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Abstract

The mineralogy of amphibolites is dominated by relatively high variance assemblages

involving calcium amphibole, chlorite, epidote, plagioclase, quartz * gamet * K-, Ti- and

CO2-phases (i.e. the "common assemblage" of Laird (1980) over a wide range of metamorphic

cond,itions includin g amphibolite, greenschist and blueschist facies metamorphism

In recent years a number of unusual amphibolite assemblages, involving þanite,

staurolite or other aluminous phases which occur more typically in rocks of pelitic affinity,

have been reported from all over the world (e.g. Gibson, 1978; Spear, 82;Humphries, 1993).

There are rwo possible reasons for the rariry of this type of assemblage: (1) the bulk

compositions required to develop these assemblages are atypical, or (2) the metamorphic

conditions under which the assemblages formed are unusual and so may provide useful

information about the pressure-temperature distribution of certain tectonic envi¡onments.

Several workers have suggested that kyanite-staurolite-hornblende and related assemblages

have developed in rocks of typical mafic igneous compositions (e.g. Gibson, 1978; Helms et

a1., 1987) and that their formation results from metamorphism at pressures in excess of those

appropriate to the "common" amphibolite assemblage (e.g. Selverstone et a1., 1984; Helms et

al., 1987). Other workers have suggested that although more magnesium-rich rocks may

develop kyanite-staurolite-hornblende assemblages under high pressure conditions, more Fe-

rich samples may not require such unusually high pressures of equilibration (e.g. Ward,

1984a). This thesis attempts to develop an understanding of the phase relations in natural

kyanite-staurolite-amphibolites and related rocks and to develop phase diagram to explain their

P-T significance.

Equilibrium thermodynamics calculations using the dataset of Holland and Powell

(1985, 1990) are used to determine the phase relations in the FMASH model sub-system and

later the CFMASH system involving aluminosilicates, staurolite, cordierite, gamet, chlorite,

orthoamphiboie and hornblende with anorthite, quartz and aqueous vapour in excess. The

resulring phase diagram predicts that hornblende will be stable with staurolite in a very

restricted. P-T field at pressures of 8.2-9.5 kbar and 600-680"C. Kyanite may co-exist with

homblende under a wider range of conditions, at pressures greater than about 8.2 kba¡ and

temperatures up to about 800"C. The predictions of the phase diagram are largely in

accordance with the pressure and temperature estimates made from natural examples and their

reaction relations (e.g. Selverstone et al., 1984; Grew & Sandiford, 1985; Helms et al., 1987;

Humphries, 1993). The effects of sodium are considered and the resulting NCFMASH phase

equilibria are consistent with many natural kyanite- and staurolite-amphibolite assemblages.

A new example of kyanite-staurolite rmphibolites is reported from the Harts Range of

central Australia where a large variety of nrineral assemblages provides good relatively

comprehensive constraints on the compatibility relations of the aluminous amphibolites. The
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equilibrium associations and reaction textures observed in these samples, together with the

theoretical phase relations calculated in earlier sections constrains the P-T history for the

otherwise poorly constrained Harts Range region. The multiple-episode heating and cooling

(broadly clock-wise) history determined from these studies is consistent with the

geochronological data available from the region.

The compatibiliry relations of þanite-staurolite amphibolites from ttre Zillertaler Alpen

in western Austria and those reported in the literature allow the phase relations in amphibolites

to be constrained independently of the equilibrium thermodynamics calculations and provide a

useful comparison with the calculated phase relations. The observed compatibility relations

confirm that the calculated petrogenetic grids are at least partly consistent with those in natural

amphibolites and that they may be a useful tool in understanding the metamorphic history of

amphibolite-dominated terrain s.

Information from natural þanite-staurolite amphibolites and from the calculated

equilibria suggesr that the paucity of kyanite-staurolite-bearing amphibolites in comparison to

the ,'common,, amphibolite assemblage is due to the confined P-T-X widow appropriate to their

formation. The stability fields of staurolite-hornblende and þanite-hornblende in the

CFMASH system occupy only a small, high P/T, pressure-temperature window for rocks of

intermediate to magnesian compositions. As a result, although the stability fields of þanite

and staurolite-amphibolites may often be intersected, they may be easily overprinted by higher

temperature assemblages during the normal thermal evolution of a convergent orogen. Thus,

although kyanite-hornblende and staurolite-hornbiende assemblages are stable under relatively

unremarkable p-T conditions, their preservation is strongiy dependent on their specific

composition and p-T history and so they will only be rarely preserved in convergent orogens'
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Chapter 1: Introduction

L.L Introduction

Metamorphic rocks provide a unique oppornrnity to constrain the processes acting in

the interior of the earth. They act as time capsules, preserving information about the physical

and chemical conditions which operated during metamorphism and about the deformational

processes which acted during and after equilibration. Detailed study of the mineral equilibria,

textures and mineral chemistry in metamorphic rocks are especially important for constraining

the physical conditions (pressure, P and temperature, T) during metamorphism and the way

they change with time. since rocks of different composition may presewe different aspects of

the metamorphic evolution, data from a number of different rocks in a small area have the

potential to constrain the way P-T conditions evolve over time (e'g' Drccp & Bucher-

Nurminen, 1984; Schumacher & Robinson, 1987). Thus metamorphic rocks contain evidence

of the tectonic processes involved in orogenesis (e.g' England & Thompson' 1984; Thompson

& England, 1984; Hodges, 1991)'

The best rock-types for evaluating metamorphic conditions are those which are reactive

under a wide range of metamorphic conditions. Pelites provide a classic example and their

common occurrence in metamorphic belts has made them the focus of many studies (e'g'

Thompson , 1.97 6a,b). However pelites are neither ubiquitous nor leactive over the entire

metamorphic spectrum and other rock-types may also provide useful records of

metamorphism. This thesis evaluates the potential of amphibolites as a vehicle for consraining

metamorphic evolution.

1.2 Background

The protoliths of amphibolites are relatively common in many types of qustal settings

as the products of vulcanism, magmatism and sedimentary processes' Although thei¡ chemical

complexity permits a range of mineralogy (e.g. Eskola, 1914, 1915), over a wide range of

metamorphic conditions, they a¡e often characterised by the relatively high variance assemblage

calcium-amphibole, chlorite, epidote, plagioclase, Quârtz * ps3+-sxides, carbonates' K-

bearing and Ti-bearing phases. This assemblage occurs in greenschist' amphibolite and

blueschist grade rocks and has been called the "common" assemblage (e'g' Lai¡d, 1980)'

Several studies have documented the chemical and modal variation of the phases in these

"common" amphibolites with evolving pressure and temperature conditions (e'g' Laird' 1980;

Thompson et al., 1982) however these factors (especially modal variation) are exuemely

sensirive to the bulk-rock chemistry as well as the physical conditions of metamorphism'
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There a¡e several reported occurrences of less typical amphibolites which contain more

aluminous phases such as kyanite, staurolite, cordierite, gamet and orthoamphibole in addition

to more typical amphibolite phases such as hornblende, plagioclase, quartz and oxides (e.g.

Gibson, 1978; Ward, L984a; Selverstone et al., 1984; Helms et al., 1987). The variance of

these assemblages is generally lower'.han in the "common" amphibolites and this makes them

an important target for constraining the equilibration conditions under which they developed.

As with all unusual assemblages, it is important to establish if thei¡ rariry is due to

unusual bulk composition or due to rarely attained conditions of metamorphism. Mass balance

calculations and compa¡ative bulk chemical analyses, suggest that these unusual amphibolites

may develop in rocks of "typical" mafic igneous composition and that the same rocks a¡e

capable of producing the "common" amphibolite assemblage (e.g. Helms et al., 1987).

Several workers have suggested that kyanite-staurolite-hornblende assemblages are in a

reaction relationship with the "common" assemblage and that they result from metamorphism at

higher pressures than is typical for the "common" assemblage (e.g. Selverstone et al., 1984;

Helms et al., 1987). However Laird (1980) has commented that the "common" assemblage

occurs under a wide range of metamorphic conditions (including high pressure blueschist

facies) and thus it is lìkely that the stabiliry and preservation of þanite-staurolite-hornblende

and related assemblages is dependent on factors other than simple pressure variation. Va¡iation

in bulk composition (especially Fe-, Mg- and Al-content) is likely to have a significant effect

on the stability of kyanite-staurolite-hornblende assemblages Silard, 1984a).

L.3 Calculated phase relations in amphibolites

Previous investigations of kyanite-staurolite-amphibolites have dealt principally with a

description of the mineralogy and chemisry of individual low variance assemblages together

with their higher variance subsets (e.g. Gibson, 1978, 1979; Purtscheller & Mogessie, 1984;

'Ward, 1984a; Grew & Sandiford, 1985; Grew et al., 1988). Several publications have dealt

with a small number of low variance assemblages (e.g. Selverstone et a1., 1984; Spear, 1978,

1979,1982; Humphreys, 1993), however few authors have attempted to understand the phase

relations which relate these different occurences. This may be partly due to the small range of

of physical conditions under which kyanite-staurolite-hornblende and related assemblages

appear to form (e.g. Robinson et al., 1982), the compositional complexity of amphibolites and

the often poor constraints on the P-T conditions at which the assemblages equilibrated.

Froese and Hall (1983) attempted to develop a qualitative P-T grid for kyanite-

staurolite amphibolites by linking published data from mafic and pelitic rocks using

Schreinemakers analysis. They used generalised phase compositions to write reactions in the

linking system, however, the variability of the phase compositions both within and between

real assemblages suggests that while this may have been a necessary simplification, the

resulting phase relations are unlikely to be valid for all natural occurences. The P-T gdd

consrructed by Froese and Hall (1983) deals only with univariant reactions in the CaO-FeO-

MgO-AI2O3-SiO2-H2O (CFMASH) system, and no attempt was made to understand the

Chapter I - Introduction - 2



continuous reactions which are important for most real rocks. Moreover, they have not applied

the completed grid to either their own assemblages or those of other workers.

Spear (1978) and Spear and Rumble (1986) have constructed P-¡.t¡1rg petrogenetic

grids for amphibolites involving f,xed composition aluminous phases. The slopes of the

reactions were determined using the AV and stoichiometric co-eff,rcients of H2O for each fixed

composition reaction. Although they have the advantage of encompassing sodic plagioclase

and amphiboles, their grids also deal specifically with discontinuous reactions and neither

Spear (197S) nor Spear and Rumble (1986) discuss continuous reactions. The phase relations

in their calculated grids correspond with the compatibility relations reported from the Post

pond and Ammonoosuc Volcanics but do not explicitly address relationships with other known

occurrences.

One of the major aims of this thesis is to determine the phase relations in kyanite- and

staurolite- amphibolites and related rocks for phases of variable composition, and to determine

the continuous reactions which act upon them. As a result of the paucity of direct experimental

data for such chemically complex assemblages equilibrium thermodynamics calculations are the

most potentially useful method of determining the phase relations betv¿een the relevant solid-

solution phases. Equilibrium thermodynamics calculations were ca:ried out using the

compurer program TFIERMOCALC (Powell & Holland, 1985, 1988) and the internally

consistent dataset of Holland and Powell (1985, 1990, pers. comm., 1992).

1.4 Applications

In addition ro ourlining the theoretical phase relations of kyanite- and staurolite-

amphibolites, this thesis presents a ¡eview of important occurences as well as reporting a new

world-class locality for kyanite-staurolite amphibolites from the Harts Range region of the

eastern Arunta Inlier, cenÍal Ausralia (Chapter 4).

1.4.1 Amphibolites from the Harts Range

The wide compositional variety of the Harts Range amphibolites, especially in regard to

Xpg, has resulted in the development of several low-variance assemblages, including kyanite-

stauolite-gedrite-hornblende, staurolite-garnet-gedrite-hornblende and kyanite--cordierite-

anthophyllite-hornblende (+ plagioclase-quartz). The presence of kyanite- and staurolite-

amphibolites suggests that the Harts Range region and the eastern Arunta Inlier have

experienced an unusual metamo¡phic history and the variety of observed amphibolite

assemblages are an ideal vehicle for understanding this metamorphic history'

Previous workers have, almost without exception, noted the high temperature-low

pressure metamorphic style which is dominant over large areas of the Arunta Inlier and other

northern Australian Proterozoic terrains (e.g. Clarke et al., 1990; Etheridge et al., 1987;

Sandiford & Powell, 1991). These high grade regions are typically cut by narrow kyanite-

bearing retrograde shear zones, however Goscombe (1992a,b) has reported that the
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meumorphic history of the Strangways Range in the eastern Arunta Inlier involved an early

high temperature history, but also later, widespread metamorphism under high Pft ratios' The

mineral assemblages and metamorphic textures from the Harts Range area conhrm that high

Pff megmorphism also occurred in this area as part of a multiple phase heating and

deformational sequence.

An important aspect of understanding the metamorphic history of the Harts Range

region relates to a long-standing disagreement over the relative importance of Proterozoic and

Phanerozoic (Alice Springs) deformation in the region (e'g' Ding & James' 1988; James &

Ding, 1988; Collins & Teyssier, 1989a,b). The metamorphic pressure-tempelatule-time (P-T-

t) history of the Harts Range region is not sufficiently well constrained to discern between

these alternatives, and further (mainry geochronorogicar) work is required before this question

can be adequatelY addressed.

|.4.2Ãmphibolitesandrelatedrocksfromtheliterature

Kyanite-staurolite-hornblende and related assembiages have been reported from

several different localities. Among the best of these in terms of variety of low variance

assemblages are those from the Zillertalin western Austria' The much studied and relatively

young nature of metamorphism in the European Alps mean that the equilibration conditions and

metamorphic history of the kyanite-staurolite-amphibolites from this region should be far

better constrained than those from other world-wide occurrences. consequently, these

sampres form the basis of a comparison of the compatibility rerations in similar assemblages

from around the world. The kyanite-staurolite-amphiborites from the zrrertúer Alpen contain

four different low variance assemblages, involving similar phases to those reported from the

Harts Range region. However, there are significant differences in the compatibility relations

for the Austrian and Ausralian rocks despite the small differences in their equilibration

conditions (approximately 560oC,7 kbar and 650-700oC,7 kbar) implying that the phase

relations in this Segment of P-T Space must be complex, involving at least five univariant

reactions. similar information about the changing compatibility relations over P-T space can

be determined from other sets of equilibria, e.g. those from the Post Pond Volcanics'

vermont, usA (spear ,1g82),the Mt and M2 assemblages from the copperton Formation in

South Africa (Humphreys, 1993) and the New Hampshire amphibolites (Schumacher &

Robinson, 1987). The compatibility relations from many other leported kyanite-staurolite and

related amphibolites (e.g. from New Zealarñ'(Gibson, 1978; Ward' 1984a; Cooper' 1980)'

Antarctica (Grew & sandiford, 1985), the former uSSR(Grew et al', 1983) encompass only

restricted compositional ranges and as a consequence they provide only relatively poor

constraints on the changing phase relations over P-T space' However' the relatively small P-T

range spanned by this wide variety of assemblages is consistent with the complex phase

relations apparent from the Harts Range and Zillertal amphibolites' A broad view of the phase

relations in amphibolites has been developed from a comparison of those from many localities'
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The final aim of this investigation is to comPare the natural amphibolite mineral

assemblages with the calculated phase relations in order to obtain a bener understanding of

kyanite-hornblende, staurolite-hornblende and similar amphibolite assemblages and the rocks

in which they occur.

One of the most interesting questions regarding these þanite- and staurolite-

amphibolites is the reason for their rarity, given the apparent abunda¡ce of rocks which a¡e

chemicaliy suitable for their development. The complexity of the calculated a¡rd observed

phase relations in þanite-staurolite amphibolites and related rocks in only a small area of P-T

space suggests that their paucity in relation to the "common" amphibolite assemblage results

from the small P-T-X (pressure-temperature-composition) window appropriate to each

assemblage. The stability fields for these assemblages lie in arl area of P-T space which may

be intersected in a variety of orogenic settings and correspond to conditions often attained in

Barrovian sryle terrains (Fig. 1.1). However, because of the complexiry of especially the sub-

system reactions, inappropriate bulk composition (e.g. Xps), slight overstepping of the

reactions, or small increases in temperature during later or continuing metamorphism may be

sufficient to allow different assemblages to overprint the rare kyanite- and stawolite-

hornblende assemblages. Thus kyanite-staurolite-hornblende assemblages are only rarely

preserved.

1.5 Aims of the thesis

The aims of this thesis are: to develop phase diagrams relevant to þanite- and

stauroiite-bearing amphibolites from equilibrium thermodynamics calculations; to describe a

new occutrence of these assemblages from the Harts Range and to use the calculated phase

relations to consEain the metamorphic evolution of the area; to develop an understanding of the

phase relations in real amphibolites and to compare the calculated phase relations with those

determined from petrolo gical ob servation s.

1.6 Outline of the thesis

A major aim of this project has been to develop a pressure-temperatue projection for

chemical model systems appropriate to amphibolites. Because amphibolites typically contain a

wide variety of elements, reflecting in part the diverse mineralogy of the amphibole group, this

is not a trivial problem. Thus, I begin with a well understood, simpler compositional sub-

system which is closely related to the more complex amphibolites. Chapter 2 deals with the

calculated phase relations in the FeO-MgO-Al2O3-SiO2-H2O (FMASH) system which

approximate the chemisrry of cordierite--orthoamphibole-rype, K- and Ca-poor rocks. The

calculated phase relations are compared with those from well understood natural occurrences of

this rock-type.

The good conespondence between the calcuiated and observed phase relations in

cordierite--orthoamphibole-type rocks permits optimism in proceeding to the more complex
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CFMASH (CaO-FeO-MgO-AlzO¡-SiØ-HzO) system. The connection between the FMASH

and CFMASH systems and the justification and reasoning behind simplifying the complex

amphibolite chemistry to the chemically simple CFMASH model system are discussed in

Chapter 3. The calculated phase relations involving aluminosilicates, staurolite, cordierite,

garnet, orthoamphibole, hornblende, anorthite, quartz and an aqueous vapour are developed

and the resulting petrogenetic grld is presented in Chapter 3. The calculated equilibria are

consistent with many similar amphibolite assemblages reported in the literature. To determine

more realistically the limitations on low temperature assemblages and to allow comparisons

between the equilibration conditions required for the assemblages of particular interest here and

those of the "common" assemblage, chlorite was also included in the model system. This

revealed significant problems with the calculated phase relations in the more complex system.

The inconsistency between the calculated phase relations and the natural assemblages cannot be

explained by variation in chemical factors and thus, the problems seem to result from

uncertainties in the thermodynamic data for one or more of the endmember phases gedrite, Mg-

staurolite, Fe-staurolire or perhaps the activity-composition (a-X) relations in garnet or chlorite.

The correspondence achieved between the reaction relations in rocks from the Harts Range

region (Chapter 5) and other reported chlorite-absent kyanite- and staurolite-amphibolites and

the calculated phase relations suggests that these problems are not critical in the chlorite-absent

CFMASH system. Thus, phase relations calculated for the chlorite-absent CFMASH system

apply at least qualitatively to chlorite-free amphibolites. A new chlorite-bearing CFMASH

grid, constructed using modified thermodynamic data for Mg-staurolite andFe-staurolite

provides a much closer approximation of the phase relations in amphibolites. Thus suggests

that the phase diagram for real amphibolites will have the same form as this calculated P-T

projection and that mainly the absolute positions of the invariant points in P-T space will

change as less uncertain data are obtained.

Chapter 4 deals with the mineral assemblages, textures and compositions of the

amphibotites from the Harts Range region (samples and thin sections are housed in the

collection of the Department of Geology and Geophysics at the University of Adelaide, and ate

prefixed by the sample numbers 962-,950-,890-, 891-, HR91-, 85-, 852- and 853-) and

implications of these assemblages in terms of constraining the metamorphic history of the area.

Chapter 5 describes the mineral assemblages, textures and compositions of þanite-
staurolite amphibolites and associated rocks from the Austrian Zilleftaler Alpen (accession

number 938-). The compatibility relations of the hornblende garbenschiefer are also

discussed. Chapter 6 deals with the compatibility relations determined from reported kyanite-

and staurolite-amphibolites and those described in this thesis. The relationships between the

different amphibolite assemblages are discussed and the P-T consraints on the amphibolite

assemblages determined from petrological observation are compared with those calculated by

Spear & Rumble (1986) and determined from equilibrium thermodynamics calculations in

Chapter 3. The final chapter is a summary of the findings of the thesis and presents some

ideas about how to improve the calculated phase relations in order that they provide a more

widely relevant basis for the interpretation of amphibolites.
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Chapter 2z Phase relations in aluminous schists: the

FMASH model sYstem

2.1 Aluminous rock-types and their constituent phases

Rocks with bulk compositions essentially restricted to the FMASH (FeO-MgO-Al2O3-

sioz-Hzo) compositional system show an extraordinary diversity in mineral assemblages over

a wide mnge of pressure temperature conditions. consequently they have been subject to a

large number of petrological investigations (e.g. Hudson & Harte, 1985; Robinson & Jaffe'

l969a,Harley, 1985). The rock-types encompassed by the FMASH model system include

cordierite--orthoamphibole rocks, aluminous schists, "whiteschists" (Schreyer,1973,I974)

and sapphirine granulites. They will be collectively termed here "aluminous schists"' World-

wide occurrences of these rock-types show them to be particularly reactive in a broad cross-

section of orogenic settings. Their phase relations are well constrained from natural

occurrences and this, together with their unusual chemical simplicity, means they may be used

to constrain the phase relations in the FMASH model system.

In amphibolite and granulite facies "aluminous schists", the phases commonly present

include the aluminosilicates (kyanite, andalusite, sillimanite), staurolite, cordierite, garnet'

chlorite, orthoamphiboles, orthopyroxene, quaftz, sapphirine, corundum, Fe-Mg spinels and

less commonly, chloritoid, talc and yoderite. Biotite, plagioclase and a Ti-phase (rutile or

ilmenite) are often present in minor proportions. The rocks of particular interest in this study

are medium grade (amphibolite facies) rocks which contain sufficient silica to stabilise free

quartz. consequently, not all of the above-mentioned FMASH phases will be considered'

Chloritoid is typically a low temperature phase in pelites (Albee, 1972) and is only rarely

reported from the aluminous schists under consideration here. Orthopyroxene typically occurs

in anhydrous rocks appropriate to the granulite facies, while talc and yoderite are stable in high

pressure parageneses (Schreyer & Seifert, 1969a,1969b). Corundum, Fe-Mg spinels and

sapphirine do not occur with free quartz under amphibolite facies conditions. The minor

phases biotite, plagioclase and rutile or ilmenite are stabilised by the additional components K,

Ca and Na and Ti, respectively and thus can be excluded from the FMASH system' Our

interest is therefore restricted to the aluminosilicates, staurolite, cordierite, garnet, chlorite,

orthoamphiboles and quartz and an aqueous vapour. The general formulae and abbreviations

used for the phases of interest in this thesis are listed in Appendix A1'

This chapter deals with the phase relations in aluminous schists under quartz saturated,

medium grade conditions. The chemographic relations of the phases and their implications for

the univariant reactions in FMASH are discussed and the mineral equilibria and compatibility

relations in natural aluminous schists are used to constrain the stable FMASH equilibria'
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Equilibrium thermodynamics calculations are used to determine a quantitative P-T projection

for the FMASH model system, which is tested by comparison with the narural phase relations'

2.2 Chemographic relations in the FMASH system and the concept of

singularities

For EMASH rocks with quartz and an aqueous vapour phase in excess' phase relations

may be conveniently represented on an AFM compatibility diagram' as in Fig'Z'la and 2'1b'

The ferromagnesian phases of interest may have widely variable composition in rocks from

different localities, however they typically display a consistent order of Fe-enrichment: Grt >

St > Oam > chl > crd (e.g. Hudson & Harte, 1985; James et a1', 1978; Sharma & MacRae'

1981; Baker et al., 1987; Harley, 1985; Amold & Sandiford, 1990)' Garnet is typicaily more

Fe-rich than co-existing staurolite (e.g' Percival et al', 1982;Harley' 1985; Hudson & Harte'

1985; Baker et al., 1987; Arnold & Sandiford, 1990) however the Fe^{g contents (Xr'" =

Fe/FeO+MgO)) of these phases are often very close and ín some samples a reversal of the

"usual" trend is observed, so that Xre,st ) XFe,G.t (Sharma & MacRae' i981; Purtscheller &

Mogessie, 1984; Grew & Sandiford, 1985; Visser & Senior, 1990)' The majority of the

phases of interest shov¿ relatively little Al-substitution and only orthoamphibole a¡d cTriorite

alow appreciable va¡iarion in Al-content due to tschermakite substirudon (Mg-15i-1411411)

toward the gedrite and amesiteend-members, respectively. The effects of this variability in the

chemcgraphic leiations are discussed below'

The variation in relative XFe of staurolite and gamet as well as the range of {AFM in

chiorite and orthoamphibole has the potential to cause significant complexiry in the phase

relations. Figure 2.1a represents the tie-lines appafent in the AFM projection assuming that (j)

garnet is more Fe-rich than co-existing staurolite and that (ii) chlorite occurs on the Mg-rich

side of the cordierire-orrhoamphibole rie-line (e.g. Percival et al., 1982; Hudson & Ha¡te'

1gg5). A signif,icantly differenr array of tie-lines will result if either of these assumpúons is

untrue.AnalternativeAFMdiagram'assumingthatXps'5¡>Xr"'GttandchloriteplotsÍruide

the cordierite-onhoamphibole-garnet tie-triangle is presented in Fig' 2'1b'

2.2.t Singularities

In real rocks it is likely that the compositions of the phases in a univariant reaction will

evolve with the intensive variables (e.g. P, T), allowing the possibility that the compatibility

relations may change with the developing physical conditions. changes in ùe relative Fe-hztg-

AI parritioning will occur graduaily as the G-X relations evolve and at some intermediate stâge'

a colinearity involving three of the four phases will develop' In the case of a Mg-rich

assemblage involving aluminosilicate, cordierite and chlorite t one other phase' this

intermediate Stage wiil be muked by the interscction of the univariant reaction' e'g'

aluminosilicate + chlorite = cordicritc + orthotmphibole,

ChaPtcr2'lti't{Sll'I



Figure 2.1. AFM diagram.with quartz ând an aqueous vapour in excess. (a) assuming that garnet. is more
Fe-rich than co-existing staurolite, and that chlorite occurs on the Mg-rich sidð of thã cordierite-
orthoamphibole tie-line, (b) assuming that staurolitc is more Fe-rich rhan co-exisring garnet, and
that chlorite plors inside rhe cordieritc-orrhoamphibole-garnet tie-triangle.
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with the degenerate reaction,

chlorite + aluminosilicate + cordierite

(Fig.Z.z)as the pressure and temperature increase. As the intensive variables continue to

evolve, the co-linearity (degenerate reaction) will be crossed and a new tie-line topology will

result. In the curïent example cordierite becomes interior to the tie-triange aluminosilicate-

chlorite--orthoamphibole so that

aluminosilicate + chlorite + olthoamphibole + cordierite.

similarly, the topology of the Fe-rich portion of the compatibility diagram will evolve via a

singularity involving the aluminosilicate + garnet + staurolite degenerate reaction. The point

at which the degenerate (n phase) reaction intersects the univariant (n+1) reaction is known as a

singularity (Guiraud et a1., 1990; Will et a1', 1990a)'

2.3 Phase relations from real mineral assemblages

2.3.1 Stability of univariant reactions and invariant points

As determined above, the FMASH (n = 5) model system appropriate to "aluminous

schists,, involves 10 (n+5) phases. The effective number of components can be reduced to 3

and the number of phases to 8 by considering that quartz and aqueous vapogr are in excess' If

we further consider that in general only one aluminosilicate polymorph (either kyanite'

andalusite or sillimanite) is stable at a given P-T co-ordinate, then the FMASH system consists

of a total of 6 (n+3) phases. This implies that there are 6 possible invariant points, some of

which will be stable while others will be metastable'

The reaction textures and equilibria observed in natural rocks with compositions

approaching rhe FMASH system can be used to establish which of the six possible invariant

points are stable. For example, the presence of sillimanite in the core of staurolite--cordierite

coronas in a gedrite-qua¡tz-bearing sample from southwesteln New Hampshire (Robinson &

Jaffe 1969a; Schumacher & Robinson, 1987) implies that the reaction

gedrite + aluminosilicate = cordierite + staurolite (Chl' Grt)

is seen by real rocks and rhat it is a reaction appropriate to the sillimanite stability field. (In this

thesis, the conventional notation will be followed for labelling invariant and univariant

equilibria i.e., rhe phase(s) which is notinvolved in a particular equilibrium will appear as its

label in either brackets [invariant points] or parentheses (univariant lines).) Similarly, the

presence of several other univariant (four-phase) assemblages in real FMASH rocks confirm

that the reactions

garnet + sillimanite + cordierite + staurolite

garnet + cordierite + sillimanite + gedrite

(Chl, Oam),

(chl, st)

Chapter2-FMASH- 11
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(Sharma & MacRae, 1981) and

staurolite = gârnet + sillimanite (kyanite)+ gedrite (Chl, Crd)

(Robinson & Jaffe, 1969b) are also observed in real rocks. The existence of these four

reactions (and their sub-assemblages) in natural rocks approximating the FMASH system

suggest that the invariant point from which these reactions emanate is stable in real tocks,

providing that the critical assemblages are not stabilised by small amounts of additional

components. The stability of the invariant point [Chl] involving aluminosilicates, staurolite,

cordierite, gamet and orthoamphibole, here termed Ip1, is taken as the starting-point for the

constnrction of the FMASH P-T grid.

2.3.2 Topology of univariant reactions around FMASH invariant points

Information about the topology of the univariant reactions around Ip1 can also be

determined from published descriptions of aluminous schists. For example, staurolite-

cordierite assemblages occur at lower pressures than the orthoamphibole-aluminosilicate

stability field (Schumacher & Robinson, 1987) and at lower temperatures than the garnet-

cordierite stability f,reld (Vallance,l967i James et al., 1978; Sharma & MacRae, 1981;

Stoddard & Miller, 1990; Arnold & Sandiford, 1990). Staurolite--orthoamphibole is a low

temperature assemblage in comparison to garnet--cordierite and staurolite--cordierite (Arnold &

Sandiford, 1990).

Chlorite is observed in equilibrium assemblages in lower temperature aluminous

schists. These include the "notable" appearance of kyanite-+hlorite in greenschists (Schreyer

& Seifert, 1969a; Schumacher & Robinson, 1987) and staurolite-+hlorite in the sillimanite

stability field (Stoddard & Miller, 1990). Orthoamphibole co-exists with cordierite to

somewhat higher temperatures than most of these assemblages (Vallance, 1967; Robinson &

Jaffe, 1969a, 1969b; Schreyer & Seifert, I969a; Green & Vernon, l9l4; James et a1., 1978;

Sharma & MacRae, 1981, Harley, 1985; Stoddard & Miller, 1990; Arnold & Sandiford,

1990).

2.3.3 Location of Ip1 in P-T space

Sillimanite and kyanite (but not andalusite) are the dominant aluminosilicate

pseudomorphs in (or associated with) many of the three- and four-phase assemblages reported

from aluminous schists (e.g. kyanite-garnet-gedrite (Flietanen, 1959), kyanite-+ordierite-

gedrite (Vemon, 1972), kyanite-garnet--orthoamphibole, cordierite-gamet-orthoamphibole

(Harley, 1985), sillimanite-cordierite-orthoamphibole (Schumacher & Robinson, 1987)).

This suggests that the invariant point which relates these assemblages is surrounded by the

sillimanite and kyanite stability fields and the above information about the relative stabilities of

the assemblages (section2.3.2) restricts the location of Ip1 to the sillimanite stability field.
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Aluminosilicate--orthoamphibole-bearing samples also almost invariably occur in either

the kyanite or sillimanite stability field. Two possible exceptions, in which andalwite is

associated with orthoamphibole, are reported from South Australia and Japan:

(1) In the Springton region of South Australia aluminous schists preserve evidence of

a progressing sequence of reactions; staurolite--orthoamphibole or andalusite-sillimanite-

orthoamphibole to sraurolite--cordierite to cordierite-garnet (Arnold & Sandiford, 1990)' The

andalusite involved in these reaction textures is typically rimmed by sillimanite, suggesting that

the andalusite is relict.

(2) Andalusite-cordierite-garnet-orthoamphibole assemblages from Japan have been

reported by Seki and Yamasaki (1957) and these are also at odds with the perception that Ip1

must occ'r in the sillimanite field. However, the original authors have commented on the f,tne

grain-size of the samples in which this assemblage occurs, and the difficulty in distinguishing

the various phases. From some of these samples Seki and Yamasaki (1957) also report very

low variance parageneses (including 5 different invariant assemblages), sometimes involving

corundum and/or spinel with quartz. This suggests that the equilibrium volumes in these

samples were extremely small and that the association of andalusite with orthoamphibole,

which is thought by most workers to be metastable (e.g. Robinson & Jaffe, 1969b), may not

be an equilibrium assemblage.

Several other workers also teport orthoamphibole and andalusite from the same

sample, however, the two minerals typically occur in discrete, sepalate layers (e'g' visser &

senior, 1990). Thus these two exceptions to the general rule that aluminosilicate-

orthoamphibole assemblages occur entirely (or at least predominantly) in the kyanite and

sillimanite stability fields can be accounted for as the result of local disequilibrium and the

position of Ip1 in real rocks can be safely placed in the sillimanite field'

2.4 
^ 

calculated FMASH grid

The p-T position of each of the invariant points and univariant reactions involving

andalusite, sillimanite, kyanite, staulolite, cordierite, garnet' chlorite and orthoamphibole (with

quartz and an aqueous vapour in excess) has been calculated using the computer proglam

THERM9çALC. The thermodynamic data used for the calculations in this thesis are listed in

Appendix A2. Appendix A3 conrains the permanent datafiles used in this chapter for the

FMASH calculations and Appendix A4 is an explanation of the permanent datafiles. Appendix

A5 is an example output file for the FMASH invariant point Ip1 or [Chl]' Ideal mixing has

been assumed for all solid solution phases, as this assumption was used to extract many of the

data (tlolland & Powell, 1990). The resulting P-T grid (constnrcted using Schreinemakers

analysis, Zen,1966) is presented in Fig 2'3'

Both Schreinemakers analysis and the empirical data outlined in section 2.3 suggest

that only two ([Chl] and [Grt]) of the six possible univariant points in the FMASH system are

stable. [St] is metastable with respect to these and [Crd], [Oam] and [Als] are all metastable

with respect to FASH subsystem invariant points. Both [Grt] and [chl] occur at moderate

Chapter2-FMASH- 14
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pressures and temperatures and so may be expected to have a strong influence on the phase

relations observed in many natural rocks. For example, according to Fig. 2.3, assemblages

involving orthoamphibole with an aluminosilicate phase a¡e limited to elevated pressures and

orthoamphibole should never occur in equilibrium with the andalusite polymorph. Cordierite-

garnet and cordierite--orthoamphibole a¡e both restricted to high temperatures whereas

staurolite--orthoamphibole, staurolite-<hlorite and aluminosilicate--chlorite occur only under

low to moderate temperatures. Assemblages involving co-existing cordierite a¡rd staurolite will

be observed only in low pressure aluminous schists.

2.5 Uncertainties in the calculated P-T projection

The internally consistent nature of the data used to calculate the phase diag¡am (Fig.

2.3) allows some confidence in the predictions of these diagrams (especially in the relative

positions of the stability fields and the slopes of the univariant reactions which separate them).

However, there are still substantial uncertainties in the data themselves and these may have a

significant effect on rhe loci of the equilibria in P-T space. For example, the slopes of most of

the reactions involved in the mid-pressure, mid-temperature invariant points, [Grt] and [Chl]'

are fairly similar and their sub-parallel natue means that the positions of [Grt] and [Chl],

marked by the intersection of these univariants, will not be well defined. However, both of

these bundles of reactions also involve the near-perpendicular reaction;

orthoamphibole + sillimanite = staurolite + cordierite (Grt' Chl)'

The high angle at which this reaction intersects the other reactions means that it effectively

controls the position of both of the inva¡iant points. It follows that any error in the position of

the reaction (Grt, Chl) may have a considerable effect on the absolute position of the critical

assemblages in P-T space.

Although many of the data required for equilibrium thermodynamics calculations are

relatively well characterised from experimental work, standa¡d molal enthalpies of formation

are notoriously difficult to determine to an acceptable level of accuracy (llelgeson et al., 1978;

Powell & Holland. 1985). The ur¡certainties on standard molal enthalpies of formation

determined from both molten salt calorimetry and low temperature heat by solution in IIF are

high and may cause errors in the calculated position of a reaction of as much as 100"C

(Helgeson er al., 1973). For this reason it is assumed that the enthalpy data of the mineral end

members will be the major contributors to uncertainties in the P-T conditions of the calculated

mineral equilibria.

The uncertainties on the thermodynamic data used in the calculation of Fig' 2,3 a¡e

listed in Appendix A2. Although the aluminosilicates, quartz and water vapour all have fairly

insignificant uncertainties on AH¡, and those for the end members clinochlore, aÍnesite,

almandineandpyropearealsoquitelow (3.21,2.98,2.78,2.33kJ mol'lrespectively),the

uncertainties for the enthalpies of formation of the other end-members are comparatively high'

The most uncertain data ue those for Mg-staurolite, Fe-staurolite , gedrite,ferro-anthophyllite
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and anthophytlíte (8.31, 8.17, 6.55, 6.44, 5.58 kJ mol-l respectively). It is unfortunate that

the reaction conrolling the position of both [chl] and [Grt] involves phases with signif,rcant

uncertainties. Figure 2.4 illustrates the uncertainry in the P-T position of the invariant point

[chl] due to altering the ñI of gedrite and both Fe- and Mg-staurolir¿ wirhin the limits of their

uncertainties.

Another source of potential problems in the calculated equilibria is in the relative Fe-Mg

partitioning exhibited by staurolite and garnet which, in natural rocks, may have overlapping

Xps (see section 2.2). Small changes in the enthalpy of one of the staurolite end members (or

in the thermodynamic data or a-X (activiry-composition) relations of garnet) may cause an

exaggeration (or, less likely, a reversal) of the differences in the calculated compositions of

staurolite or garnet.

2.6 
^comparison 

between obserYed and calculated phase relations in

aluminous schists

The positions of the invariant points in the calculated P-T projection (Fig' 2'3)

correspond quite well with the relative positions of the real assemblages in P-T space and wittt

theestimatedtemperaturesof equilibrationof theserocks (seesections2'3 &'2'4)' T\e

calculated pressures of the inva¡iant points in Fig. 2.3 also seem to correspond reasonably well

with the information obtained from the natural rocks, however the presence of additional

components is likely to have a significant effect on this conformity'

Most natural aluminous schists contain at least a small proportion of plagioclase' a

titanium phase and sometimes a small amount of biotite (e'g' Harley' 1985; Arnold &

sandiford, 1990). While rutile (or ilmenite), biotite and anorthite are each stabilised by an

additional component which is not easily incorporated into other phases, albite is stabilised by

the presence of sodium which may also be partitioned into the strucn¡re of orthoamphiboles.

This means that for nearly a// natural examples, the phase relations in aluminous schists are

mofe properly described in the NFMASH rather than the FMASH system' If the phase

diagram is projected from plagioclase (as it is effectiveiy for the other additional components'

K and Ti) then the orthoamphibole-bearing assemblages will be stabilised with respect to the

orher phases and those stability fieids will be expanded along (down) the [Oam] reactions'

Because it is the modelsysrem FMASH which is of primary interest here (a system which can

later be used to explain the effects of minor additional components such as Na)' the calculated

equilibria in Fig.2.3 are considered to occur ai excessively low pfessures' of most

significance is the likelihood that with the addition of Na to the phase diagram in Fig' 2'3'the

invariant point Ip1 is likely to move to lower pressures, thus allowing orthoamphiboie to be

stable with andalusite and thus contradicting the observed phase relations'

As mentioned previously, the uncertainties in the thermodynamic data used to calculate

the P-T projection in Fig. 2.3 ¿requite considerable, especially for the mst' fst' ged' fath and

anth endmembers. Therefore it is possible to adjust the aH data for these endmember phases

without invalidating the results of the calculations. Because of the old and inaccurate nature of
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the thermodynamic data for rhe gedriteend.member which was generated from the experimenral

data of Schreyer and Seifert (1969b; see also Howell, 1991), altering the enthalpy of gedrite is

considered to be the most appropriate adjusunent to make to the data set' In order to bener

represent the phase relations in the FMASH model system, the enthalpy o1 gedrite (^HguÐ

should be altered by a factor which places Ip1 high up in the sillimanite stability field (Howell,

1991; Xu et al., 1993). For rocks containing sodium, Ip1 may then move down pressure'

along the [oam] FMASH univariantreaction, without leaving the sillimanite stability freld'

2.7FMr1isHgridwithadjustedthermodynamicdata

AsecondP-Tprojection(Fig2.5)hasbeencalculatedfortheFMAsHsystem(with

qJarïzand aqueous vapour in excess) involving aluminosilicates, staurolite' cordierite' gafnet'

chlorite and. orthoamphibole, using the pennanent datafile in Appendix A3 in with the enthalpy

of ged,rite lnfqd adjusted by + 10 kJmol-l'

2.8 Applications of the FMASH P-T projection

Recent applications of the FMASH P-T projections calculated in this section have

included an investigation of the metasomatic evolution of perites and semi-pelites to K-depleted

aluminous schists during prograde metamorphism (Arnold & Sandiford, i990) and an estimate

of the changing metamorphic freld gradient in a thermal aureole (sandiford et al" in prep')'

Both of rhese are reproduced in Appendix A6 a¡rd a brief outline of the latter follows'

The metamorphic sequence outcropping in the eastern Mt Lofty Ranges (southern

Adelaide Fold BeIt) comprises a large proportion of psammitic material with minor pelites'

semi-pelites, K-depleted aluminous schists, calc-siiicates and marbles' Various aspects of the

metamo¡phism of an area East of Springton have been recently described by Sandiford et al'

(1990), Arnold and Sand.iford (1990) and Dymoke and Sandiford (1992)' In comparison to

the dominantly biotite grade observed elsewhere in the Mt Lofty Ranges' metamorphism in the

eastern Mt Lofty Ranges a¡ea is significantly higher grade' This is thought to result from

contact metamorphism around a suite of syn-tectonic granites (Sandiford et al'' 1991;

Sandiford et al., 1992).

The metamorphic grade preserved in the rocks gradually increases from NE to sw

where the perites progress from biotite-, through andarusite-staurolite- and sillimanite-schists

to migmatites. In aluminous schists the mineral assemblages: staufolite--cordierite-

orthoamphibole, cordierite-orthoamphibole, cordierite-gamet-orthoamphibole and galrìet-

orthoamphibole describe a prograde sequence over a distance of approximately 5 km' The

sequence of divariant and trivariant assemblages preserved in the aluminous schists provides

an excellent record of the peak conditions reached in the different pafis of the area' and with the

aid of compositional information, the opportunity to determine ths metamorphic f,reld gradient

across the area, documented by the changing mineralogy. P-T pseudosections (e'g' Fig' 2'6)
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Figure 2.6.P-T pseudosections calculated around the [Chl] inva¡iant point) for bulk compositions of
Al2O3: FeO: MgO (a) 20: 64:16 (X¡" = 0.8) and (b) 20: 72:8 (Xp. = 0.9) with quartz,
aqueous vapour and orthoamphibole in excess. Pseudosections such as these may be used to
estimate the mdamorphic Iìeld gradient across a prograde meramorphic sequence.
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constructed for the specific bulk compositions observed should allow quantitative estimates of

the changing peak conditions and thus the metamorphic field gradient'

2.9 Discussion

The success of the calculated P-T projections in explaining the mineral equilibria

observed in FMASH-type rocks suggests that despite the necessary simplif,rcations of both the

compositional system and the a-X and mixing relations of the phases, the construction of phase

diagrams from thermodynamic data is essentially a good method. Some problems remain, the

most obvious being the substantial uncertainties in some of the data and a lack of both

thermodynamic data for minor-component end-members and mixing data between solid-

solution end-members.

One potentially serious problem with the P-T projections calculated thus far is that they

do not take account of Na. This problem, relating to the position of invariant point Ip1 (and

related invariants) in real rocks containing Na, may be addressed to some extent by including a

sodic-orthoamphibole endmember phase, "ortho-edenife" (Will & Powell, 1992) and albite

plagioclase in the grid. V/hile the thermodynamic data for albite are readily available, those for

edenitic orthoamphibole are not. However, Will and Powell (1992) have recently suggested

that difficult-to-obtain thermodynamic data may be determined from a combination of natural

mineral pair data and thermodynamic data for better constrained end-members. These workers

suggest that Darken's quadratic formalism may be utilised to express the thermodynamic data

for a particular phase as an ideal mixing solution between a real (well determined) endmember

and a fictive (un-determined) endmember with the same structure. The chemical potential for

,,ortho-edenite" canbe written as a linear combination of edenite, anthophyllite and tremolite so

that
poed lnOam = ltcd lnOam + Wnthin Oam - prr in Oam'

will and powell (lgg2) suggest that it is possible to combine the thermodynamic data of these

phases in a similar way, in order to obtain the data of interest for orthoedenite. In order to

account for the non-ideality in mixing between these real and fictive phases, the authors have

determined Darkens quadratic formalism (DQF) terms ( or "I-values") which relates data for a

known real endmember to a fictive endmember. In the case of the above mixing scheme,

Ied,oa* (Iedenite in oam) = 44.3,Ianrh,oam = 0 and Itr,oam = 34.5. Therefore the l-value for

orthoedenire in orthoamphibole -- 44.3 + 0 - 34.5 = 9.8 (see Appendix A4 for the coding of

DeF terms). Thus, although the experimental data for the sodic-orthoamphibole endmember

are not available, it can be estimated for the purposes of equilibrium thermodynamics

calculations.

The end-members albite and orthoedenite were incorporated into the permanent data

files listed in Appendix A3 (NFMASH) and a P-T projection for the NFMASH system was

calculated (Fig.2.7). As expected, the invariant points equivalent to those in Figs. 2.3 &2'5

moved along the (Oam) univariant reactions to expand the orthoamphibole-bearing fields (see

Fig.2.7). However, contrary to expectations (Howell, 1991; Xu et a1', 1993), only a tiny
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amount of Na (a maximum of X¡¿,4 = 0.032-0.063 for ÂIlgeo=O) was partitioned into the

orthoamphibole before a new Na-bearing phase, albite, was stabilised. The calculated

positions of corresponding FMASH and NFMASH inva¡iant points varied by only 0.1-0.3

kbar. This result is very much contrary to the general opinion as to the effect of Na on ttìe

FMASH model system (R Powell pers. comm.,1993), and it implies that sodium has only a

minimal effect on the stability field of orthoamphibole. Further, this suggests that our neglect

of Na in the "aluminous schists" may not introduce very significant erors.

This small change in the positions of the invariant points with the addition of

ortlnedcnite and albite to the constituent phases suggests that the adjusfinents made to the

thermodynamic data in order to move the invariant point Ip1 high into the sillimanite stability

field may not be necessary. Therefore it seems likety that the P-T projection most applicable to

real FMASH-type rocks is the original, un-adjusted P-T projection portrayed in Fig. 2.3.
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Chapter 3: Calculated phase relations in amphibolites:

the CFMASH sYstem

3.1 Introduction

The main aim of this thesis is to develop an understanding of the phase relations in

amphibolites with particular emphasis on those containing aluminous phases, sUch as kyanite

and staurolite, which are not typically present in meta-igneous rocks' Reported examples of

this type of amphibolite from the Eastern European Alps (Selverstone et al" 1984; Purtscheller

& Mogessie, 1984), central European Alps (Frey et al., 1980), New Zealand (Gibson ' L978;

cooper, 1980; 'Ward, 1984), USA (Spear,l9}2;Helms et a1., 1987), Antarctica (Grery &

sandiford, 1985) and the southwestern Pamirs in Tajikistan (former ussR, Grew et al"

19Sg) include both ortho- and para-amphibolites and in this thesis I describe an important new

occürence from the Harts Range in central Australia (Chapter 4). An important aspect of

previous work on these rocks is that the bulk-rock chemistry of the unusual assemblages has

been shown to be very similar to that of more common amphibolite assemblages (r{elms et al',

1987), suggesting that pressure and temperature may be important factors in the stabilisation of

the unusual assemblages. If this is the case it may engender considerable tectonic significance

for these assemblages.

A number of previous workers (e.g. Selverstone et al., 1984; Helms et 41., 1987) have

proposed that assemblages involving an aluminous phase with hornblende are in a reaction

relationship with the "common" amphibolite assemblage (calcium-amphibole, chlorite' epidote'

plagioclase , qrr*tzf Fe3+-oxides, carbonates, K-bearing and Ti-bearing phases (Laild, 1980)

and that they occur as a result of high pressure metamorphism (2 6 kbar) at intermediate

temperatures. Despite this, only preliminary attempts have been made to constrain the

important univariant and divariant reactions relating these aluminous assemblages to the more

cornmon amphibolite assemblage, and their positions in P-T space' Froese and Hall (1983)

developed a P-T grid with which they hoped to evaluate the phase relations in these

amphibolites. They combined data from published accounts of the assemblages in potassium-

poor pelitic rocks and mafic rock-types and used schreinemakers analysis to construct a

linking CFMASH grid which involved phases observed in both rock-types. Spear (1978) and

Spear and Rumble (1986) constructed schematic P-FgzO and P-T petrogenetic grids for the

NCFMASH system. Their calculations involved determining the AV and the stoichiometric co-

efficients of H2o of reactions between generalised (fixed composition) phases to determine the

slope of the univarianr reactions. Although these grids provide a useful insight into the phase

relations in rocks which are intermediate between pelitic and mafic rocks, it is clearly desirable

to quantify the phase relations in terms of P and T, and to determine the signifrcance and
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location of the continuous reactions which are likely to control the appearance of the relevant

assemblages.

