamor- 
phism can be ascribed to type 2bii in the facies series scheme pro- 
posed by Pattison and Tracy (1991). Typical parageneses developed 
in the inner contact aureole contain biotite, garnet, fibrolitic and 
coarse-grained sillimanite, muscovite, quartz, oligoclase, ilmenite 
and graphite; metastable relicts of andalusite are also common. 
Staurolite is generally absent in the highest grade Al-rich 

Fig. 1. Simplified geologic map of Vedrette di Ries pluton and 
neighbouring crystalline basement units 

metapelites of the aureole, due to its complete breakdown in the 
presence of quartz and muscovite (Cesare 1992). However, stauro- 
lite may be preserved locally where it is completely armoured within 
andalusite relicts. The "second sillimanite" assemblage (Evans and 
Guidotti 1966) is sporadically developed but not exceeded, as the 
association of muscovite plus quartz is stable up to the intrusive 
contact. Maximum temperatures at the pluton-country rock inter- 
face have been estimated to be in the range 600-620~ the contact 
metamorphism is considered isobaric at a minimum pressure of 
2.9 kbar (Cesare 1992). 

Hercynite has been found in a few samples from the uppermost 
grade zones of the aureole, within one hundred metres of the 
tonalite; in these rocks prismatic sillimanite directly replaces an- 
dalusite, by the paramorphic mechanism described by Kerrick and 
Woodsworth (1989) and Vernon (1987). The rock matrix adjacent to 
the pseudomorphs contains quartz, biotite, sillimanite, muscovite, 
ilmenite and graphite. Neither garnet nor cordierite occur in the 
Her-bearing samples. 

Figure 2 shows the And ~ Sil replacement and the marked 
contrast in the amount of inclusions within the two minerals: silli- 
manite generally contains very few inclusions of staurolite in com- 
parison to adjacent andalusite. Tiny grains (< 30 gm) of hercynitic 
green spinel occur only within the pseudomorphs of coarse silliman- 
ite after andalusite (Fig. 3), and have not been observed in an- 
dalusite or in the rock matrix. The textural occurrence of hercynite 
differs from the sillimanite-spinel segregations described by Stod- 
dard (1979), that did not form after andalusite. 

Because of the extremely fine grain size of the crystals, the rela- 
tionships between staurolite and hercynite have been investigated 
by scanning electron microscopy (Fig. 4). Three phases can be de- 
tected as inclusions in sillimanite: staurolite, hercynite and ilmenite. 
Staurolite generally displays an anhedral shape within sillimanite, 
whereas it is idioblastic where included in andalusite; hercynite 
occurs as rounded crystals, which appear to be chemically homoge- 
neous under BSE (back-scattered electron) analysis. Intergrowth or 
overgrowth textures cannot be observed among staurolite and her- 
cynite. Ilmenite appears to be equally distributed within the pseu- 
domorph sites, suggesting that it had a refractory behaviour with 
respect to the transition of andalusite to sillimanite. 

Chemical composition of co-existing hercynite and 
staurolite 

Chemical  analyses of spinel and  s taurol i te  were ob ta ined  
using a C A M E C A  SX50 electron microprobe .  Spinel and  

Fig. 2. Photomicrograph (a) and identifying sketch at the same scale 
(b) showing paramorphic replacement of andalusite by prismatic 
sillimanite. Andalusite contains abundant inclusions of staurolite; 

sillimanite is almost inclusion free. Small black grains are ilmenite. 
Crossed polars, base of photograph 1.6 mm 
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Fig. 3. Sillimanite crystals replacing andalusite, in a section at a 
high angle to sillimanite c-axis. Anhedral staurolite, St, small her- 
cynite crystals, Her, and ilmenite are included in sillimanite, Sil. 
Adjacent andalusite, And, contains perfectly euhedral staurolite. 
Plane-polarized light, base of photograph 0.33 mm 

Fig. 4. Backscattered-electron (BSE) image of an area of Fig. 3. 
Highly reflecting minerals in dark A12SiO s matrix (both sillimanite, 
Sil, and andalusite, And, possibly quartz) are hercynite, Her, and 
ilmenite, Ilm. Staurolite, St, (less bright) occurs in two contrasting 
shapes: small and anhedral within sillimanite, coarser and euhedral 
in andalusite. Dotted line marks And-Sil grain boundary. Hercynite 
only occurs within sillimanite 

Table 1. Chemical composition of staurolite, hercynite and A12SiO5 polymorphs within And-Sil pseudomorph site of Fig. 3. See text for 
normalizing procedures and assumptions 

Staurolite Hercynite Sillimanite Andalusite 

1 2 3 4 5 6 7 8 9 10 11 12 13 

SiOe 26.65 26.74 27.46 27.15 SiO 2 0.06 0 .02  0 .03  0.07 SiO 2 35.85 36.00 37.06 36.85 36.93 
TiO 2 0.51 0 .46  0 .40  0.46 TiO2 0.01 0 .02  0 .00  0.00 A1203 62.69 63.08 62.56 63.22 61.46 
A1203 55.16 55.54 55.41 54.06 A1203 58.88 58.44 58.49 58.66 Fe203 0.80 0.41 0.37 0 .25  1.06 
FeO 11.97 12.52 12.34 12.74 FeO 33.37 33.17 33.15 33.31 MnO 0.00 0.03 0.03 0 .00  0.01 
MnO 0.56 0 .58  0 .52  0.54 MnO 0.65 0 .59  0 .61  0.58 MgO 0.04 0.02 0.11 0 .03  0.34 
MgO 1.20 1 .13 1.15 1.31 MgO 3.42 3 .44  3 .49  3.48 
ZnO 0.83 0 .90  0 .85  0.84 ZnO 3.09 2 .81 2 .92  3.08 
H20 2.14 2 .16  2 .17  2.14 

Total 99.02 100.03 100.32 99.24 Total 99.48 98.49 98.69 98.98 Total 99.38 99.54 100.13 100.35 99.80 

Si 7.451 7.420 7.582 7.601 Si 0.002 0.001 0.001 0.002 Si 
Ti 0.107 0.097 0.083 0.097 Ti 0.000 0.000 0.000 0.000 A1 
A1 18.18018.16418.031 17.839 A1 1.982 1.985 1.983 1.983 Fe 3+ 
Fe 2+ 2.800 2,906 2.849 2.983 Fe 2+ 0.797 0.799 0.797 0.794 Mn 
Mu 0.132 0,137 0.123 0.128 Mn 0.016 0.014 0.015 0.014 Mg 
Mg 0.498 0.466 0.473 0,547 Mg 0.146 0.148 0.149 0.149 
Zn 0.171 0.185 0.173 0.174 Zn 0.065 0.060 0.062 0.065 
OH 4.000 4.000 4.000 4.000 

X w 0.849 0.862 0.858 0.845 XFe 0.846 0.844 0.842 0.842 
Xzn 0.049 0.052 0.050 0.047 Xzn 0.065 0.059 0.062 0.065 

XFe, 0.844 0.858 0.854 0.841 
Xzn, 0.051 0.054 0.051 0.048 

0.977 0.978 0.999 0.991 1.001 
2.012 2.020 1.987 2.004 1.963 
0.016 0.009 0.008 0.005 0.022 
0.000 0.001 0.001 0.000 0.000 
0.002 0.001 0.004 0.001 0.014 

Analyses 1-3, staurolite inclusions in sillimanite; 4, staurolite within 
andalusite; 5-8, hercynite; 9, 10, prismatic sillimanite; 11, 12, an- 
dalusite; 13, pink pleochroic andalusite core, enriched in iron. 

s tauroli te  formulas in Table 1 were calculated on the ba- 
sis of 4 and  48 oxygens, respectively. Because staurol i te  
occurs in associat ion with graphite  and  ilmenite,  it was 
assumed to con ta in  negligible a m o u n t s  of ferric i ron (see 
Dya r  et al. 1991; Ho ldaway  et al. 1991). Table 1 also 

Xve =Fe/(Fe+Mg); Xzn =Zn/(Zn +Fe+Mg);  XFe, and Xzn, val- 
ues recast assuming Fe = F e - T i  to account for Ti in staurolite and 
the production of ilmenite during reaction (4') 

reports  the chemical  compos i t ion  of andalus i te  and  silli- 
mani te ,  calculated on  the basis of 5 oxygens and  only  
ferric iron. 

Due  to the difficulty of ana lys ing  the very fine gra ined 
spinel, all compos i t ions  were measured  in the cores of the 
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grains; consequently chemical zoning could not be evalu- 
ated. Spinel analyses from different grains are very simi- 
lar: the composition is essentially that of a ternary Fe- 
Mg-Zn hercynite, with galaxite (MnAI203) component 
less than 1.6 mol%. The Zn content is low, around 0.06- 
0.07 cations per formula unit, and is similarly low in stau- 
rolite (less than 1.0 wt% ZnO). 