In contrast to the FMASH system, in which the natural phase relationships are

relatively well documented, aluminous amphibolites are relatively poorly described and poorly

understood. ThuS, a theoretical approach is more appropriate to these rock-types, and

equilibrium thermodynamics calculations will be used to develop a P-T projection for the

amphibolites in the model system CFMASH. In order to evaluate the applicability of the

calculated grid to natural amphibolites, the predicted phase relations will be compared to the

reaction textures and assemblages which have been described in the literature. The final

secúons discuss the continuous reactions discerned from the calculated CFMASH phase

diagrams and the effect of sodium on the equilibria. Later chapters discuss the metamorphic

history preserved in reaction textures in newly described amphibolites from central Australia

(Chapter 4), the ZillertalAlps in Austria (Chapter 5), and the phase relations in world wide

amphibolite occuffences (Chapter 6) from the point of view of the phase diagrams constructed

here.

3.2 An appropriate model system for calculations

The phases involved in the aluminous amphibolites reported in the literature include

"typical" mafic meta-igneous phases, such as clinopyroxene, orthopyroxene, hornblende,

plagioclase, galnet, chlorite, quartz, spinel, biotite, epidote, rutile, ilmenite, magnetite and

titanite with aluminosilicates (mainly kyanite), staurolite, cordierite, orthoamphibole (both

gedrite and anthophyllite), cummingtonite, corundum, calcite and dolomite. The primary

motivation of this study was to address the metamorphic record of aluminous amphibolites

from the Harts Range (see Chapter 4) and the Zillertaler Alpen in Austria (Chapter 5). These

rocks are dominantly quartz-saturated, precluding the stability of Mg-Fe-spinel or corundum

and do not contain equilibrium clinopyroxene or orthopyroxene. Although chlorite is observed

in the Zillertalrocks, it is absent from the Harts Range amphibolites and so is neglected in the

first instance. Cummingtonite does not occttr with the aluminous phases kyanite, staurolite or

cordierite in the Harts Range amphibolites and so has also been neglected. Several of the

observed phases (e.g. ilmenite, magnetite, biotite, epidote, calcite and dolomite) contain

considerable amounts of an otherwise minor components (such as, Ti, Fe3+, K, CO2) and

these are thus excluded from the analysis presented here. Epidote typically contains a

significant proportion of the pistacite molecule (CaZFe3+A1ZOrZ(OH)) and, as such, is

stabilised by the presence of ferric iron. The major element chemisüy of the remaining phases

can be described in the model system NazO-CaO-FeO-MgO-Al2O3-SiO2-H2O (NCFMASH)'

In view of the complexity and fundamental uncertainties in of the activity-composition

(a-X) relations in plagioclase feldspar (e.g. Holland & Powell,1992), there seems little point

in making quantitarive thermodynamic calculations in the fuII NCFMASH system and I will

begin by neglecting Na2O. Additionat justification for neglecting the effect of Na on the phase

relations in CFMASH is provided in Chapter 2 where the addition of sodium to the FMASH
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system caused negligible change (of the order of 0.2 kbar) in the P-T positions of invariant

equilibria in the FMASH (NFMASH) system. Moreover, in the Harts Range aluminous

amphibotites, Na2O is a relatively minor component (e.g. coronas of staurolite and plagioclase

around þanite involve calcium-rich bytownite-anorthite plagioclase, Chapter 4) and thus many

of the important equilibria should be evident in the CFMASH system' Thus' the CFMASH

compositional system seems an appropriate model for calculating the phase relations of the

aluminous assemblages in amphibolites. A qualitative extension into NCFMASH is

considered in a later section.

As mentioned above, the rocks of interest here are quartz-saturated, medium grade

samples which are generally considered to have equilibrated with aqueous vapour.

Considering quartz, anorthite and aqueous vapour to be in excess (a11rO =1), the components

required to graphically represent the compositional relationships between the phases in the

amphibolites can be reduced to the ternary system Al2O3-FeO-MgO (AFM)' The generalised

chemographic relations of the phases in AFM ¿ìre pfesented in Fig' 3'1' The relative

compositions in the QFMASH system are similar to those in FMASH (See Chapter 2), with

the exception that hornblende (projected from quartz, anorthite and aqueous vapour) is also

present. In natural occulrences, homblende typicalty has Xps intermediate between

orthoamphibole and cordierite (Hietanen, 1959; James et al, 1978; Spear,1982; Froese &

Hall, 1983; Schumacher & Robinson, 1987; Helms etal.,1987) and plots at a negative

A/AFM value due to the projection from anorthite. Hornblende and orthoamphibole both show

significant tschermakite substitution. Depending on the extent of the MglFe-1' tschermakite

and Mglca-1 substitutions in the relevant phases, orthoamphibole may occur on either side of

the staurolite-hornblende tie-line (Frg. 3.1). As mentioned in Chapter 2,the relative Xps of

staurolite and garnet may comply with the usual trend, that is XF",Grr ) XFe,st (e.g' Spear,

1982;Froese & Hall, 1983; Selverstone et al., 1984, Chapter 6) or may be "reversed" (e'g'

Purtscheller & Mogessi e,1984;Grew & Sandiford, 1985; Arnold et al', 1994; Chapter 4 )'

These variations in the chemographic relations allow the possibility of two degenerate reactions

(co-linearities in AFM + An + Qtz, + aqueous vapour):

orthoamphibole + staurolite + hornblende

and

staurolite + garnet + aluminosilicate

which may resulr in singularities in the P-T projection (e.g. Fig. 3'2).

3.3 A CFMASH Phase diagram

As a starting point from which to develop the CFMASH phase diagram, I consider the

effect of a small amount of CaO on the FMASH equilibria discussed in the previous chapter.

The FMASH invariant point, Ip1 (see Chapter 2) involves many of the phases of interest in the

CFMASH system and will form the basis of this discussion. Qualitatively incorporating a

small amount of a new component into existing phases increases the variance of all of the
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equilibria and expands the stabiliry fields involving phases that preferentially accommodate the

new component. Gafnet is the only FMASH phase able to accommodate signifrcant cao'

therefore the addition of cao ro the FMASH system stabilises garnet-bearing assemblages with

respect to others, as illustrated in Fig. 3.3. The garnet-beadng assemblages afe stabilised @ig'

3.3a, b) until at some critical composition, the amount of CaO in the system exceeds the

solubility of grossular in garnet, and a new phase, such as anorthite or hornblende' will be

stabilised (Fig. 3.3d). The appearance of a new phase along the trace of the CFMASH

univariant must reduce the va¡iance of the assemblage by one, thus dehning a ne"I/ CFMASH

invariant point (Fig. 3.3c). For the case where anorthite is stabilised, this invariant point"

labelled [Hbl], can be used as a basis from which to develop the GFMASH P-T projection'

Excluding invariant points due to AIZSiOS polymorph reactions and assuming that

quartz, anorthite and an aqueous vapour are in excess' then six (stable or metastable) invariant

points exist in the GFMASH system involving aluminosilicates, staurolite, cordierite, garnet,

orthoamphibole and hornblende with plagioclase, quartz and aqueous vapour in excess'

pressure, temperature and compositional information for reactions in the CFMASH

model system has been calculated from the internally consistent thermodynamic data set of

Holland and Powell (1990; pers. comm .,lgg2),modified to increase the enthalpy of gedrite

(AHgeA=l0) as in Chapter 2, using the computer program TImRMOCALC (version 2'2bl

powell & Holland, lggg). Application of Schreinemakers principles to the calculated reactions

reveals that only 3 of the 6 possible invariant points are stable. The predicted stable invariant

points, [Hbl], [Crd], and [Grt], all occur at intermediate P-T conditions (Fig' 3'4)' The

divergent orientation of the stable parts of the (Grt, Als) and (Crd, Als) univariants and the

(Grt, Oam) and (Crd, Oam) univariants imply the metastabiliry of [Als] and [Oam]' However'

rhe near parallelism of the (Als) univariants allows the possibility that the invariant point [Als]

may be stable in the CFMASH model system. Although the (St) univariants are convergent'

indicating the possible stability of [St], each is terminated in a GMASH invariant point' Each

of the stable univariant reactions in CFMASH terminates in either a CFMASH invariant or a

subsysrem (e.g. GFASH or GMASH) invariant point and it is emphasised that it is these

subsystem invariant and univariant equilibria that conrrol the continuous reactions which are

important for most rocks (e.g. Chapter 4)'

The importanr aspecrs of the calculated CFMASH equilibria are as follows; CFMASH

rocks containing aluminosilicate--orthoamphibole (with anorthite, qua:tz and vapour in excess)

will be limited to pressures higher than -4.5 kbar and may occur in only a nalrow temperature

range (Fig. 3.5). Staurolite-orthoamphibole and staurolite-+ordierite are also limited to low to

medium temperarure bands (300-550"C) for pressures less than -6.5 and 5'5 kbar respectively'

orthoamphibole-bearing and cordierite-garnet assemblages are restricted to the high

temperature side of reactions with steep slopes (> 300oC, > 450oC respectively) while the

assemblage aluminosilicate-hornblende occurs over a wide range of elevated pressures up to

temperarures approaching the kyanite-sillimanite inversion (Fig. 3.5)' Hornblende-staurolite

and aluminosilicate-garner assemblages are limited by several reactions which form a strongly

curved stability limit, convex to the tempemture axis' The maximum pressure for hornblende-
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Figure 3.3. (a) The effect.of adding Ca to the FMASH system þ). Garnet takes up a small amount of
Ca and gamet-bearing assemblages are stabiliseO wittr respect to the others. The FMASII
univariant reactions would become diva¡iant and move alòng a univariant line in the CFMASH

more Ca-rich phases (c) until the amount of Ca in the system
phase, anorthite, (e). This causes the variance of the assémblage
new inva¡iant point in CFMASH (d).
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Figure 3.4. A P-T projection in the CFMASH model system involving aluminosilicates, staurolite,
cordierite, gamet, orthoamphibole and hornblende calculaæd for anorthite, quarø and aqueous
vapour in excess. Calculated from the internally consistent thermodynamic data set of Holland and
Powell (1990; pers comm., 1992), adjusted for gedrite, using the computer program
THERMOCALC (Powell & Holland, 1988). Heavy lines and large unfilled circles are CFMASH
equilibria, light lines and small unfilled ci¡cles are CFASH equilibria, light lines with filled small
circles are CMASH equilibria. Stars indicate the locations of singularities.
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staurolire stability is 7 kbar, above which aluminosilicate-gamet becomes stable. Hornblende-

staurolite assemblages a¡e also limited to temperatu¡es of less than - 550'C (Fig. 3.5).

As in the FMASH sysrem, there is signihcant uncertainty attached to the

thermodynamic data used to calculate the P-T projection in Fig. 3.4 and these may have a

considerable effect on the calculated positions of ¡eactions and their intersections. Staurolite,

orthoamphibole and hornblende are the least well-characterised phases (see Appendix A2) and

as a consequence of the relatively steep slopes of many of the CFMASH reactions, errors in

the thermodynamic data for these phases may effect a substantial shift in the calculated pressure

of the inva¡iant points. Similarly, uncertainties in the hornblende endmember data may cause

the phase diagram's interior triangle (the lower part of the þanite--orthoamphibole stability

f,reld) to either expand away from, or conract toward, tHbll.

3.4 T'esting the calculated phase relations

Although they are internally consistent, the uncertainties in the thermodynamic

calcuiations outlined above imply that caution is needed in the application of the phase relations

determined from equilibrium thermodynamics calculations to amphibolites. The relevance of

the calculated phase diagrams can be determined from comparison of the predicted phase

relations with those determined in natural assemblages. The comparison here comprises three

parts: identifying the likely stable CFMASH invariant points a¡d univariant reactions from

natural low-variance assemblages; consÍaining the location of the invariants and univariants in

p-T space; and comparing the calculated phase diagram to those determined by previous

authors.

3.4.1 CFMASH invariant points and univariant reactions

There are several reported instances of low-variance amphibolites and although these

correspond more closely to the NCFMASH system, they are closely related to CFMASH and

FMASH sub-system equilibria. These assemblages may be used to infer, independent of the

calculations, which of the six CFMASH invaria¡rt points are likely to be relevant to real rocks

i.e. which CFMASH invariant points are stable. (A fuller account of the relevant occulrences

is given in Chapter 6.)

As shown in the previous chapter, rocks with low Ca-, K- and Na-contents can be

approximated by the FMASH model sysrem. Exampies of these reported from the literature

include the assemblages (with co-existing quartz):

sillimanite/kyanite-staurolite-garnet-orthoamphibole(F{bl,Pl,Crd)
Robinson & Jaffe (1969b),

sillimanite/kyanite-staurolite-<ordierite--orthoamphibole (Hbl, Pl, Grt)

Schumacher & Robinson (1987)'
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sillimani te-staurol ite-cordieri te-garnet (Hbl, Pl, O am)

Sharma & MacRae (1981),

sillimanite-cordierite-game t--orthoamphibole (Hbl, Pl, S Ð

Sharma & MacRae (1981).

These univariant assemblages intersect in an FMASH invariant assemblage involving

aluminosilicate, staurolite, cordierite, garnet and orthoamphibole with quartz, which suggests

that the [tlbl, Pl] inva¡iant point is stable in the FMASH system.

In Ca-rich rocks hornblende and plagioclase a¡e commonly equilibrium phases.

Examples of four-phase assemblages involving hornblende include (with plagioclase and

quartz):

staurolite-g arnet-orth o amphib ole-hornb lende (Crd, Al s)

(Spear, 1971 ; 1982; ChaPter 4)

kyanite-staurolite-garnet-hornblende (Crd,Oam)

(Purtscheller & Mogessie, 1984; Selverstone et ai., 1984; Chapters 4 &.5),

kyanite-staurolite--ortho amphib ole-hornblende (Crd, Grt)
(Chapter 4),

sillimanite-staurolite-cordierite-hornblende (Grt, Oam)

(Schumacher & Robinson, 1987),

kyanite--cordierite--orthoamphibole-hornblende (Grt, S t)

(Chapter 4) and

cordierite-garnet--orthoamp hibole-hornblen de (Als' S t)

(Humphreys, 1993).

Apart from the last, all of these four phase assemblages are consistent with the stability

of the CFMASH invariant points [Crd] and tcrtl. Thus the phirse relations observed in real

rocks suggest that the three invariant points, [Hbl], [Crd] and [Grt] are potentially stable (cf.

Fig. 3.4). However, the occurrence of cordierite-garnet--orthoamphibole-hornblende-

plagioclase-quartz (Als, St) is inconsistent with the CFMASH grid and seems to indicate that

either [Als] or [St] is stable.

3.4.2 P-T constraints

Information from natural amphibolite assemblages and the rocks with which they are

associated can also provide tn independent constraint on the pressures and temperatures of the

CFMASH equilibria. In particular, the aluminosilicate polymo¡phs associated with individual

assemblages might be expected to provide broad constraints on the location of the stability
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fields of the relevant aluminosilicate-bea¡ing assemblages and here I briefly describe examples

of these.

The calculated phase diagram predics that the assemblages aluminosilicate-homblende

and aluminosilicate-orthoamphibole will be restricted to elevated pressures in the kyanite and

kyanite and sillimanite stability fields, respectively Fig. 3.5). This is in accord with most

recorded assemblages. For example, hornblende is generally observed in equilibrium with

kyanite rather than sillimanite or andalusite, whereas orthoamphibole is typically obsewed with

either sillimanite or kyanite but only rarely with andalusite.

As discussed in Chapter 2,themre examples of andalusite--orthoamphibole rocks

reported in the literatue (e.g. Seki & Yamasaki, 1957) probably reflect problems associated

with very small scale equilibrium volumes, rather than equitibrium associations, however the

discrepancies involving aluminosilicates with hornblende a¡e more problematic. There are two

instairces of hornblende reported in association with sillimanite, neither of which can be easily

dismissed. Schumacher and Robinson (1987) report corroded sillimanite in the cores of

aluminous enclaves separating sillimanite from the hornblende--orthoamphibole-plagioclase

matrix. They suggest rhar sillimanite-hornblende-gedrite-plagioclase dehned a relatively early

equilibrium assemblage which later became metastable with respect to cordierite-plagioclase *

other aluminous phases. Similarly, Humphreys (1993) reports equilibrium assemblages

including sillimanite-staurolite-cordierite-hornblende-plagioclase-qua¡tz. Since, there is no

indication that either of these authors are in error this discrepancy be¡,veen the calculated phase

relations and those obsewed in natural amphibolites probably reflects the relatively large

uncertainties attached to the thermodynamic data from which the phase diagram was calculated.

The calculated uncertainties on the reactions bounding the hornblende-aluminosilicate held

(Grt, St), (Grt, Oam) are of the order of 150'C and thus allow the possibility that the

aluminosilicate-hornblende stability field may extend as far as 100oC into the sillimanite

stabiliry held.

Further constraints on the relevance of the calculated CFMASH phase diagram to

natural amphibolites might be expected from the evolving compatibility relations of

amphibolites in a prograde metamorphic sequence. The only well-documented example of this

type of field setting involves four separate outcrops of the Post Pond and Ammonoosuc

Volcanics (Spear, 1978). However, the compatibiliry diagrams constructed for each outcrop

do not detail the full sequence of reactions and the assemblages are thought to have equilibrated

with fluids of variable composition (Spear, 1982). Thus even these relatively well described

amphibolites are unlikely to provide a complete enough record to enable comparison with the

calculated phase relations.

Similarly, reaction textures might be expected to yield information about the

applicability of the calculated grid to the phase relations in natural rocks. Later in this thesis I

discuss a set of low-variance rerction textures from amphibolites in the Harts Range area of

cen¡al Australia (Chapter 4). These rocks provide evidence of the reactions:

kyanite + hornblende = staurolite + anorthite,
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and

þanite + orthoamphibole = cordierite + plagiocl ase'

kyanite + hornblende = cordierite + plagioclase

staurolite + hornblende = garnet + orthoamphibole'

However, the multi-phase metamorphic history and the complexiry of the structural relations

between the compositional units in the area mean that the interpretation of the pressure-

temperature history of these rocks is by no means trivial. Later in this thesis the calculated

CFMASH grid will be used to interpret these reaction textules and thus the P-T history of the

area (Chapter 4).

3.4.3 Phase diagrams developed by other workers

Anappealingaspectofthecalculatedgridisthatitisessentiallytopologicallyequivalent

ro rhat of Froese and Hall (1983) which was developed for aluminous amphibolites' The

Froese and Hall (1983) grid was constnrcted from a combination of published pressure-

temperature information for stable invariant points in potassium-poor pelites and in mafic rocks

which were then linked by GFMASH reactions and invariant points using Schreinemakers

anaiysis. Stight inco;tsistencies between the two grids stem from Froese and Hall's (1983)

assumptions that the phases involved have fixed compositions, that garnet is more Fe-rich than

co_existing staurolite and that orthoamphibore is more Fe-rich than the staurolite-hornblende

tie-line. These assumptions ale confary to the phase relaúons in some observed assembiages

(e.g. Purtscheller and Mogessie, 1984; Schreyer et al'' 1984)'

Spear and Rumble (1986; see also Spear, 197S) constructed an NCFMASH P-T

Schreinemakers net for the phases observed in the Post Pond and Ammonoosuc Volcanics'

They used fixed composition phases and the AV and AS of the reactions to determine the

slopes of the discontinuous reactions. The invariant points were positioned by comparison

with peak metamorphic conditions determined from natural assemblages (Spear & Rumble'

1936). Because the grid calculated here and the NCFMASH gdd of Spear and Rumble (1986)

involve different compositional systems, they are not directly comparable (however' see

section 3.6 for a qualitative extension into NCFMASH)'

A problem encountered in the comparison of the calculated phase relations and those

determined from natural amphiborites is the continued assertion that staurolite-hornblende

assemblages occur under high pressure conditions of ) 6 kba¡ (e'g' Selverstone et al'' 1984;

Grew & Sandiford, 1gg5). The calculated phase diagram (Fig. 3.a) suggests that staurolite-

hornblende may be stable under high PII ratios, but only at limited pressures' up to

approximately 7 kbar. The P-T grids of Froese and Hall (1983) and Spear and Rumble (1986)

also predict that hornblende-staurolite assembrages will be limited to a high Pft stability freld

which is closed to higher pressure by a reaction involving staurolite, gafnet' hornblende'

aluminosilicate(+chloriteororthoamphiboleforSpear&Rumble,1986)withanorthite,

quütz and aqueous vapour in excess. However, there is a large discrepancy in the maximum
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pressure at which staurolite-hornblende is stable. spear and Rumble (1986) predict that

staurolite-hornblende will be a stable assemblage at plessures up to -14 kbar, whereas the grid

calculated here predicts a maximum pressure of - 7 kbar (Fig' 3'a)' This problem is add¡essed

in later sections.

3.4.4 SummarY

The comparison between calculated phase equilibria and those observed in real rocks or

predicted by other methods is largely encouraging, suggesting that, topologically' the

calculated grid provides a reasonable approximation of natural rock systems' However' Some

problems are difficult to reconcile. The estimates of equilibration conditions from natural

aluminous amphibolites are in general higher than pred'icted by the calculated P-T projection

(e.g. for hornblende-staurolite stability) and the occ1¡rence of sillimanite-hornblende

assemblages in natural amphibolites is also in contrast to the calculated phase relations'

Another notabie problem relates to the existence of cordierite-garnet-hornblende assemblages

from South Africa. Such discrepancies are probably not surprising in view of the uncertainties

attached to the positions of the calculated reactions

3.5 Extending the GFMASH system to include chlorite

Several workers (e.g. Spear ,1978;Helms et al., 1987) have reported amphibolites

which conrain chiorite in addition to rhe phases dealt with in the previous section, suggests that

chlorite may be stable in the lower temperature amphibolites' Thus' in order to better constrain

the phase relations in low and medium temperature amphibolites, chiorite-bearing reactions are

considered in this section. The inclusion of chlorite is also useful f¡om the point of view of

understanding the relationships between amphibolites which cont'ain kyanite-hornblende or

similar assemblages and those which contain the "common assemblage"; that is, calcium-

amphibole, chlorite, epidote, plagioclase, quafiz * !'s3+-.*ides, carbonates, K-bearing and Ti-

bearing phases (Laird, 1980).

In view of the problems which may be caused by the large uncertainty in Hgec (see

section 2.6; Howell, 1991; Xu, 1994), the complexities of (n+4) systems and the restricted

stability of co-existing chlorite and orthoamphibole (reported only by spear' 1982)' chlorite-

bearing, orthoamphibole absent reactions will be investigated as a starting point'

consequently, the phases of concern are aluminosilicates, staufolite, cordierite' garnet' chlorite

and hornblende with anorthite, quartz and aqueous vapour considered to be in excess' The

activity of water (auro) is assumed to be 1. The compatibility relations ate, of course' similar

ro rhose described in section 3.2, with the additional phase chlorite (Fig' 3'6)' chlorite is

typicaily more Fe-rich than co-existing cordierite and less Fe-rich than hornblende' garnet and

staurolite (Spear, 1982; Selverstone et al., 1984; Helms et al', 1987)' When projected from

anorthite, quaftz and aqueous vapour, chlorite has higher A/AFM than hornblende and lower

A/AFM than gamet, cordierite, staurolite and aluminosilicate' It may occur on either side of
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the cordierite-homblende tie-line, allowing the possibility of singularities in any reactions

which contain the phases, cordierite, chlorite and hornblende with anorthite, quartz and

aqueous vapour.

The positions of the univariant reactions and invariant points in the (orthoamphibole-

absent) CFMASH system involving these phases have been determined using the internally

consistent data set of Holland and Powell (1990, 1992 pers. comm.), the computer program

TIIERMSçALC (version Z.Zbl Powell & Holland, 1988) and the method of Schreinemakers.

Nore that, of the 6 possible invariant points, only [St] and [Hbl] are stable (Fig. 3.7).

The petrogenetic gfid determined for the chlorite-bearing, orthoamphibole-absent

CFMASH system differs significantly from the chlorite-absent grid discussed in previous

sections and the information determined from natural assemblages. For example, the invariant

point [Hbl, Chl] (which is apparently stable in real rocks (Hudson & Harte, 1985; Arnold &

Sandiford, 1990; section 3.4.1) occurs on the high pressure, metastable side of the stable

invariant point [Hbl, Oam] (Fig. 3.8). Similarly the invariant point [Grt, Chl], which is also

inferred to be stable in real rocks, is equally stable as [Hbl, Oam] which is metastable with

respect to [St, Oam].

This discrepancy between the natural and calculated phase relations may result from

any one of a number of causes. The assemblages in real amphibolites may (a) be stabilised by

the presence of an additional component, (b) have formed under reduced activity of water, or

(c) result from inaccurate thermodynamic data for one or more of the end-members, or

inappropriate activity models for one or more of the phases. These possibilities are discussed

below.

3.5.1 The effect of additional components

In order for the observed anrphibolite phase relations to be correctly represented in the

chlorite-bearing CFMASH system, at least one of the invariant points [St] and [Hbl] must

become metastable with respect to other invariant points. The required inversion of topology

(similar to that caused by the influence of oxygen fugacity on the phase relations in sapphirine

granulites, as demonstrated by Hensen, 1986 and Powell & Sandiford, 1988) might be

achieved by adding a new component which preferentially stabilises some phases. Such an

effect may be induced by the presence of Na2O or other minor components such asZnO,

MnO, or Fe2O3.

The addition of a small amount of NaZO to the CFMASH model system expands the

stability fields of plagioclase-, orthoamphibole- and hornblende-bearing assemblages and

increases the variance of the CFMASH equilibria (i.e. CFMASH invariants would become

NCFMASH univariants and univariant lines would become divariant fields). The calculated

orthoamphibole-absent NCFMASH univariants describe weakly divergent lines in P-T space

(see Fig. 3.9), implying that even in very Na-rich systems, no topological inversion would

occur.
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With the addition of MnO, which is preferentially accommodated in garnet, garnet-

bearing stability frelds would expand with respect to the other assemblages. Because of the

divergent nature of the (Grt) univariant reactions emanating from the invariant points, and thus

the related M¡CFMASH univariants (Fig. 3.10), the addition of a spessartine component can

not invert the topology.

The effect of additional components on a phase diagram (i.e. the P-T shift) can be

estimated by considering that the end-member phase involving the new component effectively

dilutes the other end-members in the solid solution phase. Thus the effect of incorporating

ZnO into staurolite can be approximated by reducing the activities of Fe-staurolite (fst) andMg-

staurolíte (msr) (Frg. 3.10). A new activity expression could be written for each of the end-

members;

nfsr'= afsto (1 - âznsr) = (Xre)4 (l -Xzùa
and

Írmsr' = amsto (1 - âznsr) = (1 - Xr'")4 (l - Xzò4,

where a¡s¡' is the activity of the end-member Fe-staurolite in staurolite with zinc present, afsro

is the activity of the end-member Fe-staurolite in staurolite with no zinc present, a2¡s¡ is the

activity of the end-member Zn-staurolite,Xp"= FeO / (FeO + MgO) andY'7n=ZnO I (ZnO +

FeO + MgO). The signifrcant changes in the pressures and temperatures of the CFMASH

equilibria which would be required to cause the inversion of topology might be achieved by the

addition of ZnO ro the extent thatXTn=0.64 (R.Powell, pers conìm., 1993). While this may

seem to provide an appropriate solution to the problem, all analyses from the staurolite-

hornblende rocks reported in the literature have low ZnO-contents (see Table 3.1). Thus it

would appeil thatZnO does not provide an adequate explanation of the discrepancy between

observed and calculated P-T phase relations.

As a first approximation, Fe2O3 is considered more likely to replace Al in hornblende

than to substitute into other phases (e.g. Powell & Holland, 1990; Will et al., 1990b). Thus

the addition of Fe2O3 is expected to stabilise hornblende-bearing assemblages with respect to

others. As mentioned above, the displacement of the invariant assemblages across P-T space

due to the presence of an additional component may be estimated by assuming that the relevant

end-member, in this case,ferrí-hornblende (vcazMg¡(MgFe3+¡Si¿tSi:A1lØz(OH)z),

effectively dilutes the other amphibole end-members, e.g.

aE = aû.o (1 - ar'¡nu),

aftr' = arro (1 - aF3hb)
and

ahb' = ahbo (1 - ap3hb).

Thus, the effect of the new end-member may be estimated by reducing the activity

formulation of each of the hornblende end-members in proportion to the amount of ferric iron

present. (For a full explanation see Appendix 44, section A4.7.) An important factor in

determining the effect of Fe2O3 on the locations of the equilibria corresponding to the

CFMASH invariant points is that the substitution of Fe3+ into homblende would occur via a
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Table 3.1. zinccontents of staurolite in atoms per formula unit, calculated to 46 oxygens

(44(O) + 4(OH), reported from hornblende-staurolite amphibolites in the literature'

ZnO pfu (46 oxYgens)

Gibson, 1978

Spear,1982

Putscheller & Mogessie, 1984

Selvertone et al., 1984

Wa¡d, 1984

Grew & Sandiford, 1985

Helms etal,1987

Chapters 4 and 5

0.099

0.088

0.037

o.024

0.00

0.567

0.00

0.02

- 0.205

- 0.639

- 0.188

- 0.026

- 0.056

- 0.15
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modified tschermakite substitution. Therefore the mole fraction of Si and Al on the tetrahedral

sites will be related to the amounr of Fe3+ on the M2 site and the effect of Fezo¡ will vary with

the different aluminium contents.

Figure 3.11 shows the hornblende compositional range over which an inversion of the

topology of the phase diagram will occur and compares the compositions of hornblendes

reported in the literature. Alttrough some feported hornblendes (in both aluminous-phase-

bearing assemblages and more typical amphibotites) contain sufficient Fe2O3 to cause such an

inversion of topology, (i.e. Xps3 +,M220.3 or Fe3+ > 0.6 moles per formula unit, 23O), this

is not true for the majority of hornblendes from aluminous and typical amphibolites (Fig'

3.11). Thus, although many reported homblendes (and presumably also those for which

Fe2O3 levels are not estimated) contain significant Fe2O3, this does not appear to be sufficient

to cause an inversion of the topology of the P-T projection. It is also anticipated that although

a small amount of FezO: may be incorporated into hornblende (or some of the other phases of

interest), before the system becomes significantly oxidised, epidote and perhaps magnetite

would become stable, preventing high levels of Fe2o3 in hornblende.

In summary, none of the chemical variations described above result in sufficiently

large, appropriately oriented shifts of the invariant equilibria to cause the required inversion of

topology.

3.5.2 The effect of variabte activity of water

The effect of reducing the agrg on the CFMASH phase diagram is to cause the stable

and metastable invariant points portrayed in Fig. 3.7 to slide to lower pressures and

temperatures wirhout changing the topology of the CFMASH equilibria fig. 3'11)' Thus,

agr6 does not appeal to be responsible for the discordance between observed and calculated

phase relations.

3.5.3 The effect of uncertainties in the data and activity models

As discussed previously,low variance assemblages from natural amphibolites suggest

that the phase diagram for amphibolites is likely to involve the three invariant points

represented in Fig. 3.4 (i.e. [chl, Hbl], [chl,crd], and [chl, Grt]) and possibly also [Als,

chll or [St,Chl] which contrasts with the calculations summarised in Fig. 3.7. Since the

discrepancy appears unlikely to be due to the effects of additional minor components or

reduced agr6, it seems likely that some of the thermodynamic data may be in error' Note that a

similar conclusion was reached by Howell (1991) and also by Xu (1994) who made

adjustments to the enthalpy value for end-membet gedritelntheFMAsH system until the

calculated phase relations matched those known from petrological observation.

In the case of the chlorite-bearing, orthoamphibole absent CFMASH model system, the

least well consüained thermodynamic data are those for the end-members, Fe-staurolite' Mg-

staurolite , tremolite, Fe+remolite and hornblende (see Appendix A2). Another factor which
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may cause problems in the calculations is departure in the real minerals from the a-X relations

assumed in formulating the data and the permanent datafiles. The most likely sources of such

discrepancies are in the mixing of end-members in which some of the cations are of

significantly different size. For example, garnet in the CFMASH system has been considered

to be an ideal solid solution of pyrope, almandine and grossular. However, given the

differences in the size of calcium, iron and magnesium ions, mixing beween these end-

members is likely to be non-ideal. In the case of the aluminous chlorite endmember, arnesite,

the experiments used to derive the thermodynamic data were based on solid-solution chlorite

which did not closely approach the amesite endmember. Thus the thermodynamic data are

strongly dependent on the (possibly suspect) activity model used to derive them (R. Powell,

pers. comm .,1993). The effect of the non-ideality of a-X relations in garnet, and of adjusting

the thermodynamic data within error for the less well constrained end-members, are discussed

below.

Garnet

Non-ideality of mixing may be modelled using activity coefficients which relate the

activity of the ideal end-member to that of its non-ideal, more realistic counterpart (Powell,

1971;Wood & Fraser, 1984). (See Appendix 44, section A4.3.2 for the formulation of

activity-composition (a-X) relations for TI{ERMOCALC permanent data frles.) Activity

coefficients (ï) are a function of the composition of the phase (RT/n Y= wAij /(X) where wA¡i

are interaction parameters for the mixing of the end-members i and j in the phase A). Powell

(pers. comm., 1gg3) has suggested two models for non-ideality in the mixing relations of

pyrope, almand.íne and grossular in gamet (R. Powell, pers. comm.,1993); one for Ca-rich

and the other for low-Ca garnets. The garnets of interest in hornblende-staurolite amphibolites

typically fall in the low-Ca region where the interaction parameters have determined as:

wGrtF.Mg = 190R = 1.6 kJ K-l

wGtrcaFe - wGrrcaMg = -1100R = -9.1 kJ K-l

(R. Powell, pers. comm., 1993). A range of values for wGttcaFe ând wGrtaaMg were used to

formulate activiry models of garnet and the effects of these are illustrated in Fig. 3-12. Fot

significant non-ideality in garnet (i.e. large interaction pammeters e.g. wcrtçaFe = 5 kJ K-1 and

wG.tcuMs = l4.I kJ K-1), the CFMASH invariants [Hbl, Oam] and [Chl, Oam] move a

signif,rcant distance toward [Grt, Oam], implying that non-ideality in garnet activity-

composition (a-X) relations may be part of the reason for the difficulties encountered in the

chlorite-bearing CFMASH grid. However, the effect of the non-ideality in garnet is

insufficient to allow the predicted phase relations to corespond with those observed

petrologically.
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Chlorite

Although the ideal mixing model assumed in the derivation of the thermodynamic data

of amesite is probably an over-simplif,rcation, the resulting data are strongly dependent on the

activity model used to derive them (R. Powell, pers. comm', 1993)' Thus, the uncertainry

associated with the enthalpy of amesite is probably larger than the listed sd(fl) (see Appendix

A3). To determine whether the assumption of the ideal mixing allows sufficiently uncertainty

to cause an inversion of the phase diagram topology, the enthalpy of amesite (AII¡ttss) was

varied within the furl range of its 2o error bar (+6 kJ mol-l). This caused all of the CFMASH

invariant points involving chlorite to move toward the [Chl] inva¡iant (which as it does not

involve the end-me mber arnesire, obviously is not affected by changes in the data for amesite),

(Fig. 3.12). The degree of movement experienced by each of the invariant points ÀFla¡¡ss wâs

slight and certainly insufficient to cause an inversion of the topology'

Hornblende

The enthalpy of the hornblende end-members hornblende, nemolite and Fe-tremoiite

are associate with considerable uncertainties (sd (II) = 4'55, 5'08 anð' 6'25 kJ mol-l

respectively, see Appendix A2) which could be partly responsible for the inadequacies of the

calculated phase diagram. The effect of varying the enthalpy of either harnblende or both

tremolite and, Fe-trennlite tothe full extent of thei¡ uncertainties is to cause the stable and

metastable CFMASH invariant points to converge, however, the shifts are insufficient to cause

an inversion of topology (Fig. 3.13).

Staurolite

The targe uncertainties in the enthalpy values for the stauolite end-members suggest

that staurolite may be a potential source for the inadequacies of the calculated chlorite-bearing

grid (see Appendix A2). If the least well defined enthalpy, ÀH¡5¡, is adjusted to the full extent

of its uncertainty (by aHrst = -17 kJ mol-l) the GFMASH invariant points draw very close

together (Fig. 3.12). However, in doing so, the predicted compositions of the phases became

unrealistic, with staurolite calculated as significantly more Fe-rich than garnet' A more

satisfactory result was obtained by adjusting AFI¡5¡ and AH¡¡3¡ by equal' smaller amounts (e'g'

aH¡5¡, aH¡¡15¡ = - 15 kJ mol-l). This adjustment allows the topology of the calculated phase

diagram to invert so that the [Hbl, Oam] and [St, Oam] CFMASH invariant points become

metastable with respect to the remaining orthoamphibole-absent points, [Chl, Oam]' [Crd'

Oam], [Als, oam], [Grt, oam] (Fig. 3.1a). This topology would then allow the

orthoamphibole-bea¡ing invariant points [Crd, Chl], [Grt, Chl] and [Hbl' Chl] to be stable' in

agreement with the phase relations determined from natural rocks.
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3.5.4 A nerv CFÌIIASH grid

Figure 3.i5 is a P-T projection constn¡cted for the CFMASH system involving

aluminosilicates, staurolite, cordierite, garnet, chlorite, orthoamphibole, anorthite, quartz and

aqueous vapour in excess using adjusted thermodynamic data for staurolite (ÂH¡rr = ÅHms = -

15 kJ mol-l). The enrhalpy of gedrite has been rerurned to is un-adjusted value as the effect of

ÀH¡5¡ and Â.H¡15¡ = -15 kJ mol-l is simila¡ to that of AFIged = *10 kJ mol-l (see Fig. 2.4).

Figure 3.15 predicts that the aluminosilicate--orthoamphibole stability field will extend into

both the þanite and sillimanite fields and will be restricted to a P-T range of 6.5-12.5 kbar

([Grt, Hbl, An]p¡aASH to [St, Crd, Chl]ç¡a¡5¡1) and 650-1070oC ([Crd, Grt] and [St, Chl,

Hbllç¡aa5g). Hornblende is expected to be stable only with the kyanite polymorph at

pressures greatef than - 8.2 kbar [St, Grt] and only up to temperatures of - 800oC

([St,Crd,Chl]Crr,r¡,sÐ. Staurolite may coexist with hornblende in a small P-T window in ttre

kyanite field at P-T conditions 8.2-9.5 kbar ([Crd, Grt] and [Crd, Oam]) and 600-680"C

([Crd, Oam] and [Crd, ChU). Kyanite-staurolite-hornblende is expected to be stable in an

even smaller region 8.5-9.5 kba¡, 600-680oC [Crd, Grt]. Aluminosilicate-gamet is restricted

to high remperatures with sillimanite and high pressures with þanite (e.g [Crd, Chl], [Chl,

Hbll). Staurolite--cordierite is restricted to temperatures grcater than -500oC and less than

650oC and pressures of -7 kbar [Chl, Hbl]. Chlorite is stable up to a maximum of - 630"C

[Als, St, Grt]crunsn.

The upper pressure limit of Laird's (1980) "commdn assemblage" Ca-amphibole-

chlorite-epidote-plagioclase-quartz + Fe3+-phases, carbonates, K-bearing and Ti-bearing

phases is also constrained by Fig. 3.15. The "common assemblage" is limited to pressures

less than -10 kbar [Crd, Oam] where chlorite-anorthite-quartz becomes metastable with

respect to kyanite-garnet-hornblende and temperature less than -630oC [Als, St, Grt]ç¡465tt

where chlorite-anorthite-quartz becomes metastable with respect to cordierite-

orthoamphibole-hornblende, or chloriteluafrz goes to þanite-+ordierite--orthoamphibole.

Thus the "common assemblage" becomes unstable to both higher pressure and tempemture

with respect to assemblages which contain more aluminous phases.

Despite the apparent similarity of some of the features in the grid with those expected

from petrological obsewation, some problems remain. The most important of these involves

the metastability of the CFMASH invariant points [Grt, Chl] and [Als, Chl], both of which

appeil to be stable from natural assemblages (see section 3.4.1). Thus, the adjustments made

to the thermodynamic data for Fig. 3.15 do not remedy all of the discrepancies, indicating that

not all of the problems of CFMASH are due to unce¡tainties the thermodynamic data for

staurolite.

As can be seen from the above discussion, a number of factors could theoretically

result in the inversion of topology required for the predicted assemblages to correspond to

those observed in natural rocks. In practice, the problems of conflicting calculated and natural

phase relations may lie in any one of non-ideal mixing in calcium-bearing garnet, non-ideal

solution between chlorite end-members or the poorly constrained enthalpy data for staurolite or
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Figure

alpy data for staurolite (ÁHfrr, ÂHrnrt = - 15 kJmol-
C @owell & Holland, 1988).
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hornblende. Precise resolution of this problem is impossible given the poor constraints on

currently available thermodynamic data. For example, the combined effects of poorly

constrained thermodynamic data for staurolite and hornblende and non-idealiry in garnet, with

or witlrout rhe presenc e of ZnO or Fe2O3 might allow a P-T projection which is an adequate

approximation of the natural amphibolites. As an example, Fig. 3.16 shows the effect of the

uncertainry in the enthalpy of hornblende on the CFMASH grtd presented earlier (in Fig.

3.15). Decreasing the enthalpy of hornblende (e.g. by specifying that ÀlInU = -10 kJmol-1or

ÂH6 = AII¡6 - -10 kJmol-l) expands the stability field of staurolite-hornblende. Neither of

these adjustments is sufficient to alter the topology of the phase diagram'

Although the problems of resolving the inconsistencies in the chlorite-bearing

CFMASH grid are insurmountable, there is relatively good correspondence beween the

calculated, adusted grid and the higher temperature (chlorite-free) natural assemblages' The

simila¡ities between the chlorite-free grid and the adjusted chlorite-bearing grld are strfüng and

consequently, except for relatively low-temperature chlorite bearing assemblages, either grid

may provide a basis for interpreting natural amphibolites and their reaction textures. In order

to facilitate this, the discussion below concerns the divariant (continuous) reactions appropriate

to both of these gtids.

3.6 Pseudosections and continuous reactions in the CFMASH system

p-T projections a¡e useful in understanding the assemblages which moy occ:ur when a

rock is subjected to paiticular P-T conditions. However, they are projections of all possible

reactions in their respective compositional systems onto the P-T plane and, thus, not all of the

reactions on the diagram would be seen for a rock of a particular composition, nor necessarüy

by any rocks of typical composition. Another problem with P-T projections is that they do not

explicitly deal with the continuous reactions which are most important in controlling the

reaction histories of most rocks. To determine what information the assemblages and mineral

textures preserved in metamorphic rocks contain in terms of changing physical conditions, it is

important to understand the forms of the continuous reactions and their locations in P-T-X

space.

The assemblages formed, and reactions seen, by a particular rock are sÍongly

influenced not only by the pressure and temperature conditions it experiences, but also its bulk

composition. Thus, it is important to also consider the effects of bulk composition on the

phase relations of a particular system. As phase diagram information can only be easily

represented in two dimensions, one of the three parameters must be presumed to be either: (1)

changing over rhe diagram (i.e. projected from that variable as a P-T projection is projected

from the compositional variable) or (2) equal over the whole diagram (so that the three-

dimensional diagram is sectionedwith respect to that variable). Examples of sectioned phase

diagrams include T-X (constanr P) and P-X (constant T) diagrams. To be strictly valid,

sections may only be made for constant values of intensive variables (e'g' P,T' chemical

potential, molu Gibbs Energy) which are independent of the amount of material in the system
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(powell, 1991). The way the mineralogy changes with physical conditions is of primary

interest here. Thus the most petrologically useful phase diagram is one that is sectioned witlt

respect to a compositional variable. However, bulk composition terms such as Xps are

extensive, not intensive, variables as they do not have the same value for all phases in an

equilibrium assemblage. These phase diagrams which are sectioned for bulk composition are

known as pseudosections.

The divariant and trivariant fields which dominate the CFMASH pseudosections are

related to the subsystem CFASH a¡rd CMASH univariant reactions in a similar way to which

CFMASH diva¡iant reactions are related to the FMASH subsystem reactions in Figs. 3.3 and

3.4). The orientations of the divariant reactions can be estimated from those of the

corresponding subsystem reactions. The continuous nature of G-X relations means that the

compositions of phases will change consistently along the univariant lines and so can be

calculated using equilibrium thermodynamics (e.g. THERMOCALC, version 2.2b7, Powell &

Holland, 1988). However, as the adjustments made to the thermodynamic data have a

significant effect on the compositions of the phases at a given point on a univa¡iant curve or at

an invariant point, the continuous reactions seen by a given bulk composition will also vary

with the thermodynamic data. As a result of this, schematic pseudosections are presented here.

Two series of schematic pseudosections are presented here; one for the chlorite-absent

CFMASH sysrem (Fig. 3.17) and one for the chlorite-bearing equilibria ffig. 3.18). They

were both constmcted for a range of compositions (Xps) for the CFMASH system with

hornblende, anorthite, quartz and aqueous vapour in excess. The major difference in the

topology of the pseudosections developed for the chlorite-absent and the chloite-bearing phase

relations lies in the low temperature equilibria. In the chiorite-absent system, kyanite-

hornblende appears to be stabie over a wide range of compositions down to very low pressures

and temperatures. In contrast, the chlorite-bearing equilibria restrict kyanite-hornblende to a

small p-T window and the low temperatue-low pressure field is dominated by the trivariant

field, chlorite-hornblende. The assemblages predicted for other P-T ranges are similar except

that the complex cenÍal portion of the chlorite-bearing CFMASH system (enlarged in Fig.

3.19) occurs about 3 kbar higher than that in the chlorite-absent system, as a result of the

different locations of the invariant equilibria in the two systems (See Figs. 3.4 and 3.15)" The

d.iagrams predict that assemblages involving garnet-homblende will dominate the intermediate

to high pressure and ternperature field for rocks with high Xps and will contract to successively

higher conditions with increasing Mg-content. Cordierite-homblende assemblages are stable

up to pressures of about 5 kbar for low Xp" rocks but refreat to very low pressures with

increasing Fe-content. Orthoamphibole-hornblende is limited to relatively high temperatures

and occur over a wide range of Xps. Staurolite-hornblende is only stable under high PÆ

ratios, and is most stable in a small P-T range in rocks of intermediate Xpg'
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Figure 3.17. Schematic pseudosections for the chlorite-absent CFMASH sysrem (Fig. 3.4) with
homblende, anorthite, quartz and aqueous vapour in excess, showing the changing topology of the
diva¡iant and trivariant fields with decreasing X¡". a) Fe-rich assemblages; b, c and dare for
successively lower Xp" bulk compositions; e) Mg-rich rocks; l) CMASH endmember system.
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Figure 3.18. Schematic pseudosections for the chlorite-bearing CFMASH system (Fig.3.15) with
hornblende, anorthite, qlqn alq aqueous vapour in excõss, showing ttre ctrangiîg topálogy of ttre
divariant and t¡ivariant fields with decreasing-Xp". a) Fe-rich asserÙl"g"s; ¡, c] ¿ä¿ e are for
successively lower X¡" bulk composirions; f) Mg-rich rocks.



10

8

L
(ú
_oY
o-

6

10

500 600 700 600

T ("C)

600

600

600

CÚ

_o
l¿

o-

I

6

600

T ("C)

Chapter3-CFMASII- 59



(d
_oY
o-

10

7

10

7

t-
(d

_o

o-

600 600

T ('C)

St

600 600

T ('C)

Figure 3,1g. Blow-up ol rhe compiex cenEal portion of lhe chlorire-bearing CFMASH pseudosections in Fig'

3.18.

Chapter3-CFMASII- 60



3.7 
^ 

qualitative extension into NCFMASH

This section discusses the qualitative extension of the CFMASH phase diagrams into

NCFMASH. The addition of Na ro the CFMASH equilibria is assumed to increase the

variance of a given assemblage, without causing a new phase to be stabilised. The relative

proportions of sodium in natural amphibolite phases gives an indication of the extent to which

the different phases accommodate sodium; plagioclase is typically more Na-rich than

hornblende, which is more Na-rich than orthoamphibole, and the remaining phases contain

negligible sodium. Thus, the addition of Na to the CFMASH equilibria is assumed to stabilise

plagioclase over hornblende, hornblende over orthoamphibole, and orthoamphibole over all

other phases. Hornblencl.e and anorthite generally occur on opposite sides of CFMASH

equilibria, so expanding the stability field of plagioclase often reduces that of hornblende. As a

resulr, the NCFMASH equilibria emanating from the univariants in Fig. 3.15 a¡e located

between the anorthite-absent (An) and orthoamphibole-absent (Oam) CFMASH univa¡iants,

effectively expanding the stability fields of those phases. 'With homblende, plagioclase,

quartz and aqueous vapour in excess, these univariants intersect in an NCFMASH inva¡iant

point; [Crd] (Fig. 3.20).

The topology,and reactions in Fig. 3.20 are broadly consistent with those of Spear's

(197g; Spear & Rumble, 1986) corresponding invariant point. However, as mentioned earlier,

the CFMASH and thus NCFMASH phase relations are not entirely consistent with the phase

relations observed in natural amphibolites. In NCFMASH, the stability of only a single

invariant point [Crd] in NCFMASH implies that cordierite-homblende will never be a stable

assemblage in amphibolites, however, this assemblage is observed from several localities

including the Ha¡ts Range (see Chapter 4), South Africa (Humphreys (1993)' southwestern

New Hampshire (Schumacher & Robinson, 1987) and the Pamirs in the former USSR (Grew

et al., 1988). Thus the NCFMASH invariant and univariant equilibria will be discussed

further in Chapter 6, in terms of the phase relations in natu¡al amphibolites.

In the following chapters the calculated CFMASH grids and qualitative NCFMASH

phase diagrams developed here will be used to interpret the signihcance of aluminous

amphibolite assemblages from a wide variety of localities, beginning with the Harts Range,

central Australia.
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Chapter 4z Metamorphism in the Harts Range region,

eastern Arunta Inlier.

4.1 Introduction

Previous chapters have dealt with the theoretical phase relations in amphibolites, with

the aim of developing quantitative P-T phase diagrams for the FMASH and CFMASH model

systems. In this chapter these phase relations will be used in the interpretation of the reactions

and mineral equilibria observed in natural amphibolites. The phase diagrams are applied to the

problem of discerning the metamorphic history of the Entia Dome which forms part of Harts

Range in cent¡al Australia, using the phase relations in kyanite-, staurolite-, cordierite-, garnet-

and gedrite-amphibolites.

A brief summary of the geological setting and field relations of these rocks from the

Arunta Inlier will be followed by an account of their petrography (described more fully in

Appendix A8) and the constraints the mineral assemblages and reaction textures place on the P-

T evolution of the area using the phase relations developed in previous chapters. The final

section discusses the implications of this P-T evolution with respect to the available

geochronological data. A stightly modihed version of this chapter is currently in press in

Precambrian Resea¡ch (Arnold et al., 1994).

4.2 Geological setting and background

The Arunta Inlier is one of a number of P¡oterozoic crustal blocks exposed in northern

and cenral Australia, and outcrops over approximately 200 000 km2 in the Alice Springs

region @ig. a.1). It has been extensively mapped to the 1:100 000 scale by the BMR (now

AGSO, e.g. Shaw et al., 1990) who proposed the stratigraphic divisions and stn:ctural

provinces which have formed the basis of the knowledge of the Inlier (Stewart et al., 1984;

Shaw et al., 1984). The Entia Dome is situated at the eastern end of the Arunta Inlier,

approximately 180 km ENE of Alice Springs, in the Harts Range. The core of the 25 km wide

dome comprises mainly felsic orthogneisses @ntia gneiss complex), interlayered with

amphibolite bands and bodies which are of basaltic and intrusive origin foden et al', 1988).

This is srructurally overlain by a mylonitised granitic gneiss (the Bruna Gneiss) and a

metamorphosed supracrustal sequence (the Irindina Supracrustal assemblage, Ding & James,

1985).

The Entia gneiss complex consists of a supracrustal assemblage including interlayered

amphibolites, calc-silicates, carbonates, pelitic and other metasedimentary rocks which were
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Figure 4'l A geological map of the north-east porlion of the Entia Dome, afrer Foden et al. (1988).
Samples were collccted from the "Supracrustal rocks" in the north-east of the a¡ea.
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fragmented and dismembered by the intrusion, in a high temperarure (granulite facies)

environmenr, of large granitoid shees al -I167 l}Mra (Cooper et al., 1988). These granitoids

consist of three main bodies, the Huckitta Granodiorite Gneiss, the Huckitta Tonalite Gneiss

and the Inkamulla Granite Gneiss (Buick, 1983, 1985; Foden et al., 1988), which have been

intruded by a younger set of amphibolite dykes and associated small layered intrusions (Foden

et al., 1988).

The Entia gneiss complex contains a pervasive amphibolite facies foliation and mineral

lineation (Ding & James, 1985; James & Ding, 1988), the retrogressive nature of which is

evident from the occasional preservation of granulite facies assemblages in the cores of maf,rc

boudins which are present at a range of scales (see Foden et a1^,1994 and Appendix 48,

section 48.3). Ding and James (1985) proposed that the dominant amphibolite fabric

developed synchronously with compositional layering and is folded by a number of later fold

generations which, however, did not cause new foliations to develop. It is the penology and

p-T history of these amphibolite facies assemblages which are the focus of this chapter. The

isotopic characteristics ofthe area a¡e discussed by Foden et aI. (1994).

Earlier workers have proposed that the Entia gneiss complex forms the basement

complex (observed as the core of the dome) to a cover sequence (the Irindina Supracrustal

assemblage) both of which had experienced separate metamorphic and deformational histories

1ping & James, 1985). These two units are thought to have been juxtaposed in thrust

complexes co-incident with the intrusion of the syn-tectonic, mylonitised Bruna Gneiss àtI74l

+3 Ma (Cooper et al., 1988). However, other workers (Teyssier, 1985; Collins & Teyssier,

19g9) have proposed that much of the strain evident in the Entia Dome was taken up in smaller

scale shear zones which are continuous with those in the Arltunga Nappe Complex to the

south. This implies rhat rhe majority of the deformation experienced by the Entia gneiss

complex occurred during the Palaeozoic Alice Springs Orogeny (Collins & Teyssier, 1989).

The srructurally overlying (according to both Ding & James, i985 and Collins &

Teyssier, 1989) Irindina supracrustal assemblage comprises the Harts Range meta-igneous

complex and pelitic, semi-pelitic, carbonate and other minor lithologies. These rocks show

evidence of repeated fold generations, the first of which resulted in the formation of a

micaceous schistosity in amphibolite-grade pelites and tectonic layering and a mineral lineation

in amphibolite, quartzite and calcareous lithologies (Ding & James, 1985). The common

nature of the amphibolite metamorphism to both the Entia gneiss and the kindina supracrustai

assemblage suggests that these sequences may have been juxtaposed prior to or during

amphibolite facies metamorphism (Ding & James, 1985).

Supracrustal assemblages are found as lenses within the volumetrically dominant

intrusive felsic magmas of the Entia Dome. These provide suitably reactive compositions for

the development of the array of metamorphic assemblages which form the basis for this study.

Of particular interest is a band of supracrustals occurring in the north-eastern quadrant of the

Entia Dome (Fig. 4.1). This discontinuous layer (up to -20 m thick) of supracrustal material

exhibits a relatively consisrent internal stratigraphy involving an association of calc-silicates
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(including a distinctive pink-coloured manganiferous epidote rock), porphyroblastic garnet

amphibolites, garnet-kyanite-biotite schiss, and gedrite gneisses over a distance of several

kilometres, suggesting that some semi-continuous character is retained. Although strongly

boudinaged within and d.isrupted by the intrusive felsic gneisses, such supracrustal layers form

mappable horizons which provide evidence of multiple fold generations (e.g. Ding & James,

1985 and Fig. a.1). The whole-rock chemistry, perography and mineral chemistry of these

supracrusral rocks are discussed below (Tables 4.1,4.2 and 4.3 respectively). (Mineratogical

abbreviations are listed in Appendix A1 a¡rd detailed descriptions of selected Ha¡ts Range

amphibolites are summarised in Appendix A8)'

4.3 Rock chemistry, petrography and mineral chemistry

Bulk rock chemistry plays an important role in determining which assemblages are

stable in particular rock samples. Beyond the obvious factors such as K and Ca content, Na,

Al, Fe and Mg contents also appear to be important for determining which mineral assemblages

are formed. In the following sections the bulk rock chemisfy of the different assemblages is

discussed and compatibility diagrams are constructed to clarify these compositional effects. As

a consequence of their compositional complexity, assumptions and simplifications are required

in order to graphically represent the chemistry of amphibolites. As discussed in Chapters 3

and 6, the chemisry of amphibolites can be simplified to the NCFMASH (Na2O-CaO-FeO-

MgO-AIZO¡-SiOZ-HZO) system from which, assuming that hornblende, plagioclase, quartz

and an aqueous vapour are in excess, AFM-type compatibility diagrams can be constructed.

(The projections were carried out using the computer program outlined in Appendix 49.)

AFM diagrams (+ hornblende, plagioclase, quartz and aqueous vapour) willbe used to

illustrate the compositional variation of the amphibolites and their phases and the compatibility

relations of the amphibolite assemblages.

4.3.1 Biotite-rich rocks

Bulk rock analyses of porphyoblastic kyanite-biotite schists from the Entia Dome

(Table 4.1, e.g. sample 853-76) show that these rocks are SiO2 and KzO poor, but AlzO: rich

in comparison to true pelitic rocks (cf. Hudson & Ha¡te, 1985). The association of this rock

type with migmatites adjacent to intmsive units (Buick, 1983) suggests that they may be restitic

material associated with partiat melting of pelitic or quartzo-feldspathic rocks in the þanite

stability field. Elongate kyanite grains contain straight inclusion rails and are sub-parallel to

the biotite foliation which wraps around them. This implies that the kyanite is syn-

deformational. In some samples kyanite is pseudomo¡phed by f,rbrous sillimanite. Garnet

porphyroblasts are wrapped by the biotite foliation and in several examples garnet is in conlact

with kyanite (Fig. 4.2a). Minor proportions of quartz, plagioclase hornblende and muscovite

are observed. Biotite and garnet compositions show signihcant variation. Biotite is most

magnesian in association with kyanite and more Fe-rich with garnet or hornblende with a wide
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Table 4.1. Whole rock analYses.$
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9.1 l
3.47

t.t2
0.42

1.59

r00.31

49.2t

0.61

t4.62

9.59

0.16

9.91

t4.u2

l.75

o.32

0.04

0.71

101.01

r94.0

55.0

2'1r.0

46.42

1.06

16.29

l3J9
0.2.4

7.67

t 1.90

22Ã

0.4t
0.16

0.64

100.61

3t.14
t.47

19.41

16.45

0.u
8.29

1 1.60

I.Eó

0.76

0.43

1.60

100.ã

37.y2

2.37

2.A;18

L7.25

0.16

6.37

I1.04

t.36

0.50

0.04

0.91

9E.70

67.U

l.0l
1 1.05

9.G
0.t2
3.2ß

ó.17

1.09

o.n
0.38

0.35

99.n

nd

2.0

26.0

107.0

4.9

442.O

95.0

13.0

5.4

161.0

20.1

2&1
96t.2

16.9

r32.4

2.3

0.1

8.1

7

7.1

2.3

13.3

10.9

t.2
nd

5.0

13.0

26.0

78.0

118.0

37.O

22.3

170.6

11.7

41.5

524.r

67.O

29.r

7.2

u6.6
30.5

l1.t
2.4

156

82

47.6

281.5

9.2

4

507.2

113

18

3.4

5?.9

23.3

1.1

nd

311.0

115.0

47.4

24L9
8.8

20.9

r9'1.5

103.0

22.5

6.9

T62.1

332
6.4

2.5

38.0

40.0

54.7

26L0
5.6

14.1

363.6

t62.o

27.2

t4.3

241.8

52.1

4.5

3.1

2t.7
14.0

91.0

n.o
14.4

2U.O

14.0

4.4

90.0

43.0

15.0

t.2
24.4

12.6

3.0

4.O
2.0

8

nd

7

l7.E

95.6
<ôt

I6
11

I
u.9

185.7

96.9

20.0

41.0

780
33.0

9

44

62.5

4.0

10.0

4.0

t23
105

67

46.0

92.O

36.0

20

50

32.O

69.0

13.O

67

129

77.6

46.0

87.0

4ó.0

529

96

6r.8

g Analysis by X-Ray Fluorescence in the University of Adelaide on a Philips PW 1480 X-ray spectrcmeter.

Major element analysis after Norrish & Hutton (1969).

Trace element analysis: unignited powdef mixed with binder a¡rd pressed into aPellet.

Elements not analysed are marked O those with concenÍarions below detection limits are marked (nd) and have detection limits of

apprcximalely 3.5,2,2,5, 5.5 ppm for Pb, Th, U, Ce, Cr respectively'

Fe2O3*torali¡onrcpresented"tf"ZOg.Analysesfrom:853-Sullivan,1985;857- Aouker,1985;950-,962-,HR91-thisstudy'

u.m. cum = ultramafic cumulale
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Table 4.L Seleaed brief perrcgraphic descriptions of supracnrsal rocks oithe Entia Gneiss compler

arz Pl Cpt Hbl Om Ms Bt Gß St Ky Þ Chl tu Oprçc Crd M'iæ

t9G8

853-93

89G16

HR9r-2

89r-l l

89G54

853-97

85-72

962-131m

891-8

950-077

HR91-8

HR91-22

NA-6

853-1 80

HR91-20

IIRgl-21

853-1 6

HR91-10

962-t7

962-O17¡

853-1 E0

853-27

85-75

962-1r

962-017b

853-77

853-1m

85-77

95047

950-047a

950-84

853-74

853-30

950-00A

950-098

950-081

950-0E9

z

z

z

z

z

z

z

z

z

z

z

Z

z

z

zx
z

L

z

z

z

z

zx
z

z

z

z

z

z

z

z

z

Z

z

z

z

PP

P

x

P

x

RbrXl

X

Rhbl

Rhbl

Rhbl

Rbt

Rhbl

x

x

X

x

x

X

x

x

X

x

X

X

X

x

x

x

x

X

X

X

X

x

X

X

X

x

x

x

X

X

x

x

x

x

x

x

x

x

X

x

X

X

x

X

X

X

X

X

X

X

X

x

x

X

x

x

XPXRX

X

x

x Rhbt x

Rhbl

R

X

aPa¡¡lc

alluiæ

zim, apatitc

mn

corudum,
zircm, apadrc

apatiæ

apaUte

allmiæ, apatite

apatiæ

zircm, apatite

aPatrte

x

P

P

x

P

X

x

x

X

x

x

x

x

x

x

2'

P

x

P

X

x

X X

X

X

X

x

x

x

X

x

x

X

x

I

X

X

X

X

x

X

L rL

XX2'
XX2'

X

P

P

x

P

P

P

P

P

P Rbt

X X

XXX

XP

trtårote

rumn

ãæn

X

PX

x

X

X

x

P

fibrolite

P

P

X

Rbr

x

x

P

X

P

P

x

x

corondm

zìrcm, apatite

X zi¡cm, allanite

tiunitc, zircm

zi¡æn

rcn

apal¡tc

ziræn

Þlc, spatitc

tålc, spatitc

R

R

R

Rbt

Rbr

X

x

x

xX

X

X

x

P

P

P

X

X

P

X

X

X

X

x

X

x

X

X

X

x

x

X

X

X

x

X

2'X

X

X

X

Âbbrcviations: X phrsc prcscnt, ZzonvJ, l'primary phasc,2" sccondary.phase,P porphyroblastic, R.rctrograde, Rbt retrograde

aftcr biotitc, Rhblhtrogia<1c aficr hombltndó, I onó óxidc only (i.e. not thc usual cisolvcd ilmcnitc/tiønifcrous magnetite'

ulv{-lspincl).
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Tablc 4.3. Sclcct¡d malyscs of phascs from thc Harts Range'

NAS HR9r-5
HR9I-Ð trR9r-21

HR9l-8

Pl IIbl Cn Crt Pl llbl
tlbl Hbl Pl crl Gn Cpx'ærc Cþx cPx ltbl Hbl Grt Gfr Hbl Hbl Hbl Pl st Gft Gn Grl

-TT-ø-aç -mr-9--1-0,3e-@--:---------, ---r------------

Torar 99.95 gg.4g tor.27 101.61 103.83 100.88 99.71 l0o.?0 98.13 9'1.45 102.20 ro3.o8 96.95 96.40 97.56 100.14 g7.4 103.09 103'07 l0l'?5 læ"t2 98'33 101'93 lOL96 98'65 96 88

si02
Ti02
A1203
FcO
Mr¡o
Mso
CåO
N¿O
K20
C¡2O3
7^O

43.33
o.76

l5-53
ú.n
o.42
9.14

11.42
1.40
o;t2

43. l5
0.E2

15.55
17. l6
0.27
E.96

r1.52
1.36
0-70

6.32
0.09
L68
Lro
0.03
1.96
1.8 I
0.39
0. 13

56.89
0.00

23.15
0.14
o.22
0.00
9.72
6.16
0.00

18;17
0.09

22.29
25.83
2.23
2.72
9.69
0.00
0.00

38.73
0.00

22.63
26.O8

4.23
255
936
0.27
0.00

48.87
0.05
0.15

4LO6
0-39
8.29
1.05
0.00
0.03

50.24
0.00
0.70

æ35
0.20
't.?5

2þ.96
0.00
0.02

50.67
0.06
0.87

20.6'7
0.53
'1.35

20.40
0.08
0.08

39;14
o.t2

12.84
26.98
0.41
3.89

10.69
r50
1.9't

40.1 I
0.05

12.t6
'2ß.44

o.34
4.38

to;16
1.33
t.82

6.38
0.01
2.2E
3.5 r
0.05
1.04
1.83
0.4 r
o.37

38.14
0.00

aa 11

30.80
1.88
1.1'7

7.49
0.00
0.00

2.98
0.00
2.O9
2.01
o.t2
0.14
0-63
0.00
0.00

38.06
0.01

2r.90
32;17
))a
r.12
6.95
0.00
0.04

2.98
0.00
2.O2
2.r4
0. 15

0.13
0.58
0.00
0.00

4 1.16
0.65

18.39
15.40
0.16
9.86

10. l7
o.92
0.24

6.09
0.07
3.21
1.9 l
o.o2
Lr'|
r.61
o.27
0.04

40.66
0.16

r8.86
15.83
o.29
8.70

1o.12
1.04
0.14

6.07
o.o2
3.32
1.98
0.04
r.94
t;12
0.30
0.03

40.47
o.42

18.9'l
15.10
0.34
9.87

10.65
1.43
0.31

46.02
0.07

35.14
0.00
0-00
0.00

18.08
0.83
0.00

2.ll
0.00
1.90
0.00
0.00
0.00
0.89
0.07
0.00

27.58
0.78

5 1.84
t2-86

0. 13

3.40
0.02
0.04
0.03
0.03
0.7 r

'7.7tO

0.164
17.o82
3.007
0.030
1.416
0.006
0.o20
0.009
0.006
0.146

39.45
o.o2

B.r8
n.80

1.81
6.80
4.02
0.00
0.00

39.51
0.00

23.2r
26.31

1.84
6.7t
5.42
0.m
0.05

39.16
0.01

2i.ol
25.94

2.O9

5.95
559
0.00
0.00

48.34
0.05

33.56
0.1E
0.02
0.00

16.32
2.25
0.00

39.75
0.20

19.97
18.09
0.36
'1.51

10.66
1.50
o.29

38.87
0.08

22.33
28.01
2.r2
3.53
6.99
0.00
0.00

3.00
0.00
2.03
1.81
0. l4
0.41
0.58
0.00
0.00

38.96
0.00

23.o2
29.66

1.70
5.9 8

3.64
0.00
0.00

L96
0.00
2.07
1.89
0.1 I
0.ó8
0.30
0.00
0.00

62.19
0.00

2t.40
0.00
o.22
0,00
3.21
2.r'l
9.46

43.m
0. l8

15.95
15.50

0. l8
t 0.96
9.64
t.28
0.19

2.20
0.00
1.80
0.01
0.00
0.00
0.80
o.20
0.00

2.97
0.m
2.6
1.66
0.12
0.75
o.44
0.00
0.00

1.98 6.29
0.00 0.01

0.04 2.40
0.67 3.5'l
o.m 0.05
0.43 0.92
0.85 l.8l
0.01 0.46
0.00 0.40

2.96 1.99
0.00 0.00
2.O4 0.01
|.67 1.43
0.n 0.01
o.29 0.50
0.77 0.05
0.04 0.00
0.00 0.00

Si
Ti
AI
Fe2+
Mn
Mg
Cr
Na
K
cJ
7^

6.32
0.08
L67
Llo
0.05
l-99
1.78
0.40
0.13

2.52
0.00
1.4'l
0.01
0.01
0.00
0.4ó
0.53
0.00

3.00
0.01
2.03
r.67
0.15
0.31
0.80
0.00
0.00

1.98
0.00
0.03
o.6'l
0.01
0.43
0.89
0.00
0.00

5-98
0.05
3.30
1.86
0.M
2.t7
1.68
0.41
0.06

2.91
0.00
2.06
1;t5
o.t2
0.76
o.32
0.00
0.00

2.99
0.00
2.07
1.65
0.14
0.68
0.46
0.00
0.00

2.86
0.00
l.t6
0.00
0.0 t
0.00
0. l6
0. l9
0.56

ó.35
0.02
2;18
1.92
0.m
2.4t
r.53
0.37
0.04

5.91
0.02
3.50
2.25
0.04
1.66
1.70
0.43
0.05

5.00 15.57

- 0.57

a
È\
õ
A.

=\
ç,
Þ

Oa(\

o\\o

Tot¡l

XFc

15.53

0.51

15.51

0.52

't.98

0.84

8.04

0.85

4.00

0.7 4

4.00

0.61

4.00

0.61

15.92

0.80

15.86

o;17

't.97

0.94

8.01

0.94

15.39

o.47

15.41

0.51

15.56

0.46

7.99

0.70

8.00

0.69

1.98

o.7l

7.98

0.82

8.00

0.74
5.00

4.9'l 29596

- 0.68

4.93 15.44

- 0.44

Foomots Analyscs carried out a¡ CEMMSA, using a JEOL 733.E1 ser with the support of lvfr Huw Rosser'

pbcllcd rulyrcs r*a in g*,f.iffi-""y'"li"g tñt"ti"aal pair: tt (for result-s for SeothermomeÌry see Table 4)'

A"dt;;ã in avaage ñ calculatiors uling rñe method of Powe 'a



Tabls 4.3 Cmtinued

HR91-22

HR9l-10
t53-16 E53-55

Hbl Hbl Hbl Hbl Pl crt Gû Gn Gn B! Bt Br Pl Crt

Hbl [Ibl Hbl Pl Gn Gn Om Hbl Pl Gn Sl

-T4-Z--TT8--r-¡3-

-î---------T-

Toral 91..t6 95.81 9633 99 10 ro23g 102.63 9651 98 89 10059 103.ó5 99 0 95.92 95.85 g5.g3 969t 99-32 101.33 101 85 102'52 l0l'91 g6'2i 94'67 9290 99 42 'toLt4

sio2
1io2
ADO3
FcO
Ìvl¡O
Meo
CåO
Na2O
K20

43.97
0.49

14.6ó
15.m
o.37

1L28
9.47
1.43
0.10

4Ls'l
o.69

15.B
I 4.13
0-34

1r.24
10.05
136
o.m

4L99
0.50

15.43
l4-85

0.45
10.89

9.81
1.26
0.14

59.26
0.03

25.62
0-04
0.05
0.00
6.92
7.t9
0.00

39.43
0.m

22;lO
28.34

7.67
't 3r
2.v2
0.m
0.00

39.15
0.00

23.00
28.48

1.98
'1.17

2.86
0.00
0.00

4't.35
o.24

77.41
19.40
0.35

t6;17
0.7E
o.20
0.00

42.06
0.49

16.?0
77.t7
0.32
9.41

I1.08
1.20
o.47

52.&
0.19

30;13
0.09
0. 17

0.00
12.69

4.O9

0.m

38-83
o.t2

11 9a

29.92
1.1 I
6.00
4.82
0.00
0.03

28.01
o.72

53.46
13.05
0.10
2.86
0.04
0.01
o.02
0.03
0.61

'1.706

0.149
17.301
2996
0.02i
1.170
o.ot2
0.006
0.008
0.006
0.123

39.35
0.23

77;14
19.23
o.77
6.74

11.32
0.54
1.07

39.98
0.31

17.05
18.61
o.42
7.47

I 1.04
0.9E
0.83

39.41
o.2l

16.73
20;t2

0.52
6.50

r 1.09
o.76
1.09

39.58
0.57

16.89
20.08

0.57
6.90

t7.32
0.99
1.06

47;78
0.14

3 1.84
0.2r
0.00
0.86

15.45
3.U
0.00

38.39
0.00

.r) J)
2s.82

7.71
2.41
7il
0.00
0.07

38.56
0-r0

2Lt5
27.09

4.36
3.2E
6.12
0.00
0.00

38.37
0.03

aa 1a

n.s9
4.30
3.71
6.19
0.00
0.00

38.21
0-05

22.14
n.55

3.55
3.86
6.54
0.00
0.00

2.9'l
0.00
2.03
1.79
o.2i
0.45
0.54
0.00
0.m

35.78
2.31

l8-56
19.99
0.r3
9.79
0.22
0.00
9.46

35.06
)11

18.84
1 8.80
0.18
9.96
0.33
0.00
8;1'1

36.90
r.45

18.52
14. l9
0.34

13.95
032
0.00
7.23

62.54
0.00

T.49
0.00
0.17
0.00
4.û
8.r0
0.03

38.61
0. l0

al l''

28.43
5.55
5 3l
t.42
0.00
000

2.97
0.00
2.O4
1.78
0.28
0.43
0.51
0.00
0.00

6.01 6.09 6.06 6.02 2.2r 3.00

0.03 0.04 o.o2 0.06 0-00 0.00

3.20 3.06 3.03 3-03 r.74 2-O5

2.46 2.37 2.67 2.55 0.01 1.56

0.10 0.05 0.07 0.07 0.m 0.4'7

1.53 l:70 1.49 1.56 0.0ó 0.28

1.85 1.80 1.83 1.85 0.17 0'61

0.16 0.29 0.23 0.29 0-n 0.00

0.27 o.tó o.2l o.2l 0.00 0.01

2.6 2.g9 2.97 6.90 6.19 2.37 L94
0.00 0.00 0.00 0-03 0.05 0.01 0'0r

1.35 2.03 2.06 1.97 2.90 l-63 LO4

0.00 1.80 l.El L36 2'll 0.m l'90
0.00 0.ll 0.13 0.04 0.04 0.01 0'07

0.00 0.83 0.81 3.63 2.06 0.00 0'68

0.33 0.24 0.23 0.12 l:15 0-61 0'39

0.63 o.o0 0.00 0-06 0.34 0.36 0'00

0.00 0.00 0.00 0.00 0.09 0.00 0'00

6.43 6.15

0.05 0.08
L53 2.æ
1.83 l;16
0.05 0.04
2.6E L50
1.48 1.61

0.41 0-39
o.o2 0.04

Si
Ti
AI
Fc2+
Mn
Mg
Cå
Na
K

6.38
0.06
L70
1.84
0.06
L4l
1.56
0-36
0.03

3.00
0-01
LO3
r.76
o.29
0.38
0.53
0.00
0.00

L70
0. 13

1.65
t.26
0.01
1.10
o.02
0.00
0.91

2.6'I
0.16
1.69
t.20
0.01
l.l3
0.03
0.00
0.85

2.77
0.08
l.ó4
0.89
0.02
1.56
0.03
0.00
0.69

2.78
0.00
1.23
0.00
0.01
0.00
o.22
0.74
0.00

L98
0.01
LO1
1.84

0.3ó
0.6 t
0.12
0.00
0.00o

À,

Þ
aa

Þ
:o!(\

\o

Tot¡l

XFc

t5.47

0.41

r5.45

0.41

15.41

0.43

E.00

0.69

15.11

0.39

15.53

0.51

8.03

o;14

15.55

0.62

75.57

0.58

4.98 '1.99

- 0.68

4.99 29.499

0;72

r5.6r

0.64

r5.65

0.62

7.98

o.82

8.01

0.8 t

8.01

0.80

7.79

0.53

7.75

0.51

7.68

0.36

4.98 7.98

0.75

5.05 7.98

- 0.85



Tablc 4.3 Cq¡tinued.

t51-2'l 9504n 950447

Gn Gn Bl Hbl st Pl

85-72

3:49 1

sr Hbl Ou Gr Pl Tcl Cd Pl Hbl Chl

SW SW SW SW SW

950{81

ffi

O¡t Hbl Tlc Ou Om C¡d

853-30

ll:35 ll:38@
A ú,2 rl tl,2 t1,2

Bl

36.03
1.04

t'l.07
10.4E
0.10

17.40
t.t2
l 6l
7.00

40.18
0.80

19.70
13.91
0.48

10.37
10.59
2.D
o.Ð

26.62
0.46

53.10
l1.75
0.28
3.76
0.02
0.01
0.01
0.04
0.19

7.520
0.09E

t7.686
2.777
0.068
1.330
0.006
0.004
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Figure 4.2a. Sketch of euhedral ga-rnet and kyanite poikiloblasts in a muscovite biotir,e schist (85fl5)
Scaleba¡=2mm,
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range of Xps 1= !'slfe+Mg) 0.13-0.45) and has tschermakite substitution (Mg-1Si-1Al1Al1,

from phlogopite) in the range 0.25-0.33. Garnet (Xps 0.63-0.77) is also more Fe-rich in

hornblende-bearing biotite schists. Plagioclase is calcium rich andesine (4n31-32 =Qy'(Ca+Na)

0.31-0.32).

4.3.2 Magnesium-rich rocks

Two rypes of magnesium-rich rocks occur in the Entia Dome, both typified by low

CaO and alkali contents (Table 4.1), but distinguishable by their relative aluminium bulk-rock

contents. Low alumina magnesium-rich rocks occur as isolated pods and have bulk rock

chemistry (including üace element chemistry; e.g. samples 950-081, 950-089, Table 4.1)

broadly consistent with mafic or ultramaf,rc intrusive, cumulate or xenolithic origins. Their low

CaO and Al2O3 contents and high FeO, MgO, Cr and Ni (cf. Sivell et al., 1985) imply an

orthopyroxene cumulate protolith. The hydrated mineral associations occurring in these rocks

involve magnesio-anthophyllite-tremolite (or magnesio-hornblendeftalc--chlorite with minor

biotite, plagioclase, magnetite, rutile and zircon (amphibole nomenclature after Leake, 1978).

Anthophyllite (X¡s 0.12-0.2'/,Table 4.3), tremolite (Xp" 0.06-0.1) or magnesio-hornblende

(Xpe 0.24-0.25) form euhed¡al diamond shaped grains or laths which are surrounded by

acicular to fine talc (Xp" 0.07-0.1, Alvi 0.01-0.04) and chlorite (Xps 0.06-0.16, Alvl 0-0.22)

which tend to form radiating sheaves. Rare intergrown biotite occurs in minor proportions'

The more aluminous Mg-rich rocks a¡e dominated by cordierite and have bulk

clremistry which is comparable to that of the "whiteschists" described by Schreyet (1973)

(Table 4.1, sample 853-39). As noted by previous authors (e.g. McKie, 1959; Robinson &

Jaffe, 1969a; Chinner & Fox, I974) these rocks are compositionally unlike any common

sedimentary or igneous rock-type (having high Al-content but comparatively very low Ca, K

and Fe). Chemically similar sedimentary rocks may result from the deposition of sediments in

an evaporitic environment (Schrey er, 1971). Alternative sources for "whiteschist" type rocks

include hydrothermal alteration (Vallance, 196l),metasomatism (Tilley, 1937; Arnold &

Sandiford, 1990), erosion (with a chemical weathering component) of mafic igneous rocks

(Robinson & Jaffe, 1969a) or partial melting of a more typical rock-type (Robinson & Jaffe,

1969a). The sporadic occurrence of these bodies suggests that their protoliths were not

originally laterally extensive and, with the lack of associated shallow water meta-sediments, is

not consistent with deposition in an evaporitic environment. They are not generally associated

with igneous bodies, nor do they contain evidence of high temperature metamorphism or

partial melts and thus a restitic origin can be discounted. The cordierite-bearing rocks contain

va¡iable amounts of rounded zircon grains and coarse apatite (0.5-2Vo) and they typically

contain abundant rutile. The high apatite and zircon contents and relatively low Cr- and Ni-

conrents (Table 4.1) of these rocks is consistent with a felsic rather than mafic origin.

Sapphirine granulites from the Strangways Range to the West of this area have a simil¿r¡

chemistry (Windrim et al., 1984). The f,reld rclations nnd widely variable REE concentrations
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of those rocks have been correlated with an abundance of minor phases such as zircon, sphene

and apatite which were artributed to precipiution during hydrothermal alteraúon flilindrim et

al., 1984). In the Entia Dome this association of cordierite-bearing Mg-Al-rich rocks is also

consistent with an origin involving hydrothermally altered felsic rocks, which may have

experienced chloritisation (addition of magnesium, removal of silica, calcium and alkalis) and,

by correlation with the Srangways examples, possible mobilisation of trace elements before

metamorphism.

The classification of the bulk chemistry of these rocks as "whiteschists" does not

extend to their mineraiogy which, by dehnition, should involve the assemblage kyanite-talc

(Schreyer, lgl3). Although kyanite is present as elongate, skeletal porphyroblasts (Fig. 4.2b)

sub-parallel to the orthoamphibole, biotite or hornblende foliation, it is never observed with

similariy oriented talc. Kyanite and amphibole (homblende and anthophyllite) are never

observed in contact and kyanite is corroded with optically-continuous relic grains surrounded

by coarse, relatively fresh cordierite (Fig. 4.2b,c). Although kyanite, hornblende and

orthoamphibole define a weak foliation, cordierite is coarse grained, randomly oriented and

undeformed. Fine intergrowths of talc and chlorite are randomly oriented among corroded

amphiboles and cross cut the coarse cordierite grains (Fig. 4.2c). Quartz, plagioclase, rutile

and apatite are suborflinate and zircons are relatively coarse and abundant (up to 0.3 mm). All

of the ferro-magnesian minerals occurring in these cordierite rocks are very Mg-rich (Xr'",mt

0.16-0.2'7, XFe,Oa. 0.07-0.1, XF",C.d 0.07-0.08, XF",rt. 0.07-0.17' Table 4.3' see Fig' 4.3)

and the amphiboles show limited edenite substitution in conrast to associated rock types. The

proportion of tschermakite molecule in both clino- and ortho-amphiboles is high in comparison

to those in other assemblages. The hornblende-plagioclase-bearing Mg-rich rocks are of an

appropriate composition to be included in the following discussion of amphibolite assemblages

and they are described in more detail in Appendix A8'

4.3.3 Amphibolites

Amphibolites in the Entia Dome span a wider range in bulk composition and

mineralogy (the mineral textures and their comparibility relations are described in more detail in

Appendix A8). The most common amphibolite assemblage, hornblende-plagioclase-epidote

(+ clinopyroxene * garnet) typif,res basaltic compositions (e.g. Cox et al., 1980) and contains

signilrcant NaZO (> 1.3 wtfto,e.g. samples 962-017r' 853-180, 962-155). More unusual

assemblages occur in rocks which are relatively depleted or enriched in va¡ious other elements

when compared with typical basalts (Table 4.1). Staurolite- and kyanite-bearing amphibolites

(e.g. samples HR91-4, HR91-8, 853-16) in particular, have high Si- and Al-contents in

comparison to mafrc igneous rocks and high Ca- and Mg-contents relative to felsic rocks'

These compositions are also inconsistent with typical intermediate igneous rocks (e.g. Cox et

al., 1980) suggesting that they have experienced some sort of chemical evolution. The

relatively high rare earth elements (REE) contents of these unusual high-Si-AI-Ca-Mg
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Figure 4.2b. Sketch of corroded anthophyllite and kyanite in cordierire with talc and chlorite (853-74).
Scaleba¡=2mm.

Figure 4.2c Skctch of conodcd hornblendc and kyanitc in cordierire (950-100). Width of view 2mm.
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Figure 4.3. The compatibility relations of cordieriæ-anphibolites, projected from hornblende,
plagioclase, quartz and aqueous vapour onto the AFM (AlO372- FeO-MgO) plane.

Figure 4.4. T}lre compatibility relations of kyanite-staurolite-amphibolites, projecæd from hornblende,
plagioclase, quarø and aqueous vapour onto the AFM (AlO3¡2- FeO-MgO) plane. The crossing

of the tie-lines results from the different stages of reaction presewed in the different sa.mples.
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amphibolites in comparison to the 'basaltic' types suggests that they do not have a cumulate

origin. This is because the incompatible REE would be expected ro parririon inro the melt
fraction of a solid-liquid system, depleting the cumulates in REE in comparison to the

undifferentiated "basalts". It is more likely that the rocks have experienced some chemical

alteration. Because the reaction textures observed in these samples may be simply interpreted

in terms of closed system divariant equilibria in CFMASH, they probably do not reflect syn-

amphibolite facies metasomatism and it is considered likely that the chemical modihcation was

diagenetic in nature.

The bulk chemistry of these unusual amphibolites exerts considerable control on rheir

mineralogy. l,ower Na2O and CaO contents allow unusual assemblages involving
homblende-staurolite-kyanite--orthoamphibols * quartz or corundum. The more Fe-rich

samples contain homblende-garnet assemblages and none of the samples collected contain the

"common" assemblage (calcium-amphibole, chlorite, epidote, plagioclase, quartz t garnet,

Fe3+-oxides, carbonates, K-bearing and Ti-bearing phases, Laird, 1980) which is often

observed in basaltic rocks.

The less calcic and sodic staurolite- and þanite-bearing amphibolites often preserve

evidence of incomplete reactions in the form of coronas and overgrowths and thus are

potentialiy useful in determining the metamorphic history of the rocks. Kyanite typically forms

embayed porphyroblasts which are surrounded by a moat of staurolite inside a rim of anorthitic

plagioclase (see Appendix 48, section 48.5.3). These coronas separate the weakly aligned

kyanite from the generally well foliated homblende-plagioclase * orthoamphibole mosaic

which makes up the bulk of the rock @ig. a.2d). Commonly kyanite is not present and large

subhedral grains of staurolite are rimmed by anorthite-bytownite plagioclase in a hornblende-
plagioclase * orthoamphibole mosaic. Unlike kyanite, staurolite is observed in contact with
hornblende. Figure 4.4 illustrates the compositions of the assemblages in kyanite-sraurolite-

bearing amphibolites. In rocks which do not contain quafiz, corundum rarely occurs in
optically-continuous poikiloblastic aggregates rimmed with anorthite and in contacr with
staurolite in an amphibolite matrix Qig.4.2e).

Coarse, euhedral orthoamphibole is observed in contact with hornblende, often cross

cutting both the hornblende-def,rned foliation and also the hornblende grains themselves (Fig.

4.2Ð. Only in very Mg-rich rocks is orthoamphibole included in another phase @ig.4.2c).
In a number of Fe-rich amphibolites gamet occurs as euhedral porphyroblasts rypically

0.25-20 mm in diameter (see Appendix 48, sections 48.5.1 and 48.5.2) however large (up ro

metre scale) porphyroblasts are also observed. The porphyroblasts often contain large

inclusions of plagioclase, qua.rtz, hornblende and titanium phases which define sraight to
slightly curved inclusion trails (Fig. 4.2h). Rutile occurs in the cores of euhedral gamet

porphyroblasts but decreases in abundance as ilmenite increases toward the rims. Anhed¡aj

garnet grains are generally elongate parallel to the foliation direcion (Fig.4.2l). Staurolite arrei-

g¿unet co-exist in several samples (see Appendix 48, section 48.5.2). Amoeboid inclusions

of staurolite occur in the core of very coarse gamet (Fig. a.zg) which has weak inclusion trails
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Figure 4.2d. Sketch of conoded kyanite porphyroblast separated by a stauroliæ-calcic plagioclase corona
from the homblende-plagioclase-qua¡tz marrix (890-11). Scale bar = 2 mm.

Figure 4.2e Sketch of conoded corundum with suurolite and plagioclase in a homblende-plagioclase-
quartz matrix (890-005a). Widrh of view 2mm.
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Figure 4.2f . Sketch of gedrite cross cutling hornblende foliation and homblende grains (E9C-014). lvidth
of view 2mm.

Figure 4.2g Sketch of gamet porphyroblast containing straight inclusion trails (950-105). Width of
view 2mm.
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Figure 4.2h. Sketch of anhedral garnet porphyroblast with coarse inclusions (962-214). Width of view
2mm.

Figure 4.2i Sketch of garnet porphyroblast contâining staurolite inclusions (950-077). Scale bar = 2
mm
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parallel ro its external garnet--onhoamphibole-hornblende-plagioclase foliation in sample 950-

077. Staurolite also forms inclusions in garnet an orthoamphibole-free sample (853-16)' is

partly included in gamet in sample 950-105 Fig. a.2) and occurs in the matrix in contact with

plagioclase and garnet bur nor hornblende of sample HR91-8 (Fig. a.2k). The composiúonal

variarion of the stâurolire-garnet amphibolites is illustrated in Fig. 4.5. Chlorite and biotite

pseudomorph and rim hornblende, chlorite grows over biotite and hornblende may be replaced

by the low temperature assemblage titanite--epidote-prehnite in garnet amphibolites.

Microprobe analyses flMDS) of staurolites suggest rhatZn does not play a role in the

stabilisation of staurolite in the amphibolites (staurolites contain 0.t2-037 wTVo ZnO = 0-02-

0.l5ZnOper formula unit with 44O+4(OH), Table 4.3 and AS.5) and the mineral chemistry

of the staurolites corresponds fairiy closely with the "normal" ranges reported by Ribbe

(19g2). These relatively low Zn-contents imply that the presence of staurolite in this rare

assemblage must be related to the phase relations of mafic rocks and varying physical

conditions rather than unusual chemisrry. Staurolite in these amphibolites is unzoned and has

well def,rned compositions. It is more Fe-rich with gamet (XFe0.69-0.83) and more

magnesian in rocks which contain hornblende and/or gedrite (Xps 0'52-0'71,)'

Garnet in these amphibolites is generally almandine-rich, (Xalm 0.51-0.7, Xpry 0'1-

0.36, Xsps 0.04-0.16, Xgrs O.04-0.22Table 4.3 and 48.4 and 48.5) individual grains are

unzoned and their compositions are consistent from grain to grain. The analyses show no

evidence of substitution of Fe3+, Ti or Cr for Si or Al. Coexisting gamet a¡ld staurolite show

reversed Fe-Mg partitioning (i.e. Xps,5¡ (0.69-0.83) ) XFe,Grt Q.66-0'14)) in comparison to

typical rocks of pelitic affinity (e.g. Sharma & MacRae, 1981; Spear, 1982; Arnold &

Sandiford, 1990). This may be due to the changing distribution co-efhcient of iron and

magnesium in gamet and staurolite with increasing pressure (4. Purvis, pers. comm.,799l;

see Chapter 6) or possibly the continued reaction of one phase in isoiation from the other (e.g.

Grew & Sandiford, 1985).

Hornblende is pargasitic to tschermakitic (Leake, 1978) and contains up to 0.9 atoms

of Na per 23 oxygens. It generally has an Xpe less than that of co-existing garnet and

staurolite, similar to orthoamphibole and greater than coexisting biotite and chlorite, in the

range 0.21-0.71(Table 4.3 andAg.l-7). The orthoamphibole in the Harts Range amphibolites

is generally gedrite @xcept for the cordierite-rich samples which contain anthophyllite), which

exhibits substantial edenite and tschermakite substitution (0-0.53 Na per formula unit, Aliv

0.62-I.56Table 4.3 and A8.3,4,5,6,7). Gedrite shows no evidence of exsolution lamellae

(even at the micron scale) and there is only one orthoamphibole present in any given sample'

The composition of plagioclase in amphibolites from the Entia Dome shows systematic

variation with the nature of the assemblage in which it occurs. Typically matrix plagioclase is

weakly zoned, with cores several percent richer in albite than the rims (i.e. reverse zoning)'

The most calcic plagioclase (anorthite-bytownite) co-exists with staurolite, while plagioclase

occurring with hornblende, orrhoamphibole or epidote tends to be andesine. The most sodic

plagioclases (oligoclase) occur with garnet. Epidote is generally a solid solution between
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Figure 4.2j. Sketch of staurolite partly included in a garnet porphyroblasr (950-105). Width of view
2mm.

Figure 4.2k Sketch ol staurolite in tle matrix of a gamet-amphibolite (950-105). Width of view 2mm
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Figure 4.5. The compatibility relations of staurolite-gameramphibolites, projecæd from homblende,
plagioclase, quarø and aqueous vâpour onto the AfM (AlO372- FeO-MgO) plane. The crossing
of the tielines and unusual plotting location of garnet result from the variable sodium contents of
plagioclase and hornblende and from the different stages ofreaction preserved in the different
samples.

Figure. 4.6. Compatibility diagram showing the low variance assemblages in the Ha¡ts Range
amphibolites, projected from homblende, plagioclase, quarø and aqueous vapour onto the AFM
(Al2O3-FeO-MgO) plane.
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clino-zoisite and epidote, with 30-9O7o epidote endmember (or Pslg-30, see Table 4.3) in

amphibolites bearing other aluminous phases such as staurolite, kyanite or gedrite. Kyanite

from the Entia Dome amphibolites contains <O.647o Fe2O3 and < 0.17o MnO.

The order of Fe-enrichment in amphibolites is staurolite > garnet > hornblende >

gedrite > biotite > chlorite. Figure 4.6 shows the compatibility relations of quartz-bearing

amphibolites from the Harts Range.

4.4 Conditions of metamorphism

The variety of assemblage preserved in the Entia gneiss complex allows several

different methds of P-T estimation to be employed. Conventional geothermometry, average

pressure estimation and phase equilibria are used here to estimate the conditions at which the

rocks equilibrated. The following section will deal with the information contained in the

amphibolite reaction textures and their implications for the P-T evolution of the Hart Range

region.

4.4.1 Geothermometry

The wide variety of rocks occurring in the supracrustal assemblage of the Entia gneiss

complex provides an opportunity to constrain its thermal history using a number of different

geothermometers. A selection of calibrations of Fe-Mg cation exchange in garnet-hornblende

(Graham & Powell, 1984; Powell, 1985), garnet-biotite (Thompson, 1976; Ferry & Spear,

1978; Hodges & Spear, 1982) and garnet-+linopyroxene (Powell, 1985) pairs have been used

to constrain the peak metamorphic conditions of equilibria in rocks from the Entia Dome.

Calculated temperatures were in the range 570-710"C at an assumed pressure of 5 kbar (see

Table 4.4) andsomewhar higher in samples which showed signs of retroglession. These are

considered to be minimum estimates for peak amphibolite facies metamorphism temperatures'

and show substantial variation (14-99'C) between different pairs of analyses in the same

sample. This may be a function of the different assemblages samples equilibrating at different

times and hence different temperatures due to variations in grainsize.

4.4.2 Ãverage pressure calculations

The results of average pressure calculations by the methd of Powell and Holland

(1988) are presenred in Table 4.5 for the adjacent core (staurolite-garnet-hornblende) and

matrix (hornblende-garnet-gedrite) assemblages in sample 9 50-07 7 . Compositions of

staurolite and hornblende inclusions in garnet and the garnet core compositions were used to

establish average pressures for the core assemblage at 5.4 kbar for an assumed temperature of

600oC. The matrix assemblage hornblende-garnet-gedrite equilibrated at a calculated pressure

of 6.7 kbar for an assumed temperature of 650oC. These conditions are consistent with the

occurrence of kyanite.
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Table 4.4. Tempe.rature estimates made using Fe-Mg parridoning for garnet-hornblende, gamet-biotite and

gamet-clinopyroxene.*

NA{ NA-6 853-1 6 HR91-5 HR91-5 HR91-8 HR91-8
Crt-HbI

)(FeHbl

)(FeCr

XCaGrt

ln Kd

0.51

0.84

0.29

0.52

0.85

0.28

0.51

0.74

0.13

1.005

0.80

0.94

0.23

0.77

0.94

0.20

0.47

0.70

0.11

0.M
0.71

0.16

1.618 1.678 1.332 1.575 0.963 1.049

Tec) G&P2 &7 628 665 6& s8s 660 68s

T("C) c&P 613 654 692 690 614 688 710

Gf-Hbl HR91-20 HR91-21 Fp91-22 HP(91-22 HR91-22 HR9l'22

)(FeHbl

XFeGrt

XCacrt

In Kd

0.57

0.82

0.21

7.192

0.44

0.74

0.10

t.253

0.41

0.69

0.08

0.41

0.69

0.08

0.43

0.69

0.08

0.43

0.69

0.08

1.179 1.150 1.046 1.071

Tec)c&P2 685 511 s69 576 602 595

TCC) G&P 111 602 6V7 6A7 $2 626

fr.-Br HR91-10 853-n 853-27 Grt-Cpx HR91-s HR91-5

0.25 0.25 XFeCpx 0.61 0.6iXarur

Xalm

Xpv

Xg.s

)ßps

0.36

0.63

0.2r
0.04

0.r2

ln K(ideal) -1.661 -7.454 -1.512 ln Kd 2.236 2.338

0.51

0,35

0.06

0.09

0.53

0.35

0.07

0.05

XFeGrt

XCaGrt

0.94

0.23

0.94

0.20

T("C) F&S 602 683 659 T(.C) P 621 581

T("C) T s97 639 625

Tec) H&s 618 7M 687

* Temperature estimatcs arc ncar indcpcndent o[ pressure (varying by -5'Cßbar)'
Abbreviations: Garncr-homblcnde (G&p2) thc updatcd mcthod of Graham & Powell (1984) (Powell, 1985);

(G&P) Graham a¡d Powcll (198a)lGarnct-bioLitc: (F&S) Fcny and Spcar (1978); (T) Thompson (1976);

(H&s) Hodgcs ancl Spcar (1982); Clinopyroxcxc-g¿Ifnct (Powcll, 1985). Calculatcd for 5 kbar'
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Table 4.5. Average pressure calculations*

(a) 950-077 (inside gt) (for x(H2O) = 1.0)

q HzO ilm
a711
sd(a)/a 0 0

ruan
| 0.377

0 0.11644

fst mst

0.232 0.009

0.2 0.57463

Í ftr
0.0003 3.6E-05

1.t547 t.73707

ab

0.62

0.05

a

sd(a)/a

a

sd(a)/a

T"C
avP
sd

f

r
sd(a)/a

sd(a)/a

a

sd(a)/a

T"C
avP
sd

f

500
4.5

r.14
2.r

550
4.9

1.09

1.9

alm
0.244

0.15

575

5.2

T,I2
1.9

600

5.4

t.77
1.9

alm
0.244

0.15

600

6.2

0.82

t.4

hb parg ed Ð cumm

0.0264 0.0148 0.00095 9.5E-06 5.28-06

0.42086 0.50889 0.84708 6.47524 8.77903

gr py

0.00064 0.0125

015t27 0.53073

525

4.7

1.1

2

HzO ilm

625

5.6

1.15

1.9

ru afl

| 0.377

o 0.11644

650

5.9

7.23

2

ab ftr
0.62 3.6E-05

0.05 r.13707

6s0

6.7

1.03

1.6

(b) 950-077 (outside gt) (for x(H2O) = 1.0)

q

1

0

1 1

0

a

hb parg ed gl cumm anth

0.0264 0.0148 0.00095 9,5E-06 5.ZE-06 0.00012

0.42086 0.s0889 0.84708 6.47524 8.77903 7.7999

ged gr PY

0.0171 0.00064 0.0125

0.465ls 0.75727 0.53073

s00
4.8

0.84

1.6

525

5.1

0.83

1.6

550

5.4

0.84

1.5

575

5.9

0.81

1.4

625

6.4

0.8s

1.4

* made using THERMOCALC v 2.2ßl Powell & Holland (1988) a¡rd the enlarged and

updated dataset of Holla¡rd & Powell (i990). Activities calculated using mixing on sites.

For amphiboles activity calculations ignore substitution on the tet¡ahedral sites (as

suggested by R Powell, pen. comm. 1992)

For 95o/o conficlence, fit (= 5¿1¡1,¡) should be less than 1'39
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4.4.3 Theoretical phase relations

The theoretical phase relations in model compositional systems provide another avenue

for interpreting complex textural relations in metamorphic rocks. Here we use phase diagrams

from the literature and earlier chapters to constrain the nature of changes in P-T conditions

recorded as reaction textures in the Harts Range rocks. The constraints imposed by ttre simple

KFMASH (KzO-FeO-MgO-Al2o¡-sioz-Hzo) and FMASH @eO-MgO-Al2O3-SiO z-rbo)

systems appropriate to pelites and rocks of "whiteschist" character are discussed here.