Staurolite within coarse sillimanite is iron rich [Fe/ 
(Fe+ Mg) = 0.85] and shows no compositional zoning. 
Although most of the staurolite evidently reacted during 
the alteration of andalusite to sillimanite (cf. Fig. 2), the 
staurolite remnants within sillimanite have the same Fe/ 
(Fe + Mg) and zinc concentration as the crystals included 
in andalusite. Cation stoichiometries formulated on the 
basis of 48 oxygens, 4 hydroxyls and ferrous iron are 
comparable to those of Fe3+-poor staurolite given by 
Holdaway et al. (1991), and closely match (particularly 
staurolite in andalusite, analysis 4) the charge balanced 
iron end-member formula H4Fe3.ssA117.9Siy.6sO48 of 
Holdaway et al. (1991). This formula will be used in the 
calculations below. 

The A12SiO5 polymorphs have low and similar F%O 3 
content; only the pink pleochroic cores of andalusite 
show a slight enrichment in Fe 3+ (analysis 13). 

Because biotite occurs in the rock matrix of the sam- 
ple examined, whereas garnet is absent, overstepped reac- 
tion (2) is considered the most likely to have determined 
staurolite decomposition during the And ~ Sil replace- 
ment. This stage was not accompanied by the growth of 
hercynite, as hercynite does not occur at the And-Sil 
grain boundaries. 

The second decomposition episode occurred within 
coarse sillimanite. Inasmuch as tiny staurolite crystals 
are also present within the sillimanite, they probably rep- 
resent relicts that did not react completely and/or re- 
mained isolated from the adjacent matrix. Thus, they ef- 
fectively comprised a Qtz-Ms-absent local system in 
which reaction (2) could not occur and staurolite persist- 
ed stably up to its terminal breakdown. The occurrence 
of hercynite exclusively as inclusions within sillimanite, 
as well as the resorbed shape of adjacent staurolite, sug- 
gest hercynite is the product of the terminal decomposi- 
tion of staurolite, which postdates the And ~ Sil replace- 
ment. The following discussion will only deal with this 
latter episode of staurolite breakdown. 

Compositional constraints 

Modelling of the staurolite-out reaction 

Textural constraints 

The textural observations that suggest a genetic relation- 
ship between staurolite and hercynite are: 

1. Staurolite is the only ferromagnesian silicate which oc- 
curs within sillimanite crystals. 

2. Staurolite within prismatic sillimanite is very scarce in 
comparison to staurolite within adjacent andalusite 
porphyroblasts (Fig. 2). 

3. Staurolite included in sillimanite exhibits resorbed 
grain boundaries, whereas it is euhedral when included 
in andalusite (Fig. 4). 

4. Hercynite only occurs in close association with stauro- 
lite as inclusions within the coarse-grained prismatic 
sillimanite which forms pseudomorphs after andalusite 
(Fig. 3). Hercynite does not occur at the And-Sil grain 
boudaries (Fig. 4). 

Based on the above evidence it may be inferred that 
during heating the staurolite inclusions in andalusite un- 
derwent two sequential dissolution events, in two distinct 
microstructural domains. The first event, which is accom- 
panied by the disappearance of most staurolite, is coeval 
with the replacement of andalusite by sillimanite (Fig. 2). 
The replacement may have caused staurolite, formerly 
armoured by andalusite, to interact with the Ms + Qtz- 
bearing matrix by means of an intergranular fluid phase, 
and allow the breakdown of staurolite in the presence of 
muscovite and quartz to take place by reactions such as 

St + Ms + Qtz = Bt + Sil + H20 (2) 

or  

St + Ms + Qtz = Grt + Bt + Sil + H20. (3) 

Consider the chemical system defined by sillimanite and 
its inclusions of staurolite, hercynite and ilmenite. If it is 
assumed that titanium is only present in ilmenite (cf. 
Table 1), T i O  2 c a n  be treated as an "inert" component, 
ilmenite can be ignored, and the remaining three phases 
described in terms of the six oxides: FeO, MgO, ZnO, 
A1203. S iQ  and H20 ("FMZASH" system). 