KFMASH

The KFMASH phase diagrams of Powell and Holland (1990) and Dirks et al. (1991)

may be used to place a limit upon the prevailing conditions during foliation development by

comparing the equilibrium assemblages with those represented in the phase diagram. The

presence of garnet in kyanite-biotite schists with muscovite, quartz and vapour implies

temperatues must have been greater than 660oC at pressures greater than the sillimanite-þanite

univariant reaction i.e. > 6.5 kbar as the foliation developed. The subsequent replacement of

kyanite by randomly oriented sillimanite suggests that higher temperatures and/or lower

pressure conditions were intersected at some time after deformation.

(F)MASH

The broadly similar chemistry of the cordierite bearing rocks in the Entia gneiss

complex to "whiteschists" (Schreyer, 1973,1974) suggests that theoretical phase diagrams for

the MASH system may be appropriate to the phase relations of these real rocks. Experimental

work with emphasis on the stability of cordierite under changing physical conditions (Schreyer

& Seifert, 1969a) has been used to construct phase diagrams for the MASH system appropriate

to "whiteschists" (Schreyer, 1973,I974) and chemically similar rock types. The original

work of Schreyer and Seifert (1969a) suggested that a reaction, involving the breakdown of

anthophyllite and kyanite to produce cordierite, takes place as a result of decreasing pressure

from greater than about 10 kbar at temperatures > 800oC. That information has been

superseded by newer data suggesting that the appropriate pressue for this reaction is

approximately 6 kbar (Massone & Schreyer, 1933). The equilibrium thermodynamics

calculations earlier in this thesis (Chapter 2) suggest that kyanite--orthoamphibole is not stable

below about 6 kbar and that cordierite-orthoamphibole is stable only at temperatures > 500oC.

Thus the breakdown of kyanite-orthoamphibole occurred at pressures less than about 6 kbar at

elevated temperatures.
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4.5 The determination of changing physical conditions from metamorphic

reaction textures in amphibolites

The wide variery of amphibolite assemblages and the reaction textures preserved in

them should provide additional information about the P-T evolution of the a¡ea- The Harts

Range amphibolites described above (section 4.3) contain evidence of three distinct divariant

NCFMASH equilibria and their higher variance subsets. Garnet-staurolite-orthoamphibole (+

hornblende, plagioclase, quartz and aqueous vapour) is stable in Fe-rich amphibolites,

þanite-staurolite--orthoamphibole is stable in aluminous and intermediate XFe assemblages

and Mg-rich rocks contain þanite-cordierite-orthoamphibole. As illustrated in Fig. 4.6, these

assemblages do not def,rne crossed tielie relations and thus do not provide evidence of any

discontinuous reactions during the area's P-T evolution. On the contrary, they suggsst that the

preserved assemblages all equilibrated within a single stability field, confined by several

NCFMASH univariant reactions which prohibit assemblages involving stauolite--cordierite,

cordierite-gamet and aluminosilicate-garnet. The absence of equilibrium chlorite in a¡ry of the

Harts Range samples suggests that chlorite may also be metastable in this field, even for very

magnesian samples.

The reaction textures observed in the Fe-rich, aluminous and Mg-rich amphibolites

will be inrerpreted in terms of the chlorite absent CFMASH phase relations developed in

Chapter 3.

4.5.1 Fe-rich amphibolites

The presence of foliation-parallel stauolite inclusions in garnet porphyroblasts

suggests that staurolite-garnet was a stable assemblage in the early stages of foliation

development but that staurolite became metastable as deformation continued. As homblende

occurs as inclusions in garnet in some amphibolites (e.g. samples HR91-8, 853-16, 950-105),

the inclusion assemblage is likely to have been staurolite-garnet-hornblende (+ plagioclase,

quartz and aqueous vapour). This assemblage is triva¡iant in NCFMASH, and can be

described in terms of the equivalent CFMASH divariantreaction:

Staurolite + hornblende + garnet (+plagioclase, quartz' aqueous vapour),

illustrated in Fig. 4.7. Thedifferent stages at which samples 853-16, 950-105 and HR91-8

ceased reacting (i.e. with staurolite completely, partly and not included in garnet, respectively)

is probably due to slight differences in the compositions of the bulk rocks (see Appendix

48.5). According ro the pseudosections constructed in previous chapter (e.g. Fig. 3.17), with

increasing temperature and pressure, the very Fe-rich rocks pass through the divariant

CFMASH field, staurolite-garnet, and staurolite becomes decreasingly stable with respect to

gamet (+ hornblende, anorthite, quartz, vapour) (Fig. a.8). Staurolite inclusions a¡e also

preserved in garnet po¡phyroblasts in contact with a variably foliated gedrite-hornblende-
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Figure 4.1. A compatibility diagram illusrating the CFMASH divariant reaction stau¡olite +
homblende :+ gamet, projecæd from anorthite, qrartz and aqueous vapour onb the AFM (AIZO¡-
FeO-MgO) plane.

Figure 4.8. CFMASH pseudosections appropriate to Fe-rich amphibolites (with hornblende, anorrhire,
quartz, vâpour in excess) showing the changes in pressure and temperature required to cause
stau¡olite to become metastable with respect to gamet and for orthoamphibolè o become stable
with respect to garnel



plagioclase-quartz matrix (sample 950-077). It is likely that the included staurolite was part of

the NCFMASH divariant assemblage staurolite-garnet-gedrite-hornblende-plagioclase-

quartz, which formed during deformation. The cross-cutting nature of some of the matrix

gedrite grains and the lack of any dis-equilibrium textures suggest that gedrite became

increasingly stable as deformation waned. This corresponds in the CFMASH pseudosections

to a decrease in pressure toward the orthoamphibole (+ hornblende, plagioclase, quartz,

vapour) trivariant held (Fig. 4.8). The presence of co-existing staurolite--orthoamphibole

limits the NCFMASH assemblage (see Fig. 4.5) to the region bounded by the NCFMASH

univariants [Crd, Als] and [Crd,Chl] in Fig. 3.20'

4.5.2 Aluminous, intermediate Xps amphibolites

High surface energy coronas of anorthite and staurolite separate foliated kyanite and

hornblende in the hornblende-plagioclase-quartz matrix of aluminous samples (e.g.HR91-2,

HRgl-4, gg0-5A, g90-12). The presewarion of these textures suggests that the relevant

NCFMASH trivariant (or CFMASH divariant) reaction:

kyanite + hornblende = staurolite + anorthite (+ quarZ, aqueous vapour)

@ig. a.9) occurred after signiircant deformation had ceased. This reaction would be most

simply achieved by an increase in temperatrue, however the plessure change associated with

the reaction is unconstrained from this reaction texture (Fig. a.10). Gedrite is observed in the

matrix of some aluminous samples (e.g' 853-93, 890-8, 890-9)' Thus the NCFMASH

divariant assemblage kyanite-staurolite-gedrite-hornblende-plagioclase-qua-rtz-vapour was

probably stable in some rocks (see Fig. 4.4), however it is not cleil from the textures what

parr geddte played in the reaction. The assemblage kyanite-staurolite-gedrite-hornblende-

plagioclase-quartz limits the amphibolites to the the P-T region bounded by the [Crd, Grt] and

[Crd, Chl] NCFMASH equilibria in Fig. 3.20. In some samples (e'g' 890-14, 890-15) the

reactions have gone to completion and all þanite has been consumed.

4.5.3 Magnesium-rich amphibolites

The reaction textures in the cordierite-amphibolites are relatively clear-cut

petrographically. Weakly foliated kyanite, hornblende and anthophyllite, kyanite and

homblende or kyanite and anthophyllite a¡e co¡roded and are never observed in contact' They

are srurounded and separated by undeformed cordierite and plagioclase, implying the

CFMASH reactions:

kyanite + anthophyllite + hornblende + cordierite (+ plagioclase, quartz, vapour)

kyanite + hornblende =+ cordierite (+ plagioclase' quartz' vapour)
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Figure 4.9. A compaúbility diagram illustrating the CFMASH divariant reaction kyanite + homblende
+ stâurolite, projected from anorthite, quartz and aqueous vapour onto the AFM (AIZO3-FeO-

MgO) plane.

Figure 4.10. CFMASH pseudosections appropriate to intermediate Xps amphiboliæs (with hornblende,

anorthite, quartz, vapour in excess) showing the changes in pressure and temperature required to
cause staurolite to become stable with respect to kyanite.
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and the FMASH univariant reaction:

kyanite + anthophyllite + cordierite (+ quarø, vapour)'

These assemblages are presented in Fig. 4.11 and result from decreasing pressure (Fig. 4'12)

As a consequence of the cord.ierite-absent nature of the NCFMASH equilibria in Fig. 3.20,

these Mg-rich assemblages are not represented in the phase diagram. Thus, as suggested in

Chapter 3, the NCFMASH phase relations must involve more than one inva¡iant point, the

univarians of which allow rocks in the stability field appropriate to the Harts Range region to

contain cordierite.

4.5.4 Temporal sequence of reactions

The deformation observed in each of the Harts Range amphibolite samples can be used

as a scale against which to estimate the timing of mineral gowth' This sequence of mineral

glowth can then be compared to other samples and, providing that the same deformation

features are preserved in all samples, a regional chronology of the mineral growth can be

developed. To that end, Table 4.6 presents the temporal sequence of amphibolite phases and

assemblages with resoect to the foliation formation in the individual amphibolite types. The

foliation-parallel nature of the staurolite inclusions in garnet, together wittr the strcngth of the

foliation in the surrounding gamet-gedrite-hornblende-plagioclase-quartz matrix suggest that

staurolite-gamet was stable in the earüest-preserved stages of the deformational history (Table

4.6). The strongly foliated to slightly cross-curting natufe of gedrite in the staurolite-gÍunet-

amphibolites, garnet amphibolites and gedrite-amphibolites suggests that gedrite developed

syn-deformationally and continued to be stable until after deformation ceased.

The weakly foliated natule of þanite, gedrite and homblende in the Mg-rich and

aluminous, intermediate XFe amphibolites and their often parallel fine inclusions of quartz or

plagioclase indicate that these phases equilibrated during a period of deformation. However,

the poorly developed nature of the foliation in these samples suggests that these phases

developed during relatively weak deformation, in the declining stages of an intense

deformation or as strain began to be partitioned into surrounding rocks. It is not clear whether

the foliation preserved in the less Fe-rich rocks developed synchronousty with that in the Fe-

rich amphibolites. Coarse-grained plagioclase and cordierite which make up the matrix of the

Mg-rich amphibolites are undeformed and contain random inclusion trails, suggesting that the

cordierite grew subsequent to any pervasive deformation (Table 4'6)' Similarly' the

preservation of the high surface energy configuration of the coronas in the intermediate XFe

amphibolites suggests that although the coronas are consuming foliated phases, significant

deformation had ceased when staurolite-anorthite became stable (Iable 4.6).
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Figure 4.11. Compatibility diagrams illusrating (a) the CFMASH divariant reaction kyaniæ +
hornblende = cordierite, projecæd from anorthiæ,qùützand aqueous vapour and O) the FMASH
divariant reaction þaniæ + orthoamphibole + cordierite, projected from quarø and aqueous
vapour. Both projecæd onro the AFM (Al2Q-FeO-MgO) plane.
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Table 4.6. The timing of mineral growth in the different amphibolite types
with respect to foliation.

syn- post-

Fe-rich amphibolites

St-Grt-Hbl

Oam

Aluminous, intermediate XFe amphibolites

Ky-Hbl

Oam

St-An

Mg-rich amphibolites

Ky-Hbl

Ky-Oam-Hbl

Crd

Chapter 4.Ilarts Range - 95



4.5.5 P-T evolution of the Harts Range amphibolites

The metamorphic history of the Harts Range region appears to have involved an intense

period of deformation and foliation formation as the pressure and temperan¡re of the rocks

increased (staurolite + garnet + orthoamphibole) through -5.5 to 6.5 kbar (Iable 4.5) and to

temperatures as high as 700oC (table 4.4 andfrom kyanite-garnet pelites)' There is also

evidence of decreasing pressure as the effecs of deformation declined (increasing

orthoamphibole). The formation of weakly foliated þanite and hornblende occurred under

lower temperatures than garnet, garnet--orthoamphibole and orthoamphibole assemblages and

there is no evidence of deformation in the subsequent higher temperature (staurolite) and lower

pres sure (cordierite) Phases.

It is difhcult to reconcile the above pressure, temperature and chronological information

with a single pervasive foliation forming event. The strong foliation preserved in the garnet

and garnet-gedrite amphibolites occurred under relatively high temperature conditions and thus

any late-forming, and thus weakly deformed, equilibria could also be expected to be relatively

high temperanre assemblages. Any assemblages formed early (at low P-T) in this part of the

P-T evolution might have developed under only weak stress, however, as meumorphism

progressed the assemblages would probably become more strained, thus obliterating the weak

deformational features and probably also the lower temperatue mineral assemblage. Thus, if

the kyanite-hornblende rocks formed early in the foliation-forming deformation that co-incided

with gamet growth, the deformation must have been strongly partitioned among different

structural regimes, thus preserving both the texture and the mineralogy of the samples'

Alternatively, the kyanite-hornblende rocks may have equilibrated during a separate stage of

metamolphism during active, but fairly weak deformation'

Independent of the quesrion regarding the timing of kyanite-hornblende growth, the

formation of staurolite-anoflhite and cordierite assemblages occurred subsequent to

deformation, at significantly lower temperatures and pressues than garnet-orthoamphibole

Fig. a.13). Thus, the metamorphic evolution of the Harts Range region involved a period of

heating and increasing pressure, followed by a period of decompression and cooling to

pressures less than about 6 kbar. Further reaction was then initiated in rocks which were not

undergoing active deformation. In absence of evidence for other mechanisms to provide the

activation energy to allow reaction (e.g. deformation or an increase in the fluid content of the

rocks), it seems likely that the activation energy required to initiate reaction was provided by

heat input associated with increasing temperatures. This increase may have been essentially

isothermal and followed by a period of decreasing pressrue or may have involved a

contemporaneous pressure decrease (Fig. a'14)'

From the above discussion, it seems likely that the Harts Range amphibolites provide

evidence of at least two periods of prograde metamorphism. The lack of strong deformational

features associated with the second, lower temperature stage and the lack of crossed tie-lines in

the NCFMASH compositional system implies that this second phase may have been only a
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relatively minor effecr (perhaps a transient thermal pertrnbation) which allowed the activation

energy of the assemblages to be overcome without significantly disrupting the over¿ll evolution

of the region. However, the low temperatures required for these undeformed assemblages are

linle higher than those appropriate to a stable continental geotherm (Fig- a.la) and it is possible

that the two parts of the P-T evolution \¡/ere separated by a long period of time, during which

the P-T conditions of the area were essentially stable'

4.6 Discussion

A small number of the mineral assemblages observed in the Entia Gneiss Complex

provide evidence that the Harts Range region experienced granulite grade metamorphism early

in its history, in common with the eastern Arunta Inlier (Goscombe,l992a,b) and the

remainder of the Arunta Inlier and other northern Australian Proterozoic telranes. However,

the amphibolite grade assemblages which dominate the samples indicate that its later evolution

involved crustal reworking under much cooler thermal regimes Gig. a.la). The most notable

feature of this retogressive kyanite-grade reworking is its regional extent which contrasts with

the metamorphic reworking in other areas of the Arunta Inlier in which higher tsmperature

assemblages are overprinted by very restricted kyanite-bearing retrograde sheil zones (e'g'

Warren, 1983; Clarke et al., 1990).

Ctearly the full significance of the amphibolite facies metamorphism in the Harts Range

au,aits detailed a evaluation of the mineral isotopic systems. A p:eliminary study of this is

presented by Foden or al. (1994). A brief discussion of the pe[ological data as it bears on the

isotopic results of Foden et al. (1994) follows'

Foden and co-workers (1992, lgg4) have identified four distinct isotopic closure

,,events" in the eastern Arunta Inlier. The first of these relates to an episode of significant

crustal growth involving the intrusion of both felsic and mafic magmas at granulite facies

conditions at Ij 65-1735 Ma, which is recorded in U-Pb zircon systematics (Mortimer et al.,

1987; Cooper et a1., 1988) and in some Sm-Nd whole rock isochrons, at 1780-1740 Ma'

Foden et al. (1994) report thar some Sm-Nd and Rb-Sr whole rock isochrons and Sm-Nd

mineral isochrons yield ages in the vicinity of 1463 +170 Ma. Similar ages have been

determined from the Srangways region and Goscombe (1992a) has proposed that high grade

crustal reworking at this time caused re-equilibration of the isotopic systems- a04¡p96¡ ¿ge

spectra from muscovite porphyroclasts in the Ruby Gap duplex, immediately south of the

Harts Range on the northern margin of the Amadeus Basin, may also be correlated with this

mid-hoterozoic resetting of the isotopic systems (> 1100 Ma, Dunlap et al', 1991)' Sm-Nd

systematics of garnet-hornblende pairs from the assemblages described here indicate that this

assemblage either cooled through its closure temperature (-500-650oC, Foden et al', 1994) or

formed at about 450 Ma. Rb-Sr isochrons in micas (closing at lower temperatures'

approximately 500oC, Foden et al., 1994) preserve ages of 400-300 Ma' Similar ages have

been reported from a06rp9¡¡ spectra for neocrystallised phengites (311-413 Ma) from Ruby
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Gap (Dunlap et al., 1991).

The time intervals bepeen the variouS isotopic closure "events"

Entia gneiss complex (i.e.240,900 and 50 or more million years) are

comparison to the thermal time constant of the lithosphere (the time required

geotherm to relax, which is thought to be of the order of 80 million years)'

unlikely that any of these geochronological "events" are causally related by a single cooling

event affecting the whole region. It is probable that at least some of these isotopic events

reflect distinct thermal episodes. Since the isotopic systems with high closure temperatures

retain ages of about 1400 Ma and are correlated with the regional penetrative fabric, this age

probably corresponds to the peak pressure and temperature conditions represented by garnet-

hornblende equilibria. A further thermal perturbation at 450 Ma suffrcient to reset Sm-Nd

mineral systematics may be recorded in the mineral assemblages in the staurolite-anorthite

coronas developed between earlier hornblende and kyanite. It is also likely that the substantial

uplift elsewhere ascribed to the Alice Springs Orogeny (Collins & Teyssier, 1989) at

approximately 300 Ma (and preserved in Rb-Sr mica cooling ages) is recorded in the Entia

Dome amphibolites. This uplift may correspond to the growth of coarse grained cordierite

developed between þanite and hornblende and/or orthoamphibole and sillimanite replacing

kyanite in pelites.

4.7 Conclusion

petrographic evidence from the Harts Range amphibolites suggests that the region has

experienced a complex metamorphic history. This involved early, granulite facies

metamorphism which was followed and largely overprinted by strongly foliated high PÆ

metamorphism assemblages. Later thermal perturbation(s?) allowed re-equilibration under

lower P-T conditions which may have accompanied or been followed by significant

decompression

The pefrographic evidence supporting repeated metamorphic heating episodes suggests

that the isotopic "events" recorded in the Harts Range region may be correlated with the

development of one or more of the observed mineral textures. If this is the case it suggests that

the eastern Arunta Inlier experienced a granulite facies history during the early Proterozoic in

common with other northern Australian inliers, but that it was subjected to substa¡rtial thermal

perturbation and possibty crustal reworking in the late Proterozoic and maybe into the

Palaeozoic.

The metamorphic history of the the Harts Range area and the Arunta Inlier in general

has important implications for understanding Proterozoic tectonics in northern Australia and

world-wide. part of its significance is due to the conüast it offers to the remainder of the

Arunta Inlier and the other northern Australian inliers. In general, the northem Ausfralian

proterozoic terranes a¡e dominated by high P-tow T granulite facies metamorphism (e'g'

cla¡ke et al., 1990; Dirks et al., 1991; Hobbs et al., 1984; Scrimgeour & sandiford,1994)
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and lower temperature, higher pressure metamorphism is restricted to discrete þanite-bearing

retrograde shea¡-zones (e.g. Warren, 1983). This seeming ubiquity of low P- high T

metamorphism in northern Australia has lead several workers to suggest that the tectonics of

the individual inliers was inter-related and strongly dependent on intraplate rather than

interplate interactions (e.g.Loosveld & Etheridge, 1990; Etheridge et al., 1987)' However,

recent work in the Strangways Range has revealed widely distributed high PÆ metamorphism

which overprinted the high T-low P granulite facies metamorphism (e.g. Goscombe,1992b)'

Thus, the eastern Arunta Inlier (e.g. the Srangways and Harts Ranges) has experienced a

meømorphic history at least pa¡tly distinct from many other northern Australian terranes and

this engenders considerable signihcance for the Harts Range in future interpretations of the

northern Australian Proterozoic terranes.
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chapter 5: Kyanite-staurolite-bearing amphibolites from

the Zillertaler AlPen, Austria

5.1 Introduction

Earlier chapters have developed quantitative phase diagams for model systems which

approximate the composition of amphibolites (Chapter 3) and described a new occurrence of

þanite-staurolite-hornblende assemblages from the Ha¡ts Range of central Australia (Chapter

4). The assemblages and phase relations observed in the Harts Range amphibolites are rather

different to those from kyanite- and staurolite-bearing amphibolites reported in the literature

(e.g. Spear , lg77 , 1978, 1982; Selverstone et al., 1984; Ward, l984ai Spear & Rumble,

1986; Schumacher & Robinson, 1987). In order to better understand the phase relations in

kyanite- and staurolite-amphibolites, the many different occurences should all be considered

and this chapter deals with the compatibility relations of kyanite-staurolite-homblende garben

schiefer from western Austria. The following chapter summarises the compatibility relaúons

of kyanite- and staurolite-amphibolites reported in the literature and discusses their

relationships to each other and the calculated phase relations calculated in Chapter 3.

Kyanite-staurolite amphibolites from the Zillertaler Alpen in western Ausria make up

part of a near-complete P-T path determined for the south-westem Tauern Window

(Selverstone et a1., 1984). As a consequence of the variety of low variance assemblages

reported from the area and their location in the relatively well-characterised metamorphic terrain

of the Tauern Window (e.g. Miller ,1974; Droop, 1982; Selverstone et al., 1984; Selverstone,

lgg3),the Austrian samples provide an excellent opportunity for comparing the phase relations

in kyanite-staurolite-bearin g amphibolites.

Selverstone et a|. (1984) briefly describe the petrography of the kyanite-staurolite-

hornblende-bearing garbenschiefer of the Zillertaler Alpen and construct a P-T path for these

rocks. However neither this paper, nor any of the associated publications (e.g. Selverstone &

Spear, 1985; Selverstone & Munoz, 1987), adequately describe the textural and chemical

relations of these rocks. Thus, this chapter includes a summary of the petrography (Table 5'1)

and mineral chemistry (Table 5.2) of the low variance kyanite-staurolite-hornblende

garbenschiefer (described in detail in Appendix 45.10) and related amphibolites and a

discussion of their compatibility relations.
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Table 5.1. Selecred brief perographic descriptions of ¡ocks from ¡he Zille¡¿ler Alpen' sanples 938-

qz Pl Px Hb¡ M¡ B¡ Grt St Ky E" Gú Rt lhn Ank

33b

51

52a

52b

52ß

't2

t,¿a

8l

82

82^

83

83a

83b

9la

9lb

9b

92b

93

94

94a

94b

95

tn

x

x

x

x
P

P

P

z

z

z

z

z

z

z

z

Z

P & Currrn

P

P

P

PRb

Rb

x

lo, Rh

lo

P P.}t'c

xxzR5x
xxx

x
xx
xx
x

10

lo

10

lo

lo

x

lo

xxRb¡x
PZ

x

x

X

Rb

Rb

R

Rh

Rh

x

Rb

xx

x

x

x

x x

xx

X

P

P

Plo

P10

P & Cumm

,P

P

X

x

x

PRb

P2'

P

x

x

lo

XP

lo

10

lo

X

lo

lo

lo

lo

RX

x
xx
xx
X

x
x

XX
X Cål

x

P xx

X

x

x

x
x

X

x

x

X

X

X

x
x

X

X

x

x

X

X

x

X

x

x

x
X

x

z

z

z

z

z

z

z

z

z

z

z

z

Z

z

z

z

z

z

z

z

z

z

z

z

z

x

x

P

x
P

x X

x

x,Rb

X

x

H

P&Cunnn lo,Rh

X

PPPXRb
Rb

PXXGRÌ\bX

XRbX

xxx
xx
xRbx

Rb

xRbx
Rb

pRh

x

xlo

P

xRbx

x

x

X

X

Rh

I

X

lo

10

xX

X

x

X

x
r28

l28a

129

l29a

r29b

l29c

129ó

t31b

140

l40a

l4l

l4 la

l4lb

14 lc

x

x

x
x

X

x

xlo

10

X

x

xloPz

x

P x
x

x

x

x

Abbreviations: X phase Presentr Zzoned,lo primary phase, 2o secondary phase' P poçhyroblastic'

Cal catcite, Rb, retrograde after biotite, Rh rerograde after hornblende, Rg refograde after gamet'

H in hornblende, G in garnet
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Table

%8-1n

5.2 Seleaed probe dara from sample 938-12? recalculated according to Appendix A1

Hbl Pl Bt Grt core Cyrt Grt rim Bt StftPlEP Pl Pg Hbl l{bl core
Grt St Ky

sio2
Tio2
Ar203

FeO

MnO

Mgo
CaO

N¿O
K20
Cr2O3

7rÐ

39.62

0.03

2t.66

30.7'l

3.51

3.82

282
0.00

0.01

0.02

0.08

?9.90

0.,16

53.19

72;12

0.21

L?2
0.03

0.05

0.01

0.03

0.18

8.141

0.094

17.0'14

2.897

0.049

0.900

0.008

0.029

0.004

0.007

0.036

37-50

0.08

59.39

1.83

0.03

0.5'l

0.04

0.05

0.02

0.06

0.13

35.17

1.58

11.55

16.49

0.22

72.66

0.19

0.00

8.49

n.a.

n.a.

2;120

0.092

1.600

1.067

0.015

1.460

0.016

0.000

0.838

37.13

0.10

21.80

27.42

4;14

1.78

8.46

0.05

0.00

n.a-

n-&

2.93'l

0.006

2.033

1.8 14

0.318

0.210

o.717

0.008

0.000

34.83

6.41

19.9'l

26.50

3.46

2.26

7.01

0.00

0.00

n.a.

n.a.

3'1.19

0.09

21.63

30.27

3.63

4.16

3.47

0.00

0.00

n.À

n.a.

2.955

0.005

2.026

2.007

0.244

0.493

0.295

0.000

0.000

36.26

2.09

17.47

74.44

0.00

14;16

0.19

0.00

8.86

n.a

n.a-

2.723

0.118

7.547

0.907

0.000

1.652

0.015

0.000

0.849

28.14

0.36

53.50

r2.70

0.24

2.16

0.03

0.42

0.00

n.a.

n.a.

't;198

0.076

11.479

2944
0.05?

0.890

0.008

0.224

0.000

3'1.43

0.07

27.70

30.98

3.43

4.07

2.89

0.00

0.03

n.a-

n.a

2.968

0.004

2.028

2.054

0.231

0.481

0.246

0.000

0.003

59.09

0.03

23.69

0.53

0.13

0.00

5.66

'1.86

0.02

n.a

n.a-

2.711

0.001

1.281

0.020

0.005

0.000

0.278

0.6n
0.001

36.78

0.05

26.3'l

8.55

0.15

0.08

23.23

0.24

0.04

n.a-

n.a

3.009

0.003

2.543

0.585

0.011

0.010

2.036

0.038

0.0M

5't.93

0.00

24.37

0.14

0.12

0.16

6.31

7;14

0.00

n.a

n.a

44.50

0.16

39.n
0.86

0.10

0.29

0.59

6.56

1.01

0.19

n.a.

41.08

0.4'l

t4.32

16.63

0.15

8.03

10.51

1.04

0.48

0.09

n.a.

6.432

0.05ó

2.643

2.178

0.020

L875

1.764

0.316

0.097

0.01I

41.07

0.70

15.30

16.27

0.56
't.54

r0.38

1.07

0.28

0.20

n.a.

6.377

0.081

280t
2.113

0.074

1.74 5

1.726

0323
0.055

0.024

41.52 58.34

0.48 0.05

16.12 23.71

16.10 0.25

0.13 0.03

8-y3 0.00

10.13 6.02

1.33 7.6
0.37 0.00

n.a n.a
n.a n.a

Total 102.3 99.0 99;l

3.06ó

0.002

1.975

1.991

0230
0.i141

0.234

0.000

0.001

0.ml
0.004

1.02Á

0.002

1.915

0.042

0.001

0.023

0.001

0.003

0.001

0.001

0.003

6.302

0.054

2.885

2.M4

0.016

2.020

1.641

0.390

o.072

2;t0t
0.002

1.294

0.010

0.001

0.000

0.299

0.688

0.000

2;1'15

0.384

1.8'16

1.766

0.233

0.269

0.599

0.000

0.000

96;l

2.69
0.000

1.323

0.005

0.004

0.011

0.311

0.692

0.000

2.918

0.008

3.036

0.047

0.005

0.028

0.041

0.834

0.084

0.010

95.1 96.1 92.4 101.5 100.4 100.4 94.r 9'1.5 100.6 9'l .0 95.5 93.5 92.8 93.4

si
Ti
AI
Fe2+

Mn

Mg

Ca

Na

K
Cr
7na

\
õì
N
(\\
(\\
È-(\:
aÀ,

An

XFe

Aliv
Alvi
Xalm

xpv
Xgrs

Xsps

Ps

0.503

1.698

1.187

0.422

1.280
1.082

1.953

1.623

1.177

Total 7.945 29.240 3.016 15.432 4.994 '1.807

0.303

8.044 7.902 8.027 7.810 29.4'16

0.8% 0.868 0.803 0.354

Ln7

0.593

0.069

0.234

0.104

0.ó16

0.094

0.2t9
0.0E1

0.660

0.162

0.097

0.080

8.015 4.99'1 8.237 5.015

0.285 0.310

0.810

0.682

0.160

0.082

0.07'l

7.01 1 15.391 I 5.31 8

0.537

1.568

1.076

0.548
0_819 0.763

0.688

0.152

0.0E1

0.079
15.236



Table 5.2. Selected probe dara from samples 938-97a.938-52c re¿alculated according to Appendix A1

938-91a
938-52c

chl Pl Bt Gr Hbl ft Hbl
Hbl Pl Bt Grt rim St Hbl Bt PlEp Clìl Pl

si02
TtO2
A1203

FeO

MrO
Mso
CaO

N¿O
K20
Cr2O3

7^O

An

XFe

Aliv
Alvi
Xalm

Xprp

Xgn
)Gps

Ps

37.53

0.00

25.41

6.78

0.08

0.20

24.11

0.13

0.00

0.15

lLA

25.14

0.05

18.11

2LU2

0.03

16.13

0.00

0.00

0.m
0.ul
n.&

56.87

0.14

22.62

0.35

0.01

0.00

7.64

6.90

0.00

0.30

n.i¡-

41.42

0.49

14.24

15.82

0.08

8.36

t0.47

t.37

0.41

0.18

n,a

56.42

0.08

22.68

0.11

0.12

0.00

7.82

6.v2

0.06

0.36

n.a-

35.52

1.86

15.59

17.00

0.13

10.92

0.16

0.00

9.42

0.00

n-4.

37.57

0.13

19.6'.1

32.3'1

1.56

3.49

4.08

0.04

0.00

0.06

n.a.

n.20
0.57

46.9'l

11.14

0.09

1.36

0.07

1.59

0.00

0.08

n.a.

8.263

0.129

16.822

2.829

0.023

0.613

0.022

0.935

0.000

0.018

41.64

0.49

14.80

16.32

0.10

7.54

10.66

1.16

0.30

0.08

n.a

35.49

1.69

15.88

t'I.27
0.09

I1.02

0.25

0.13

9.33

0.08

n.a-

5',1.23

0.00

27.75

0.21

0.11

_0.00

6.96

'7.71

0.00

0.04

n.a.

si02
Tio2
A1203

FeO

lvfriO

Mgo
CaO

N¿O
K20
Cr2O3

ZnO

Si

Ti
AI
Fe2+

Mn

Mg

Ca

Na

K
Cr

7n

An

XFe

Aliv
Alvi
XaIm

Xptp

Xgrs

Xsps

Ps

25.76

0.00

20.33

7'.1.21

0.35

21.41

0.00

0.18

0.00

0.00

n.a-

59.45

0.00

25.25

0.00

0.00

0.00

7.42

7.19

0.07

0.00

n.a.

34.92

0.86

17.65

13.90

0.15

15.59

0.00

0.30

8.43

0.00

n.a.

36.92

0.00

20.19

30.53

2.59

3.68

4.83

0.22

0.00

0.00

n.a.

42.23

0.26

t5.75

ló.38

0.43

8.53

9.75

1.24

0.29

0.00

n.a.

37.59

0.00

20.13

29.74

2.64

3.92

5.21

0.34

0.00

0.00

n.a-

3.014

0.000

1.903

1.995

0.179

0.468

0.448

0.053

0.000

0.000

38,75

0.28

16.12

18.09

0.00

9.82

8,12

¡.40

0.28

0.00

n.a.

81.5 94.8 y2.8 94.6 90.6 99.0 89.0 93.1 91.2 94.0 Total
Tot¿l 94.4

3.082

0.000

2.467

0.46ó

0.006

0.025

2Jn
0.021

0.000

0.010

Total E.193

85.2 99.4 91.8 99.0 94.9 99.6 93.5

Si

Tr

AT

F<2+

Mn

Mg

Ca

Na

K
Cr

7n

2.81'l

0.004

2393
2.063

0.003

2.694

0.000

0.000

0.000

0.006

2.684

0.005

t.259
0.014

0.m0
0.000

0.387

0.631

0.000

0.01I

6.458

0.057

2.617

2.063

0.011

1.942

1.749

0.414

0.082

0.022

L674
0.003

1.267

0.004

0.005

0.000

0.39'l

0.ó36

0.003

0.014

2.827

0.112

1.463

1.131

0.009

1.295

0.014

0.000

0.956

0.000

3.043

0.008

1.878

2.192

0.107

0.421

0.354

0.007

0.000

0.004

6.471

0.058

2.712

L12l
0.013

1.746

1:t'16

0.351

0.058

0.009

2.809

0.101

1.481

1.143

0.006

1.300

0.021

0.021

o.942

0.005

2;722

0.000

1.220

0.008

0.005

0.000

0.355

0.711

0.000

0.002

2.686

0.000

2.500

1.501

0.031

3.328

0.000

0.036

0.000

0.000

2.664

0.000

1.334

0.000

0.000

0.000

0.356

0.625

0.004

0.000

2.686

0.050

1.601

0.894

0.010

1.787

0.000

0.045

0.827

0.000

2.99r

0.000

t928
2.068

0.178

0.444

0.419

0.035

0.000

0.000

6.419

0.030

2.822

2.082

0.055

1.932

1.588

0.365

0.056

0.000

1.581

1.241

6.060

0.033

2.972

L366
0.000

2.289

1.461

0.425

0.056

0.m0

a
s\
(!\
(¿l

N
(\\
Þ
(!
I

È-(\

I

oq

0.434

1.183

1.210

0.515

1.542

r.075

0.466

t.l'13
0.291

9.980 4.91 15.414

0.380

5.003 '1.80'1 8.012

0.385

0.839 0.822

0.713

0.131

0.115

0.035

29.655 15.315

0.549

1.529

1.183

7.828 5.023 Total

0.333

10.082 4.983

0.363

0.311

1.314

l.l 86

7.900 8.063 15.351 8.0ó0 15.661

0.333

1.314

0.287

0.823 0.519 0.810 0.508

0.665

0.143

0.135

0.057

0.645

0.152

0.145

0.058

0.468

1.191

0.2m

1.940

1.032

17.968



Table 5.2 Selected prcbe d¿a from samples 938-52c (continued) and938-724c recalculared acco¡ding to Appendix Al

938-52c (continued)
938-724c

Grt Hbl HbI St Hbl St EP rim EP core Hbl Pl Grtrim KY EP EP Br l{bl

sio2
Tio2
Ar203

FeO

MnO

Mgo
CaO

N¿O
K20
c{203
tufi

37.01

0.33

19.r5

3r.12

1.88

278
5.44

0.00

0.00

0.09

n.a

40.01

0.31

14.86

13.86

0.30

8.E5

I 1.81

1.51

0.31

0.26

n.a

39_90

0.34

15.17

15.98

0.32

7.86

10.38

t.58

0.31

0.25

n.a

27.21

0.50

47.64

11.28

0.38

l.6l
0.15

02ß

0.m

0.00

n.¿L

E.235

0.113

17.000

2.855

o.w7

0.728

0.048

0.153

0.000

0.000

41.38

0.31

14.55

14.26

0.32

9.09

10.97

1.42

0.33

0.24

n.a-

21.64

0.43

47.66

10.92

0.26

r.99

0.06

0.62

0.00

0.10

n.¿L

8.294

0.097

16.860

2.741

0.066

0.888

0.019

0.358

0.000

0.023

36.71

0.00

23.4'l

9.1'l

0.25

0.25

23.31

0.00

0.00

0.37

n.a.

36.28

0.12

20.65

12.02

0.1'l

0.00

22.90

0.14

0.01

0.18

n.¿L

sio2
Tio2
A1203

FeO

lvfrrO

Mgo
CaO

N¿O
K20
coo3
ZnO

Si

Ti
AI
Fe2+

Mn

Mg

Ca

Na

K
Cr

Zn

An
XFe

Aliv
Alvi
Xalm

Xprp

Xg.s

Xsps

Ps

42.37

0.30

I 8.66

15.32

0.11

8.43

10.42

7.49

0.41

0.05

0.17

55.68

0.00

29.05

0.13

0.00

0.00

11.09

5.01

0.05

0.01

0.00

38.69

0.11

21.64

2'.1.85

1.23

2.45

8.31

0.00

0.02

0.03

0.00

38.41

0.01

61.98

0.30

0.03

0.00

0.04

0.04

0.00

0.02

0.08

39.18

0.12

28.56

5.97

0.03

0.04

23.n
0.00

0.01

0.04

0.15

39.26

0.09

2ß.96

8.34

0.14

0.02

?3.43

0.01

0.03

0.03

0.13

38.43

0.80

1 8.56

16.13

0.05

13.70

0.06

0.16

8;17

0.08

0.07

43.52

0.38

1'1.0'l

15.35

0.11

9.34

10.58

1.37

0.3'l

0.00

0.05

6.352

0.041

2.93'l

1.874

0.014

2.032

1.655

0.3 88

0.069

0.000

0.005

1.648

1.289

si
Ti
AI
Fe2+

Mn

Mg

Ca

Na

K
Cr

ZÃ

3.041

0.020

1.855

Lt38
0.130

0.340

0.4'19

0.000

0.000

0.006

0.8ó3

0.692

0.110

0.155

0.M2

6.285

0.037

2;t5l
1.820

0.040

2.0'12

1.988

0.461

0.062

0.032

6.302

0.041

2.824

2.1r1

0.043

1.849

1;151

0.484

0.063

0.031

6.41'I

0.036

2.660

1.849

0.042

2.101

1.822

0.428

0.065

0.029

3.088

0.000

2.328

0.646

0.018

0.031

2.101

0.000

0.000

0.024

3.142

0.008

2.108

0.871

0.012

0.000

2.125

0.0æ

0.002

0.012

6.219

0.033

3.229

1.881

0.014

1.843

7.639

0.425

0.076

0.006

0.019

9't.7

0.505

2.480

0.000

1.525

0.005

0.000

0.000

0.529

0.432

0.003

0.000

0.000

3.040

0.006

2.004

1.830

0.082

0.287

0.700

0.000

0.002

0.002

0.000

1.028

0.000

1.955

0.007

0.001

0.000

0-001

0.002

0.000

0.000

0.002

3.076

0.007

2.643

0.392

0.002

0.005

1.958

0.000

0.001

0.002

0.009

3.092

0.005

2.503

0.549

0.010

0.002

1.978

0.002

0.003

0.002

0.007

2.803

0.044

1.596

0.984

0.003

1.489

0.005

0.023

0.816

0.004

0.004

97.8 92.1 89.0 92.9 89.7 93.5 92.5 Total 101.0 100.3 100.9 9'1.4 98.4 96.8 98.1

Total 92.1

1.698

1.726

cl
s\
ñ\
(â
I

hì
ñ
I
È
ñ
.Þ
È-(\
s
¡

so\

An

XFe

Aliv
Alvi
Xalm

Xptp

Xgrs

Xsps

Ps

Total 8.009 15.548 15,504 29.228

0.468

1.715

r.036

0.533 0.79'l

15.449 29.346 8.236

0.468 0.755

1.583

1.0'77

8.302 Total 15.38 4.975 '1.952 2.996 8.095

0.550

0.865

0.631

0.099

0.241

0.028

8.153 7 ;172 15.3?

0.480

1.781

1.448

0.398

1.197

0.400

22.409 29.733 r1.887 16.555



Table S.LSeleaed probe dara from samples 938-124c recalculated according to Appendix Al

938-124c (continued)
Ms Hbl Grt rim Hbl Grt Bt Grt Bt

Grr core Grt Grt Gn Cm Grt ¡im Bt St Hbl Bt Pl

38.2'l

0.10

21.74

29.89

0.64

3.18

6.55

0.05

0.00

n.a-

n-a-

38.52

0.09

2r.59

29.79

0.70

3.22

6.27

0.0?

0.01

n.è

n.a

38.56

0.M
21.8'l

29.46

0.68

3.34

6.25

0.00

0.03

n.a
n.a

38.99

0.05

21.84

29.34

0.70

3.77

5.96

0.07

0.00

n.a-

n,¿L

38.13

0.00

2t.48

30;16

2.11

2.87

3.67

0.09

0.01

n.:L

n-a-

37.84

1.1 1

19.76

16.30

0.01

13.13

0.07

0.24

8;19

n.a

n.a

28.95

0.53

53.87

12.44

0.12

2.04

0.M

0.01

0.00

0.00

1.55

't.893

0.110

l',l.316

2.836

0.028

0.830

0.011

0.005

0.001

0.000

0.312

42.28

0.37

17.20

16.34

0.03

8.20

10.00

1.34

0.46

0.00

0.04

37.13

1.1 5

18.58

15.66

0.06

13-50

0.11

0.21

8.53

0.02

0.09

60.46

0.00

24.69

0.29

0.04

0.01

6.73

7.41

0.09

0.02

0.04

2.69'7

0.000

7.298

0.011

0.002

0.001

0.322

0.641

0.005

0.001

0.001

45.39

0.45

29.92

r.23

0.00

0.91

0.12

0.9'l

8.99

0.08

n.¿L

47.17

0.35

15.61

15.21

0.00

8.14

r0.56

1.35

0.51

0.11

n-a-

3',1.18

0.16

19.5'l

30.92

0.94

3.52

5.63

0.00

0.00

0.12

n.a.

3.030

0.010

1.8 80

2.10'l

0.065

0.4n
0.491

0.000

0.000

0.008

46;73

0.34

7.33

14.15

0.14

1 1.08

11.33

0.44

0.07

0.30

n.a.

37.68

0.00

19.16

30.38

1.22

3.28

6.20

0.17

0.00

0.11

n.a.

36.13

1.12

14.14

21.80

0.08

9.60

0.30

0.00

8.35

0.06

n.a.

37.79

0.00

19.40

29.33

0.80

3.03

8.24

0.r9

0.00

0.08

n.a.

44.28

0.35

28.11

1.69

0.03

0.9'l

0.35

0.67

8.64

0.10

n.&

3.284

0.020

2.457

0.105

0.002

0.107

0.028

0.096

0.817

0.006

38.59

0.03

21.75

31.18

1.90

3.29

4.03

0.06

0.04

n.a

n.a-

100.2 100.2 100.7 99.1 100.9 9'1.3 99.5 96.3 95.0 99.8 88.1 93.0 98.0 91.9 98.2 9r.6 98.9 85.2
100.4

3.012

0.006

L01'l
1.967

0.043

0.3'13

0.553

0.007

0.000

3.032

0.005

Lú3
1.961

0.046

0.3?8

0.529

0.010

0.001

3.029

0.002

2.0'2Á

1.935

0.045

0.391

0.526

0.000

0.003

3.041

0.003

2.008

1.914

0.046

0.438

0.498

0.011

0.000

3.049

0.000

L025
2.051

0.143

0.341

0.315

0.014

0.001

3.032

0.002

2.016

2.M9

0.127

0.386

0.340

0.009

0.004

2.749

0.061

1.692

0.990

0.001

1.422

0.006

0.034

0.815

6.324

0.042

3.032

2.043

0.004

1.8n
1.602

0.3 88

0.088

0.000

0.005

2.760

0.064

1.628

0.974

0.004

1.496

0.009

0.030

0.809

0.001

0.005

3.249

0.024

2.526

0.0'14

0.000

0.097

0.010

0.135

0.821

0.004

6.380

0.040

2.853

1.971

0.000

1.881

|.753
0.40'I

0.100

0.014

'1.244

0.039

1.340

1.834

0.018

2.561

1.882

0.132

0.014

0.037

3.065

0.000

1.837

2.06'l

0.084

0.398

0.540

0.026

0.000

0.00?

2.895

0.068

1.336

1.461

0.005

1.147

0.026

0.000

0.853

0.004

3.049

0.000

1.846

1.980

0.055

0.364

0.713

0.030

0.000

0.005

o
S\
(\ì
(â

N
(l
I
Þ
(\
I
.Þ
È-(\:
o\

7.9'Ì8 7.966 7 .95't 'I .958

0.841 0.839 0.832 0.814 0.858 0.842

7.945 7.964 7.768 29.342

0.411

1.257

0.441

0.774

0.706

0.133

0.117

0.044

15.36 '1.780 4.9'7'l

0.334

0.394

1.240

0.389

6.939 15.400 8.017 15.101

0.512 0.831 o.4l'l 0.839

0.751

1.7'15

1.620

1.233

0.756

0.584

0.845

0.636

0.117

0.229

0.018

0.495

0.716

1;141

8.026 7.194

0.560

1.105

0.231

0.669

0.129

0.175

0.027

8.040 6.92r

0.528

7.676

1.35'l

0.670

0.\n
0.18 8

0.015

0.673

0.130

0.181

0.016

0.668

0.135

0.1 82

0.016

0.661

0.151

0.1't2

0.016

0.720

0.120

0.110

0.050

0.682

0.r 38

0.159

0.021



Table

93E-51

5.2. Selecred probe da¡a from samples 938-51 a¡rd 938-92a recalculated according to Appendix A1

938-92a

36.43

0.63

14.54

12.57

0.r'1

14.11

0.18

0.00

8.71

0.05

n.a

25.21

0.10

r9.60

14.72

0.26

19.69

0.13

0.00

0.04

0.14

n.&

36.33

0.35

22.06

9:15

0.02

0.06

23.31

0.00

0.03

0.24

n.a-

36.56

0.15

2L76

9.33

0.00

.0.22
23.10

0.00

0.00

0.3'l

n.a

sio2
TíO2
Ar2o3

FeO

lifnO
Mgo
CaO

Na2O

K20
Cr2O3

ZnO

51.70

0_10

0.85

?3.25

0.42

16.04

0.49

0.00

0.03

0.00

n.a.

Cum

0.448

0.035

0.118

37.37

0.00

19;17

33.84

1.01

3.58

3.64

0.00

0.00

0.00

n.a.

23.83

0.19

18.04

35.5'l

0.3'l

8.04

0.12

0.00

0.00

0.04

n.a.

25.02

0.15

19.03

24.02

0.30

14.80

0.10

0.00

0.00

0.18

n.a-

60.11

0.11

20.05

0.24

0.05

0.00

4.22

8.71

0.04

0.00

n.¿

42.03

0.24

13.01

16.40

0.13

8.81

9.75

1.73

0.19

0.14

n.a-

51.95

0.00

0.44

25.15

0.23

14.94

0.ó0

0.00

0.00

0.1 8

n.a

41.31

0.45

14.34

1 5.53

0.00

9.19

1 0.10

1.86

0.35

0.18

n.&

C'rt Ctú 2o Ctil 1o PI Hbl C\m IIbl
Hbl St Hbl PI Pl St Ank HbI

4t.n 57.90 $.n 29-13 0.04 43.9',1

0.00 0.00 0.00 0.39 0'06 0.35

16.33 25.30 24.88 52.90 0.01 17.30

13.34 0.00 0.23 1l-71 11-26 74.66

0.00 0.00 0.00 0.16 0.36 0.16

g.% 0.00 0.00 2.39 19.08 9.94

r 1.0'6 '1.74 ó.60 0.01 30-25 10.64

l.4l 7.M 7:14 0.03 0.05 1.58

o.2t 0.10 0.08 0.03 0-01 0'27

0.00 0.00 0.01 0.16 0.04 0.09

n.a n.a- 0-07 0.18 0'02 0'00

Bt Chl Ep EP

sio2
Tioz
A1203

FeO

MnO

Mso
CaO

N¿O
K20
Cr2O3

ZnO

Si

Ttl

AI
Fe2+

Mn

Mg
Ca

Na

K
Cr

7rr

,10.53 n.08
0.32 0.64

t6.74 50.70

14.29 72.29

0.14 0.17

9.44 2.54

10.92 0.00

0.25 0.49

0.00 0.00

0.00 0.16

n.a- n.a

92.5 Total 92.9 99'2 86.2 83.6 93.5 92.4 93.5 93.3

94.r 93.6 98.1 102.9 9'l.t 61.2 99.0 87.4 '79.3 92.2Total 9L6

6.24'.1

0.037

3.M2

1.842

0.018

Ll68
1.803

0.075

0.000

0.000

7.802

0.139

t'l.221

2.961

0.Ml
1.091

0.000

0.274

0.000

0.037

6.298

0.000

2.938

t;lv)
0.000

2.258

1.808

0.41'l

0.M1

0.000

2.636

0.000

1.358

0.000

0.000

0.000

0.37E

o.623

0.006

0.000

2.130

0.000

1.265

0.008

0.000

0.000

0.305

0.ó48

0.004

0.000

0.002

8.058

0.081

17.255

2;110

0.037

0.987

0.003

0.017

0.009

0.035

0.036

0.001

0.001

0.000

0.266

0.009

0.803

0.915

0.003

0.000

0.001

0.000

6.342

0.038

2.942

1.768

0.019

2.736

1.644

0.443

0.049

0.010

0.000

1.658

1.284

2.925

0.038

1.3'16

0.844

0.011

1.688

0.015

0.000

0.892

0.003

0.333

1.075

0.301

2.180

0.009

2.548

1.303

0.024

3.237

0.015

0.000

0.005

0.012

3.116

0.023

2.231

0.699

0.002

0.007

2.142

0.000

0.003

0.016

3.111

0.010

2.283

0.664

0.000

0.0n
2.106

0.000

0.000

0.025

'7.965

0.011

0.153

2.995

0.054

3.683

0.081

0.000

0.007

0.000

3.028

0.000

1.889

2.294

0.0ó9

0.432

0.31ó

0.000

0.000

0.000

2;133

0.017

2.440

3.411

0.036

1.3'14

0.014

0.000

0.000

0.004

2.166

0.012

2.480

2.221

0.028

2.438

0.011

0.000

0.000

0.015

2.844

0.004

1.1 19

0.009

0.002

0.000

0.2r4
0.799

0.003

0.000

6.586

0.028

2.402

2.149

0.01?

2.058

1.63'l

0.524

0.039

0.018

0.511

1.414

0.988

8.017

0.000

0.081

3.246

0.030

3.436

0.099

0.000

0.000

o.022

6.403

0.052

2,621

2.013

0.000

2.122

1.671

0.558

0.068

0.023

Si

Ti
AI
Fe2+

Mn

Mg

Ca

Na

K
Cr

7Ã
o
5\
(!\

¡

Nì
ô
s
(\
I

\(\:
o
oo

1-'153

1.289

0.842

0:t31
0.139

0.102

0.022

t.234
r.24'l

0.486

-0.017

0.098

0.487

1.597

l.024

Total 15.233

XArl
XFe

AIiv
Alvi
Xalm

Xp.p

Xgrs

Xsps

Ps

29.56'1 15.463

t;102
t.235

5.000 4.963

0.37'1 0320

29.229 1.99 15.390

o:t33 0.249 0.453

7.793 9.934 8.240

0.459 0.731 0.430 0.28'l

1.220

1.328

8.226 Total 14.950 8-028

An

XFe

Aliv
Atvi
Xalm

Xprp

Xgts

)Gps

Ps

10.028 9.9'73 4.994

0.211

0;113

1.2ß7

1.173

0.47'l

15.458 14.932 15.536

25.637 23.892



5.2 Petrography and mineral chemistry of the low variance kyanite-

staurolite-hornblende garbenschiefer

Largeregions of the European Alps are dominated by high pressurc mineral

assemblages attributable to blueschist and eclogite facies metamo¡phism @arnicoat & Fry,

1986; Dal Piaz & Lomba¡do, 1986; Pognante, 1991; Bowtell et al.' t994)' In some cases

(e.g. the Dora Maira massif) very high pressure pyrope--coesite-bearing assemblages are

thought to have equilibrated at pressures up to and exceeding 30 kbar (Chopin, 1984).

However, high pressure parageneses are largely restricted to the Vy'estern Alps. In the Eastern

Alps, metamorphism is generally low-medium pressure greenschist to amphibolite facies,

however the sparsely exposed Penninic units and Austroalpine complexes (e.g. the Koralm

and Öutal) provide some evidence of higher pressure metamorphism in the Eastern Alps (e.g.

Miiler, I977;England & Holland,I979;Droop et a1., 1990). Ernst (1973) has suggested that

the paucity of high pressure assemblages in the Eastern Alps may be due to the severe (and

often complete) thermal overprinting experienced by the region as the terrain evolved.

However the lower pressure greenschist to amphibolite facies metamorphism observed in the

Taue¡n Window is significantly younger than that in the surrounding Ausfoalpine rocks

(Frank et al., lgg2), suggesting that the problem is more complex. Frank etaI. (1992) suggest

that the ea¡lier phase'of metamorphism observed in the Penninic units may be the high pressure

phase associated with widespread medium pressure metamorphism observed in the

Austroalpine units. The þanite-staurolite-homblende assemblages which have been

described from rocks of basaltic composition in the southwestern Tauern Window may provide

evidence of this early high pressure phase which has since been almost entirely obliterated

(Selverstone et al., 1984).

5.2.1 Geological setting

The Tauern Window is one of few tectonic windows in the Eastern Alps where the

penninic basement is observed beneath the structurally overlying Austroalpine nappes. This

basemenr comprises three tectonic slices (Fig. 5.1); (i) the pre-Mesozoic Zenualgneis (Cliffl

1981), a felsic orthogneiss at the base of the section, (ii) the Palaeozoic Lower (Inner)

Schieferhülle and (iii) the permo-Mesozoic Upper (Peripheral) Schieferhülle (Ackermand et

al., 1978). The Lower Schieferhülle consists mainly of paragneisses, mica schists, quartzites

and amphibolites, whereas the Upper Schieferhülle is composed of calc-mica schists, and

intercalated greenstones (Morteani,1974; Ackermand et al., 1978). The relationships between

these tectonic slices is somewhat unclear, especially with respect to the status of the intervening

l-ower Schieferhülle, which has been interpreted as either an autochthonous section, into

which the felsic magma which is now the Zenralgneis intruded (Selverstone & Munoz, 1987)'

or as an allochthonous sheer, either grouped with the Upper Schieferhülle (Bickle et al., 1975)

or separately emplaced between the Penninic Basement and the Ausroalpine nappes
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(Selverstone et al., 1984). A number of workers have also suggested that the l-ower

Schieferhülle plays a somewhat intermediate role as an autochthonous to parautochthonous

nappe over the Zentralgneis basement (Morteani ,1974; Selverstone & Spear, 1985).

In the southwestern Tauern Window (Zillertaler Alpen), in a region sectioned by the

Schlegeis and Zummgrund glacial valleys, a narrow parcel of Lower Schieferhülle is exposed

between two tongues of Zentralgneis. These rocks belong to the Greiner series (Morteani,

lg7 4) and consist of gamet, kyanite and staurolite mica-schists, amphibolites and spectacular

hornblende garbenschiefer. Samples were collected from this parcel of the I-ower

Schieferhülle on either side of both valleys over t'wo profiles approximately 4 km in length (see

Appendix 410, Fig. 410.1).

5.2.2 Petrography and mineral chemistry

The rocks of the Lower Schieferhülle are compositionally layered on a centimeEe to

metre scale with different layers varying in mineralogy, grainsize and the degree of foliation

development and overprinting. The rock-types present may be broadly divided into

hornblende gneisses (+ staurolite, gamet, kyanite, ankerite, calcite), mica-schists (* staurolite,

garnet, kyanite) and combinations of these. The hornblende gneisses (garbenschiefer) of the

lower Schieferhülle are of interest here.

The majority of sampies collected from the Schlegeis and Zummgrund valleys contain a

strong foliation defined by white mica, biotite, homblende, epidote, rutile, ilmenite, quafiz

ribbons and plagioclase aggregates. Garben of homblende may be aiigned in the foliation

plane but also may cross-<;ut it (e.g. Selverstone, 1993). Many samples also contain evidence

of a second foliation manifest as a crenulation of the main foliation. Evidence of further

deformation is often preserved as extensive micro-boudinage and fracturing of garnet and

hornblende grains. In addition to their occtuïence in the foliation, chlorite, white mica,

hornblende and biotite all occur as coarse, cross-cutting grains.

Detailed study of the textural relationships in the hornblende garbenschiefer reveals that

kyanite, staurolite, garnet, homblende, ankerite and epidote are syn- and post-kinematic with

respect to bothfoliation forming events. Neither the timing, nor the order of mineral growth is

consistent benveen samples and the paragenesis is not progressively developed from one

location to another. The consistency of mineralogy between the garbenschiefer samples,

despite their textural variation, suggests that the samples contain equilibrium assemblages

which were formed under simila¡ pressure and temperature. As such, they define subsets of a

single compatibility diagram which will be compared to those from other regions in Chapter 6.

As no clear, consistent perogenetic sequence can be determined, it is not possible to discern

reaction relations from the samples. (The petrography (Table 5.1) and mineral chemistry

(Iable 5.2) of the hornblende garbenschiefer which are summarised here a¡e described more

fully in Appendix. 410. For a list of abbreviations and mineral formulae see Appendix 41.)

The hornblende garbenschiefer are generally dominated by fine aggregates of zoned
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plagioclase, large, undulose quafiz grains or aggegates and hornblende which may lie parallel
to quartz and plagioclase aggregates and/or, across it, either randomly oriented or defïning a

second foliation (e.g. Fig. 5.2). The cores of randomly oriented hornblende ofren conrain

straight (or rarely crenulated) inclusion trails of plagioclase, epidote, a¡kerite or quartz which

are parallel to those in other porphyroblasts (e.g. garneÐ and to the matrix foliation.

Hornblende which is parallel to the foliation typically contains relatively few, randomly

oriented inclusions. Hornblende is generally tschermakitic or ferro-tschermakitic in

composition (Table 5.2) and may be slightly zoned with a slightly Na-rich core and Na-poor

rim. It is commonly surrounded by a rim of greenish, Fe-rich biotite and Fe-rich, dark green

chlorite (e.g. Fig. 5.2).

Plagioclase (typically oligoclase to andesine) often exhibits normal optical zoning, both

as a matrix phase and as inclusions in porphyroblasts, however differences in composition

from cores to rims of plagioclase are typically less than 2 percent (Table 5.2). Good twinning
is rarely developed (partly due to the generally small grain size), however in coarse grains

cleavage planes parallel to the twin lamellae are often the site of sericitisation..

Abundant inclusions are concentrated in the cores of coa¡se garnet grains with almost

totally inclusion-free, euhedral rims. The inclusion trails (e.g. Figs. 5.3,5.4) are generally

continuous with the matrix foliation. Garnet porphyroblasts are often wrapped by the foliation
and a¡e occasionally surrounded by well developed pressure shadows. Anhedral garnets both

with or without inclusion trails are generally elongate parallel ro the foiiation (Fig. 5.5). The

almandine-rich (X¿1¡¡ 0.58-0.74, see Appendix A1 for abbreviations) garnet grains are

compositionally homogeneous or only weakly zoned, most noticeably in the grossular end-

member contents, by about 7 mol Vo (e.9. Fig. 5.6, Table 5.2). The general lack of a strong

zoning profile suggests that all but the coarsest grains have re-equilibrated during and after the

high-temperature part of their metamorphic history.

Staurolite is observed in contact with most phases with no obvious reaction

relationships (e.9. Fig. 5.7). It is commonly subhedral to euhedral and either aligned with or
cross-cutting the foliation. Staurolite is generùly Znpoor with a maximum of 0.36 moles of
Znper unit formula (44 O+ 4 (OH)) in amphibolites (Table 5.2). Kyanite forms weakly

aligned, random and crenulated opticaily continuous aggregates in the quarz-plagioclase

matrix, near hornblende and garnet grains and also in mica-rich portions (e.g. Figs. 5.8, 5.9).

It occasionally forms very coarse aggregates with stau¡olite which may be aligned with or
cross-cut the foliation. Staurolite is associated with biotite and chlorite, homblende and

plagioclase (Fig. 5.10) and kyanite forms crenulated sheaves in the biotite-rich part of some

samples (Fig. 5.11).

Biotite occurs in varying proportions, both as a primary, foliation-forming phase (e.g.

Fig.5.11) and as an alteration product (with chlorite) of hornblende (e.g. Figs.5.2 and 5.12)

and early biotite. Vy'here two generations of biotite are present they are distinguishable by

greenish, Fe-rich nature of late biotite as well as by their textural relationships with the foliation
phases. Chlorite also developed during at least two stages. Mats of chlorite define the
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Figure 5.2. Cross-cutting hornblende with weak straight inclusion rails which are parallel to the weak
matrix foliation þarallel to the staurolite elonlation direction). Homblendei..ir.øty frno
grained Fe-rich biotire (938-tZ7) widrh of viel 2 mm.

Figure 5,3' S-shaped inclusion Eails in the core of garnet. Note that rims a¡e relatively inclusion-free and
euhedral and that garnet overgrows the foliated matrix (938-52:) scale bar = 2mm.
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Figure 5.4. Euhedral garnet with straight inclusion nails in a homblende-quartz-plagioclase matrix (938-
33b). Inclusion t¡ails are parallel to the weak matrix foliation, shown in ttris view by the
orientation of ¡utile and ilmenite grains (in black). Width of view 2 mm.

FiguIe 5.5. Homblende, anhedral garnet and elongate plagioclase defining a weak foliation which is
parallel to the weakly defined straight inclusion rails in garnet (938-33b) and parallel to the short
edge of the diagram, width of view 2 mm.
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Figure 5.7. Staurolite-hornblende equilibrium in a quartz-plagioclase matrix (938-51), width of view 2
mm

Figure 5.8. Kyanite-homblende in contact in a quarfz-plagioclase matrix (938-51). The fine lines
represent. conf,orted fine, linear inclusion rails of paragonite, tvidth of view 2 mm.
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Figure 5'9' Kyanite' hornblendeand biotite in a q,uartz-plagioclase ma*ix in which plagiociase containsconvorured incrusion nats or *rììãmìJa .e3g-szc) widrh of view 2 mm.

Figure;tti 
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Figure 5.11. Crenulated kyanite and biotite with quartz and plagioclase (938-6le) width of view 2 mm.

Figure 5.12. Fractured hornblende in which the fracture is infilled with chlorite-biotite-whiæ mica-
plagioclase-quartz (938-124c) width of view 2 mm.
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foliation di¡ection in some samples whereas later, cross-cutting or infilling chlorite is

associated with altered or fractured hornblende (e.g. Fig. 5.12), biotite or garnet or in cross-

cutting quartz veins. Fine grained white mica (either muscovite, or more often a paragonite-

dominated Solid solution, Table 5.2) defines the foliation direction in a number of samples. It

also occurs as acicular inclusions in plagioclase which may exhibil a very contorted geometry

(Fig. 5.9). Coarser grained white mica may be parallel to the foliation or, more commonly,

cross-cuts the.foliation.

Cummingtonite,generally forms f,rne to rnedium epitaxial grains cjn hornblende @ig.'

S. i¡). Epidote (PsS-¡o) occurs as inclusions in most phases and forms part of most matrix

asSociations as relatively coarse, euhedral grains or very fine anhedral grains in large

aggegates. It is generaily parallel to the foliation and shows zonal birefringence due to

compositional zoning and slight to sÍong pleochroism. Coarse epidote grains are

discontinuously zoned, from pale green, high birefringence epidote in the core to colourless,

lower birefringence (less Fe.rich) epidote in the rim (Table 5.2). Chemical va¡iation in epidote

due to zonation (from clinozoisite-rich cores to epidote-rich rims) may be as inuch as 20 moia¡

Vo. Ilmeníte often dehnes inclusion trails in garnet and hornblende, however the dominant

oxide in.the m?Fx is rutile. Euhedrat magnetite is very.iarely present in the matrix and as

inclusions. Ankerito or, ralely, calcite occurs in the matrix as relatively coarse subhedral to

anhedral grains. It is generally the most Mg-riCh phase present with Xp",4¡¡ in the range

0.lg-0.27 (Table 5.2). The order of Fe-enrichment amongst the phases in these assemblages

is consistent anrl increases in the order ankerite (Xpe,,qnt 0.19'-0.21) < chlorite (Xps,ç¡1 0.24-

0.46) < biotite (Xr.",sr 0.31-0.56) < cummingtonite (Xr",Cor 0.45-0.49) hornblende (Xr'",ttbt

0.30-0.58) < staurolite (Xp,e;St 0.70-0.82) < garnet (Xr",c.t 0.78-0.90, Tabie 5r2).

The garbenschiefer appear to fall into an aluminous and a less aluminous classifrcation;

the mineralogy of the more aluminous hornblende garbenschiefer involves þanite, staurolite,

garnet, hornblende, chlorite, plagioclase, quartz, biotiæ, white-mica, ankerite, epidote and

rutile, whereas less aluminous assemblages involve garlr.-et, cummingtonite, hornblende,

chlorite, plagioclase, quartz, biotite, ankerite, epidote and rutile. The following sections deal

with the compatibility relations def,rned by these assemblages.

5.3 Representation of amphibolites in compositional space

Graphical representation is an important tool for developing an understanding of the

phase relationships in metamorphic rocks. The following sections devise a graphical

representarion for amphibolites (which is also used in Chapters 4 and 6) and discusses the

compatibility relations of the mineral assemblages in terms of this representation.

The chemìcal complexity of amphibolites and amphiboles themselves has been noted

frequently in the past. Robinson et al. (1982, pp. 2) commented that amphibole acted as a

"mineralogical sha¡k in an sea of unsuspecting elements". Amphibolites typically contain

significant amounts of Na2O, CaO, FeO, MgO, Al2O3, SiO2, H2O as well as lesser, but often
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Figure f,1i.ftn. grained cummingtonite in an epitaxial relationship to foliation-forming hornblende
(938-92a) widrh of view 2 mm.
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significant proportions of K2O, Fe2O3, MnO, TiOZ, CO2 and minor ZtO2,ZnO,Ct2O3 and

pZOS. In order to graphically represent the chemistry of the phases and the compatibility

relations of amphibolites, this list of components must be signifîcantly reduced to include only

those which are likely to have an important bearing on the observed phase relations. Some

components (e. g. ZÐZ and PZO 5, TiO2, CO2, þO and Fe2O3) are generally present in

significant proportions in a single phase (e.g. zircon, apatite, ilmenite or rutile, a carbonate

phase, biotite or muscovite and magnetite, respectivelY). As each additional component

stabilises only one phase, the variance of a given assemblage is not affected by their presence

and they may be neglected. Other components such as MnO, ZnO andCr2O3, often occur in

minor proportions in phases which can otherwise be described by the major elements Na2O,

CaO, FeO, MgO, 41203, SiO2. Where these components occur in significant amounts they

increase the stability of the phases they occur in wittr respect to the major element

compositional system. In order to simplify the compatibility relations, phases which are

stabilised by a minor component are generally neglected (e.g. Thompson, 1954) and are

considered to be metastable in the major-element-defined model system. Thus we are left with

a list of major components: Na2O, CaO, FeO, MgO, AI2O3, SiO2, HzO (NCFMASH)'

Although this is a significant simplification of the components, the compositional

system remains too complex for graphical representation (requiring 6 dimensions to represent

the seven components). The list of components may be further simplified by assuming that

other phases are "in excess", that is, they are always present in sufficient proportions that their

abundance is never a limiting factor on any reaction. In the case of many amphibolites, quartz

and plagioclase may be considered to be in excess, while an aqueous vapour is also considered

to be present (or pH2O may be generally considered to be constant). This reduces the number

of components to four, i.e. CAFM. Although four-component, three-dimensional

compatibility diagrams may be represented in two dimensions, they are generally difficult to

read. As calcic amphibole is also consistently present in amphibolites, it is considered to be a

further "excess" phase (cf. Spear, 1978; Spear & Rumble, 1986), further reducing the

components to AFM. It must be noted that the composition of homblende and plagioclase vary

over the compatibility diagram for a particular set of P-T conditions. Thus, the phase relations

in kyanite-staurolite-bearing amphibolites from theZillertal and amphibolites from other

localities will be represented on compatibility diagrams with apices AlOz2,FeO and MgO

(AFM) with hornblende, plagioclase , qvartz and an aqueous vapour in excess. Each

assemblage is plotted separately due to the variation in the composition of both hornblende and

plagioclase between assemblages and the results have been combined to form compatibility

diagrams for the Zillertal amphibolites (Fie. 5. 1 4).
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5.4 Compatibility relations in amphibolites from the Zillertal

Figures 5.I4aand 5.14b depict the compatibility relations of the Zillertal amphibolites.

Figure S,I4aillusüates the divariant (in NCFMASH) assemblages kyanite-staurolite-garnet

and kyanite-staurolite-chlorite (+hornblende, plagioclase, quartz, vapour) and the univariant

assemblage þanite-staurolite-garnet-chlorite reported by Selverstone et al. (1984). Figure

5.14b illusrrates the divariant (in NCFMASH) assemblages found in this study including the

new assemblages staurolite-garnet--chlorite and garnet--chlorite-cummingonite (+hornblende,

plagioclase , qtartz,vapour). The low variance hornblende garbenschiefer define four distinct

assemblages. Fe-rich, aluminous amphibolites contain kyanite-staurolite-garnet-hornblende-

plagioclase-quartz-vapour, whereas Mg-rich rocks contain kyanite-staurolite--chlorite-

plagioclase-quartz-vapour assemblages. Less aluminous samples may contain cummingtonite

with garnet or chlorite and hornblende, plagioclase, quartz and vapour and intermediate

composition samples contain subsets of the assemblage staurolite-garnet-+hlorite-hornblende-

plagioclase-quaft z-vapour.

The equilibrium tie-triangles determined from the Zillertal equilibria, are schematically

consistent, however, they overlap each other slightly and are also overlapped by a four phase

assemblage; kyanite-staurolite-garnet--chlorite (samples 938-52c from this study and FH-lM

from Selverstone et a1., 1984). According to the phase rule, crossed tie-lines may not occur in

compatibility diagrams drawn for rocks which formed under the same intensive variables and

this implies that either:

(1) the garbenschiefer assemblages formed under the same intensive variables but

involved additional components which stabilised some phases out of their model system

stability fields (in a larger compositional system), or

(2) the individual assemblages did not all equilibrate with the same intensive variables

(P-T-pnrO-f9, etc).

Selverstone et al. (1984) suggested that garnet was stabilised in some of the ZillettaJ

assemblages by the ptesence of manganese, however the majority of their reported analyses

and those from this study do not contain a noticeably high spessartine content. Similarly,

staurolite contains only a small amountof Zn (0.02-0.36 moles of Znper formula unit (pfu)

i.e.44O + 4(OH), Selverstone et al. (1984) and this study) and Cr (0-0.05 moles of Cr pfu

from this study) and so is probably not stabilised by these components. Kyanite is also

virtually contaminant-free (e.g. 0-0.003 moles of Cr, 0.006-0.042 moles of Fe2+). Thus, the

slightly overlapping compatibility relations in amphibolites from theZillertaler Alpen do not

seem to result from the presence of a minor component, but stem rather from some difference

in the intensive variables experienced by the different assemblages

Although pressure, temperature, FHzo, pçg, and aøffo) are generally assumed to be

constant over small areas, differences in these intensive variables between individual rocks

may result in apparent disequilibrium between the preserved assemblages. Careful

petrography and analysis of element partitioning shows that none of the phases in the
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amphibolites from theZillertaler Alpen are either relict or retrogmde (other than Fe-rich biotite

and chlorite which have been excluded from the equilibrium assemblage). The almost excellent

fit of the compatibility relations in the Zillertal amphibolites suggests that none of the phases

involved is in gross dis-equilibrium with others, but rather that the individual assemblages may

have equilibrated sequentially under the influence of different intensive variables.

The close proximity of the Zillertal samples suggests that the pressure and temperature

of equilibration is the same for all of the samples, and that a¿z,¡LH2O and ¡t46, are more likely

to vary between samples. Activity of oxygen conrols the proportion of Fe3+ in amphibolite

phases and thus could stabilise some phases outside their normal stability fields. However,

hornblende is the silicate phase most likely to contain Fe3+ (e.g.Powell & Holland, 1990; Will

et al., 1990b) and it is unlikely that increasing the stability of hornblende would have any effect

on the equilibrium assemblage of amphibolites.

Spear (1971,1982) suggested that crossed tie-lines from the Post Pond and

Ammonoosuc Volcanics resulted from the internal buffering of fluid composition (PHzo-ttco)

within different layers. The presence of carbonate in some, but not all, samples from the

Zíllertal suggests that the activity of COZ may have varied between samples and that the activity

of water in the different assemblages may also be variable. This may have allowed the

assemblages to equilibrate under slightly different conditions, resulting in the slight crossing of

tielines and the preservation of both divariant and univariant assemblages, as illustrated in Fig.

5.1,4.

Despite crossed tie-lines in the compatibility relations determined for the hornblende

garbenschiefer from TheZillertaler Alpen, (Fig. 5.la) the small angles between the tie-lines

suggest that the assemblages represent equilibration in a relatively small portion of intensive

variable space. Thus the preserved assemblages may be ascribed to a single compatibility

diagram. The schematic compatibility relations illusEated in Fig. 5.15 describe a complete or

near-complete range of assemblages at the conditions of equilibration (-7 kbar and -550oC,

Selverstone et al., 1984). The compatibility relations are dominated by four three-phase

divariant assemblages: kyanite-staurolite-garnet (+ hornblende, plagioclase, quartz, aqueous

vapour) for Fe-rich compositions, kyanite-staurolite--chlorite in Mg-rich rocks, garnet-

chlorite-cummingtonite in less aluminous rocks and staurolite-garnet-+hlorite in rocks with

intermediate Fe-Mg and Al-contents.

The relatively complete nature of the compatibility diagram allows speculation on the

way the compatibility relations may change under the influence of different equilibration

conditions. For example, the absence of orthoamphibole(s) and cordierite from Fig. 5.15

suggests that a significantly different array of tie-lines will result when these phases become

stable. The stabilisation of orthoamphibole will allow new tie-lines to develop involving

garnet, chlorite and cummingtonite, whereas the growth of cordierite in Mg-rich assemblages

would result in the break-down of the kyanite--chlorite, staurolite-chlorite and perhaps gÍìrnet-

chlorite tie-lines. A change in the relative Fe-Mg partitioning between garnet and staurolite

would also cause a re¿urangement of the tie-lines. The following chapter (Chapter 6) discusses
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the equilibria and the compatibility relations of kyanite-staurolite amphibolites and related

amphibolites reported in the literature and the constraints these provide on the phase relations

of þanite-søurolite amphibolites.
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chapter 6: Review of compatibitity relations in kyanite-

ancl staurolite-amPhibolites

6.L Introduction

In addition to the specific locations discussed in Chapters 4 and 5, kyanite-staurolite-

amphibolites and related rocks have been reported from a number of other areas' Examples

occur in New zealand(Gibson, Igl8,lg/g: ward, 1984a,b; cooper, 1980), Antarctica

(Grew & Sandiford, 1985), North America (Spear, 1977,1978,1982; Helms et al', 1987;

Schumacher & Robinson, 1987), Europe (Purtscheller & Mogessie, 1984; Frey et al'' 1980)'

South Africa (Humphreys, 1993) and the former USSR (Grew et al', 1988)' These many

different occurrences span a variety of compositions from very Mg-rich, "whiteschist"-style

rocks (Grew et al., 1988) to those analogous to mafic volcanics (e.g. Helms et al" 1987)'

They contain a variety of assemblages formed under a range of pressure-tempelature

conditions and hence, provide an opportunity to consrain the compatibility relations of these

unusual amphibolites.

This chapter briefly describes the mineral equilibria and compatibility relations of the

individual assemblages reported from kyanite-staurolite amphibolites and related rocks from

around the world and discusses their relationships to each other and to the petrogenetic grids

determined in this study and by Spear and Rumble (1986)' The most potentially useful

occurences, involving more than one equilibrium assemblage (for example, in both Fe-rich

and Mg-rich samples, Spear, 1982; Selverstone et a1., 1984;Helms et al', 1987; Humphreys'

1993;Chapters 4 and 5) are described first, in order of increasing equilibration temperature'

The occurrences which involve only one low va¡iance assemblage are presented from most Fe-

rich to most Mg-dch. Abbreviations used to describe the chemistry of the amphibolite phases

are listed in Appendix 41. Compatibility diagrams are presented as AFM ternary plots

projected from hornblende, plagioclase, quartz and vapour as outlined in Chapter 5' where A =

Alo3¡2,F = FeO, M = MgO. For completeness' the occurrences from the Harts Range and

ZillertalerAlpen, discussed in Chapters 4 and 5, are also briefly summarised here'

6.2 Amphiboiites from the Post Pond volcanics, vermont, usA

The post pond Volcanics described by Spear (1982) provide a wide variety of low

va¡iance amphibolite assemblages including garnet-hornblende, gamet-staurolite--chlorite-

gedrite-hornblende, gamet-staurolite-<hlorite-hornblende and three- and four-amphibole

assemblages with or without garnet and chlorite (all plus plagioclase and quartz)' The phase

relations developed in the post pond volcanics in the Mt Cube Quadrangle are thought to result
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from metamorphism to approximately 535 + 40oC and 5.5 kbar (Spear,1982). The relative

Fe-enrichment of ferromagnesian phases in the carbonate-absent amphibolites described by

Spear (1932) decreases in the order garnet ) staurolite > gedrite > anthophyllite =

cummingtonite = hornblende > biotite > chlorite > cordierite > talc.

Although Spear (1932) does not report any reaction textures from the carbonate-absent

amphibolites of the Post Pond Volcanics, crossed-tie line relations and apparent univariant

equilibria are evident in rhe chemographic projection used to pofrray their equilibria (Fig. 6.1).

Spear (1932) suggesrs that these result from variable lrnro (and ¡.ra6o) between the samples,

reflecting internal buffering of fluid composition. It is therefore inappropriate to assume

constant puzo and Spear (1932) constructed two separate compatibility diagrams, for high and

low p1¡r9, which are separated by at least three univariant reactions:

anthophyllite + garnet + gedrite + cummingtonite

gedrite + cummingtonite + anthophyllite + chlorite

garnet + chlorite + staurolite + gedrite,

(all plus hornblende, plagioclase, quartz and vapour). Many of the equilibria observed in the

Post Pond Volcanics are intermediate to these two compatibility diagrams.

Spear (1978) and Spear and Rumble (1986) have constructed P-¡rsrg and P-T

Schreinemakers nets, respectively, for the phases observed in the Post Pond and Ammonoosuc

Volcanics. The later investigation (Spear & Rumble, 1936) found that, according to

Schreinemakers analysis, Spear's (1982) original reaction, anthophyllite + garnet + gedrite +

cummingtonite, occurs with decreasing femperature or increasing FHzO, that is, in the opposite

sense to that initially proposed (Spear, 1982; Spear & Rumble, 1986). Thus, the compatibility

diagrams constructed by Spear (1932) have been corrected to include the high ¡tgrg

assemblage gedrite-+ummingtonite and the low p1¡rg assemblage anthophyllite-garnet, and are

presented in Fig. 6.2.

Although the compatibility relations reported by Spear (1982) for more aluminous bulk

compositions are similar to those from other kyanite-staurolite and related amphibolites (Fig.

6.2),less aluminous assemblages containing cummingtonite or two orthoamphiboles are very

rare. The presence of co-existing orthoamphiboles in the Post Pond Volcanics rocks is in

contrast to the single orthoamphibole reported from the Harts Range andZ\llertaJer Alpen

(Chapters 4 &.5), suggesring that the Post Pond Volcanics equilibrated at lower temperatures

(or perhaps higher Puzo) than these occurences (cf. Spear, 1980).

6.3 Kyanite, staurolite and garnet amphibolites from the Zillertaler

Alpen, Austria

The compatibility relations in variable composition amphibolites from theZillertaler

Alpen in wesrern Austria are discussed in detail in Chapter 5 (see also Appendix 410).
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Selverstone et al. (1984) estimates that the ZtllertzJsamples equilibrated at approximately

550oC, 7 kbar. The homblende garbenschiefer contain four distina divariant equilibria in the

NCFMASH system: þanite-staurolite-garnet in Fe-rich rocks, þanite-staurolite-+hlorite in

more Mg-rich samples, gamet--chlorite-cummingtonite in less aluminous rocks and staurolite-

garnet--chlorite in intermediate composition amphibotites (all plus hornblende, plagioclase,

quarrz and vapour, Fig. 6.3). Overlapping tie-triangles and the presence of the univa¡iant

assemblage kyanite-staurolite-garnet-chlorite suggest that" like the Post Pond Volcanics, these

assemblages may have equilibrated under the influence of variable fluid compositions (Chapter

s).

6.4 Kyanite-, staurolite- and gedrite'amphibolites from Georgia, USA

A mafic-ulrramafic slice (the Laurel Creek amphibolite) outcropping in the Blue Ridge

metamorphic province of the Southern Appalachians contains several low variance

assemblages. These include: kyanite-staurolite--chlorite-gedrite-hornblende-biotite-

plagioclase (+ quartz and rutile + pyrrhotite, sample L-112-N, Helms et al., 1987), garnet-

chlorite-gedrite-hornblende-plagioclase (sample L-LI2-D), staurolite-garnet-chlorite-

homblende-plagioclase (sample L-100), staurolite-garnet-chlorite-gedrite-hornblende

(sample L-7g),þanite-<trlorite-hornblende-biotite-plagioclase (sample L-75) and kyanite-

staurolite-garnet-biorire-plagioclase (sample L-36). These assemblages include univa¡iant,

divariant and trivariant associations (when considered as part of the NCFMASH system)

which have developed in samples which have Mg-rich olivine-normative basaltic

compositions. According to the results of mass balance calculations, chemically, the samples

are capable of producing Laird's (1980)"common" amphibolite assemblage, i.e . calcium-

amphibole, chlorite, epidote, plagioclase, quartz * garnet * þs3+-o*ides, carbonates, K-

bearing a¡rd Ti-bearing phase, given the appropriate metamorphic conditions. The relatively

wide-spread occurrence of these otherwise rare aluminosilicate-bearing amphibolites in the

Laurel Creek amphibolite was arrributed by Helms er at. (1987) to the rocks being exposed to

unusual metamorphic conditions. Helms et al. (1987) suggest that the assemblages reported

from the Laurel Creek amphibolite equilibrated at 540-625'C and a minimum pressure of 7 .7

kbar, possibly under conditions of variable pH2o.

The compositions of phases reported from the Laurel Creek amphibolite are relatively

Mg-rich with Fe-partitioning decreasing in the order: XF",SI (0.61-0.73) ) XFe,Grt (0'63-0'73)

) XFe,Oam (0.32-0.35) ) XFe,Hbl (0.30-0.37) ) XFe,Chl (0.2). The hornblende is typically

tschermakitic hornblende or tschermakite and has a variable Na-content (0.09-0.49 moles per

formula unit). Orthoamphibole typically contains less Al and less Na than co-existing

hornblende (Flelms et al., 1987) and the low aluminium content places them at the boundary of

the anthophyllite and gedrite compositional fields (l-eake, 1978).

As seems typical in very low variance aluminous amphibolites (e.g. Spear, 1982;

Selverstone et al., 1984; Chapter 5), there are no obvious reaction textures and it must be
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assumed that the mineral assemblages observed at the thin secrion scale represent equilibrium

associations. The compatibility relations for the hornblende-, plagioclase- and quartz-bearing

Georgia Blue Ridge amphibolites are illustrated in Fig. 6.4. As noted by Helms et al. (1987),

the compatibiliry relations of some of these assemblages cross-cut the othen. It is possible that

small but significant amounts of ZnO or Cr2O3 in staurolite or kyanite, MnO in garnet or

perhaps FezO¡ in hornblende or chlorite might have caused one of these phases to be stable

outside its model system stability field and thus appear in an anomalously low variance

assemblage. Stauroiite in the Laurel Creek amphibolite rypically conlains linle ZnO (< 0.05

mol per formula unit), Cr2O3 content not reported a¡d no kyanite analyses were given (flelms

et al., 1987). The low spessanine content of garnet (Xsps 0.02) suggests that garnet is not

stabilised by MnO. These low concenrations of potentially stabilising components suggest

that none of the phases are stabilised outside their normal stability fields and that crossed-tie

lines cjef,rned by the Laurel Creek assemblages rocks may, like those of Spear (1978; t982),

result from variable Lrgro between the samples.

The assemblages described from samples L- 112-D (garnet, chlorite, gedrite) and L- 100

(staurolite, garnet, chlorite) are compatible with each other, but not with the univariant

assemblage in sample L-112-N (kyanite, staurolite, gedrite, chlorite), suggesting that these

assemblages span at least two univariant NCFMASH reactions which bound the garnet-

chlorite and staurolitc--chlorite stability fields. Figure 6.5 displays the sequence of schematic

compatibiliry diagrams which must relate the assemblages observed in the Laurel Creek

amphibolite. Figure 6.5a displays what is expected to be the lower temperature conf,rguration

.which is bou¡ded to higher temperature (as chlorite is a very hydrous phase it is iikely to occur

on the high ¡rgrg, low temperature side of a reaction) by the reaction,

garnet + chlorite + staurolite + gedrite (+ hornblende, plagioclase, quartz, vapour).

With decreasing p¡1r9 or increasing temperature another chlorite-bearing reaction,

staurolite + chlorite = kyanite + gedrite (+ hornblende, plagioclase, quartz, vapour)

would be encountered. The assemblage in sample L-75,þanite-+hlorite, may be stable in any

of these cornpatibility diagrams. The low variance assemblage in sampleL-70 (staurolite-

gamet-chlorite-gedrite) which reportedly lacks plagioclase corresponds to the lower

tempefature reaction between Fig. 6.5a and b, implying that if (as seems likely given the calcic

nature of the garnet and the presence of hornblende, Helms et a1., 1987) a small amount of

plagioclase was, this assemblage would fit sensibly into the compatibility relations illusüated

here.

The intermediate Xpg of the Laurel Creek amphibolite and its abundance of low-

variance assemblages with complex phase relations make the Georgia Blue Ridge amphibolites

a potenrially useful tool for understanding the compatibility relations in kyanite- and staurolite-

amphibolites.
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6.5 Aluminous gneisses from South Africa

The Copperton Formation is a poly-metamorphosed Meso-Proterozoic island-arc

sequence (FIumphreys, 1993) in rhe western part of central South Af¡ica. It consists of

granulite and amphibolite grade gneisses and schists which include aluminous orthoamphibole

and hornblende amphiboütes. Of particular interest here a¡e the ra¡e sillimanite-stau¡olite-

cordierite-hornblende and cordierite-gamet-gedrite-hornblende assemblages' The co-

existence of sillimanite (rather than kyanite) with hornblende has been reported previously only

from amphibolites in south western New Hampshire (Schumacher & Robinson, 1987) and the

cordierite-garnet-gedrite-hornblende association appears to be unique to this localiry' The

relative Fe-enrichment of the amphibolite phases decreases in the order gamet > staurolite >

orthoamphibole ) hornblende > chlorite > cordierite (note that hornblende is more Fe-rich than

orthoamphibole in Some samples, but that the trend is reversed in others)'

Although Humphreys (1993) considers that these sillimanite-staurolite-hornblende

assemblages are nor related to those of Selverstone et al. (1984) or Helms et al. (1987), their

similar mineralogy suggests rhat the reactions which control the stability of the Copperton

assemblages will also be appropriate to less aluminous assemblages (cf. Selverstone et al',

Fig. 5, 1984). Humphreys (Table 2,1993) Ieports three separate sets of mineral equilibria,

the first of which formed under intermediate pressures and temperatures resulting in the

amphibolite assemblages sillimanite-staurolite-cordierite-hornblende-plagioclase-quartz a¡d

cordierite-garnet-orthoamphibole-hornblende-plagioclase-quartz (Fig. 6.6a). Upon cooling

and rehydr-ation (at similar pressures) these assemblages became metasuble and were replaced

by assemblages involving kyanite-staurolite-+hlorite and containing the staurolite-

orthoamphibole, staurolite-<hlorite and sillimanite-chlorite tie-Iines, respectively (a11 with

hornblende, plagioclase and quart z,Fig6.6b). Later reheating resulted in the growth of

stawolite after chlorite and garnet after staurolite and orthoamphibole. This latter stage seems

poorly constrained and will not be discussed further'

Humphreys (1993) has obtained estimates of -580-620oC and > 6'1 kbar from

conventional geothermobarometry on peak metamorphic assemblages, however in the

discussion of the p-T evolution of the area, he quotes significantly different peak conditions

(600-625"C and 4 kbar), derived from the FMASH grid of Hudson and Ha¡te (1985). The

relevant assemblages a¡e limited to a maximum pressufe and temperature by the position of the

FMASH invariant point [Chl] (Hudson& Harte, 1985; Humphreys, 1993)' Ea¡lier sections of

this thesis and other simila¡ works (Xu et al., 1993) have placed this invariant point (Ip1'

tchu) at conditions of about 6 kbar and 65OoC (Chapter 2). These conditions a¡e similar to

those determined from geothermobarometry and thus, the original estimates a¡e considered to

be more appropriate for the purposes of this discussion'
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6.6 Amphibolites from the Harts Range, central Australia

Kyanite-, staurolite-, garnet-, cordierite-, and orthoamphibole-bearing amphibolites
have been reported from Proterozoic supracrustal rocks in the Harts Range region of cenral
Australia (Chapter 4, Appendix A8). These phases define a number of equilibria which span a
relatively broad segment of compositional space, and thus provide good constraints on the
compatibiliry relations of the amphibolites and on their reaction relations and pressure-

temperature history. The amphibolite grade rocks have been metamorphosed to an estimated
maximum pressure of 7 kba¡ and to temperatures up to 650-700"c.

Poikiloblasts of garnet preserve weakly aligned inclusions of more Fe-rich staurolire,
hornblende, plagioclase, quartz and ilmenite, suggesting that these phases once defined an

equilibrium assemblage. The matrix assemblage contains foliated garnet, gedrite, homblende,
plagioclase, quartz and ilmenite. Staurolite is not a matrix phase in samples conlaining gedrite,
implying that the early foliated assemblage staurolite-garnet became metastable with respect to
gedrite-hornblende in gamet-bearing samples. For detailed descriptions and interpretation, see

Chapter 4 (See also Appendix A8).

Other samples contain porphyroblasts of þanite and hornblende which define a weak
foliation in a plagioclase, quartz * gedrite (+ accessories) matrix. Kyanite is typically rimmed
by moats of staurolite and anorthitic plagioclase and is never observed in contact with
hornblende. The matching shapes of the boundaries of both kyanite and hornblende with the
enclaves as a whole suggests that these two phases defined an equilibriurn assemblage form an
equilibrium assemblage which later became metastable with respect to staurolite and anorthite.
The corona textures preserved in these samples (see Chapter 4 & Appendix A8) suggests that
the samples have experienced minimal deformation and metamorphic oveqprinting since their
formation.

Less calcic, more magnesian samples are preserved in rare outcrops of "whiteschist"-
like rocks which contain small amounts of hornblende and plagioclase. A foliation assemblage
of porphyroblastic kyanite, hornblende and anthophyllite is overprinted and corroded by
coarse-grained, randomly oriented cordierite and plagioclase (Appendix A8). This suggests
that subsequent to deformation, kyanite-hornblende-gedrite became metastable with respect to
c ordierite-pl a gi ocla se.

Cummingtonite has been observed in less aluminous rocks, co-existing with
hornblende, garnet , relict clinopyroxene and orthopyroxene and minor plagioclase.

The amphibolites from the Ha¡ts Range define a relatively complete compatibility
diagram, portrayed in Fig. 6.7 in which the Xp" of the phases decreases in the order staurolite
> garnet > cummingtonite > hornblende ) orthoamphibole > cordierite. The observed minerai
textures may be interpreted in terms of continuous reactions and do not violate the NCFMASH
compatibility relations (Fig. 6.7, see Chapter 4). Fe-rich samples are dominated by staurolite-
gamet-gedrite, intermediate Xps samples contain subsets of kyanite-staurolite-gedrite and Mg-
rich samples contain kyanite-cordierite-anthophyllire. Very Mg-rich rocks might be expected
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Figure 6.7. Compatibility diagram for the Harts Range amphiboliæs; (+ hornblende, plagioclase, quartz
andaqueous_lvapogù Equilibration conditions up to 650-700"C, 7 kbar. Data from Chapter4
(and Appendix A4). Dotred tie-lines are implied only.

Figure 6.8. Staurolite and garnet from the Lanterman Range, Ana¡cdca (+ hornblende, plagioclase,
quartz and aqueous vapour) equilibrated at > 6 kbar, 500-650'C. Data from Grew & Sandiford
(198s).
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to conrain chlorite or talc, perhaps wirh cordierite and anthophyllite, however it is possible that

these phases are not stable under these conditions. Cummingtonite is observed in only one

trivariant assemblage (gamet--cummingtonite), however this assemblage, and the presence of

cummingtonite in the similar grade amphibolites from the Zillertaler Alpen suggests that other

lower variance assemblages, such as garnet-gedrite-cummingtonite or chlorite-gedrite-

cummingtonite (if chlorite is s¡able) or cordierite-gedrite--cummingtonite may be stable at

similar P-T conditions.

6.7 Staurolite-garnet-hornblende biotite schist from the Lanterman

Range, Antarctica

Staurolite inclusions in margarite enclosed by garnet were reported from hornblende-

biotite schists in the Lanterman Range of northern Victoria Land, Antarctica (Grew &

sandiford, 1gg5). The staurolite has been interpreted as a relic of the previous assemblage,

staurolite-garnet-hornblende. The relationship between the matrix phases and the inclusion

assemblage is not clear. The grossular-rich garnet porphyroblasts (Xgrs 0.16) are generally

less Fe-rich (Xps 0.61-0.67) than the coexisting sraurolite (Xre 0.8) (Fig. 6.8) and Grew and

Sandiford (19g5) suggesr that this results from the continuing reaction of the small staurolite

grains in isolation from garnet. The equilibration conditions for this assemblage are thought to

be at least 6 kbar at intermediate temperatures, that is, similar to the 500-650'C, 7-10 kbar

proposed for the nearby Mt Burnsen rocks (Grew & Sandiford, 1984' 1985)' The Fe-rich

nature of this sample (Fig. 6.8) means that is unlikely to show crossed tie-line relations with

the assemblages discussed above, however the relative Xpg of garnet and staurolite may

provide an important indication of P-T conditions'

6.8 Kyanite-staurolite garnet amphibolites from the Otztal, Austria

purtscheller and Mogessie (1984) report that relatively calcium-poor amphibolites in the

Sölden region of the Austrian Ötztal contain equilibrium assemblages including kyanite-

staurolite-ga¡net-hornblende. Staurolite needles occur predominantly along grain boundaries

common to hornblende and gamet grains and also as fine inclusions in both of these phases'

Kyanite also appears as inclusions in garnet and at grain boundaries of garnet with hornblende'

The compatibility relations corresponding to the equilibria involving ferroan pargasite,

almand.ine- and grossular-rich garîet, kyanite and staurolite are depicted in Fig. 6.9 and were

constructed on the assumption that quartz and plagioclase were probably present in these

samples, although the authors omitted to mention them (no corundum was described from the

samples). staurolite (Xpe 0.68) is more Fe-rich than co-existing garnet (XFe 0.59) and both

are poor in the potentially stabilising minor components zinc, chromium and manganese'

Purtscheller and Mogessie (1984) suggest that this assemblage may have equilibrated at a
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Figure 6.9. Kyanite-staurolite-garnet from the Sölden region of the Oaøl,Austria (+ hornblende,
plagioclæe, quartz and âqueous vapour) apparently equilibrated at 34 kba¡, < 670oC (Purtscheller
and Mogessie, 1984). Independent information from the presence of þanite and the association of
contemporary eclogites suggest at least intermediate pressures of formation. Data from
Purtscheller and Mogessie (1984).

Figure 6.10. Compatibility relations from Frodalera near the Lukmanier Pass area of south-eastern
Switzerland (+ hornblende, plagioclase, quartz and aqueous vapour) equilibrated at 7.7 kbar, 530-
580'C. Data from Table 6.3.
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maximum temperarure of 670oC at a pressure of 3-4 kba¡, however this is at odds with both the

presence of þanite in the equilibria and associated eclogites of the same age (Purtscheller &

Mogessie, 1984, pp. 230) which both suggest at least intermediate pressure metamorphism.

6.9 Kyanite-staurolite-garnet amphibolites from Frodalera, Switzerland

Frey et al. (1980) report kyanite-staurolite-garnet-bearing hornblende garbenschiefer

from Frodalera near Lukmanier Pass in south-eastern Switzerland. These Upper Triassic

Quartenschiefer occur in a narrow zone south of the Gonha¡d massif and were collected by Dr

Andy Barnicoar who has kindly made the samples available for this study. Frey et at. (1980)

reports that the Quartenschiefer often contain coarse hornblende which are sheaf-like (garben)

in habit and are part of the assemblage: homblende-þanite-staurolite-garnet-biotite--chlorite-

plagicclase--epidote-quartz-ilmenite. The Hornblende garbenschiefer are thought to be the

high grade equivalents of dolomite and calcite-bearing chlorite mica schists found to the north

at Lukmanier Pass (Frey et al., 1980).

The garbenschiefer commonly contain hornblende poikiloblasts with a ftner, strongly

foliated biotire-€pidote-plagioclaseluartz * white mica * rutile r ilmenite * homblende

matrix. The foliation often wraps around the coarse, randomly oriented to subparallel

homblende and slightly elongate garnet. Subhedral to euhed¡al gamet, hornblende and kyanite

often contain straight inclusion fails of epidote, plagioclase, quartz, ilmenite and rutile.

Dolomite is restricted to isolated inclusions in coarse hornblende grains and hornblende is often

surrounded by a biotite selvage. Staurolite and kyanite occur in several samples as small (<

0.5 mm in length) elongate grains subparallel to the foliation direction and in contact with

biotite, white mica, plagioclase, quartz and homblende and both þanite and staurolite may be

corroded. Petrographic summaries of the Frodalera homblende garbenschiefer are given in

Table 6.1 and selected mineral composition information is summarised in Table 6.2.

The phases analysed from the Frodalera amphibolites are broadly similar to those from

other areas. Tschermakite to tschermakiric hornblende and andesine to iabradorite plagioclase

(An¡t¿q) dominate the matrix. More calcic plagioclase (bytownite, AnzO-sz) is observed in

association with staurolite and kyanite plagioclase and more sodic oligoclase (4n2444) is

observed in association with gamet. Garnet is the most Fe-rich phase analysed (Xps,6¡¡ 0.86-

0.87), followed in decreasing order by staurolite (Xps,5¡ 0.74-0.79), hornblende (Xr'",nut

0.45-0.56), chlorite (Xp",Cnr 0.37-0.48 after primary biotite, 0.74 with secondary biotite) and

biotite (X¡.",gt 0.34-0.45 for primary biotite, 0.69 for secondary grains). Epidote is a solid

solution mixture of pistacite and clinozoisite (Ps1t-zi) and garnet is dominated by the

almandine and grossular end-members (Xalm 0.63-68, Xpry 0.09-0.11, Xgrs 0'16-0'21, Xsps

0.05-0.06).