The chemical relationships between hercynite and 
staurolite are evaluated by projecting the relative 
amounts of their tetrahedrally coordinated divalent 
cations (Fe, Mg, Zn), as in Fig. 5. Projected compositions 
of both minerals overlap in a very narrow field, indicat- 
ing that staurolite and hercynite have nearly identical 
Fe/Mg/Zn ratios: Fe0.80+o.01Mg0.145+0.01Zno.055+0.0v Be- 

Mg Zn 
Fig. 5. Fe-Mg-Zn plot of staurolite, crosses, and hercynite, circles. 
Mineral compositions nearly overlap within a narrow composition- 
al field of Feo.so+o.oxMgo.145_+o.mZno.oss_+o.o j 
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Fig. 6. Ternary SiO2-A1203-(FMZ)O projection through H20 of de- 
generate FMZASH system. Shaded line represents a possible range 
of bulk composition determined by staurolite inclusions in silliman- 
ite. The breakdown of staurolite stabilizes the three phase field 
Qtz-Sil-Her. Although garnet and cordierite could not be projected 
in this chemography, as they do not partition Zn, dashed lines 
schematically illustrate the assemblage that would result from reac- 
tion (7). Mass-balance constraints hamper such configuration (see 
discussion section) 

cause of the very similar Fe/Mg/Zn ratios of staurolite 
and hercynite, a near collinearity exists among the above 
minerals and sillimanite in FMZASH compositional 
space. This collinearity results in a degeneracy within the 
six component system, such that the coexisting phases 
can be described in terms of only four components: 
(Feo.soMgo.14sZno.oss)O-A1203-SiO2-H20, and represented 
by the triangular chemography (Feo.soMgo.14sZno.oss)O - 
A1203-SIO2, projected through H20, of Fig. 6. This choice 
of components is valid because other ferromagnesian 
phases like garnet or cordierite, which would not parti- 
tion Zn and could have different Fe/(Fe + Mg) values, are 
not present in the rock. 

In Fig. 6 the bulk composition of the system lies along 
the St-Sil join, on the corundum-undersaturated side of 
the Sil-Her tie-line. Given that both garnet and cordierite 
are absent, it follows that the most likely reaction for the 
breakdown of staurolite can be identified as St 
Her + Sil + Qtz, and balanced (using staurolite formula 
H4Fe3.ssA117.98i7.65048 ) as: 

Fe-St <=> 3.85Her + 5.1Sil + 2.55Qtz + 2H20. (4) 

Combining the chemical relationships and the tex- 
tural evidence, and given that three of the four solid 
phases involved in the dehydration reaction are found in 
close association, reaction (4) is a plausible model for the 
growth of hercynite in the contact aureole of Vedrette di 
Ries pluton. 

P r e s s u r e - t e m p e r a t u r e  c o n d i t i o n s  

The P-Tcondit ions at which the crystallization of her- 
cynite takes place by reaction (4) can be evaluated in a 
semi-quantitative way by calculating the equilibrium 
curves of staurolite breakdown in the simplified FASH 
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T(~ 
Fig. 7. Simplified petrogenetic grid with calculated FASH, KFASH 
and KNASH equilibria relevant to staurolite dehydration, assum- 
ing a C-O-H, H :O = 2, graphite-saturated fluid (Connolly and Ce- 
sare 1993). And-Sil transition from Holdaway and Mukhopadhyay 
(1993); A, Ky-And-Sil invariant point; B, And-Sil-Her-St-Qtz-H20 
invariant point. Numbers of equilibrium curves as in text; ss sub- 
script indicates K-Na solid solution. Shaded area indicates the in- 
ferred metamorphic P-Tfield of equilibration for hercynite-bearing 
rocks in the Vedrette di Ries aureole 

and KFASH systems. This simplification has been used 
because of the poor knowledge of the thermodynamic 
properties of Mg-Zn end-members for staurolite. The cal- 
culations shown in Fig. 7 have been done using the ap- 
proach of Connolly (1990) and an updated version of the 
thermodynamic dataset of Berman (1988). Since graphite 
occurs in the rock and ilmenite is the only opaque phase 
present, the fluid was assumed to be a C-O-H mixture, 
with a 2:1 atomic H: O ratio (Connolly and Cesare 1993). 