The lowest variance assemblages observed in the samples include kyanite-staurolite-

gamer-hornblende (+ plagioclase-quartz--€pidote-biotite t ilmenite t rutile) (51773b);
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Table 6.1. Selected brief petrographic descriptions of the Hornblende Ga¡benschiefer from Frodlera

Swiøerland

Qø Pl IIbl Ms Bt Grt St Ky Ep Chl Rt Ilxn Ank

517',l3a

5t773b

51774

517't5

51775b

51776a

51776b

5r7',t7

XXPXXPXXXRbXX

XXPlOR XXZRb H

G

H

xzP

XZP

xzP

XZP

xz10

XZPP

X

XX

XX

XX

x

P

XZRh

PZRbX

PZR

z

zRh

xRh,bxx

X

XXP

P

X

Abbreviations: X phase present, Zzoned,l'primary phase, 2o secondary phase, P porphyroblastic'

R retrograde, Rb retrograde after biotite, Rh retrograde after hornblende, H in hornblende'

G in garnet
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Table 6.2 Selected mineral composition dara from the Frodalera amphibolites' n'a' = not analysecl'

Pl St
chl

24.65
0.00

20.84

2r.02
0.00

18.58
0.00
0.15
0.00
0.00
n.a,

Iìm

2.57
58.78

r.25
sio2
Tio2
À1203
Fe203
FeO

MnO
Mgo
CaO
Na2O
K20
cflo3
ZnO

48.U7

0.00
32.82

38.86
0.00

26.n

47.88
0.00

33.19

n.42
0.&

51.58

3'l.16
0.00

62.40

38.6'l
0.00

26.34

38.96
o.l2

26.90

46.85
0.38

32.42

2.18
0.00
l.0t
0.12
0.62
9.62
0.00
n.a.

38.28
1.70

17.81

43.54

0.37
16.82

r4.û
0.00

10.08

tt.n
r.43
0.34
0.00
n.a.

59.32
0.00

26.13

42.80
0.24

17.0ó

0.34
100.00

o32

37;18
1.64

r6.42

0.00
0.00
0.00

16.33

2.2r
0.00
0.00
n.a.

't.69

0.00
23.49

0.33

0.1 1

0.00
0.00
n.a.

0.35
0.00
0.00

t6;13
2.19
0.06
0.00
n.a.

t2.73
0.15
2.51

0.00
0.82
0.00
0.13

n.a.

0.2'l
0.00
0.18
0.00
0.21

0.05
0.00
n.a.

7.77
0.00
0.00

23.76
0.30
0.00
0.14
n.a.

't.56

0.00
0.00

23.56
0.38
0-07

0.00
n.a.

16.t2
0.00

11.02
0.00
0.14
9.20
0.00
n.a.

0.33
0.00
0.00
8.31

6;74
0.00
0.00
n.a.

15.57

0.00

9;10
10.99

1.45

0.33
0.00
n.a.

3t.ll
0.m
0.n
0.30
0.'2.6

0. t2
0.00
n.a.

0.60
0.00
0.17
0.30
0.00
0.00
0.00
n. a.

t4.70
0.00

t4.37
0.25
0.15
9.34
0.00
n,a.

.2 I 98. l

6.270
0.026
2.946

1.908

0.000
2.1l8
1 i25
0.412
0.062
0.000

94.7
.3 100.4 9'I .0 .5 94.3

1.012
0-000
t.233
0.000
0.020
0.881

0.000

si
Ti
AI
Fe3+
Fe2+
Mn
Mg
Ca

Na
K
Cr
Zrt

2.2t2
0.000
1.781

0.000
0.000
0.000
0.805
0.19'l
0.000
0.000

2.909
0.000
2.363

0.482
0.000
2.621
o.026
0.016
0.000

0.000

2.r91
0.000
1.190

'1.763

0.136

t'l .216

1.002

0.000
1.9 84

3.W2
0.000
2.483

3.089
0.007
2.5r5

3.185
0.0r9
2.598

o.124
0.000
0.102
0.009
0.082
0.834
0.000

2.8'14
0.096
t.576

6.326
0.040
2.881

2.623
0.000
2.614

2.628
0.000
1.365

0.012
0.000
0.000
0.395
0.5't9
0.000
0.000

0.062
1.073

0.036

0.004
0.985
0.005

0.007
0.000
0.m3
0.004
0.000
0.000
0.000

2.824
0.092
1.44'l

0.919
0.000
1.601

0.020
0.o22
0.891
0.000

0.013
0.000
0.000
0.820
0.194
0.004
0.000

3.014
0.036
1.059

0.000
0.450
0.000
0.029

0.006
0.000
0.007
0.000
0.011
0.002
0.000

0.520
0.000
0.000
2.036
0.047
0.000
0.009

0.50r
0.000
0.000
2.ú2
0.058
0.007
0.000

t;I'14
0.000
2.1 83

r;t55
0.403
0.063
0.000

1.871

0.000
2.946
0.000
0.031
0.000
0.r)00

0.632
0.000
0.028
0.008
0.012
0.004
0.000

0.41

1.008 l6

0.36An
XFe

XÂlm
Xpç
Xgrs
Xrps
Ps

Þ
Þ

0.80 0.55 0.45 0.45 0.39 0.4'1
0;74

I'l
8.It275

21.24 I'l.24 16.18



sio2
Tio2
A1203
Fe2O3
FeO
MnO
Meo
CaO
Na2O
K20
CflO3
7nO

36.98
r.63

n.53

PI

5't;16
0.00

n.02

45.84
0.M

33.83

38.77
0.00

26.56

4t.95
0.22

17.24

36.99
0.00

62.30

30.03

0.00
49;n

t3.12
0.00

14.04
0.15
0-16
9-33
0.00
n.a.

0.n
0.00
0.00
9.35
6.n
0.13
0.m
n-4.

t;13
0.00
0.69
0.00
o;t2
9.98
0.00
n.a.

'1.02

0.00
0.00

23.47
0.23
0.00
0.00
n.a.

14.84
0.00
9.3'l

10.82
1.68

0.43
0-14
n-4.

0.48
0.00
0.10
0.00
0.32
0.00
0.00
n-4.

0.55

0.00
0.30

I 1.48

t.62
0.09
0.10
n.a.

T^râl q

2.794
0.093
t.562

0.829
0.000
1.581

0.012
0.a23
0.899
0.000

'194

0.34

100.8

2.511
0.000
1.418

0-010
0.000
0.000
0.446
0.54r
0.007
0.000

93.2

3.1 l8
0.023
2;n3

96.1

3.112
0.000
2.513

e6:7 100.2 93.9

Si
Ti
AT

Fe3+
Fe2+
Mn
Mg
Ca

Na
K
Cr
7n

An
XFe

Xalm
Xprp
Xgrs
Xtps
Ps

0.098
0.000
0.070
0.000
0.095
0.866
0.000

o.nl
0.000
0.000
2.018
0.036
0.000
0.000

1.845

0.000
2.07s
1.723

0.484
0.082
0.016

0.011

0.000
0.004
0.000
0.017
0.000
0.000

6.235
0.025

3.021

1.000

0.000
1.985

t.4'14
0.000
2.8't9

o.023
0.000
o.022
0.604
0.154
0.006
0.004

5.

0.80
8

0.47

Þ
ol

16.23



kyanite-staurolite-hornblende (5177 5a, 51773a) staurolite-garnet-hornblende (5 i776b) or

kyanite-gamet-hornblende (51775b) and garnet-hornblende (51717). The compatibiliry

relarions of these samples are illusrated in Fig. 6.10. Garnet is typically more Fe-rich than

staurolite, the same relationship which is preserved in the samples from the Eastem European

Alps and other areas where metamo¡phism has apparently not exceeded about 7 kbar. The

assemblages are similar to the Fe-rich samples from the Austria¡ ZtllertzJ (Chapter 5), and the

equilibration temperature estimated from garneçbiotite and gamet-hornblende geothermometry

are also simila¡ (530-580"C, Table 6.3). However, pressures determined from average

pressure calculations are higher (7.7 kbar, Table 6.4) than those from the Ziilertal-

6.L0 Staurolite-amphibolites in the Black Giants Complex' centrâl

Fiordland, New Zealand

Staurolite has been reported from amphibolite and hornblendite sheets which form part

of a large metamorphosed layered inffusion, the Black Giants Complex in Fiordland' New

Zea1and.(Gibson, 1978). This was one of the earliest reported occurrences of staurolite in a

rock of unquestioned igneous origin. Staurolite is common in these poly-metamorphosed

rocks and occurs over a wide area, typically as part of the early metamorphic assemblage' M1:

kyanite-staurolite-hornblende-plagioclase t minor corundum. It is disseminated throughout

the samples or occurs as small euhedral grains in the rims of hornblende porphyroblasts where

they are in contact with plagioclase. Gamet is also present in a corundum-bearing sample and

is partially replaced by Mz margarite and chlorite (Gibson, 1978). It seems likely that garnet

was stable in the early, M1, Stage of metamorphism, with kyanite, staurolite and homblende'

Further work which should document these rocks more thoroughly is currently in progress

(George Gibson, Pers comm ', 7992).

Gibson (1979) suggests that the second stage of metamorphism evident in these

samples resulted in the consumption of hornblende and kyanite to form margarite' chlorite and

plagioclase al - 550-720oC, with pressules up to 9.5 kbar. As margarite assemblages are

stable at lower pressures than kyanite--clinozoisite and lower temperatures than corundurn-

anorthite (Gibson, lg1g),it is likely that the kyanite-hornblende-bearing assemblages formed

ar temperatures and pressures higher than 550-720oC and 9.5 kbar.

Compositionally, the staurolites reported by Gibson (1978) are less Fe-rich (Xr",St

0.65-0.68) than orher examples of hornblende-staurolite rocks (e.g., Chapters 4 & 5) and they

do not contain a high proportion of ZnO. Hornblende is relatively Al-rich, sodic and Mg-rich

(Xps 0.27-0.29) pargasite, pargasitic or tschermakitic hornblende (Leake, 1978) and

plagioclase is bytownite to anorthite in composition (Ang¿-gO, Gibson, 1979)' Garnet analyses

a¡e unavailable.

The trivariant assemblage kyanite-staurolite (in corundum-absent, presumably silica

saturated rocks) is represented on a compatibility diagram similar to that developed in the

previous chapter, with quartz, plagioclase, hornblende and vapour in excess (Fig. 6.11).
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Table 6.3. Equilibration temperature estimated from garnet-biotite and garnet

- hornblende geothermometry, using the methods of Ferry & spear, 1978 and

Graham & Powell (1984) respectively and the calibrations of Hodges & Spear,

1982 (H&S), and Powell,1985 (P).

hornblende eothermomet qarnet-biotite geothermo metry

51777 51777 H&S 51777 51777P

5.12.16

5.12.17

5.12.3'l

5.12.34

5.12.3'l

5.12.32

5.12.19

5.12.20

XFehbl

XFegt

XCagt

ln Kd

T(K)

0.536

0.857

0.155

0.549

0.873

0.173

Xann

Xph/Xann

Xpv

Xalm

Xgross

Xspess

Rln K

P (bar)

0.378

1.164

0.097

0.667

0.173

0.062

0.359

1.340

0.104

0.626

0.210

0.060

1.645 1.727

802 800 T(K)

-4.126 -4.149

6000 6000

814 824

T('C) 529 527 T(.C) 541 551

Clnpter 6 - 147



Table 6.4. Resuls of average pressure estimates for the Fodalera sample 5tll7 made using the method of
powell & Holland (1988) and the inærnally consistent dataset of Holland and Powell (1990).

THERMOCALC v2.2bl run at 15.30 on 3.5.94, thermodynamic dataset produced at 10.27 on

1.4.92. Calculated with homblende 5.72.34 and plagioclase 75.12.35, with a¡1 = Xan * 1.28

(orvine, ß72), x(f72O¡ = 1.0 and omitting fgl gr to improve the statistics.

a
sd(a/a

sd(a)/a

E
8.05e-5
2.2291r

an

0.307
0.74407

east
0.0134
0.52324

ab

0.156
0.05000

ilm
i.00
0

g
0.00905
0.56398

ru
1.00

575

8.0

1.16

1.8

pv
0.00r11
0.72328

tuhbPargdgl
9.56e-5 0,0107 0.00653 2.7&'4 3.29e-5

1.06580 0.48229 0.67473 0974M 3.48684

afm phl
0.209 0.0130
0.15000 0.s26s2

1120
1.00

cumm
3.00e-8
L.2e+2

ann
0.0823
0.39490

700

9.7

t.33

1.9

a

TT
avP

sd

f

s00

7.0

T.T2

1.9

525

1.4

1,13

1.9

550

7.7

t.r4
1.8

q

1.00
0

600

8.4

1.19

1.8

625

8.7

t.22

1.8

650

9.0

t.25

1.8

67s

9.4

t.29

1.8

sd(a)/a 0

Rock : average pressures(for x(H2O) = 1'0)
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Note that the dotted divariant assemblage kyanite-staurolite-garnet, may be stable but was not

specifically reported.

6.L1 Atuminous amphibolites from the Dusky Sound area of Fiordland'

New Zealand

Ward (1984a,b) has reported staurolite in andalusite-pelites, kyanite-garnet pelites,

meta-gabbro, meta-troctolite, maf,rc meta-tuffs and a "meta-basalt dyke" from Fiordland (20-40

km southwest of those described by Gibson, 1973). In the metabasites staurolite is fine

grained and paler than is usual (probably due to its low Ti-content flMard, 1984b)) and occurs

both as "ty¡lical" staurolite (cf. Ribbe, 1982) and the extreme varieties (magnesium staurolite

and chromian staurolite) which are the emphasis of Ward's work (1984a). Spinel, early (Type

1) staurolite or corundum are intergrown with homblende enclosing plagioclase (4n79-32).

Later (Type 2) staurolite occurs with garnet which is replacing homblende-spinel *
orthopyroxene symplectites or as separate adjacent gtains. Chlorite is present in garnet-bearing

samples only. Ward (1984a) suggests that the early association (with Type 1 staurolite) results

from the reaction of igneous orthopyroxene and plagioclase to form hornblende, an aluminous

phase (spinel, staurolite or corundum) and plagioclase. The subsequent consumption of the

hornblende-spinel symplectites with some additional orthopyroxene appears to have produced

hornblende, garnet * staurolite, chlorite and corundum. 'Ward (198aa) estimates that this latter

reaction occurred at a tempelature of - 750oC, and a pressure of -12 kbar.

The staurolites (Xpe,Sr 0.45-0.55), garnet (Xp.,Crt 0.41-0.46), tschermakitic- and

pargasitic-hornblende, spinel (X¡,e,Sp 0.43) and chlorite (Xp.,Ctrt 0.09) are all particularly Mg-

rich in these samples. Although the assemblages are thought to have formed under conditions

of high pressure metamorphism, Ward (1984a, pp 53S) suggests that "high pressure is not a

necessary condition for the formation of staurolites in general in metabasites" and that

staurolites may develop at lower pressures in more Fe-rich metabasites. The assemblage

involving Type2 sraurolite, garnet and chlorite is depicted in Fig. 6.l2awith the assumption

that silica is "sufficiently mobile that spatial variation in silica is not a significant factor" (Ward,

1984a, pp 534).

V/ard (1984a) also reports that green chromian staurolite from a nearby meta-tuff exists

in equilibrium with bluish-green kyanite, gedrite, chlorite, hornblende, quartz, phlogopite,

rutile and allanite. Staurolite contains signif,rcant Cr2O3 and is likely to be stabilised outside its

normal (Cr-free) stability field. Phlogopite, allanite and rutile are all stabilized by an additional

component and thus do not affect the variance of the assemblage. Thus, this assemblage may

correspond to rhe NCFMASH divariant assemblage, kyanite-+hlorite--orthoamphibole (Fig.

6.12b). The compatibility relations in Fig. 6.12b formed at significantly lower pressure and

temperature (-8 kbar, 670'C) than those described above and thus define crossed tie-line

relation ship s with staurolite-garnet--chlorite (Fi g. 6.12a).
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6.12 Hornblende amphibolites from New Hampshire

Aluminous enclaves of plagioclase and cordierite * staurolite surround sillimanite in a

gedrite-hornblende-plagioclase matrix in amphibolites from southwestern New Hampshire

(Schumacher & Robinson, 1987). Corundum and,/or sapphirine occur toward the centre of

enclaves in less siliceous samples. In several samples Zn-beanng spinel occurs in the matrix

or as part of the enclaves and it is likely that this phase is stabilised outside its normal stability

freld by the presenc e of Zn. Staurolite contains a variable proportion of zinc depending on its

proximity to Zn-spinel and although it forms rims around Zn-spinel it is thought that staurolite

would also be stable in the Zn-free system (Schumacher & Robinson, 1987, pp 1070).

The most common reaction texture in the amphibolites is a core of corroded sillimanite

surrounded by a corona of staurolite and plagioclase. This is in turn rimmed by cordierite and

plagioclase which separate the enclave phases from the hornblende-gedrite-plagioclase marix.

Schumacher and Robinson (1987) suggested that these enclaves result from the continuous

reaction of once-stable hornblende and sillimanite to form staurolite, plagioclase and cordierite,

however the high ratio of gedrite to hornblende in the samples implies that gedrite may also

have been involved as a reactant in these rocks (as well as quartz and aqueous vapour). Thus

the reaction would be discontinuous in NCFMASH. The spatial ¿urangement of the phases is

thought to be due to the diffusion-controlled nature of the reaction, in which the location of

mineral $owth was determined by the relative mobilities of its released constituent components

(Schumacher & Robinson, 1987). The diffusion-controlled nature of the reactions resulted in

the attainmentof local equilibrium while the sample as a whole retained up to several dis-

equilibrium assemblages.

The reactions which resulted in these diffusion-confiolled mineral assemblages were

thought to coffespond to a decrease in pressure with perhaps a small decrease in temperature

during the waning of metamorphism from - 625"C,6 kbar (Schumacher & Robinson, 1987).

The compatibility relations of the assemblages before and after this decompression are depicted

in Fig. 6.l3aand b. The intermediate Fe-Mg nature of these samples makes them an important

tool in understanding the phase relations of aluminous amphibolites and their compatibility

relations differ significantly from those described from elsewhere.

6.13 Kyanite-bearing "amphibolite whiteschist" from south Westland'

New Zealand

Cooper (1930) describes (amongst other assemblages) kyanite-+hlorite-talc-

hornblende-andesine plagioclase (4n37)-quartz with later calcite, chlorite and muscovite, from

the Jacobs River area of south'Westland. Kyanite is partly retrogressed to margarite and

hornblende is retrogressed to chlorite. Kyanite, hornblende and plagioclase are rimmed by

bundles of fibrous kyanite. The primary ferro-magnesian phases involved in these

assemblages are magnesium rich (Xps,¡1ur 0.16-0.20, XFe,Chl 0.15-0.16, XFe,L 0.07), and
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kyanite contains significant Ct2O3 (0.71-I'44 wt Vo).

Cooper (1930) estimates a minimum temperature for amphibolite facies metamorphism

of more than 600oC, at pressures of approximately 10 kbar. Retrogression to margarite

assemblages occurred as a result of decreasing pressures (Cooper's Fig. 4, 1980).

The compatibility relations in Cooper's (1980) high pressure amphibolites apply to far

more magnesian samples than those discussed previously (Fig. 6.14).

6.L4 Cordierite-talc-kyanite-amphibotites from the Pamirs of Tajikistan

(in the former USSR)

Very Mg-rich amphibolites from the souttrwestern Pamirs in Tajikistan include a

variation on the "whiteschist" assemblage f,rrst reported by Schreyer (1973,1974,1977).

Grew et al. (1988) describe inclusions of talc, cordierite, qrrartz and apatite in kyanite

porphyroblasts which, along with hornblende, are separated from matrix talc by reaction rims

of anorthite and cordierite * corundum or sapphirine. The kyanite may be partly altered to

sillimanite and/or andalusite. Anorthite and/or corundum and sapphirine are spatially

associated with kyanite, and cordierite is adjacent to talc (Xre 0.004-0.007) and tremolitic- to

magnesio-hornblende (Xps 0.013-0.01S). Cordierite (Xps 0.005-0.013) and quartz were also

identified from the matrix and as inclusions in hornblende, while minor refrograde chlorite is

observed in kyanite and, as veinlets in andalusite. Tourmaline, sulphides and apatite occur as

accessory phases. Estimated equilibration conditions for the early kyanite-talc-hornblende t
quartz * cordierite assemblage (Fig. 6.15) from the southwestern Pamirs are > 650oC and > 7

kbar while later sillimanite zurd the assemblage cordierite-anorthite-corundum probably

developed at T < 675oC and 6.2-6.5 kbar (Grew et al., 1988). The higher pressure

assemblage reported from the Pamirs occurs at the Mg-rich extreme of the compatibility

diagram in Fig. 6.15 and thus is difficult to compare to other kyanite-staurolite-bearing

amphibolites.

6.L5 Compatibility relations in kyanite-staurolite amphibolites

The variation of compatibility relations in kyanite-staurolite amphibolites with changing

P-T conditions is a useful guide to the detailed phase relations of kyanite-staurolite

amphibolites. The excellent range of assemblages displayed in low temperature-intermediate

pressure amphibolites (550-650oC, 5.5-8 kbar) provides valuable information about the

reactions which occur in this part of P-T space. Among the most useful compatibility relations

ate those presented by Spear (1982) from the Post Pond Volcanics. These amphibolites are

internally buffered with respect to pH2O (Spear, 1982) and the resulting range of assemblages

has been resolved into two extremes; high and low p1¡r9. The correlation of increasing

temperature with decreasing pgrg has been noted in many previous investigations (e.g.,

Spear, 1978; Schumacher & Robinson, 1987) and it is expected that high and low pgrg
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Figure 6'14' Kyanite-chloriæ-talc from south westland, New Zealand (+ hornblende, plagioclase , quafizand aqueous vapour) equilibrated ar -r0 kú;, >;ô;ö.îä'r,ä cooper (r980).

Figure 6'15' Kyanite-talc-cordierite from thePamirs-of Tajikistan in theformerusSR (+ hornblende,
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compatibility relations from the Post Pond Volcanics would correspond to metamorphism at

lower and higher temperatures, respectively and thus help define the phase relations at these

conditions. Humphreys' (1993) amphibolite assemblages also define higher (M1) and lower

(M2) temperature parageneses and similar information can be obtained from the comparison of

the higher and lower pressure assemblages reported by Schumacher and Robinson (1987) or

the compatibility relations reported from the Austrian Zillertal (Selverstone et al., 1984;

Chapter 5) and the Harts Range in central Australia (Chapter 4) at higher pressures' Less

complete compatibility diagrams for compositionally restricted rocks also provide some

information about the generally magnesium-rich equilibria which have been observed from

high pressure and temperature amphibolites.

Figure 6.16 displays the compatibility diagrams determined from the literature arranged

in P-T space using the equilibration pressures and temperatures estimated by the original

authors. For clarity the compatibility diagrams are drawn schematically. In the following

section the relationships between the different compatibility diagrams and the assemblages they

involve will be discussed. The resulting information will be compared to the NCFMASH

phase diagram of Spear and Rumble (1986) and those calculated in this project (Chapter 3,

Fig. 3.20).

6.15.1 Garnet-chtorite stability

Garnet-chlorite amphibolites are observed in regions which have experienced low

temperature and low to intermediate pressure metamorphism (e.g. Spear, 1982; Selverstone et

al., 1984; Helms et al., 1987; Chapter 5). The compatibility diagrams in Fig. 6.16 suggest

that gamet--chlorite is stable only at temperatures less than about 550'C and in higher

temperature amphibolites garnet-chlorite is metastable with respect to the staurolite-

orthoamphibole tie-line (e.g. Spear, 1982; Schumacher & Robinson, 1987;Humphreys,

lgg3). At intermediate pressures (> 7 kbar) the phase relations aÍe more complex and the

garnet--chlorite tie-line (stable in the Zillertal amphibolites, Selverstone et al., 1984; Chapter 5)

breaks down to stabilise tie-lines joining orthoamphibole to staurolite, aluminosilicate or

cordierite (e.g. Chapter 4) with increasing pressure. The breakdown of chlorite-garnet to

stabilise the staurolite-orthoamphibole tie-line, as illustrated in Fig. 6.17, is only one of five

reactions separating the compatibility relations of the Zlllertaler Alpen (Selverstone et al., 1984;

Chapter 5) from those of the only slightly higher temperature Harts Range amphibolites

(Chapter 4). These other reactions are discussed in later sections.

An anomalous, high temperature, high pressure report of coexisting garnet and chlorite

in amphibolites from Dusky Sound in New Tnaland (750oC, 12 kbar,'Ward, 1984a) may be

due to either dis-equilibrium (perhaps retrograde) chlorite or an inaccurate temperature estimate

(which Ward acknowledges is a possibility , I984a, pp 535). Irrespective of the source of this

problem, it seems clear from the other compatibility relations illustrated in Fig. 6.16 that

garnet-chlorite is not stable at such elevated pressures and temperatures.
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Figure 6.17. The compatibility diagrams and discontinuous reactions relating the lower temperature
compatibility diagram from the Zillerøler Alpen (Selverstone et al., 1984; Chapær 6) to the
higher temperature diagram from the Harts Range (Chapters 4 &.5), (+ hornblende, plagioclase,
quarø and aqueous vapour). (a) to (b) Søuroliæ becomes more Fe-rich than garnet; (b) to (c)
gamet-chlorite-cummingtonite =+ orthoamphitlole; (c) to (d) garnet<hlorite + staurolite-
orthoamphibole; (d) to (e) staurolite-+hlorite + kyanite-gedrio; (e) to (f) kyanite-<hlorite +
cordierite-orthoamph ibole.
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The amphibolite assemblages reported in the literature and summarised here do not

impose an upper pressure limit on the stability of garnet--chlorite, however the (reliable)

highest pressure occurrences equilibrated at 7 and 8 kbars (Selverstone et a1., 1984 and Helms

et al., 1987, respectively) suggest that the upper pressure limit may be about 8 kbar.

6.15.2 Staurolite-cordierite stability

Schumacher and Robinson (1987) and Humphreys (1993) provide the only reported

instances of co-existing staurolite and cordierite in hornblende amphibolites. The P-T

estimates made by these authors suggest that staurolite-+ordierite is stable at 600-650oC and -6

kbar. The compatibility relations of other workers suggest that the assemblage is stable in a

relatively small pressure range and that at higher pressures staurolite--cordierite is metastable

with respect to the aluminosilicate--chlorite (Selverstone et al., 1984; Ward, 1984a; Chapter 5),

aluminosilicate--orthoamphibole (e.g. Ward, 1984a; Schumacher & Robinson, 1987; Chapter

4) or, possibly, aluminosilicate-garnet (Gibson, 1978,1979) tie-lines, at successively higher

temperatures. The low temperature limit of staurolite-cordierite stability occurs bet'ween the

high (Mr) and lower (M2) temperature metamorphic assemblages observed in the Copperton

Formation (tlumphreys, 1993) as illustrated in Fig. 6.18. Figure 6.18b depicts the first

occurrence of staurolite--cordierite which becomes stable with respect to the sillimanite-<hlorite

tie-line with increasing temperature. The compatibility relations in Fig. 6.18c are similar to

those from the New Hampshire amphibolite (Schumacher & Robinson, 1987) suggesting that

the two compatibility diagrams characterise the same portion of P-T space.

6.15.3 Staurolite-garnet Fe-partitioning

One of the important differences between the compatibility diagrams for the Ztllertal

and Harts Range amphibolites (Fig. 6.17),is a reversal in the relative Fe-partitioning of

staurolite and garnet. In general garnet appears to be more Fe-rich than staurolite in low

pressure assemblages (< about 7 kbar, e.g. Spear, 1982; Selverstone et al,1984; Chapter 5,

Section 6.9) whereas in amphibolites which equilibrated at higher pressures, staurolite is

generally more Fe-rich than garnet (e.g. Grew & Sandiford, 1985; Ward, 1984a; Gibson,

1978; Helms er al., 1987; Chapter 4). The chemical data from the Ötztal þanite-staurolite-

g¿ìmet amphibolites contradicts this general trend, and although the equilibration conditions

estimated by Purtscheller & Mogessie (1984) are well below 7 kbar, staurolite is more Fe-rich

than co-existing gamet (Purtscheller & Mogessie, 1984). However, as has been noted

previously (Section 6.8; Grew & Sandiford, 1985), the pressure estimate provided by these

authors (3-4 kbar) seems anomalously low considering that the rocks are kyanite-bearing and

are associated with eclogites which are thought to be the same age. Despite these problems,

the compositions of the projecting phases in this assemblage cause garnet to project to the Fe-

rich side of staurolite so that at least the apparent Fe-enrichment coresponds to the general
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trend.

The distribution co-effrcient (Kp) of Fe-Mg partitioning between garnet and sraurolite

is reversed berween the simila¡ pressure assemblages from the Austrian Ztllenal (Selverstone et

al., 1984; Chapter 5) and Harts Range (Chapter 5), suggesting that the Ko may dependent on

temperature as well as pressure and that at 7 kbar, the reversal occurs between 550 and 650oC.

6.15.4 Orthoamphibole-bearing assemblages

Gedrite is observed in many of the reported kyanite- or staurolite-amphibolites and is

only explicitly excluded from the Zillertal hornblende garbenschiefer (Selverstone et al., 1984;

Chapter 5). The relatively low temperature and elevated pressure of these orthoamphibole-

absent rocks implies that this phase may be restricted to the high temperature side of a

positiveiy sloping reaction involving garnet--chlorite--cummingtonite. V/ith increasing

temperatures gedrite appears to become stable with respect to successively more aluminous

phases (chlorite, staurolite, then kyanite) with increasing pressure (e.g. Figs. 6.16 and 6.17)

and is stable with cordierite in the relatively low pressure, higher temperature Copperton

(Humphreys, 1993) and New Hampshire (Schumacher & Robinson, 1987) amphibolites.

Only the Post Pond Volcanics contain evidence of two co-existing orthoamphiboles (Spear,

7982), suggesting that the orthoamphibole solvus is exceeded in the higher pressure and

temperature amphibolites.

6.15.5 Cordierite-gedrite stability

The important assemblage cordierite-gedrite is reported only from higher temperature

amphibolites (> 550'C) at pressures up to -7.5 kbar (e.g. Schumacher & Robinson, 1987;

Humphreys, 1993; Chapter 4). At lower temperatures the cordierite-gedrite tie-line is

metastable with respect to staurolite-chlorite and garnet--chlorite (e.g. Spear, 1982) and

kyanite-chlorite (e.g. Selverstone et al., 1984, Fig. 6.17) while at higher pressures the

kyanite-+hlorite tie-line is stable (Helms et al., 1987; Wa¡d, 1984a). The natural assemblages

also reflect cordierite's instability at pressures greater than - 10 kbar (e.g. Cooper, 1980) when

it becomes metastable with respect to the "whiteschist" (Schreyer, L9J3, 1914) assemblage

þanite-chlori te-talc.

6.15.6 Staurolite-chlorite stability

The staurolite-chlorite tie-line appea.rs to be stable at low temperatures, up to about

600-650"C (Spear, 1982; Selverstone et al., 1984; Humphreys, 1993; Chapter 5, Fig. 6.17)

At higher temperatures staurolite-chlorite becomes metastable with respect to the cordierite-

garnet and cordierite--orthoamphibole tie-lines (Humphreys, 1993) whereas kyanite-

orthoamphibole (Ward, 1984a; Schumacher & Robinson, 1987; Chapter 4) and possibly
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kyanite-garnet (Gibson ,I918,1919) form stable tie-lines at higher pressures and

temperatures. The natural assemblages do not provide a direct upper pressure limit to

staurolite--chlorite stability in lower temperature amphibolites as the high pressure and high

remperature assemblages reported by Grew & Sandiford (1985) and Cooper (1980) are

extremely Fe-rich and Mg-rich, respectively, and thus care unlikely to influence the stability of

staurolite-+hlorite-bearin g assemblages.

6.15.7 Al-poor assemblages

For less aluminous amphibolites, the assemblages described by Spear (1982) suggest

that increasing temperature or decreasing FHzO causes cummingtonite-gedrite to become

metastable with respect to chlorite-anthophyllite in Mg-rich rocks, and garnet-anthophyllite in

more Fe-rich samples at a temperature of about 600oC. Figure 6.19 shows the intermediate

comparibility diagrams which may separate the high and low Lrszo Gow and high temperature)

compatibility diagrams of Spear (1982). The univariant reactions representing this sequence of

compatibility diagams must occur within a relatively small temperature range as assemblages

from both high and low !rH2O exfemes are observed in close proximity and appeff to have

been metamorphosed over a very small P-T range (Spear, 1982)-

6.15.8 Summary

Despite the growing number of staurolite-kyanite amphibolites which have been

described from around the world, the suite of compatibility diagrams they define remains

incomplete. Many of the reported occurrences consist of only one low-variance assemblage,

often in an extreme bulk composition, and even those which contain univariant assemblages

are only incompletely understood. Of the several instances where a range of equilibria are

preserved from a variety of bulk compositions, these often exhibit crossed tie-line relations

which are only rarely adequately explained (cf. Spear, 1982 andHelms et al., 1987). The

equilibration conditions of many of the assemblages are also poorly constrained. Further

problems stem from variation and uncertainties in the relative compositions of phases (e.g.

staurolite and garnet), the stability of sub-solidus or super-solidus orthoamphiboles and the

stability of the aluminosilicate polymorphs. However, although the compatibility relations in

þanite-staurolite amphibolites are often restricted to extreme bulk compositions, especially at

high pressures, and only rarely are there a range of assemblages represented from one locality,

in combination they are a valuable source of information about the phase relations in

amphibolites. The general features of the phase relations in amphibolites determined here from

the natural assemblages will be used in the following section to construct an NCFMASH phase

diagram which is consistent for the observed assemblages.

Chnpter 6 - 162



Anth

Ged

A

ó, b

Cum

Cum

+ Hbl, Pl,
Otz, H2O

chl

chl

StSt

GrtGrt

M

chl

chl

dc

Cum

Cum

StSt

GNGrl

Figure 6.19. The compatibility diag^rams which a¡e intermediate between the high (a) and low (b) uH2o

"å"*pãtiuiiitv 4iqet'l. ðiSpé' il"ssp),'!.o.*l i" ng' 6'2,(+ !o-o'*ffif'ftð?i'?iÏi31ö"#t.Ëiïi'
ü;i;ii;iólul'c.¡ * cuin + Ànth I chl; (b) to (c) Ged + cum = I
St + Ged.

Anth

Ged

F

Anth Anth

Ged

Clnpter 6 - 163



6.16 A petrogenetic grid based on natural amphibolite assemblages

The compatibility relations discussed in the previous sections provide valuable

information about the stability fields of specific assemblages and the reactions which control

the phase relations. In this section, this information is compiled and used to construct a P-T

grid in the NCFMASH compositional system. Later, this grid will be compared to those

determined by Spear and Rumble (1986), and constructed in earlier chapters from equilibrium

thermodynamics calculations.

The univariant (in NCFMASH) assemblages observed in real amphibolites form a

foundation on which to base the NCFMASH petrogenetic grid. Three distinct univariant

equilibria have been reported in the literature (all plus hornblende, plagioclase, qvartz, vapour):

kyanite-staurolite-garnet-chlorite (Crd, Oam)

from the Zillertaler Alpen (Selverstone et al., 1984; Chapter 5),

kyanite-staurolite-chlorite- gedrite (Crd, Grt)

from the Georgia Blue Ridge amphibolite (Helms et al., 1987) and

staurolite-garnet--chlorite-gedrite (Als, Crd)

from the Post Pond Volcanics (Spear, 1982) and

kyanite-staurolite--cordierite-gedrite (Grt, Chl)

from southwestern New Hampshire (Schumacher & Robinson, 1987).

It is likely that three of these univariant assemblages intersect in the cordierite-absent invariant

point and that [Crd] is thus stable in NCFMASH, however, the presence of cordierite in

several of the assemblages discussed above and the stability of the (Grt, Chl) univariant

assemblage in New Hampshire suggests that at least one other invariant point, either [Grt] or

[Chl] must also be stable.

Further information about which invariant points and univariant lines are likely to be

stable may be obtained from the divariant NCFMASH assemblages. It is expected that many

of the observed divariant assemblages will correspond to CFMASH sub-system univariant

reactions (see the discussion of adding Ca to the FMASH compositional system, Section 3.3)

and so may give an indirect indication of the stable phase relations in NCFMASH. The

CFMASHphase relations implied from the divariant assemblages may be expanded into the

NCFMASH system appropriate to amphibolites by making assumptions about the role of Na in

amphibolite phases.

Table 6.5 lists the divariant assemblages reported from the literature as sets of reactions

which intersect in the CFMASH inva¡iant points [Crd, Chl], [Grt, Chl], [Grt,Oam], [Crd,

Oaml and [Als, Chl], which are thus implied to be stable. Several of the observed NCFMASH

divariant assemblages do not f,rt into this list. There are two likely explanations for this; a) they

are involved in additional stable CFMASH invariant points or b) their divariant NCFMASH
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Table 6.5. The amphibolite assemblages summarised in Chapter 6 divided according to the CFMASH
invariant equilibria to which they are related.

CFMASH invarian t assembla ge

label phases
CFMAS H univarian t assemblage
label phases refererres

[Crd, Chl] Als St Grt Oam

tcrt, Chll Als St Crd Oam

lGrt, Oaml Als St Crd Chl

[Crd,Chl,Oam] Ky St Grt

lcrd,Grt Chll Sill St Oam

Gibson, lnïl, 1979i
Selverstone et at., 1984;
Chapter 5; Section 6.9
Schumacher & Robinson,
1987; Chapær 4
Grew & Sandiford, 1985

Spear, 1982; Chapter4

Schumacher & Robinson,
1987; Chapter 4
Humphreys, 1993,
Schumacher & Robinson,
1987
Schumacher & Robinson,
1987; Chapter 4

Schumacher & Robinson,
t987

Humphreys, 1993

Humphreys, 1993,

Schumacher & Robinson,
1987
Selverstone et al., 1984;
Schumacher & Robinson,
1987; Helms et al., 1987;
Humphreys, 1993; Chapter 5

Selvestone et al., 1984;
Helms et al., 1987;
Humphreys, 1993; ChaPter 5

Gibsonl, 19'18,1979;
Selverstone et al., 1984;
Chapter 5; Section 6.9
Grew & Sandiford, 1985

Spea¡, 1982; Selverstone et
al., 1984; Wardr, i98a(A);
Helms et al., 1987; Chapter 5

Humphreys, 1993

Schumacher & Robinson,
1987
Grew & Sandiford, 1985

Spea¡, 1982; Chapter 4

Spea¡, 1982; Helms et al.,
1987
Ward,1984(9)
Spear, 1982; HumphreYs,
r993

[Grt,Chl,Oam] Ky St Crd

lCrd,Oaml Als St Grt Chl
[Crd,Grtgam] Ky St Chl

[Crd,Chl,Oam] Ky St Grt

[Ky,Crd,Chl,Oam]
lKy,Crd,Oaml

lAls, Chll St Crd Grt Oam
IKy,St,Chl]
[Ky,Grt,Chl]

[Ky,Crd,Chl,Oam]
[Ky,Crd,Chl]

othcrs lKy,St,Crdl

ISt,Crd,Crt]
IKy,Crd,Grt]

1 Thc subllity of garnct is only implicd by Gibson, 1978
2 Doubtful rcliability, scc Scction 6.15.1

[Ky,Crd,Chl,Oam]
[Ky,Crd,Chl]

lSt,Grt,Chll

lGrt,Chl,Oaml

lCrd,Grt,Chll

[Ky,Grt,Chl]

lsr,Grr,oaml
[Grt,Chl,Oam]

St Grt
St Grt Oam

Ky Crd Oam

Sill St Crd

Sill St Oam

St Crd Oam

Ky Crd Chl
Sill St Crd

St Grt
St Grt Chl

Crd GrtOam
St Crd Oam

St Grt
St Grt Oam

Grt Chl Oam

Ky Chl Oam
St Chl Oam

Chapter 6 - 165



assemblages occur in the interior of the NCFMASH phase diagram and so do not have stable

CFMASH equivalents. Schreinemakers analysis of the CFMASH reactions is expected to

reveal which of these alternatives is appropriate.

Figure 6.20 illusnates the schematic phase relations in the CFMASH system (projected

from quartz and aqueous vapour) based on the assumption that the invariant points [Crd, Chl],

[Grt, Chl], [Grt,Oam], [Crd, Oam] and [Als, Chl] are stable. The relative locations of the

inva¡iant points and the approximate slopes of the reactions are taken from Chapter 3 (where

the calculated compositions of the phases place staurolite in the interior of the aluminosilicate-

garnet-orthoamphibole and aluminosilicate-garnet--orthoamphibole-chlorite tie-riangles).

Two of these invariant points, [Crd, Oam] and [Crd, Chl], were found to be stable in Chapter

3 (Fig. 3.15), however slight adjustments to the slopes of the reactions were required to

stabilise [Grt, Chl] and hence the remainder of the invariant points. Schreinemakers analysis

determines that two other invariant points, [Als, Oam] and þbl,Chll, are also stable. The

invariant points and univariant lines represented in Fig. 6.20 include the hornblende- and

anorrhite-absent equilibria because these help to identify the effect of adding sodium to the

compositional system. The absence of CFMASH invariant points which allow the unclassified

assemblages, garnet--chlorite--orthoamphibole, aluminosilicate-garnet--chlorite, and staurolite-

chlorite--orthoamphibole, (see Table 6.5) suggests that these phases must be stable in the

interior of the NCFMASH petrogenetic gnd.

In order to qualitatively extend the phase relations in Fig. 6.20 into the NCFMASH

system, assumptions must be made about the effects of sodium on the stability of the phases

and on the equilibria in general. Very sodium-rich phases are not typicatly observed in

amphibolites. Thus, although the number of components increases with the addition of

sodium, no new phase is likely to be stabilised and so the variance of a given assemblage wül

increase. The sodium content of natural amphibolite phases gives an indication of the ease

with which the different phases accommodate sodium. Plagioclase is typically the most sodic

phase, followed by hornblende and orthoamphibole. The remainder of the phases typically

contain an insignif,rcant amount of sodium. Thus, the addition of Na to the CFMASH

equilibria causes plagioclase to be stabilised with respect to homblende, homblende with

respect to orthoamphibole and orthoamphibole with respect to other phases. As a result of the

calcium-rich nature of plagioclase and hornblende, these phases generally occur on opposite

sides of CFMASH reactions and so increasing the stability field of plagioclase is likely to

decrease that of hornblende. This means that the effective shift in the equilibria with the

addition of sodium will stabilise plagioclase and orthoamphibole (often at the expense of

homblende) and the NCFMASH univariant reaction which emanates from each CFMASH

invariant point will be close to the CFMASH [An] reaction, displaced toward [Oam]. The

light, dotted arrows in Fig. 6.20 represent the orientation of the NCFMASH univa¡iant

emanating from each CFMASH inva¡iant.
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Figure 6.20. Schematic petrogenetic grid for the CFMASH compositional system, with quarø and
vapour in excess ant assemblages listed in Table 6.5, õonsidering
9nl¡r th" kyanite Ers represen[ singulæities (See Chapter 3) Lúht,
dashed arrows m t curvès which emanate from eacn Ci¡fU¡r'Sff
invariant point.
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Figure. 6.21 illusrates the schematic phase relations in the NCFMASH system

constructed from the assumptions outlined above. The grid consists of three invariant points

[Crd], [Grt] and [Als] which are located at relatively high pressure conditions, in the vicinity of

9 kba¡ (from the calculated position of the CFMASH invariant point [Crd, ChU). The grid

allows all of the NCFMASH univa¡ia¡rt (listed above) and divariant assemblages (in Table 6.5)

to be stable. Although the univariant curves for [Chl], and perhaps [Oam], equilibria converge,

both of these invariant points are metastable with respect to CFMASH inva¡iant poins-

The grid in Fig. 6.21 provides a more coherent representation of the phase relations in

amphibolites rhan is available from the compatibility reactions alone. The grid also provides

some information which was not previously available, most notably from the upper

temperature and pressure regions. In brief, Fig. 6.2l limits cordierite-garnet to low pressures

over a range of temperatures, garnet-chlorite is stable at low temperatues, over a range of

p essures, and staurolite--chlorite is stable at low to intermediate temperatures and intermediate

pressures. Aluminosilicate--orthoamphibole may only occur under conditions elevated

pressures and temperatures and staurolite--cordierite, previously only poorly constrained, is a

low pressure assemblage.

The phase relations in Fig. 6.2! reveal a slight inconsistency in the pressure-

remperature estimates suggested by Spear (1932) and Humphreys (1983). Spear (1982)

suggests that the post pond Volcanics contain either of the tie-lines staurolite-chlorite or

staurolite-gedrite, depend.ing on remperarure, and that the amphibolites equilibrated at about

530oC, 5-6 kbar. Humphreys' (1993) assemblages imply that the assemblage garnet--cordierite

will be stable for rocks of intermediate composition, metamorphosed at 600'C and pressures

less than -6 kbar. However, according to Fig. 6.21, cordierite-garnet assemblages ale stable

at lower pressures than staurolite-chlorite and staurolite-orthoamphibole and thus that there is

an inconsistency (which is probably within error) in the estimated pressures.

A significant disparity between the observed assemblages and those presented in Fig.

6.21 relates to the Fe-Mg partitioning between staurolite in garnet. In higher pressure and

temperature amphibolites staurolite is observed to be more Fe-rich than garnet, however the

calculated compositions of the phases in CFMASH which were used to constructFtg.6-2I

predict that garnet is more Fe-rich for the P-T conditions of interest. This has a bearing on the

phase relations, in that F\g. 6.21predicts that staurolite-hornblende will become metastable at

elevated pressures, whereas real staurolite-bearing amphibolites have been reported in rocks

which have been metamorphosed at pressures up to about 9 (Gibson, 1918,1919; Grew &

Sandiford, 1985) and possibly 12 kbar (V/ard, 1984a). This problem probably stems from the

thermodynamic data and or activity-composition relations for garnet and staurolite, both of

which are far from simple phases (see Chapter 3). The effect of assuming that staurolite is

more Fe-rich than garnet would change the two univariant reactions [Crd, Oam] and [Crd, Chl]

and the topology of the reacrions around the [Crd] invariant point. It would also affect the

compatibility relations of the divariant assemblages. The conditions under which this transition

may occur was discussed above, in Section 6.15.3'
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6.16.I A comparison with the phase relations of Spear and Rumble' 1986

The phase relations presented here are very similar to those of Spear and Rumble

(1986). This is unsurprising given that both diagrams were constructed on the basis of

compatibility relations observed in natural amphibolite assemblages. An obvious difference

involves the inclusion of two orthoamphiboles and cummingtonite in Spear and Rumble's

(1986) grid, however as a consequence of the aluminium-poor compositions of cummingtonite

and anthophyllite, their inclusion or exclusion is unlikely to have a significant effect on the

phase relations in most amphibolites. More important is the stable or metastable state of the

invariant point which in Fig. 6.21 would be labelled tchll. Although Spear and Rumble

(19g6) found that this point is stable in the NCFMASH compositional system, according to the

grid developed here, the inva¡iant assemblage is metastable with respect to the CFMASH

inva¡iant points [Crd, Chl], [Grt, Chl] and [Als, Chl]. Although Spear (1978) considers that

the [Chl] invariant point controls the stability of the assemblages reported by Stout (\912),n

fact stout (1g72) does not reporr co-existing staurolite-hornblende from Telemark and as a

result Stour's (lgiz) assemblages may be adequateiy described without recourse to the [Chl]

invariant point. Thus there is no evidence from real amphibolites that the [Chl] invariant point

is stable and no reason to doubt the topology of Fig. 6'21'

6.16.2 A comparison with the phase relations determined in chapter 3

The NCFMASH petrogenetic grid constructed irr this chapter is signifrcantly different

to that determined in Chapter 3 as an extension of the quantitative CFMASH phase diagram.

Most imporranr is the complete lack of cordierite-bearing amphibolites in Fig. 3.20. this is a

consequence of the single NCFMASH invariant point which is allowed by the topology of the

CFMASH sub-system reacrions. This topology results from the metastability of the [Grt' Chl]

invariant point with respect to [Crd, Grt] in CFMASH and if the [Crd, Grt] point could be

stabilised, the incompatibility would be removed. The presence of cordierite-bearing

amphibolite assemblages from New Hampshire (Schumacher & Robinson, 1987), the Pamirs

(Grew et al., 1988), Copperton (F{umphreys, 1993) and the Harts Range in central Australia

(Chapter 4) ind.icates that cordierite-bearing assemblages are stable in at least some

amphibolites. Thus, the NCFMASH phase relations determined in Chapter 3 a¡e not entirely

appropriate to real amphibolites.
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Chapter 7: SummarY

7.1 Introduction

The phase relations in kyanite- and staurolite-amphibolites have been investigated here

from several distinct perspectives. In the first part of the thesis (Chapters 2 and 3), equilibrium

thermodynamics calculations were used to develop petrogenetic grids for the FMASH,

CFMASH and NCFMASH model systems. These grids were used to constrain the

metarnorphic history of the newly described occurrence of kyanite-staurolite-amphibolites

from the Ha¡ts Range in central Ausr¡alia (Chapter 4). Chapter 5 described the mineral textures

in the staurolite- and kyanite-bearing hornblende garbenschiefer from the Zillertaler Alpen in

Austria and summarised their compatibility relations. Chapter 6 summarised the equilibria

reported from world-wide examples of kyanite- and staurolite-amphibolites and the

compatibility relations they define and discussed the way in which compatibility relations

change over P-T space. This information has been incorporated into an NCFMASH

petrogenetic gnd which is consistent with the reported assemblages, and, to varying degtees,

with the phase diagrams developed by Spear and Rumble (1986) and in Chapter 3.

This final chapter serves as a summüy of the main findings and presents some ideas on

how to improve the match between the observed and calculated phase relations.

7.2 Calculated phase relations

Many of the phases contained within the FMASH compositional system a¡e also

observed in the kyanite- and staurolite-amphibolites which are the subject of this project. As a

result of the relatively well understood nature of the phase relations in cordierite-

orthoamphibole-type rocks, the FMASH sysrem provides a sound basis for calculations in the

more complex CFMASH and NCFMASH compositional systems. The phase relations

determined by equilibrium thermodynamics calculations for the FMASH system are simila¡ to

those determined by Hudson and Harte (1985) and by and large are consistent with the reaction

relationships observed in natural mineral assemblages (e.g. Robinson & Jaffe I969a: Sharma

& MacRae, 1981; Schumacher & Robinson, 1987; Arnold & Sandiford, 1990). In the process

of calcularing the phase relations for cordierite--orthamphibole-type rocks, the thermodynamic

data for the gedrite end-member was adjusted within its uncertainty, reducing the size of the

orthoamphibole field in the FMASH model system, and increasing the consistency between

calculated and observed phase relations.
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The phase relations in CFMASH were developed from the basis of the FMASH

petrogenetic grid presented in Chapter 2, in the first instance, ignoring chlorite. They were

found to be consistent with the phase relations observed in most chlorite-absent þanite- and

staurolite-amphibolites (e.g. Spear, 1977; 1982; Purtscheller & lvlogessie, 1984; Selverstone et

al., 1984; Schumacher & Robinson, 1987) and proved to be useful in constraining the

metamorphic history of the Harts Range amphibolites (Chapter 4). Many of the observed

kyanite- and staurolite-amphibolites contain chlorite in addition to the phases considered so far,

however, calculations involving chlorite in the CFMASH system resulted in many of the

previously stable equilibria becoming metasrable with respect to chiorite-bearing assemblages.

Compositional effects such as the influence of minor phases, oxygen fugacity and water

activity do not provide an adequate explanation of the inconsistencies between the calculated

and observed phase relations and thus it seems that uncertainties in the thermodynamic data or

in the acrivity composition (a-X) relations of the phases are probably responsible. The

uncertainties associated with several of the mineral end-members are signif,cant, however only

those for the staurolite end-members,/sr and mst were sufficient to cause the topology of the

calculated reactions to invert to one more appropriate to the observed assemblages. A similar

effect might be achieved by a combination of the effects of uncertainties in the data for other

mineral end-members, such as tr,ltr, hb, or for non-ideal mixing between the gamet end-

members alm, py, and grs. Unfortunately some inconsistencies remain in the adjusted

CFMASH system as a resulr of the large number of independent factors influencing the

equilibrium relations. The exact cause of the CFMASH inadequacies are not reconcilable,

ho,*,ever it is cleai from the d¡amatic effects of uncertainties in the data, that in order to achieve

better correspondence between the calculated and observed assemblages, not only the data, but

also the uncertainties in the data must be improved.

The problems outlined above promote Some Scepticism over the quantitative aspect of

the strongly data-dependent calculated phase relations. As a result, the univariant reactions in

the NCFMASH system are dealt with only qualitatively here. An NCFMASH perogenetic

grid has been consructed from the phase relations in the adjusted CFMASH system, by

assuming that Na did not stable any other phases, but rather increased the stability of

plagioclase-, hornblende- and orthoamphibole-bearing assemblages. Some problems are

obvious even from this qualitative approach. Most significant is the prediction that cordierite

will not be stable under any pressure or temperature conditions in amphibolites which contain

hornblende, plagioclase, quartz and an aqueous vapour. Despite this problem, the stable

equilibria in the NCFMASH perogenetic gnd can account for many of the mineral

assemblages and reaction relations observed in natural assemblages, implying that the

calculated phase relations do contribute useful information for constraining the metamorphism

of amphibolites.
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7.3 Observed phase relations in amphibolites

7.3.L Harts Range amphibolites

The mineralogy, textural relations and mineral chemistry of kyanite- and staurolite

amphibolites from the Harts Range in central Australia have been described for the first time in

this thesis (Chapter 4). The amphibolites show a range of compositions which allow

development of several different divariant (and higher variance) assemblages during

metamorphism to peak conditions of about 7 kbar and 650-700oC. As a consequence of the

influence of composition on a rock's mineralogy for given physical conditions, this variable

composition has resulted in a suite of assemblages which record different portions of the

area's P-T evolution. Fe-rich amphibolites contain staurolite-garnet-gedrite-homblende

(+plagioclase, quartz and aqueous vapour), more Mg-rich samples have kyanite--cordierite-

anthophyllite-hornblende and intermediate composition amphibolites contain þanite-
staurolite-gedrite-hornblende assemblages. Despite the temporal and compositional variation

of the amphibolite assemblages, they do not define crossed tie-lines and thus do not violate the

relevant NCFMASH compatibility diagram.

The NCFMASH divariant and rivariant reactions which are observed in the Harts

Range are closely related to CFMASH univariant and divariant equilibria which were calculated

in Chapter 3. They suggest that the area has experienced a period of syn-deformational up-

pressure and up-temperature metamorphism, followed by a period in which pressure decreased

and deformation waned. Cordierite-bearing amphibolites provide evidence of a further

decrease in pressure at some later stage, which did not coincide with significant local

deformation. The development of these cordierite-bearing assemblages as a result of

decompression at some time after mineral growth had generally ceased, implies that the area

experienced a period of at least localised heating which allowed mineral growth to resume.

This two (or more) stage metamorphic history is consistent with geochronological information

from the area which documents four separate "isotopic closure events" (Foden et a1., 1994)

The plausible P-T path determined from the amphibolite assemblages using the calculated

phase diagrams and the consistency of this P-T history with the geochronological information

provides support for the utility of the diagrams, at least for chlorite-absent amphibolites.

7.3.2 Zillertaler Alpen hornblende garbenschiefer

The hornblende garbenschiefer of the Austrian Zlllertaler Alpen also contain a near-

complete suite of mineral associations developed in amphibolites of variable composition. The

phases observed in the garbenschiefer are similar to those in the Harts Range amphibolites,

however the equilibrium assemblages are significantly different. The lower temperature (-7

kbar and -550oC, Selverstone et al., 1984) hornblende garbenschiefer contain chlorite, rather
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than cordierite in Mg-rich rocks and orthoamphibole is entirely absent. No reaction textures

were observed in the garbenschiefer and the assemblages do not define crossed tie-lines.

7.3.3 Kyanite- staurolite and related amphibolite assemblages from around the

world

Previous studies have focussed on individual occuffences of these unusual

amphibolites, describing the mineralogy, textural relationships and mineral chemistry of the

rocks, but largely without comparison to similar associations. Chapter 6 reviews the mineral

assemblages and compatibility relations of reported kyanite-, staurolite- and related

amphibolites, including those from the Harts Range, Zillenal and the little discussed examples

from the Frodalera area of Switzerland. The intermediate pressure and temperature examples

describe a wide range of compatibility diagrams both within and the relationships between the

associations form the basis of an investigation of the phase relations of the amphibolites.

The prevalence of cordierite-absent NCFMASH univa¡iant assemblages reported in the

literature suggesrs that the NCFMASH invariant point [Crd] is stable whereas the presence of

cordierite in some amphibolites and the observation of the reaction,

sillimanite + gedrite + stauolite + cordierite [Grt, Chl]

(+ homblende, plagioclase, quartz and vapour) in New Hampshire amphibolites (Schumacher

& Robinson, 1987) implies that [Grt] or [Chl] may also be stable. All of the reported

NCFMASH divariant reactions support the stability of [Crd], [Grt] and [Als] in NCMASH.

The invariant points, [Chl] and perhaps [Oam] were found to be metastable with respect to

CFMASH invariant points.

As expected, given their basis in the compatibility relations of natural amphibolite

assemblages, the NCFMASH petrogenetic grid developed here is very similar to that presented

by Spear and Rumble (1986) and with the observed assemblages. Important differences

between the g¡ids and the natural assemblages relate to the lack of two orthoamphiboles and

cummingtonite from the NCFMASH gdd determined here and the absence of talc from both

this work and that of Spear and Rumble (1986). However, all three of these phases occur in

relatively extreme parts of amphibolite compositional space and thus are unlikely to

significantly influence the majority of amphibolites. A remaining problem with the CFMASH

and NCFMASH grids calculated here and presented by Spear and Rumble (1986) concerns the

relative Xp" of staurolite and garnet. Observed assemblages suggest that garnet is more Fe-

rich than staurolite at low to intermediate pressures and temperatures, however, with increasing

pressure and temperature, staurolite becomes more Fe-rich. This reversal was encountered in

the calculated CFMASH phase relations, however it is restricted to the metastable portion of

the grid.
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7.3 Ideas for future development

The problems encountered in the chlorite-bearing CFMASH model system when

chlorite was incorporated are significant and indicate that the thermodynamic data is not yet as

well constrained as we would like. This has important implications for phase relations in other

rock-types as many of the phases of interest here also occur in pelites and semi-pelites and are

important in the interpretation of these rocks. Specifically, the thermodynamic data for the

staurolite and hornblende end-members are poorly consüained and the a-X relations in both of

these phases and especially garnet, are poorly understood. In addition to achieving a better

match between the topology of the observed phase relations and those calculated from

thermodynamic data, improved information for staurolite and garnet may allow the reversal of

Xps between these phases to be better characterised. The incorporation of compositional solvi

in both orthoamphiboles and clinoamphiboles and the inclusion of talc will also add relevance

to the calculated phase relations, once the above problems have been overcome.

As for most compositional systems, activity of oxygen may have a significant effect on

the phase relations of amphibolites, and although the consideration of fg, would add another

compositional variable to the already complex amphibolites, the availability of thermodynamic

data for Fe3+-bearing end-members of amphiboles and chlorite would allow the implications of

epidote-bearing assemblages to be investigated. The inclusion of Fe3+-bearing phases may

allow a more comprehensive understanding of amphibolites in general, including the higher

variance assemblages belonging to the common assemblage of Laird (1980).

7.4 Conclusion

In conclusion, the reaction textures, equilibrium associations and compatibility relations

in kyanite-, staurolite- and related amphibolites are potentially a very useful tool in constraining

the P-T evolution of metamorphic rocks. The investigation of the Harts Range amphibolites

presented in Chapter 4 has outlined the possibilities for constraining not only the broad

characteristics of a metamorphic terrain but also a relatively detailed picture of the evolution of

the rocks based mainly on divariant and higher variance assemblages. Thus there is an impetus

to improve our knowledge of the behaviour of minerals which are observed in amphibolites.

In the light of more accurate thermdynamic data and mixing models, the phase relations

observed here may be improved upon and extended, and may eventually prove a useful

medium in which to evaluate metamorphic conditions.
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Appendix A1: End-member and phase names, abbreviations and formulae

(a) Phase abbreviations

name

abbrev.

(general)

abbrev.

(rrßRMo

-cALC)

formula

aluminosilicates

aridalusite

sillimanite

kyzurite

aqueous vapour }2O H2O }lzO

Al2SiO5

A12SiO5

Al2SiO5

K(Fe,Mg) (Fe,Mg,Al)2S izlSi,All zO ro(OH)z

VKAI2Si2[SiAl]Oro(OH)z

VNaAl2Si2 [S iAl] O r o(OH)z

CaCO3

Ca(Fe,Mg)z(COùz

Mga(MgAl)S iztAlSil O ro(OH)s

Fe¿(FeAl)SizlAlSilO ro(OH)s

Mga(Al2)SizlAlzlO ro(OH)s

Ca(Fe,Mg)Si2O6

(Fe,Mg)25i2O6

Mg2AlaSi5Ols

Fe2AlaSi5Ols

Mg2AlaSi501s.H2O

Ca2(Al,Fe3+)Al2S i3 O 1 z(OH)z

Fe3Al2Si3Op

Mg3Al2Si3O12

Ca3Al2Si3O12

Mn3Al2Si3O12

Als

And

silt
Ky

and

sill

ky

Biotite

Muscovite

Paragonite

calcite

ankerite

chlorite

clinochlore

daphnite

amesite

Clinopyroxene

Orthopyroxene

Bt

Ms

Pg

Cal

Ank

chl

cpx

opx

chl

clin

daph

ames

cd

crd

fcrd
hrrd

altn

pv

8r

cordierite Crd

cordierite

Fe-cordierite

hydrous cordierite

Epidote

garnet

almandine

pyrope

grossular

spessartine

Ep

Grt

prp

sps

gt
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name

abbrev.

(general)

abbrev.

(T[{ERMo

-cALC)

formula

hornblende Hbl

tremolite

ferro-tremolite

homblende

edenite

ferri-hornblende F3hb

cummingtonite Cum

Ilmenite Ilm

orthoamphibole Oam

anthophyllite

ferro-anthophyllite

gedrite

ortho-edenite

plagioclase

Cl plagioclase

albite

fictive anofrhite

11 plagioclase

anorthite

fictive albite

anorthite

quaftz

rutile

staurolite

Fe-staurolite

Mg-staurolite

Zn-staurolite

hbl

t
ftr
hb

ed

F3hb

V CazM g¡ (M gz) S i+ [ S i¿ ]O zz(OH)z

V Ca2Fe3 (F ez) S i¿ t S i¿l O zz(OH)z)

VCazMg¡ (MgAl) S i4 tSi:AllOzz(OH)z

NaCa2Mg3 (Mgz) Si¿tS i:AllØz(OH)z

VCazMg¡ (MgFe3+)Si+tSi:AllØ z(OH)z

V(Fe,Mg)2(Fe,Mg)3 @e,Mg)zSi+ [S i¿] Ozz(OH)z

FeTiO3

VMg2Mg3 (M gz ) S i¿ t S i¿lOzz(OE)z

VFe2Fe3 @ez) S i¿ [S i¿] Øz(OH)z
VFe2Fe3 (Alz) S i¿ [S izAl z]O n(O}f)z
NaMg2Mg: (Mgz)Si¿ [Si3Al] O22(OH)z

NaAlSi¡Os

CaAlzSizOs

CaAlzSizOs

NaAlSigOa

CaAlzSizOs

SiO2

Ti}z

Fe4Al1sSi7sOø(OH)¿

MgaAllsSiz.sO¿¿(OH)+

ZnaAllsSiT.sO¿¿(OH)¿

(Fe,M g)2(Fe,Mg,Al)S i2 [S i,A1] 20 zz(OH)z

oa

anth

fath
ged

oed

PI

ab

an

an

ab

an

q

An

Qz

Rt

St st

fst
mst

znst

Talc ïc
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(b) Compsitional abbreviations

Abbreviation formula cofnments

Xre

XFe,Gtt

Xalm

Xprp

Xg..

X.p.

Ps*

An^

Aliv

Fe/ (Fe + MgO)

Fe/ (Fe + MgO)

Fe/ (Fe + Mg + Ca + Mn)

Mg/(Fe+Mg+Ca+Mn)

Cal (Fe + Mg + Ca + Mn)

Mn/(Fe+Mg+Ca+Mn)

1gg ,r, p.3+ 7 6s3+ + Al)

100*Cal(Ca+Na)

(Number of tenahedral sites - Si)

AI - ATV

in garnet

in garnet

in garnet

in garnet

in gamet

in epidote

in plagioclase

Al on tetrahedral sites in hornblende,

biotite, orthoamphibole, chlorite, talc

Al on octahedral sites in hornblende,

biotite, orthoamphibole, chlorite, talc

Alvi

Appendix Al - 178



Appendix A2z Thermodynamic data

This appendix lists the thermodynamic data used in the calculation of FMASH and

CFMASH phase diagrams. The data was obtained from the internally consistent dataset of

Holland and Powell (1990, pers. comm .,1992), thermodynamic dataset produced at 10.27 on

V/ed 1 Apr,1992) and is appropriate to the mineral end-member formulae in Appendix 41. H

is the molar enthalpy (kJ); sd(H) is the standard deviation of the molar enthalpy; S is molar

entropy (kJ K-1), V is molar volume (kJ kbarl); a, b, c and d are molar heat capacity

polynomial coefficients, where the heat capacity Cn = u + bT + cT-2 + ff-Uz; cr and p are the

coefficients of thermal expansion and compressibility, multiplied by the molar volume. The

factors underneath S, b, crV and pV are factors by which those data must be multiplied in

order to obtain units of kJ, K and kbar.

42.1 Standard data

Thermodynamic properties (units : kJ, K, kbar)

H sd(IÐ S

(x l0-3)

b

(x 10-5)

v c doVPV
(xl lx 10-3)

mst

fst

pv

alm

g
c¡d

fcld

hcrd

anth

fattr

ged

clin

daph

ames

tr

ftr

hb

d
an

ab

ard

sill

ky

q

IJ20

-25t20.82

-23750.30

-6283.62

-527t.97

-6636.62

-916r.45

-8463.43

-9456.18

-r20&.24

-9630.43

-12313.69

-8920.37

-7156.15

-9047.88

-12302.4

-10530.12

-12408.55

-10530.12

-4232.45

-3937.06

-2590.96

-2586.40

-2595.37

-910.83

-241.8I

890.00

r030.00

266.30

342.00

256

407.50

458.00

482.80

537.00

729.00

515.00

42r.00

5s9.00

400.00

550

'105

561

705.00

r99.3

ztr.35

9r.40

96.20

82.00

4t.50

188.80

44.260

44.880

11.318

11.51 I

12.535

23.322

23.7t0

23.322

26.540

27.870

25.800

21.090

2t.340

20.980

27.27

28.28

26.99

28.280

10.079

10.007

5.1 53

5.003

4.414

2.269

0

2.8205

2.8800

0.5450

0.7230

0.1286

0.8213

0.8515

0.8614

r.2773

1.3831

r.3077

l.1618

t.2374

t.t770

r.2144

t.29

r.2296

r.2900

0.3914

0.4520

0.2904

0.226r

0.3039

0.0979

0.M01

-5.9366

-5.6595

2.0680

-2.6775

-4.0986

4.3339

4.4724

5. r995

2.5825

3.0669

23&2

l 0133

r.3594

0.9041

2.6528

2.999r

2.5438

2.999t

r.2556

-r.33&

-1.0520

1.4070

-1.3390

-0.3350

0.8656

-13774.0

-t0&2.0

-833r.2

-1992.t

-3r28

-82rr.2

-6&5.0

-'1723.7

-97M.6

-4224.7

-9307.4

-7651.3

-3743.0

-'7458.7

-r2362

-8447.5

-r2t63.5

-8447.5

-3036.2

-r2'75.9

-1109.0

-2440.0

-895.2

-636.2

487.5

-24.tzffi

-25.3730

-2.2830

-6.0436

-6.0714

-5.00m

-5.6234

-5.2512

-9.0747

-rr.2576

-9.7990

-9.69W

-11.2500

-10.0530

-7.3885

-8.947

-7;1503

-8.9470

-2.5832

-3.9s36

-2.6280

-r.37û

-2.9040

-0.7740

-0.2512

8.31

8.17

2.33

2.78

2.82

3.2t

3.39

3.41

5.58

6.44

6.55

3.2r

4.38

2.98

5.08

6.25

4.55

6.25

t.57

2.61

0.89

0.90

0.89

0.52

0.02

t2.0 32.0

13.0 36.0

29.8 6.3

283 6.6

31 7.9

r4.5 20.0

13.0 20.0

r4.5 20.0

74.0 33.0

19.0 32.0

72.0 32.0

59.0 38.0

59.0 38.0

58.0 38.0

84.5 36

88 37

83 35

88.0 37.0

r4.3 10.7

28.7 r4.3

t2.3 3.9

6.7 3.8

10.5 2.9

8.0 5.4

00
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42.2 Adjusted data

Thermodynamic properties (units : kJ, K, kbar)

H sd(IÐ s

(x 10-3)

V a oV pV

to-5t (x to-3)

d

(x

2.3642 -9307.4 -9.7990

-5.9366 -13774.0 -24.12û

-5.6595 -1W2.0 -25.3730

72.0

12.0

13.0

32.0

32.0

36.0
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AppendixA3:PermanentclatafilesforFMASH

This aPPendix contains a listing

pressure tempèiature projections in the

systems.

A3.1 FMASH

A3.1.1 Standard data

of the Derrnanent dara frles used in the calculation of

FtüÀsrH,^MASü, ÈÁstt and NFMASH model

ky

st2

ard sill

x(st) 0.7

cd3

x(cd) 0.3
h(cd) 0.25

gr2

x(gt) 0.65

chl 3

x(chl) 0.4
y(chl) 0.6

mst
fst
2

cd
fcrd
2
hcrd
2

pv
alm
2

clin
daph

2
ames
z

anth
fath
2
ged

2
J

1

1
2
2
1

2
I

I
I
I
1

1

I
I
1

I
I
1

1

1

1

1

I
I

1

I
000

I l-t | 2

01112
0111
tr-rl2
0112

11-1 14
01114
0111

11-1 13
01113
0i11

0ll1
11-1 15
0112

1-1
1-1

1

I
2
)

01121

16
16

0.2
I
1

J
3

2
1

1

tl-1 22
tl-1 22
3 r-l 2
01r24

I 1-1 15
01115
0121
1 l-1 14
-tl2 2

rr-l 22
tr-1 22
7 l-2 2
01r24

01r22
01122

2l-r 2 4
2l-l z 4

t-l 2 4

r-r 2 4

oa3

J
1

7o geÀ

43.1.2 Orthoamphibole with AH*t¿ =+10 kJmol'r

0.0625 3

0.0625 3

0.1429 2

1 1-1 17
01117

factor

2l-1 22

2l-1 22

5

0.5
0.5

x(oa)
y(oa)

q ÍÐo

oa3

x(oa) 0.5
y(oa) 0.55

0.0625 3

0.0625 3

0.1429 2

l3
tl
1000

1

0
0
I
0
o/o

anth
fath
)
gcd
,)

3

tl-1 22
tl-l 22't r-22
07124

1-1 17
ll17
111
l-1 l5
I tz

I
1

factorgcd
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A3.2 MASH

ky

mst

cd2

ard sill

crd

2

clin

2

I
1

I

I
1

1

I 1 -1 I I
01111hcrd

h(cd) 0.25

pv

chl 2
ames

y(chl) 0.2

oa2

y(oa) 0.55

q IDO

A3.3 FASH

ky sill rìrd

fst

cð2

h(cd) 0.25

alm

chl 2

y(chl) 0.7

oa2

y(oa) 0.55

q H2O

0111

I
1

1

ÂIIged

anth

ced)
3

1

1

2
5

-1
I
I

1-1
1l
t2

1-1
11
11

l6
I
1

1

0
-1

1

0
0
Vo

2
I
I

01112

4
)

I fcrd 1

0llr2

daph 4 clin -4 7o makes fame

7o ÅHged ltddle
ged 7 fath 5 anth 5 7o makes fged

1-1
I -1

2
)

,
4

2
4

11

1

1

0.0625 2
r2
11
500 hddle

fcrrd

fhcd
2
4

daph
fame
)
4

fath
fged
2
3
4

1

I
1

1

1

I
I
3

11-1 11
01111
01r1

Ihcrd

16
1

I
J

1

1

1000
3

2
I
I
5

1l
01
-1 1

1

0
0

crd

2
4

2
4

I
I
I

0.0625 )
)
I

7

ames

I

1

I
I
I

2 t-r | 4
2 t-r 12

Appendix A3 - 182



A3.4 NFMASH

ard

mst
fst
2

x(st) 0.7

cd3

x(cd) 0.3
h(cd) 0.8

Et2

x(gt) 0.65

chl 3

x(chl) 0.4
y(chl) 0.6

oa4 anth

fath

2
ged

x(oa) 0.5
y(oa) 0.55
n(oa) 0.4

ab q Í72O

sillky

sr2 1

I
1

4
4

I -1

11
11

I t-l r 2
01112
0111
I r-t L 2
0112

I
0
0

01113
0111

I
1

I

1

1

I

0rr2l

I t-t r 7
3 1 4 2-2 2 -13 3

anth 1 tt -l 7o makes oed

0tr22
0rr22

rt-t 2211-1 15

2l
2T

I -l
1-1

1

I

tl-r22
3 r-l 2
0rt24

OT2T
I 1-1 14

2-2 2-r3 2
tt2

I 1-1 13

01115

-tt 2 2

I
I
I
I
1

1

1

1

I
I
I

l6
16
0.2
I
I

2
2
I
a

I

J
3
2
2
I

crd

fcrd
2
hcrd
2

pv
alm
)

clin
daph

2
ames
2

1-131 1l-Lt7
t-r22 42-22-134
1-1 3 1 0 t r r 7
r-r22 42-22-134
111 7l-22
1 -1 3 I 1 1-1 1 5

tr22 0222r32

1131
222t
TI2

I
1

1

I
0
1

0
4
0
To

0
0
0
Vo

ed

4

4

)
5

0.003906

0.003906

0.14286
0.0625

1

000
0.0370

1

9.80 0
J

DQF

DQF
I

1

4

1

1

2
J
od

2
3
4
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Appendix A4: Permanent data-file set up

^4.1Introduction
Most of the information presented here about the permanent data-files which are

required to run THERMOCALC is available in the TIIERMOCALC documentation' However' for

convenience and clarity it is repeated and expanded upon here'

UsingTHERMOCALcitispossibletodeterminethepositionsofmineralequilibriain

intensive variable space' including the compositions of the phases and a balanced reaction at a

given P-T point, as well as compatibiliry diagram and pseudosection information' To carry out

these carcurations, coded information including more fraction equations and compositional

information, expressing the proportion of each end-member in terms of its compositional

va¡iables, are required. The iterative process used in TI{ERM.CALC (Powell & Holland, 1988)

means that starting guesses are required for the compositional variables for each of the phases'

However'althoughastartingguessisrequired,theprogramactuallycalculatesthe

compositions of the phases at each p-T point, so that, except for certain hard-to-find equilibria,

the guesses need not be exùemely accurate' Additional information may be incorporated to

make adjustments to suspect thermodynamic data, to incorporate activiry-composition

informationandDarken,squadraticformalisminformation(e.g.Wiil&Powell,1992).End-

memberswhichalenotincludedinthedatasetcanbeincorporatedaslinearcombinationsof

those which are in the data set'

The information in the permanent dataf,rle must be set out in the consistent manner

outlined, below. The complete data hle consists of a list of phase names' each of which is

accompanied by the number of its constituent end-member phases' the end-member names'

end_member information and a starting guess for the compositional va¡iables for that phase'

(phase name) {number of end-membersJ

{end-member name) fend-member information]

{end-member name} (end-member information}

Ivariable name]

{variable name}

(starting guess)

(starting guess)
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The end-member information is set out in the form

{ thermodynamic mole fraction expression }

I activiry-composition (a-X) expression ]

I bulk comPositional exPression )

{ Darken's quadratic formalism information )

{ dependent end-member expression }

and the formulation of each of these will be dealt with in turn.

L4.zThermodynamic mole fraction expression

Thermodynamicm<llefractionsaretypicallyrepresentedastheproductofaseriesof

compositional terms e.8. Xfst,St = (Xp'")4 , where XFe = Fe/(Fe+Mg) (e'g' Powell' 1978)'

However, this is not a form which can be easily read by a computer progam and' thus' a more

general form is required. The different compositional telrns' such as Xps can each be defined

as a compositional variable (e.g.x) and, thus, may be more generally coded' The mole

fraction formulations may include up to several terms, each of the form; bx", n(c+bx)a or

n(c+bx+dy)a, where x and y represent compositional variables; a, b, c and d are integers and

n is a real number representing the constant term for the thermodynamic mole fraction' All

three of these types tenns may be described in the mole fraction formulations:

{normalisation factor) (number of termsJ

{constl} (xtermslJ [mult11] {index11) {powerl)

(const2J (xterms2) {mult22J (index22} (power2J"'

or

Inormalisation factorJ (number of terms]

Iconstl) {xtermsl} [mult11) (index11) {mult12} [index12] (powerl]

Iconst2) [xterms2J (mult21) (index21J Imult22) (index22) {power2)"'

where {normalisation factor} is a factor by which the entire mole fraction equation is

multiplied, comprising a factor to ensure that the mole fraction of a pure endmember is equal to

1, multiplied by the constant term for the mole fraction expression; Inumber of terms] is the

number of different mole fraction teÍns; {consti) is a constant; Ixtermsi] is the number of

compositional va¡iables; {mult;¡} is the multiplier of the particular compositional variable;

{index¡¡}isthepositionofthecompositionalva¡iableinthelistofstartingguessesand
(powerl) is the power to which the entire term is raised (Powell and Holland' pers comm'

1991). The fi¡st example listed above is for terms in which Ixterms¡) is equal to 1 (e'g' (1-

x)2), while the second is for (xterms¡) equal to 2 (e'g' (* + y)2)' As an example' the mole

fraction of Mg-staurolìte X3¡= (1-x)4 (see section A4.2.2), would be coded as

st 1 I -l | 4

i.e., a normalisation factor of l, 1 term, a constant of I ((l-x)a), only one X-term (x)'a

multiplierof -l ((l-x)4), the f-rrst of the X-ternrs (x), all raised to the power4 ((1-x)4)'
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Mole fractions have been determined for this srudy assuming ideal solid solution for all

phases (including garnet, though see section 44.3) and mixing on sites (e.g. Powell, 1978)-

A4.2.L Non-solid solution Phases

The mole fraction calculation for non-solid-solution phases, is trivial, e.g.Xq in quarz

= 1, and thus does not need to be coded. Thus, non-solid solution phases merely need to be

listed in the data file;

q

an

Hzo

ard

sill

ky.

A4.2.2 Simple solution Phases

The mole fractions of end-members in phases which involve a single compositional

variable, such as Xps are more complex. They involve a single compositional variable, such

as Xp", are expressed as the proportion of the relevant element (of two possible) on each site

on which substitution can occur, raised to the number of appropriate sites. In the case of

staurolite, for which ideal subsútution of Fe-1Mg1 is assumed, the mole fraction of the Fe-end-

member (7Ê,rr, Fe4Al1gSi7.5Oaa(OH)¿) is simply the proportion of Fe on each of the four sites

on which it may occur, raised to the power 4,i.e., (Xp")4.

If x is set to be Xps i.e., Fe/(Fe+Mg), then Xfst,st may be coded as x4.

The mole fraction of the Mg-end-member (nsr, MgaAllgSiz.SOø(OH)+) is the proportion of

Mg on each site, raised to the power 4,\.e.XMg4,(1-Xp.)a or (1 - *4¡. The mole fraction of

pure/sr in staurolite is

Xfst,st=1=n*x4=¡*14'

Therefore, the normalisation factor, n = 1. Thus the coded mole fraction information for/sr is

fst 11 01114.

That is, the normalisation factor = 1, there is one term, (0-x)4 , which has a constant of 0, one

x-terrn which is multiplied by +1, the x-term is the first in the list (x) and the term is raised to

the power 4.

Xmst,st = 11-x)4,
SO,

mst I I 1 l-l 14
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That is, the normalisation factor = 1, there is one term, (1-x)4 , which has a constant of I' one

x-tenn which is multiplied by -1, the x-term is the first in the list (x) and the term is raised to

the power 4.

The coding for staurolite is

sr2
x(st) 0.8

fst
msI

1l
11

01114
I 1-l l4

^4.2.3 
More complex solution phases

Similar formulation applies for more complex phases in which solid solution involves

more than a single exchange vector (e.g. garnet, cordierite)' In the case of garnet in the

CFMASH system, the relevant end-members are almandine (aImFqAl2Si3O12), pyrope (py

Mg3Al2Si3Orz) and grossular (gr Ca3Al2Si¡OrZ). Assuming ideal solid solution between

these end-members the mole fraction of almandine in garnet is:

Xalm,gr = n * (XFe,u)3 = n* [(Xre)* (1-XcJ]3

If x = (Xp.) andz =XCa = Ca / (Ca + Fe + Mg), then

Xalm,gr-n*x3*'(1-z)3

Similarly,

Xpy,g, = n * (XMs,u)3 = n* [(l-Xps) * (1-Xca)]3, then

Xpy,gr= n x (1-x)3 x 1t-z¡3

and

Xgr,gr = n x (Xca,u)3 = nx (X6¿)3, so

Xg.,g, =n* 7'3'

As x, (1-x) and z are equal to one for the pure end-members alm,py and gr, respectively' the

normalisation factor, n = 1. Thus

gr3 0r113
1l-l l3
0 r t23

r1-r23
rr-1 23

alm

pv

g

tz
t2
It
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A4.2.4 Solid solution phases with substitution on more than one site

The mole fractions of amphibole end-members are more complex again, because more

than one type of site is involved in substitution. For homblendes in the CFMASH system, the

endmember phases are taken to be tremolite (n, VCa2Mg3(MgÐSi¿[Si¿]Øz(OLÐz), ferro'

tremolite (fff , Y Ca2Fe¡ GeÐSi¿[Si+]ozz(oH)z) and hornblende (/rå,

VCa2Mg3(MgAl)SiatSi¡AllOzz(OH)z). XV,A, XC"Jvt¿ and X51,12 are all assumed to be 1' x

= !s/(Fe+Mg) and y = X¡l,tr¡2, therefore,

XFe,Ml,3 = X

XMg,tu1,3 = (1 - Xfe) = (1 - x)

XAl,Ml = Y

Xr",vtz = XFe * (1 - X¡.t,tut2) =x * (1 - y)

Xue,vrz=(1 -Xr'")*(1 -X¡¡,vtz)=(1 -x)*(1 -y)

XAl,Tt = (x¡t,trlz) ¡ 2 = Y I 2

Xsi,rr = (1 - (Xnr,rr)) = (1 - (V lZ¡¡ = 0.5 * (2 - V)

The amount of Fe on a site which maY

have Fe and Mg
The amount which is not, Fe, on a site

which may have Fe and Mg
The amount of AI on each of two sites

which may have Al, Fe and Mg
The amount which is not Al * the ratio of

relFe+Mg)
The amount which is not Al x the ratio of

Mg/fe+Mg)
The amount of Al on each of 4 sites which

may have Al and Si (twice as

many sites as M2)
The amount which is not Al

SO'

Xt¡,hut = n * (XMg,Ml,3)3 * (Xug,tøz)2 * (Xsi,rt)4

=n * (1 - x)3 x (1 - x)2 * (1 - t¡Z x (0.5)a * (/- v)a

=n / t6x (1 - x)s x 1t - y¡2 x çz - y¡4

forpure trXt¡,hut = 1, x = 0, y = 0 therefore 1 = n I 16* 1 x 1 * 1, so n = 16, and the

normalisation factor = 16 I 16 = 1

Xt¡,hbl = (1 - x¡5 x (t - Ð2 * Q - y)a

Similarly, Xfrr,hbl = (x)5 x (1 -y)2 x çZ-y¡4

Xnb,hul = n * (XM',M1,3)3 * (Xug,røz) * (Xnl,vrz) x (Xsi,rt)3 * (X.ql,rt)

=n* (1 -x)3 * (1 -x) * (1 - y) x y x (0.5 * (2-y))3 * $ l2)

=nI24*(1 -x)a*(1 -y)x rz*ç2-y¡3

for pure hb Xnu,nul = 1, x = 0, Y = 0.5 therefore I =¡¡l)4x 1x yz* (tlÐz* elÐ3

= n l24 * 0lÐ6 * 33 - ,133 ¡210,

so n = 210 ¡33 and the normalis¡rtion facror = (210 I 3, I 24 = (26133) =2.3704'
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v 1j704* (1 -x)4* (1 -y)* y2*ç2-y¡32rhb,hbl - L.-

hbl 3

thesis.

^4.3 
Activity-composition (a'X) formulation

An a-X facility in THERMOCALC allows calculations to be carried out on minerals

which have non-ideal activity-composition relations, for example, solid solution garnets

involving the end members almandine, pyrope anð' grossular ot plagioclase which has different

structnres for the anorthite and albiteend-members. Activity is related to thermodynamic mole

fraction by the equation a = ^lx,where 1is the activity coefficient of the end-member in the

phase and X is the mole fraction of the end-member in the phase' Activity coefficients can be

written as a function of a set of interaction pafameters, and represent the difference be¡ween the

two mineral end-members. The relations between the activiry co-efhcients and interaction

parameters a¡e described below, however, the interaction parameters themselves are functions

of F and T, such that, wi¡ = a * bT + cP, where a'b and c are constants' The permanent Cata

files used in THERMOCALC may specify the a, b and c values for a particular end-member'

44.3.1 a-X formulation for plagioclase

Although plagioclase is a chemically simple phase, structurally it is fa¡ more complex'

The result of this is a number of miscibility gaps, one of which will be dealt with here'

Holland and powell (lggz)modelled activity-composition relations in plagioclase using both

Darken's quadratic formalism (DQF) (see Powell, 1987; section A4'5) and Landau theory' and

found that the former appears mole appfopriate to phase diagram calculations (tlolland &

Powell, Igg2). The method involves dividing plagioclase into two structurally distinct

portions which are bridged by an imposed continuity. The model used in this formulation is

Holland and powell's (1992) model 4 in which plagioclase is (1) 4T-disordered in the C1

(atbite-nch) field, in which there is random mixing on both the large ion cation site and the

terrahedral sites with Al and Si distributed evenly over all 4 tetrahedral sites and (2) ordered in

the I1 (anorthite-ich) field where Al-Si mixing is assumed not to contribute to the entropy of

mixing.

Each of the phases, Cl and I1 consists of a real end-member and a "flctive"

endmember (see the DQF section (44.5) below). In the case of cl plagioclase, ¿/åir¿ is the

real end-member, however there is no anorthite end-member with C1 Structure' So we use a
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ftr

hb

0.0625 3

0.062s 3

2.37M 4

I I 1-l 5

01115
t 1 l-1 4

0rr22

tr-722
I r-1 2 2

I r-r 2 |
2r-r23

2r-r24
21-1 2 4
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fictive endmemberfor Cl anorthite which is related to real ll anorthite by Darken's quadratic

formalism. In I1 plagioclase anorthi¡e is the real end-member and I1¡¡iæ is fictive- The Cl

and 11 plagioclases are entered as separate phases which a¡e used to calculate the P,T and X

information for a given reaction involving first Cl, and then I1 plagioclase. The transition

composition (where C1 plagioclase becomes more stable than I1 plagioclase, X6) can be

determined for a given temperatue from the linear equation

Xu = 0.12 + 0.00038T (K)

(tlolland & Powell, 1992) and thus, either the Cl or the 11 plagioclase will be stable at a

calculated P-T point.

The general formula for the activity coefficient of a multi-comPonent system is

RTi¡zTendmember = - Lil¡ri w;¡ (x1o-xf (x¡o-x¡)

where w¡¡ is the interaction patameter for a mixture of end-members i and j, x¡ is the mole

fraction of i in the phase, xio is the mole fraction of i in the pure endme.mber (R. Powell, pers.

comm.) e.g., in anorthite,

X¡',o = 1, x¡6o = 6.

The general features of activity coefficients and interaction parameters are described in general

texts such as Powell (1978) or Wood and Fraser (1917).

For the 11 simple region, fot anorthite;

RT /n t'lm = -wllAn (X¡,no-XRn) (Xeu"-XnU)

= -wllAn (l-Xnn) (0 - X,qu)

= wllAn (1-X6¡) X¡6.

IfX¡n=XandXAb=1-x

RT /¡r t'lnn =

For fictive albite

RT/nflnu =

*IiAn (1-x) (1-x).

-wll nb (Xe¡o-Xnu) (Xnno-Xnn)

-wllAb (1-Xnu) (0 - Xen)

wllRu (1-Xa6) X¡¡

if Xnn = X and XRb = 1-x

RT /n f 166 = wll45 x x'

From Holland and Powell (1992), wll = 9.8 kJ K-l'

This infomlation is coded in a similar format to the other permanent datafile

information. First, the integer I to indicate the mode of information (i.e. a-X information),

then the number of w terms, then each of the tenns above is entered as (e.g. for (real) anorthite

in the Il structured plagioclase wll4¡):
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(1)wij=a+bT+cP

(2) a normalisation factor (number of sites for mixing)

(3) number of terms

(4) {constl} (xtermsl} [mult11) {index11} {powerl}

I

9.800

I

1 I -1 I I

The THERMOCALC perïnanent datafile for plagioclase also ryquires DQF terms for both

the Cl and If phases: relating the fictive albite endmember in the 11 simple region to real a-lbite

in Ciplagioclase (see section 44.5).

The full coding for Ca-Na-plagioclase with 11 and Cl structures is listed in Appendix

A7 .4in the NCFMASH permanent datahle.

^4.3.2 
a-X formulation for garnet

Experimental work constraining the mixing relations in garnets implies that different

interaction pammeters are required for Ca-rich and low-Ca garnets. The garnets which are

observed in amphibolites typically fall into the low-Ca region of gamet compositional space.

powell (pers. cornm., 1993) has determined interaction parameters for low-Ca garnet :

wGtrF.Mg = 190R = 1.6 kJ K-1

and
wGrrcuFe - *GrtMgCu = -1100R = -9.1 kJ K-1.

The activity coefficient of each end-member can be determined using the general formuia:

RT/nys¡¿rnember = - Lil¡ti w1¡ (x¡'-x)(x¡o-x;)

where w are interaction parameters, x¡ is the mole fraction of i in the phase, x¡o is the mole

fraction of i in the pure endmember, for example in almandine,

xFeo = 1, xMgo = 0, xcao= 0'

Thus, the a-X expression for almandin¿ takes the form:

RT /n Tre = -wFcMg (Xr"o-Xr") (Xug'-Xug)

-wFeCa (Xp.o-Xp") (XCuo-XCu)

-wMsca (Xugo-Xvg) (XCa'-XCa)

-wFcMs (i-Xp.) (0-Xvg)

-wFcCa (1-Xp") (O-Xc")

-wMsCa (0-Xrøg) (0-Xca)

+ (l-Xrc) Xtøg *r'"ug
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+ (l-Xps) XCu wF"Cu

XUg XCu wMgCa

= + XMg wFeMg - Xpe Xug *r"tøg

+ XCa wFeCa - Xre XCu wF"C"

Xug XCuwMgCa

XFe = x (1-z), XMg = (1-x) (1-z) and Xg¿ = z, so

RT /n Tre = + (1-x) (1-z) wpsÀag - x (1-x) (1-z¡2 wFeMs

* zrilFsÇ¿ -xz(I-z) wFeCa

(1-x) (1-z) z wMsCa.

The values wFeMg, wFeCa and w¡4ggu are determined from the equations: wcf¡.¡4g =

1.6 kJ K-l and *GttcuF" - *GttMgcu = -9.1 kJ K-1, by assuming a value for wGrt6u¡r" or

*GrtMgCu. Initially I assume that Fe-Ca mixing is more ideal than Mg-Ca mixing, with

wG.rcaF" = 5 kJ K-l so, wGttMgcu = wGrtcaFe + 9.1 = 14.1 kJ K-1.

This information is coded in the same format as for plagioclase. First, the integer 1 to

indicate the mode of information (i.e. a-X information), then the number of w terms (for garnet

there will be 3, one for each of almandine, pyrope and grossular), then each of the terms above

is entered as (e.g. for the *GttMgCu term: -wMgCa (1-x) (7-z) z:

(1)wij=a+bT+cP -14'100

(2) a normalisation factor (number of sites with mixing) 3

(3) number of terms 3

(4) [constr) (xtermsl) {mult11} {index11} {powerl} t t-1 I I

(const2] (xterms2) {mult22) (index22} {power2} | | -r 2 |

{const2} (xterms2) {mult22} [index22] {power2} 0 I I 2 1

The activity co-efficient information for the almandine endmember is:

1 I 1.600 3 2 11-1 11 1r-r2r

-1.600 3 3 01111 11-111 1t-r22

500 3 I 01121

-500 3 3 01111 rl-12 I 01121

-14.100 3 3 l1-ll1 lL'L2 I 0lrzr
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^4.4 
Bulk compositional formulation

Bulk compositional terms for each end-member are set out in a simila¡ format to that of

the mole fraction expression, except that they involve only four integers as the expressions are

never raised to a power other than 1, and they are preceded by the integer 2' indicating that

they are compositional formulations. The number of compositional terrns required for each

phase is one less than the necessary number of end-members as the remaining compositional

terrn can be determined simply by difference. In the simplest case of phases with only one

type of substitution, compositional formulations have the form:

2 l1

i.e. X¡s¡ = XFe = x

Garnet is slightly more complex. The compositional va¡iables, x and zweÍe set in the

mole ftaction expression (section A4.2.3) to Xp" =Fe l(Fe+Mg) and Xç¿ = Ca I

(Ca+Fe+Mg). If alm, py and gr are set to be the molar proportion of almandine, pyrope and

grossular in gamet, then alm + py + gr = I. The formulae of the end-members are used to

write the compositional va¡iables in terms of the end-member names and then simplify to

obtain the proportion of each of the end-members in terms of compositional variables' To

write z in terms of the end-membe¡s:

z=Cal(Ca+Fe+lv1g),

there are 3 Ca in grossular,so Ca =3 gr,3 Fe in almandine, so Fe = 3 alm, and 3 Mg in

pyrope, so Mg = 3 Pl'
Thus,

z = Cal (Ca + Fe + Mg) =3gr (3 gr + 3alm + 3py) =3 gr I 3

8r=z

x =Fe/ (Fe + Mg) = 3alm l(3alm+3py) =3 almlQ -3s)= alml0 - er)

x=almlQ-z)

alm=x(1 -y).

Thisisrepresentedas,foralmandine, 2 l2 0lll ll-1 2

forgrossular, 2 | I 0ll2'

The amphiboles are more complex again, with x = XFe =Fe lGe+Mg) and y - X,ql,NAZ'

y =hb I Q hb +Z tr +2ftr) =hb I 2

hb=Zy

x= 5ftr I (5frr + 5tr +4hh) = 5frr I 6 - hb) =ftr I 0 - (hb I 5))

x=ftrl0-Qyl5))
ftr= x (l - (2 y /5)) = (x l5) * (5 -2y) =0.2 * x * (5-2y)

0111
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represented as, for Fe-femolite,

for hornblende,

,) 0.2 2 0lll 5 r-22

) 2 0l t2.

A4.5 Darken's quadratic formalism

The poorly understood a-X relations of mineral end-members and the signif,rcant

uncertainties associated with the thermodynamic data are large problems inherent in

therrnodynamic calculations. These problems a¡e made even more difficult when the end-

members of interest do not occur naturally (e.g. the edenite component in orthoamphibole). A

method for dealing with such uncertainties has been suggested by Powell (1987) and Will and

powell (Igg2) after the method proposed by Darken for binary metallic solutions @arken,

1967). In simple reÍns, Darken's quadratic formaiism @QF) is a model which divides the

compositional range of a binary phase with inhomogeneous srucnre (or other features) into

two terminal regions with an intermediate section between them (Powell, 1987). In each of the

terminal regions there is ideal mixing between a real and a "f,ictive" end-member trig. Aa.l)

(will and powell, 1gg2). The difference in Gibbs energy between the rcal and the fictive end-

members (e.g. between real monoclinic tremolite and hctive tremolite in the orthorhombic

orthoamphibole stmcture), is denoted by IAt where A is the phase and 1 is the end-member of

interest (e.g. Io*t ). The merhod of V/ill and Powell (1992) uses co-existing amphibole pairs

to constrain the properties of the fictive end-member and thus find IA1, whereas Holland and

powell (lgg¡)determine I4n and 166 in terrns of the difference in interaction parameters for the

11 and C1 structures.

The facility to incorporate Darken's quadratic formalism terms has been introduced into

TI{ERMOCALC and requires that the l-values (which will be of the form I = a * bT + cP, where

a, b and c are constants) ffe entered into the permanent data set with the other endmember

information in the form

3 [al tb) {cl ,

where 3 indicates the use of the formulation, and Ia],[b) and {c}correspond to the constants

in the equation I = a * bT +cP. This information effectively adjusts the Gibbs energy for the

end-member and, thus, can be used in dehning linearly dependent end-members (see section

A4.6). DQF may also be used to make corrections to incomplete, outdated or incorrect

thermodynamic data where the results of thermodynamic calculations using the data are clearly

in conflict with information from natural rocks. An example of this is the inaccuracy found in

the position of the invariant point Ip1, discussed in Chapter 2 (section 2.6). This discrepancy

is thought to result from the rather old and inaccurate data for gedrite (generated from the

experimental data of Schreyer & Seifert, 1969b) and thus the thermodynamic data was adjusted

using the provision in the program for Darken's quadratic formalism. Various values of Ia]

were tested and the most appropriate value was found to be +i0 kJ mol-I.

This is coded as; 3 10 0 0.
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DQF terms a¡e also required for both the Cl and I1 phases of Ca-Na plagioclase,

relating the fictive albite endmember in the Ifsimple region to real Cl albite (l = 1.72'

0.00395Ð and fictive anorthitein the CT simple region to real anorthite (I= 4.31- 0.002i7Ð

(R powell, pers. comm., 1993). Thus for C1 plagioclase, fictive anorthite has the DQF term

3 4.31 -0.00217 0

and for I1 plagioclase, f,tctive albite has the DQF term

3 r.7Z -0.00395 0.

^4.6 
Dependent end-member formulation

End-members which are not included in the data set may be included by writing an

expression that will make up their thermodynamic data as a iinear combination of end-members

which are in the data set. Examples of this are the Fe-end-members of. hornblende and gedrite

(i.e.vca2Feg(FeAl)Sia[Si¡Al]ozz(oH)z and vFe2Fe¡(Al)zSi+[sigAl]ozz(oH)z), for which

there is no thermodynamic data listed, but which can be written as linear combinations of end-

members which are in the data set. Ferro-hornblende (fhb) may be expressed as

VCa2Fe3(FeAl)SatSi3Al)ozz(ofÐz=VCa2Mg3(MgAl)SiatSi3Al]ozz(olÐz
+ 4 I 5 (Y Ca2Fe¡ (Fez) S i¿ [S I ]OZzQÍÐZ)

- a I 5 N CazMg3 (Mg)Sia[S i+]ozz(oÐz)

or
fhb =(1/5) * (5hb + 4ftr - 4tr).

The factors 4 and 5 are due to the fact that hornblen'de has only 415 or the Mg content of

tremolite,as one of the Mgs is replaced by Al. Ferro-gedrite (fged) may be similarly expressed

AS

Íged = (U7) * (1 ged + 5 fath - Santh)'

This dependent end-member formulation is denoted by a figure 4 (as Darken's

euadratic Formalism was denoted by the figure 2), which is followed by the number of end-

members and a divider for the dependent end-member (so that there are no fractions). Thus

that the appropriate coding has the form,for fhb,

4 3 5 hb5 ftr-4 tr-4'

and for fged,

4 3 7 gedT fath5 anth-5'

^4.7 
Permanent datafile set-up for FezO3-bearing hornblendes

The effect of an additional end-member in a mineral can be modelled by assuming that

it simply acts to dilute the other end-members. Thus, for any given Fe3+-content in

hornblende, the activity formulations may be multiplied by a factor which is equal to the
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acriviry of the Fe2O3 end-member divided by the activiry of the Fe2G3-free endmember.