The consistency of the relative position of the calculat- 
ed equilibrium curves in P-Tspace can be checked easily 
against the reaction sequence deduced by the field obser- 
vations. In the thermodynamic calculation of Fig. 7, the 
FASH hercynite-forming reaction (4) is predicted to oc- 
cur at temperatures lower than (or overlapping, depend- 
ing on the amount of paragonite component in muscov- 
ite) the first appearance of alkali feldspar, bounded by the 
reactions 

Ms + Qtz + Ab~ = Kfs~s + A12SiOs + H 2 0  (5) 

and 

Ms + Qtz = Kfs + A12SiOs + H20. (6) 

This calculated sequence is the same as that recorded 
by the hornfelses close to the intrusive body (Cesare 
1992), and is also in agreement with other petrogenetic 
grids for metapelitic rocks (Yardley 1981; Spear and Ch- 
eney 1989). In fact the matrix of the sample where her- 
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cynite has formed contains muscovite plus quartz but not 
K-feldspar. 

The maximum isobaric temperature difference be- 
tween the equilibrium curves for reaction (4) and (6) is on 
the order of 20~ This difference, although resulting 
from calculations in the simplified FASH system, is con- 
sidered to be reliable because the "second sillimanite" 
assemblage actually develops in the hornfelses a few me- 
tres closer to the contact. 

Assuming that no significant overstepping of the equi- 
librium conditions occurred during reaction (4) (see dis- 
ussion below), the range of pressure and temperature at 
which the rock equilibrated can be tightly constrained 
via a "bathogradic" approach (Carmichael 1978), since 
metamorphism followed an isobaric heating path start- 
ing in the andalusite field, and reaction (4) took place in 
the sillimanite stability field. The P-Tconditions of equili- 
bration are constrained by: (1) equilibrium (4) at low tem- 
perature (hercynite growth); (2) equilibrium (7) at high 
temperature (persistence of the assemblage muscovite + 
quartz); (3) the isobaric line intersecting the A12SiO5 
triple point (A in Fig. 7) at high pressure (maximum sta- 
bility of andalusite); (4) the isobar intersecting the And- 
Sil-St-Her-Qtz-H20 invariant point (B in Fig. 7) at low 
pressure (hercynite growth within the stability field of 
sillimanite). 

The absolute values of the P-Textremes are dependent 
on the location of the And-Sil equilibrium curve. In this 
study the curve of Holdaway and Mukhopadhyay (1993) 
has been adopted, assuming that it has not been dis- 
placed by partitioning of minor elements between an- 
dalusite and sillimanite (Grambling and Williams 1985; 
Kerrick and Speer 1988): in fact co-existing andalusite 
and sillimanite have equal Fe 3+ concentrations. It fol- 
lows that the metamorphic conditions of hercynite for- 
mation via reaction (4) are bracketed between 585~ and 
655~ and between 2.5 and 3.75 kbar. 

Discussion 

Equations (1) and (4) correspond to the reaction previ- 
ously proposed in both prograde and retrograde scenar- 
ios by Loomis (1972), Moore and Reid (1989) and Tuccil- 
lo et al. (1992), with slightly different stoichiometric coef- 
ficients because of the staurolite formula adopted. How- 
ever, since Zn is present in the system, reaction St ~ Her 
+ A12SiO5 + Qtz + H20 requires collinearity between 
A12SiO s, hercynite and staurolite in FMZASH composi- 
tion space, and such constraint was not obeyed in those 
cases. Thus, either the presence of an additional ferro- 
magnesian or zincian phase was necessary to maintain 
mass-balance, or the system was considered open to one 
component during the reaction (e.g. Fe, Moore and Reid 
1989). In contrast, the chemical collinearity in FMZASH 
system shown in this study permits the stoichiometry of 
reaction (4) to be respected. Even if the small amount of 
titanium in staurolite is taken into account, it can readily 
be accommodated by the production of 0.01 moles il- 
menite per mole of staurolite (see Table 1). This would 
imply the subtraction of 0.005 moles hercynite and the 

addition of 0.0025 moles sillimanite from the stoichio- 
metric coefficients of reaction (4), to give: 

St~=~3.845Her + 5.1025Sil + 2.55Qtz + 2H20 + 0.01Ilm (4') 

The addition of titanium to the system does not 
change substantially the proposed reaction (4), because it 
does not affect the Fe/Mg/Zn relationships between stau- 
rolite and hercynite. The subtraction of ilmenite compo- 
nent from staurolite, in fact, makes the values of Fe/Mg/ 
Zn ratios of staurolite and hercynite even closer to each 
other (see recalculated X w, and Xzn. parameters in TaMe 
1), and results in a nearer approach to collinearity be- 
tween Sil, Her and St. 

Theoretically, the preferential partitioning of zinc into 
hercynite and staurolite and among them (hercynite be- 
ing Zn-richer than staurolite, Stoddard 1979; Moore and 
Reid 1989), should cause the univariant FASH equilibri- 
um (4) to become trivariant in the FMZASH system. 
However, in the present case equilibrium (4) seems to 
remain univariant even in the presence of Mg and Zn in 
the rock, as testified by the nearly identical Fe/Mg/Zn 
ratios. An explanation for this behaviour is that stauro- 
lite may exhibit azeotropic phase relations with spinel in 
the FMZASH system and that the azeotropic composi- 
tion of the minerals lies very close to Fe0.8oMgo.t45Zno.o55. 
Only at the azeotropic composition the Fe/Mg/Zn ratio 
values coincide, decreasing the degrees of freedom of the 
equilibrium; for any other composition there is generally 
a different partitioning of the divalent cations between 
the phases. 

According to Fig. 7 reaction (4) would be metastable 
in the FASH system with respect to reaction 

Fe-St ~- Sil + Her + Aim + H20 (7) 

that would occur at temperatures 10 20~ below the 
FASH equilibrium of (4). The occurrence of reaction (7), 
schematically represented by the dashed lines in Fig. 6, is 
considered unlikely for two reasons: the mass-balance 
prediction for staurolite, hercynite and garnet to have 
different Fe/Mg/Zn ratios and/or to be zoned, and the 
lack of garnet in the rock. Two explanations for this ap- 
parent inconsistency are that equilibrium (7) was over- 
stepped because of the sluggish kinetics of garnet nucle- 
ation and the rapid heating rate of contact metamor- 
phism, or that the reaction sequence is actually reversed 
in the full FMZASH system. 

A kinetic control on the reaction mechanisms is also 
evident in that hercynite growth appears to be controlled 
by the site where staurolite occurs. In fact, although reac- 
tion (4) could have just as well taken place in the stauro- 
lite-rich, adjacent andalusite, it only developed within sil- 
limanite. The presence of closely spaced microdomains of 
local equilibrium suggests that the breakdown of stauro- 
lite was inhibited by the absence of pre-existing nuclei of 
the stable A12SiO5 polymorph, sillimanite. Thus, it may 
be deduced that not only was the enclosure by A12SiO5 
necessary to keep staurolite isolated from the Qtz-Ms- 
bearing matrix and allow it to persist to higher tempera- 
tures, but also that a specific type of aluminum silicate 
(i.e. sillimanite) was necessary to permit reaction (4). The 
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contras t ing behaviour  a m o n g  staurolite inclusions in ad- 
jacent  A12SiO 5 crystals indicates that  the react ion mecha-  
nisms for the decompos i t ion  of  staurolite a r m o u r e d  in 
andalusite were too  slow, p robab ly  because of  difficulties 
in the nucleat ion of  new sillimanite grains, and  suggests 
that  equil ibrium condi t ions  for react ion (4) should have 
been only slightly exceeded during the g rowth  of her- 
cynite within sillimanite. Given such absence of signifi- 
cant  overstepping, it can be concluded that  the P - T v a l -  
ues determined in Fig. 7 app roach  quite closely the actual  
condit ions dur ing the contac t  metamorph ism.  

Finally, the problem of the absence of  quar tz  within 
the react ion site is discussed. Reac t ion  (4) requires that  
quar tz  also be p roduced  by staurolite decomposi t ion.  
The mode  of quar tz  p roduced  by this react ion is on  the 
order  of one third that  of  hercynite;  this quant i ty  should 
be detectable by X- ray  mapping,  but  SE M analysis did 
not  give positive results. Quar tz  could be present within 
sillimanite, but  not  detected either because of  the very 
small area available for SE M investigation, or  because of 
its very fine grain size. In either case, only a t ransmission 
electron mic roscopy  study could give a definitive answer 
to the problem. A third explanat ion is that  silica pro-  
duced by react ion (4) was t ranspor ted  away f rom the 
react ion site with the H 2 0  released by staurolite dehydra-  
tion, and was precipitated in the adjacent  Qtz-bear ing 
matrix. A l though  the presence of  quar tz  within silliman- 
ite would  make  the a rgument  more  straightforward,  the 
chemical and micros t ructura l  constraints  discussed here 
are considered s trong enough  to suppor t  react ion (4) as 
the model  for hercynite fo rmat ion  dur ing the b reakdown  
of  Z n - p o o r  staurolite. 
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