Because hornblende is a complex phase with several different rypes of substitution, the activity

formulation for Fe2O3-bearing hornblende is also complex. An important factor in determining

the effect of Fe2O3 on the positions of reaction equilibria is that Fe3+ is substituted into

homblende as part of a modified tschermakite substitution (I-eake, 1978) and therefore the

mole fractions of Si and A1 on the tetrahedral sites will be related to the amount of Fe3+ on the

M2 site. Thus the effect of Fe2O3 will be different for hornblendes with different aluminium

contents. The mole fraction information required to calculate the effect of Fe2O3 is outlined

below. X'r,hbl is the mole fraction of temolíte in Fe3+-bearing hornblende.

sites:

t

ftr

hb

F3hh

Mr,:

Mg¡

Fe¡

Mg¡

Mg:

T2

lsr4l

ISi¿]

lSi:A1l

lSi¡A1l

l{Lz

V

V

V

V

M4

caz

caz

caz

caz

lvb T1

(Msz) Si4

(Fez) Si+

(MsAl) Si¿

(MgFe3+) Si+

Ozz(OH)z

Ozz(OE)z

Ozz(OH)z

On(OH)z

XV,A, XC.,M4 and X5¡,12 are all taken to be 1,

x = Fe/(Fe+Mg), y = X¡.l,vtz = Al/(Al+Fe2++Mg) on M2,

f = XÆ,vtz = pe3+71Fe3+.r-61-.'upg2**Mg) on M2.

Therefore

XF",M1,3 = x

XMg,vtt,3 = (1 -x)
XF3,rr¿2 = f
X¡.t,lrz = Y*(1 -Ð
XF",M2 = x*(1 -Y)*(1 -Ð
Xrurg,tyrZ = (1 -x)*(1 -Y)*(1 -Ð
Xar,rr = y/2+112 = 0.5*(Y+f)
Xsi,rr = 1-(0.5*(Y+Ð) = 0'5*(2-Y-f)

so, tìe mole fracti on of tremolite in an Fe3+-bearing hornblende is:

X'hb 

rïjlïlÏÏïËl;f,ïi;':; :."v Ð4

forpure tr, x'[,hbl = 1, x =0, y = 0, f = 0, therefore, 1 = n I 16* I * I * 1 * 1, son = 16,

and the normalisation factor = 161 l6 = 1
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X'tr,hbl =(1 -x¡5x11 -y)2* (1 -1¡z *(2-V-Ð4

Similarly,

X'fr,hbl = (x)5 * 1t -y¡2 * (1 - Ð2 * (2-y-04

X'hb hbr 

= . . lil:,ï:?, ffT3 .i:î:iii::;Ï åi:i;i, . Ð)3 *

0.5*(y+f)

=n/24*(1 -¡¡4*11 -y)* y2 *$-Ð2*Q-y -Ð3*1y+Ð

for pure /rb X'¡6,¡61 = 1, x = 0, Y = 0.5, therefore

| = n/2a* lx rlzx lt¡z¡z* çz¡z¡z

=n/24* çt¡Z¡6 x 33= ¡¡33 ¡2r0,

so, n = 2r0 ¡ 33 and the normalisation facror = ()r0 / 3\ I 24 = (26 / 3\ =2.370+.

X'hb,hbl= 2.3704* (1 - x¡4 * (t - y) * y2 * (t -D2* Q - y- Ð3 * 0 +Ð.

In order to determine a multiplying factor with which to reduce the activities of the non-

Fe3+-bearing end-members \¡/e must divide each of the above activity expressions (X'E,hbl,

X'f[,hbl, X'hb,nbt) by its own activity expression with f set to 0.

So for tr andftr

(1 -x) 5*6 -y)2 *(1-f)2 *(2-v-f)a
mult factor (1 -¡)s*(1 -y)2*(1) 2 * (Z - y )4

,1-¡¡z *(2-v-f)a
(2-y)a

andfor hb

mult factor =
2.3704 * 1-x 4x * 2* 1-f 2¿, ')_ 3*,

2.3704* (1 _ x)4 x (1 - y) * y *(Z-y)3*y
1- +

I 2x 2- 3x +

(2-v) * (y)

By substituting in the values of y and f of interest, multiplication factors can be determined

with which the activity expressions for the Fe3+ absent end-members can be adjusted.
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Appendix A5: Bxample outPut fÏle

ted using the

thermo 992 Produced at 10'27 on

Wed 1 t IP1 or [Chl]' and its

associated univariant reactions.

\-
[chl] phases :st, gt, cd, oa, sill (q, fluid)- 

ÞGUa¡) T(õQ x(st) x(gr) x(cO h(cO x(oa) v(oa)
6.1 &r 0.846 0.783 0.342 0.741 0.527 0.322

univariants
¿.

lchl,gtl in sill phases :st, cd, oa, sill (q, fluid)

P(kba¡) TfC) x(st) x(cQ h(cQ x(oa) v(oa)

5.0 674 0.965 0.733 0.646 0.852 0.326
10st+ lgcd+40q= l2oa+ 120sill +20H2o

5.2 674 0.953 0.669 0.659 0.810 0.325
10st + 20cd + 39q = 13oa + l22sill + 2IH2O

5.4 672 0.939 0.604 0.674 0.163 0.325
10st + 22cd + 37q= 13oa + 126sill + 22H2O

5.6 668 0.922 0.537 0.690 0.710 0.324
10st + 24cd + 35q = l4oa+ 130sill + 23H2O

5.8 662 0.899 0.4& 0.708 0.647 0.324
10st+ 27cd + 33q = 15oa + 135sill + 25H2O

6.0 649 0.865 0.381 0.730 0.561 0322
10st + 32cd + 29q= 16oa + 143sill + 27H2O

lchl,stl in sill

P(kbar)

5.0

5.5

6.0

6.5

7.0

7.5

8.0

phases :gt, cd, oa, sill (q, fluid)

TCC) x(ct) x(cO h(c0 x(oa) Y(oa)

5'77 0.864 0.444 0.739 0.640 0.318
39gt + 67cd= 40oa + 148sill + 14q + 10H2O

606 0.829 0.393 0.74t 0.586 0320
30gt + 57cd= 32oa + 123sill + 15q + l0H2O

637 0.?90 0.349 0.741 0.534 0.32r
25gr+ 5lcd = 28oa + l0Ssill + 16q + 10H2O

669 0;t47 0.309 0.140 0.486 0.323
2lgt + 47cd = 25oa + 99sill + 17q + l0H2O

702 0;702 0.275 0.738 0.439 0.325
lggt + 45cd =23oa + 93sill + 18q + l0H2O

'73',7 0.653 0.243 0.735 0.396 0.327
l7gt+ 43cd= 22oa + 89sill + 19q + l0H2O

773 0.602 0.2t4 0.731 0.354 0.328
l6gt+ 42cd=2loa + 86sill + 19q + 10H2O
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[chl,als]

P(kbar)

5.0

5.2

5.4

5.8

6.0

6.2

6.5

[chl,oa] in sill

P(kbar)

3.0

3.5

4.0

4.5

5.0

5.5

phases :st, gt, cd, oa (q, fluid)

TeC) x(st) x(gt) x(cd) h(cO x(oa)

0.634599 0.898 0.856 0.441 0.718
10st + 21oa + 45q = 35gt + 34cd + l7H2o

607 0.889 0.843 0.420 0.723 0.613
lost + 21oa + 46q= 35gt + 34cd + l6H2o

615 0.880 0.830 0.401 0.727 0.593
lOst + 21oa + 47q= 35gt + 34cd + 16H2O

622 0.870 0.817 0.382 0.732 0.573
lost+ 21oa + 48q= 34gt+34cd+ 15H2o

630 0.860 0.803 0.365 0.736 0.553
lost + 21oa + 48q = 34gt + 35cd + 15H2o

633 0.850 0.789 0.348 0.740 0.534
lost + 2ooa + 49q= 33gt + 35cd + 15H2o

&6 0.s39 0.774 0.333 0.743 0.515
lost + 2ooa + 5oq = 33gt + 35cd + l4H2o

654 0.829 0.760 0.317 0.747 0-497

10st + 20oa + 50q = 33gt + 35cd + 147120

658 0.823 0.752 0.310 0.749 0.488
lost + 2ooa + 5oq = 33gt + 35cd + l4H2o

phases :st, gt, cd, sill (q, fluid)

TfC) x(st) x(ct) x(cO h(cO

573 0.987 0.981 0.868 0.602
9lst + 10cd + 365q = I29gÍ+ Tl5sill + 189H2O

585 0.971 0.958 0.751 0.629
77st + lOcd + 306q = 110gt+ 607sill + 161H2O

597 0.954 0.932 0.649 0.654
66st + 10cd + 258q =95gt+ 5l9sill + 138H2O

608 0.933 0.903 0.559 0.617
56st + 10cd + 218q =829t+ 446sill + 120H20

619 0.909 0.869 0.481 0.699
48st + lOcd + l85q =7l$t + 384sill + 104H2o

630 0.882 0.832 0.412 0.719
42st + lOcd + 157q = 628r+ 333sill +91IJ2o.

&0 0.851 0.790 0.351 0.738
36st + 10cd + 133q = 55gt + 290sill + 79H2o

y(oa)

0.313

5.6

0.314

0.316

0.318

0.319

0.32r

0.323

0.325

0.325

6.4

6.0

Appendix A5 - 200



¿.

[chl,oa] in and phases :st, gt, cd, and (q, fluid)

P(kbar) T('C) x(st) x(Ct) x(cd) h(cd)

2.5 542 0.995 0.992 0.939 0.593
1l2st + lOcd + 451q = 156gt + 873and + 230H2o

3.0 563 0.983 0.976 0.836 0.613
93st + lOcd + 370q = 131gt + 726and + l92H;2o

3.5 583 0.971 0.957 0.744 0.631

78st + 10cd + 307q = 1109t + 609and + l62H2O

4.0 603 0.956 0.935 0.6& 0.641
66st + 10cd +256q=949t+ 5l6and + l37H2o

[chl,cd] in sill

P(kbar)

5.0

[chl,cd] in ky

P(kbar)

6.0

6.5

7.0

7.5

8.0

8.5

5.5

6.0

6.5

7.0

phases :st, gt, oa, sill (q, fluid)

TfC) x(st) x(gt) x(oa) Y(oa)

6t7 0.884 0.835 0.604 0.322
75st + 10oa + 288q = r2lgt+ 560sill + 160H2o

629 0.867 0.812 0.561 0.322
70st+ lOoa +261q= l15gt+ 523sill+ l50H2O

&o 0.849 0.78'7 0.532 0.322
66st + 10oa + 249q= 1099t + 489sill + 141H2O

651 0.830 0.762 0.499 0.322
62st + 10oa + 232q= 1039t + 458sill + 133H2O

661 0.810 0.736 0.467 0.322
58st + 10oa + 2l7q= 99gt + 430sill + l26H2o

phases :st, gt, oa, ky (q, fluid)

TCC) x(st) x(gt) x(oa) Y(oa)

661 0.831 0.760 0.502 0.332
58st + 10oa +217q=998t + 43lky + l26u2o

658 0.823 0.753 0.488 0.325
59st+ 10oa +222q= 100gt+438ky+ 128H2O

655 0.817 0.745 0.4'75 0.319
60st + 10oa + 227q= l02gt+ 448ky + 131H2o

651 0.810 0339 0.463 0.312
62st+ 10oa +233q= 104gt+459ky +l34H2O

&6 0.804 0.733 0.451 0.305
64st + 10oa +240q= 1069t + 472ky + l37}l2o

gr 0.791 0.127 0.440 0.298
66st + l0oa +248q= 1099t + 487ky + l47H2o

635 0.791 0.722 0.429 0.29r
68st + 10oa + 257q = lr2gt+ 505ky + l46H2O

9.0
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Appendix A6: Manuscripts arising from Chapter 2

The following two manuscripts have arisen from the investigation of phase diagtams

in the FMASH compositional system. Both are reproduced here for convenience.

46.1 Arnold and Sandiford, 1990

petrogenesis of cordierite-orthoamphibole assemblages from the Springton Region,

South Australia

Jo Arnold and Michael Sandiford

This publication was partly based on work carried out during an honours project in the

Department of Geology and Geophysics. The work was expanded upon, refined and

published in Contributions to Mineralogy and Petrology (volume 106, pages 100-109) during

the early part of candidature for this research and thus has been included here as a

representation of the applications of the FMASH petrogenetic grid.
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L6.2 Sandiford et al., (in PreP)

Some causes and consequences of high-T, low-P metamorphism in the eastern Mount Lofty

Ranges, South Australia

Mike Sandiford, Geoff Fraser, Jo Arnold, John Foden and Trish Farrow

This paper has been submitted to the Australian Journal of Ea¡th Sciences, and accepted for

publication. It uses p-T pseudosections calculated for the FMASH system to constrain the

metamorphic f,reld gradient in the eastern Mount Lofty Ranges as part of a wider study into the

temporal and spatial variations of metamorphism in the area'

Appcndix A6 - 213



















































Appendix A7: Permanent data fÏles for CFMASH

This appendix contains a listing of the pgryqryry data files used in the calculation of
pressure tempèiature projections in thé CpIvlAStl, CMASH, CFASH and NCFMASH model

systems.
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47.1.1 Non-ideal mixing

Coding for non-ideal garnet in the CFMASH model system, after ttre model of R.

Powell (pers. comm., 1993):
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A7.3 CFASH
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Appendix A8: PetrograPhY, mineral chemistry and

compatibility relations of amphibolites from the Harts

Range, central Australia

48.1 Introduction

The variable bulk rock chemistry of amphibolites in the Entia gneiss complex of the

Harts Range has resulted in a wide range of mineral assemblages which preserve different

aspects of the region's metamorphic evolution. The assemblages are dominated volumetrically

by high variance assemblages such as hornblende--epidote-plagioclase-quartz, hornblende-

garnet-plagioclase-quartz and hornblende-<linopyroxene-plagioclase-quartz which may

contain variable but minor proportions of titanite, biotite, oxide phases and other accessory

phases. More rarely, the amphibolites contain lower variance assemblages involving þanite,

staurolite, cordierite, gamet or orthoamphibole in addition to hornblende-plagioclase-quartz

and accessory phases. Corundum is sometimes present in the absence of quartz. This wide

variety of assemblages makes the Harts Range an ideal locality to investigate the compatibility

relations in the unusual kyanite-staurolite amphibolites. The petrogaphy and mineral

chemistry of amphibolites from the Harts Range are described here with the aim of discerning

their compatibility relations. This is utilised in the constmction of a P-T history in Chapter 4

and will be combined with information from other areas (Chapters 5 and 6) and the phase

diagrams calculated in Chapter 3 in order to develop an understanding of the phase relations in

amphibolites (Chapter 6).

This appendix includes a brief summary of the mineralogy and chemistry of the higher

variance assemblages including primary assemblages and detailed descriptions of the lower

variance amphibolite assemblages. These low variance amphibolites are divided into three

groups, Fe-rich amphibolites (e.g. those involving staurolite-garnet--orthoamphibole-

hornblende-plagioclase-quartz), intermediate X¡s amphibolites (e.g. kyanite-staurolite-

orthoamphibole-hornblende-plagioclase-qu artz) and Mg-rich amphibolites (e.g. kyanite-

cordierite--orthoamphibole-hornblende-plagioclase-quartz) (Fig.A8.1). Each of these will be

discussed in turn.

The Fe-Mg partitioning in the amphibolites was found to be consistent within and

between samples and Xps increased in the order: staurolite > garnet > orthopyroxene >

cummingtonite > homblende 2 orthoamphibole > clinopyroxene > biotite > cordierite. A

petrographic summary of the mineralogy and textures of selected amphibolite assemblages is

presented in Chapter 4 (Table 4.2).
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^8.2 
Analytical techniques

Mineral analyses were carried out by both energy dispersive (EDS) and wavelenglh

dispersive (WDS) methods using the Jeol133 SuperProbe at the Universiry of Adelaide and

selected analyses are listed throughout the appendix. Data includes analyses of cores and rims,

detailed traverses actoss grains, analyses of adjacent grains and of exsolution lamellae, where

present- Amphiboles a¡e named using the classification of Leake (1978) and other minerals a¡e

classified using the conventional nomenclature (e.g. Deer et a1.,1972). Mineral compositions

are ploned on NCAFm (NaO1p-CaO-AlQp-ffeO+MgO)) terahed¡a projected from quartz

and aqueous vapour, and AFM (41Q2-FeO-MgO) ternary diagrams projected from

hornblende, plagioclase, quartz and aqueous vapour'

The bulk chemistry of the amphibolites was analysed by X-Ray Fluorescence in the

University of Adelaide. The samples were crushed and ground to a powder in a tungsten

carbide ring mill. Major element analyses were ca¡ried out using the technique of Norrish and

Hutron (1969) and üace element analyses were made on pressed pellets of unignited powder.

A8.3 High variance primary and high grade assemblages

High grade mineral assemblages in the Entia Dome occur in low strain domains or

boudins in the highly deformed, dominantly amphibolite-grade Entia gneiss complex (e.g. the

Huckitta Mafic Boudin, Mawby, 1991; Foden et al., 1994). The level of hydration and

foliation development inc¡eases from the centre of the boudins ouward and in stongly

deformed zones the phases are almost entirely hydrous'

48.3.1 Textural features

A detailed description of the petrography, mineral chemistry and other aspects of the

high grade maf,rc rocks preserved in the mafic boudins of the Harts Range area is presented by

Mawby (1991) and is briefly summa¡ised here. The textures preserved in high grade rocks

such as those in the Huckina Mafic Boudin involve cumulous and intercumulous

orthopyroxene, clinopyroxene, olivine and plagioclase- Orthopyroxene-Spinel (hercynite)

symplectites have developed between cumuious olivine and intercumulous plagioclase in

olivine gabbros. Augite lamellae are observed in orthopyroxene and hornblende also occurs as

part of a symplectitic texture with spinel surrounding orthopyroxene in pyroxene gabbros

(Mawby, 1991). Titaniferous magnetite and ilmenite are observed both as cumulous and

intercumulous phases.

In samples collected from the margins of low strain boudins, hornblende mantles

surround corroded pyroxene grains. This hornblende is subhedral to anhedral and is elongated

to form a weak to strongly developed foliation. Biotite appears to replace hornblende and

samples collected from the extremities of the boudins often comprise foliated metamorphic

garnet-hornblende-bioti te assembl a ges.
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L8.3.2 Mineral ChemistrY

The minerals which make up the high grade assemblages rarely show evidence of

zoning but the cumulous phases are typically chemically distinct form the intercumulous

phases. (Chemical data for the high grade samples is given by Mawby, 1991, and a list of

compositional abbreviations is given in Appendix 41.

Cumulous olivine is chrystolite to hyalosiderite in composition (Xp" = Fe/(Fe+Mg) =

25-36) whereas orrhopyroxene (enstatite) has Xpe in the range 0.23 in the gabbros to 0.38 in

the dolerites and generally contains only a little Ca (1-3 mol Vo)' Tnned phenocrysts and

lamellae of augite have proportions ca4a4g:Mg4246:Fe1-¡ (Mawby, 1991). Cumulous

plagioclase is rypically more calcic (labradorite to anorthite An6¿-gg in olivine gabbro and

dolerite) than intercumulous andesine (An:z¿a) (Mawby, 1991) and generally neither variefy

exhibits zonation.

In more hydrous samples pargasitic hornblende surrounds pyroxene. The chemistry of

hornblende is dependent on that of the pyroxene with which it is associated and ranges from

approximarely Xps 0.20 to 0.74 (Mawby, 1991). Fe-rich biotite (Xpe 0.59-0.64) and Ca-rich

garnet (Mg¡-7:Fe5 g-72:Ca24-2-5:Mn3-16) a¡e associated with cor¡oded pyfoxene and hornblende'

48.3.3 Interpretation

The correlation of increasingly strongly developed foliation and increasing proportion

of hydrous minerals from the interior of the boudins outwards suggests that fluid-flow and

deformation were both srongly partitioned around the boudins. Thus the relatively

undeformed interiors of the boudins preserve information about the early (igneous) history of

the rocks which is not accessible in other rock-types (e.g. Mawby, 1991). The generally large

grainsize, the development of exsolution lamellae of augite in orthopyroxene and the presence

of orthopyroxene-spinel symplectites between cumulous olivine and intercumulous plagioclase

all suggest that the metabasites cooled slowly from thei¡ intrusion temperatures, implying that

the surrounding country rocks were at high temperatures at the time of intrusion.

The mantle-like texture of hornblende and the dependence of hornblende compositions

on those of associated pyroxene suggest that homblende has only incompletely replaced

pyroxene in the cores of boudins whereas in the surrounding highly deformed zones it has

obliterated all pyroxene. As the high grade maf,rc assemblages are generally silica-poor they

may not be projected into the same compositional systems as are used later. They are not part

of the amphibolite grade metamorphism of primary interest here, however compositional plots

are presented by Mawby (1991).

48.4 High variance amphibolite grade assemblages

Semi-continuous boudinaged and folded layers of amphibolite form long ridges in the

dominantly low-lying felsic rocks of rhe Entia gneiss complex. They typically exhibit gneissic
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layering of homblende-rich layers and more felsic, plagioclaseluartz-dominated layers (0-1-2

cm wide) and may also be grossly banded on a decimerre scale, possibly due to original

compositional heterogeneity. The gneissic layered appeamnce may be reinforced by garnet,

epidote or pyroxene-rich bands or quartz-ribbons. Homblende grains rypically dehne a

mineral lineation on the foliation surface. The majority of amphibolites show a variable

medium to strongly developed foliation, however isolated outcrops are only weakiy foliated.

48.4.1 Hornblendites

Hornblende-amphibolites are typically darker and more homogeneous than other

amphibolites in the area however they often contain lighter epidote-, garnet- or plagioclase-rich

bands. The bulk-rock compositions of hornblende amphibolites (i.e. those containing

hornblende-plagioclase-quartz * epidote, pyroxene) are generalty Ca-rich (> 5 wt 7o) and Na-

rich (> 1.3 wt 7o) incomparison to rocks which contain more aluminous assemblages (Iable

A8.i).

Textural features

The most coÍìmon mineral assemblage in the amphibolites involves equigranular

hornblende-plagioclase-epidote * relict pyroxene, quartz, biotite and cross-cutting, random

chlorite and biotite with accessory allanite, apalite, zitcon, rutile, titanite, opaques (magnetite

ancl exsolved ilmenite and titaniferous magnefite-ulvöspinel solid solution).

Hornblende is typically euhedral, elongate and medium grained (usually 1-2 mm in

length) and exhibits widely variable colour from pale green to blue-green, brown-green or dark

green in thin section. It shares straight grain boundaries with all phases except corroded

clinopyroxene, to form a polygonal mosaic with simple triple-point junctions and often defines

a mineral linearion within the gneissic layering (Fig. 48.2). Hornblende generally lacks

inclusions, but coarse randomly oriented grains may contain anhedral inclusions of zoned

plagioclase and epidote group minerals along their central axis.

Optically zoned plagioclase forms equant to slightly elongate subhedral grains which

show little twinning (Fig. 48.3). The rarely visible twins show no evidence of kinking or

other deformation. Some sericitisation is observed along twin and cleavage planes and in

heavily fractured samples or parts of samples plagioclase is almost totally sericitised.

plagioclase occurs in conract with all phases. Polygonal to lobate quartz exhibits undulose

extinction, and rarely forms undulose quartz ribbons which help to define the compositional

layering.

Euhed¡al laths (0.1-1 mm) of epidote group minerals are disseminated throughout the

samples, and may be included in hornblende. In some samples fine-grained, slightly elongate

epidote and opaque grains define a foliation which is cross-cut by coarse grained hornblende

(Fig. A8.a). These hornblendes often contain epidote inclusions and are surrounded by an

epidote-poor matrix. Epidote is colourless to very weakly pleochroic (colourless to pale green)
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Table 48.1. Whole rock analYses.$
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393.8

40.9

r52.6
,)o

3.8

29.8

47.O

t0J
11

35.6

14.0

3.6

nd

50.56

0.55

9.32

10.56

0.24

12.32

14.40

1.28

0.50

o.t2

99.85 100.30

156

82

47.6

281.5

9.2

4

501.2

113

18

3.4

57.9

n.3
1.1

nd

89.0

61.0

84.0

226.0

155.0

4t.2
43.5

353.5

3.7

8.9

3 81.7

126.0

19.8

4;l
108.0

40.8

5.2

1.6

107.0

35.0

92.O

I18.0

37.0
a1 1

170.6

tt.7
47.5

524.r

67.O

29.t
7.2

116.6

30.5

1 1.1

2.4

54.0

44.0

271.0

1.8

1460.0

9.0

43.0

10.1

79.0

15.6

4.4

90.0

43.0

15.0

1.2

24.4

12.6

3.0

4.0

I r.5

209.0

173.0

14.0

3.4

5 1.0

22.6

6.3

160.0

221.0

t't.0
1Q

29.8

14.6

10.6

262.0

165.0

20.o

7.1

86.0

39.0

4.0

10.0

4.0

123

105

67

15.0

47.0

33.0

4.0

9.0

1.0

2i.o
44.0

16.0

-3.8

16.2

1.4

22.O

33.0

41.0

78.0

33.0

9

44

62.5

15.0

34.0

15.0

7't.o

t2L0
49.0

16.0

20.0

10.0

nd

55.6

56.6

49.0

$ Analysis by X-Ray Fluorescence ât University of Adelaide on a Philips PW 1480 X-ray spectrometer

Major element analysis after Norrish & Hutton (1969)'

Trace element analysis: unignited powder mixed with binder and prressed into a pellet'

Elemefits not analysed âfe marked (-) those with concentrations below detection limits a¡e marked (nd)

and have derection limis of approximately 3.5,2,2,5, 5.5 ppm for Pb, Th, u, ce, cr lesPectively'

Fe2O3* total iron represented as Fe2O3.

Analyscsfrom:853-Sullivan'1985;857.Aouker,1985;950.,962-,HR91-thissrudy'

Appendix A8 - 247



Table 48.1. Whole rock analyses (continued)

Ky-Bt- KY-SI- KY-Sr

OanrHbl ll-Om-Hb EÈHbl

Smplc # 962-O2lb IIR9I-6 I{R9l-4

Crt-

amphib

950{59

St4rt
EpHbl
HR9l-8

Gr-llbl-Br

853-16

Ky-Bt-
shist

853-76

Ky-mu-

gt schist

E57-30

Ky-mu-

gt shist
E57-90

migrnatiæ

gfElss

Efi-r29

Crd-Oam

853-30

%

sio2
Tio2
At2o3
Fe2O3t
MnO
Mgo
CaO

Na2O

K20
P2o5
LOI
Total

Pprn
Cr
Ni
Sc

Pb

Rb

Sr

Ba

Ga

Nb

Zr
Y

Th
U
pPfn

l-å
Ce

Nd
Cu

Zrt

Co

61.45

0.95

16.0E

4.91

0.04

6.O7

8.44

l l3
0.18

o.26

0.74

100.25

@.ú
0.56

14.06

7.98

0.06

l0.cr:l

5.06

0.83

0,14

0.04

1.03

99.86

178.0

148.0
a1 a

t8'1.7

tñ

4.3

54.l

54.0

16.2

2.0

25.0

11.3

0.9

o.2

5.0

13.0

6.0

nd

)1

715

38. l4
1.47

19.41

16.45

o.24

8.29

11.60

l.86

o.76

0.43

1.60

1m.25

39.13

1.22

23.70

t't.34
0.19

4.r8

t3.21

0.89

0.52

0.24

0.04

100.66

37.92

237

2ß.78

t7.25

0.16

637

I1.04

136
050
0.04

0.91

98.70

67.U
l.0l

I 1.05

9.m
o.12

3.2.6

6.r7
1.09

o.n
0.38

0.35

99.71

4L93

0.31

34.84

5.23

0.05

I 1.8

0.55

1.05

2.68

0.2

3.09

99.64

nd

20.o

9,8

75.0

55.61

0.67

25.99

tt.62
0.50

Lt3
1.44

0.28

0.88

0.62

70.53

0.41

13.ll
4.8

0.0ó

3.n
l.2r
3.38

2.92

0.05

0.84

99.75

47.18

0.65

26.53

7.57

o.r2

15.9

0.43

0.91

0.73

0.07

2.93

1m.09

5534
oJ5

28.22

7.73

o.23

137

0.69

0.63

4;t8

0.r4

99.80 99.88

119.0

43.0

24.4

t8L7
3.6

5.0

!67.1

57.O

all

9.7

140.9

3'1.5

r0.6

nd

311.0

I15.0

47.4

242.9

8.8

20.9

r91.5

103.0

22.5

6.9

162.1

31.2

6.4

2.5

274.0

58.8

4 1.8

328.9

71.7

8.9

574.5

157.0

45.5

16.3

285.6

55.7

44.9

to.7

103.0

182.0

6t.o
-0.5

30.2

10.7

38.0

40.0

54;l

262.0

5.6

14.1

363.6

l6LO
11 a

14.3

241.8

5Ll
4.5

3.1

nd

2.O

26.O

107.0

t12.0

n.o
2ß.O

80.0

20.0

17.8

98.0

6.0

7.6

44.0

5.0

13.0

26.O

78.0

4.9

442.O

95.0

13.0

5.4

161.0

20.1

75.0

34.0

4t2.0

28.O

7.1

190.0

12.9

2.0

u.7
t7.4

123.O

2r.o
76.9

118.0

73.0

190.0

123.O

596.0

39.0

74.4

78.0

35.0

71.0

116.0

1049.0

15.0

7.6

203.0

8.4

27.7

14.0

91.0

n.o
14.4

'2ß4.O

14.0

3l.0
16.0

3ZO

t
2l

55.5

32.0

69.0

33.0

67

t29
77.6

46.0

87.0

46.0

529

96

61.8

46.0

92.O

36.0

82.0

I10.0

57.0

87.0

130.0

70.0

46.0

74.0

24.0

2.O

20.o

5.0
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Figure 48.2. Sketch of euhcdral, medium grained hornblende defìning a mineral lineation within the
gncissic layering in homblendires (962-77'l). Width of view 2mm.

Figure A8.3. Photo-microgaph of optically zoned, untwinned plagioclase grains in hornblcnditc (890-

10), Width of view 2mm
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Figure 48.4. Sketch of coa¡se Srdnga lrotglende cross-cutting a fine epidote-opaque foliatio (parallel o
" th" long edge of the sketch, 962-015a)' Width of view 2mm'

Figure 48.5. Sketch of homblende replacing conoded clinopyroxene (962'202). Width of view 2mm
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and often shows optical zoning. Allanite (cesium-bearing epidote) occurs as an accessory

phase and occurs at the centre of radiating fractures through the surrounding phases. In

several samples allanite is rimmed by colourless clinozoisite.

Clinopyroxene occurs as relict, conoded, optically continuous grains. It is colourless

to very slightly green and is typically partly to entirely mantled or otherwise intergrown with

strongly coloured hornblende in a homblende-plagioclase t epidote mosaic fig.48.5' Fig

48.6). The relict pyrcxene is typically rather ragged in appearance and is heavily altered along

fractures and cleavage Planes.

Biotite forms dull-brown flakes disseminated through some samples and more greenish

biotite occrrs with colourless to pale green chlorite a¡ound the margins and along fractures in

hornblende. Chlorite also pseudomorphs earlier biotite. Some samples contain more than one

(often exsolved) oxide phase;rutile, magnetite, ilmenite or exsolved ilmenite and titaniferous

magnetite-ulvöspinel-solid solution (Fig. 48.7). Titanite forms rims around rutile or ilmenite

in some samples and apatite and zircon occur in trace amounts throughout the samples.

Mtneral chemistry

Hornblende (magnesio-hornblende, tschermakitic hornblende or ferro+schermakitic

hornblende, Leake, 1978, Table 48.2) in rypical hornblendites is aluminium-poor (Alvt 0.70-

1.13) with intermediate to high iron content (Xpe 0.34 to 0.58) and intermediate sodium

content (0.21-0.52 atoms of Na per formula unit, pfu) in comparison to that in more complex

assemblages. The M¿ site is almost enrirely fiiled with Ca (1.50-1.95 atoms per formula unit

(pfu) of 22O+2(OH)). Plagioclase compositions in hornblendites are widely variable between

samples (An¡Z-eS) but the variation is generally less than 107o within each sample. In

magnesio-hornblendites and the more silicious of the tschermakitic hornblendites (which also

have lower sodium contents) the plagioclase is typically labradorite, while those in ferro-

tschermakitic hornblendites are more calcic andesine (Table 48.2).

Epidote group minerals usually have a solid-solution composition beween epidote and

clinozoisite (psn-zl, see Appendix A1 for abbreviations) which is fairly consistent within each

sample (l10Vo) (Table 48.2). Optically, epidote group minerals often exhibit a pale but

obvious green pleochroism, with Sfong interference colours, implying a generally high

proportion of the Fe3+-bea¡ing endmember and this is confirmed by the concenÍation of

analyses in the range Pst6-ZZ. A number of the grains show zonation from intermediate cores

(Psro) to more epidote rich rims (Psrg).

Clinopyroxenes in amphibolites have a wide range of compositions with Xpe 0.21-

0.38 (< 5Vo va¡¡arion within each sample) which have a positive correlation with Xps,¡¡1. The

calcium conrent of clinopyroxenes is near ideal, with 0.92-0.95 atoms of calcium pfu

(calculated to 60).

Homblendites plot in the NCAFnT tetrahedron at relatively Na-poor, Ca-rich

compositions and are generally less enriched in aluminium, iron and magnesium than other

amphibolites. (Fig. 48.8).
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Figure A8.6. Photo-micrograph of hornblende intergrown with conoded clinopyroxene (HR91-24). Widttr
of view 2mm.

Figure 48.7. Photo-micrograph of exsolution of ilmenite from titaniferous magnetite-ilmenite solid
solu[ion (950-105). 'ù/idth of view 2mm.
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Table Ag.2. Selected probe data f¡om homblendi¡es, recalculared in accordance with Appendix A1

890-10 890-18

sio2
Ti02
A1203
FeO
MnO
Mgo
CaO
N¿O
K20
Cr2O3
TrrO

58.41
0.00

21.29
0.24
0.00
0.00
9.20
6.47
0.10
n.¿L

n.a.

2.575
0.000
1.418
0.009

0.000
0.000
0.435
0.553

0.006

24.01
0.00

20.34
26.39

0.00
14.33

0.28
0.18
0.00
n.a,
n.a.

42.01
0.58

13.19
19.25
0.26
8.14

11.80
r.54
0.58
n.a.
n.a.

6.39r
0.066
2.366
2.449
0.034
1.846
1.924
0.454
0.1 13

si02
Tioz
A1203
FeO
MnO
Mgo
CaO

N¿O
K20
Cr2O3
ZnO

4t.46
0.56

15.57
16.15

0.14

9.33
r0.23

1.77
0.24
n.a.
n.a.

6.288
0.064

2.784
2.M8
0.018

2.r09
1.662
0.520
0.046

43.t5
0.49

14.68
16.54
0.18

10.46

9.36
1.68
0.25
n.a.
n.a.

59.93
0.00

26.29
0.00
0.00
0.00
7.66
'1.28

0.07
n.a.
n.a.

2.639
0.000
1.365

0.000
0.000
0.000
0.361
0.622
0.004

0.00
48.96

0.16
4'1.94

0.43
0.66
0.00
0.2r
0.00
n.a.
n.a.

0.000
0.95'l
0.005

r.M3
0.009
0.026
0.000
0.000
0.000

60.42
0.00

25.80
0.00
0.00
0.00
7.29
7.66
0.07
n.a.
n.a.

2.660
0.000
1,339

0.000
0.000
0.000
0.344
0.654
0.004

890-1ti

Tolal

sio2
Tio2
AI2O3
FeO
MnO
Mgo
CaO
N¿O
K20
Cr2O3
ZnO

52.89
0.00

30.60
0.00
0.00
0.12

12.84
4.43
0.2r
n.a.
n-4.

2.374
0.000
1.619
0.000
0.000
0.008
0.617
0.385
0.012

37.59
0.00

24.52
10.0?
0.00
0.14

22.89
0.26
0.00
n.a.
n.a.

3.092
0.000
2.378
0.693

0.000
0.017

2.018
0.041

0.000

42.63
0.61

13.46
18.35
0.14
8.24

I1.67
1.58

0.28
n.a.
n.a,

6.453
0.069

2.402
2.323
0.018

1.859

1.893

0.4Ø
0.054

43.00
0.00

22.r5
3;lr
0.00
1.11

25.4r
0.1 8

0.00
n.a.
n.a.

3.006
0.000
1.826
0.217

0.000
0.1l6
1.9M
0.024
0.000

55.34
0.00

29.60
0.00
0.00
0.r5

I 1.55

5.20
0.07
n.a.
n.a.

2.450
0.000
1.545
0.000
0.000
0.010
0.548
0.446
0.004

Pl Hbl EP Pl Chl Hbl Hbl Hbl Pl Ilm PI Pl Ep Hbl Prehnite Pl

54.66 41.51 37.76

0.00 0.54 0.00

30.64 13.15 22.75
0.00 19.60 12.61

0.00 0.22 0.00

0.00 7.9t 0.20

12.52 11.57 23.53

4;10 1.31 0.22

0.08 0.45 0.07

n.a. n.a. n.a.

n.a. n.a. n.a.

95.5 96.8 r 0l .2 98.4 101.2 101.1 95.5 97.0 95.6 101.9
Toul 85.5

1.372
r.253

Total

Si
Ti
AI
Fe2+
Mn
Mg
Ca
Na
K
Cr
Zn

Si
Ti
AI
Fe2
Mn
Mg
Ca

Na
K
Cr
7n

XFe

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps

Ps

2.409
0.000
1.592
0.000
0.000
0.000
0.591
0.402
0.004

6.390
0.063

2.387
2.523
0.029
1.8 r5
1.908
0.391

0.088

3.104
0.000
2.205
0.867
0.000
0.025
2.073
0.035
0.007

2.628
0.000
2.625
2.4t6
0.000
2.338
0.033
0.038
0.000

6.428
0.055

2.578
2.061

0.023
2.322
t.494
0.485

0.M8

Si
Ti
AI
FeZ

Mn
Mg
Ca

Na
K
Cr
Zrt

XFe

Aliv
Alvi
Xalm
Xpv
Xg.s
Xsps
ps

+
+

Total 4 s98 15.594

0.582

8-315 4.995 10.078 15.643

0.440
0.508 0.570

Total 15.540

An
XFe

15.494 4.991 2.040
0.368

5.000 Total 5.0

0.345 An 0.616
6 8.239 t 't.u)3 5

0.55 r
An 0.595 0.555

r.y7
0.855

0493 0.470

\\(\
È-
k

Oo
I

N)(â
(Ð

1.610
0.777

Aliv
Alvi
Xalm
Xpv
Xg.s
Xsps
ps

1.609
0.757

t.712
r.072

r.572
1.007

26.510
20.732



PI

Na

eP Cpx Hbl Grt

Oam
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diamonds - 853-180; solid square with
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Interpretetion

The granoblastic, foliated texture and consistent chemistry of the phases in

amphibolites in the Entia gneiss complex suggest that the majority of rocks attained textural

equilibration during or after foliation-forming deformation at amphibolite grade. ln only a very

few samples is there any preservation of pre-existing mineral assemblages in the form of

strongly corroded pyroxene which is rimmed by hornblende. The close association of

clinopyroxene and hornblende both texturally (as pseudomorphs and intergrowths of

hornblende with optically self-continuous clinopyroxene) and chemically implies that

clinopyroxene is being replaced by hornblende. The apparently random orientation of the

clinopyroxene grains suggests that clinopyroxene may be a relic of the primary igneous

assemblage and the presence of hornblende in the foliated matrix implies that the breakdown of

pyroxene to form hornblende occurred during foliation development. Low gtade alteration is

relatively unimportant in most samples.

^8.4.2 
Orthoamphibole-hornblende amphibolites

Many of the Harts Range amphibolites contain coafse grained (2-8 mm)

orthoamphibole which typically forms planar rosettes of elongate crystals which are coarser

than co-existing hornblende. Orthoamphibole is observed both parallel or sub-parallel and

cross-cutting the hornblende foliation. The samples dealt with in this section are simple, high

variance samples, whereas more complex, lower variance orthoamphibolites containing garnet'

staurolite, kyanite or cordierite are described in Section 48.5

Textural features

pleochroic light grey-brown to clove-brown orthoamphibole occurs in a polygonal

mosaic with hornblende, plagioclase and quartz. The coarse, euhedral orthoamphibole grains

may be either paraltel to the foliation or randomly oriented, cross cutúng the hornblende-

defined fabric (where developed) and also the hornblende grains themselves Gig. 48.9).

Hornblende often forms inclusions within orthoamphibole grains, while the reverse

relationship is never observed. Plagioclase and quartz grains are euhed¡al to subhedral and

show optical zoning and undulose extinction respectively.

Mineral chemistry

Orthoamphibole (gedrite according to the classifications of Leake, 1978) is typically

unzoned and unexsolved and straddles the gedrite-anthophyllite miscibility gap with respect to

61iv, ¡1vi and Na conrents (Spear, 1980). Gedrite typically exhibits a large amount of

tschermakite and edenite substitution relative to endmember anthophyllite (1.31-1.38 and 0.18-

0.34 moles of Alui and Na pfu, respectively, Table 48.3) however it has a lower Al-content
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Figure 48.9. Skerch of gedrite cross cutting hornblende foliation and hornblende grains (390-014). Widrh
of view 2mm.

Figure A8.l l. Sketch of garnet porphyroblast containing sraight inclusion trails (950-105). Widttr of
view 2mm.
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Table Ag.3. Selecæd probe dara from orthoamphibolite (g50-000(1)) and garnet-amphibolite (HR91-5) rec¿lculated according to Appendix A1

950-000(1) HR91-5

Hbl Pl Oam Oam PI Hbl Pl Cum Opx Cpx Hbl Grt Hbl

sio2
Tio2
At203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3
ZnO

si
-tl

AI
Fe2+

Mn
Mg
Cz

Na
K
Cr
Zn

42.37

0.45

t7.37
14.68

0.19

11.40

10.04

1.35

0.22

n.a.

n.a.

58.4ó

0.17

2'1.ú
0.00

0.00
0.00

8.36

6.88

0.09

n.a.

n.a,

sio2
Tio2
A12O3

FeO

MnO
Mgo
CaO

N¿O
K20
Cr2O3
ZnO

Si
Ti
AI
Fe2+

Mn
Mg
Ca

Na
K
Cr
Zn

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps
ps

51.13

0.00
0.49

35.72
0.36

9.21

l.l4
0.00
0.09

n.a.

n.a.

39.74

0.12
t2.84
26.98

0.41

3.89

10.69

1.50

t.97
n.a.

n.a.

6.293
0.014

2.397

3.573
0.055

0.919

1.8 13

0.460

0.399

49.t6 50.6',7 43.57 38.14

0.00 0.06 0.00 0.00

0.34 0.8? 8.82 22.72

4r.96 20.67 26.41 30.80

0.63 0.53 0.35 1.88

9.19 7.35 6.08 1.17

1.03 20.40 10.37 7.49

0.00 0.08 1.14 0.00

0.029 0.08 1.24 0.00

n.a. n.a. n.a. n-4.

n.a. n.a. n.a. n.a.

42.81 56.28 43.0'1 42.94 55.64

0.44 0.00 0.15 0.11 0.17

16.68 28.13 16.90 16.93 n.19
14.23 0.17 17.39 17.43 0.14

0.14 0.26 0.31 0.12 0-25

10.82 0.00 15;72 15.36 0.00

9.98 9.48 0.79 0.90 9.77

0.93 6.45 0.62 l.l7 5.83

0.15 0.00 0.10 0.00 0.01

n.a n.a- n.a. n-4. n.a'

n.a- n.a n.a. n.a- n'a'
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when co-existing with hornblende alone than when coexisting with other, more aluminous,

phases (see later sections). Hornblende co-existing with gedrite (and no other ferromagnesian

phases) is typically less aluminous and more sodic than gedrite (with l-23-1.35 and 0.25-0.43

moles of Alvi and Na, respectively) and has a low Ca-content (1.51-1.62 pfu, Table 48.3).

The Fe-content of orthoamphibole (Xpe,ga¡n 0.38-0.39) va¡ies consistently with that of co-

existing hornblende (Xr,",HUt 0.41-0.43, Fig. 48.10) and in most samples there are examples

of orthoamphibole being slightly more Fe-rich than co-exisiting hornblende (in correspondence

with the Fe-Mg partitioning reported by James et al., 1978; Spear, 1982; Schumacher &

Robinson, 1987). The opposite trend (i.e. Xpe,l¡t ) XFe,Oam) may also be obsewed. This

may result from a higher abundance of Fe3+ in hornblende than gedrite, however, in view of

the large range of values for Fe3+ obtained from different methds of estimation (e.g.

Robinson et al., 1982), I prefer to present the raw data only. Gedrite has an intermediate iron

content when co-existing with hornblende, in comparison to garnet, staurolite or cordierite

amphibolites. Plagioclase coexisting with gedrite is generally labradorite (An¿o¿8, Table

48.3) conf¡ming the relatively Ca-poorer nature of orthoamphibole-bearing samples

determined from whole rock analyses (Table 48.1, Fig' 4'8)'

Interpretatton

The absence of orthoamphibole inside porphyroblasts of other phases and its cross-

cutting relationship with hornblende suggest that it became stable at some time during or after

the hornblende foliation forming event, relatively late in the petrogenetic sequence. However,

the dominance of poiygonai grains and intergrowths and the lack of any replacement textures

along with the consisrency of composition of hornblende and orthoamphibole (Fig. 48.10)

suggest that these phases developed in equilibrium and that homblende continued to be stable

after orthoamphibole began to form-

48.5 Low variance amphibolite assemblages

Despite the dominance of high variance, relatively simple amphibolites in the Harts

Range area, the lower variance assemblages contain unusual phases and reaction relationships

which may allow a deeper understanding of the metamorphic evolution of the area. These

lower variance, often more aluminous assemblages are discussed here.

48.5.1 Fe-rich, garnet-bearing amphibolites

Garnet-bearing amphibolites form semi-continuous bands over hundreds of meEes in

which garnet is concenrated into decimetre-scale bands parallel to the gneissic layering.

Garnet grains typically range in size from 0.25-60 mm and may either cut or be wrapped by the

coarse grained homblende foliation. Very coarse gamets (up to metres in diameter!) are also
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observed. The discussion below deals f,irst with broad aspects of the textural features and

mineral chemistry of garnet amphibolites and later with specific low variance assemblages.

Texruralfeatures

Gamet forms porphyroblasts which range from fine to medium grained (from 0.25 mm

in diameter) through coarse to very coarse (commonly up to 60 mm) euhedral grains or

medium to coarse anhedral grains. Anhedral inclusions of plagioclase, quartz, hornblende (but

never gedrite), ilmenite, rutile, biotite or staurolite may be contained in the cores of the

euhedral gamets but the inclusions are generally too coarse and scarce to exhibit relict inclusion

trails. A few samples contain sÍaight, cuwed, crenulated or S-shaped inclusion rails usually

of matrix material fig. A8.11, Fig 48.12). Very fine acicular inclusions of rutile often occur

at the cores of gamet grains, aligned with the crystallographic axes of the gamet. These

coarsen to more equant inclusions and are joined by ilmenite toward the rim. Very near the

rims of garnet porphyroblasts, ilmenite is typically the only titaniferous phase. Garnet

porphyroblasts with suaight inclusion rails are generally wrapped by the hornblende or

hornblende-gedrite foli ation where present.

Ga¡net porphyroblasts may be associated with a partial rim of feldspar which separates

the grain from the hornblende-plagioclase-quartz * gedrite matrix. In a number of instances a

symplectitic intergrowth of plagioclase feldspar and homblende forms partial rims around

gamet porphyroblasts (Fig. 48.13). Anhedral garnets are typically dominated by a number of

large anhedral inclusions which may extend into the surrounding matrix @ig.48.14). More

typicaliy, medium to coarse hornblende * orthoamphibole define a foliation which wraps

around the euhedral garnets with sub-parallel inclusion trails. Optically zoned subhedral to

euhedral plagioclase grains have curved to lobate grain boundaries and form part ofthe

hornblende-qua¡rz t gedrite * epidote even-grained matrix. Plagioclase exhibits little winning

and no deformation features, and is variably sericitised (depending upon the extent of

fracturing and the composition of the plagioclase) along cleavage planes. Quartz shows

undulose extinction, and occurs as sub-rounded grains within the matrix. The main accessory

phases in garnet amphibolites are exsolved titaniferous magnetite-ulvöspinel and ilmenite,

zircon and apatite. Some samples also contain rutile and allanite.

Staurolite occurs in three different relationships in garnet amphibolites: (1) as parallel

inclusions in gamet porphyroblasts but absent from the surrounding foliated hornblende-

plagioclase * gedrite marrix (e.g. 853- 16 , 950-077 , Fig. 48.12, Fig 4. 15), (2) as inclusions

of staurolite inside garnet and near its margins, extending into a hornblende-poor pafi of the

marrix (e.g. 950-105, Fig. 48.16), (3) as part of the polygonal matrix (typically surrounded

by plagioclase) of a porphyroblastic garnet amphibolite (i'e. HR91-8, Fig. 48.17).

The very Fe-rich sample, HR91-5, contains the assemblage clinopyroxene-

orthopyroxene--cummingtonite-hornblende in a garnet-hornblende-plagioclase matrix, and is

discussed in detail below.
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Figure 48.12. Sketch of garnet porphyroblast containing sraight inclusion trails (950-077). Width of
view 2mm.

Figure 48.13. Photo-micrograph of garnet porphyroblast with homblende-plagioclase symplectic partiâl
rim (962-147a). 'S/idth of view 2mm.
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Figure 48.14. Sketch of anhedral garnet porphyroblast with co¿ìrse inclusions (g62-214).V/idth of view
2mm.

Figure 48.15. Sketch of garnet porphyroblast containing sraurolire inclusions (g5O-077).V/idth of view
2mm.
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Figure 48.16. Sketch of staurolite partly included in a garnet po¡phyroblasr (950-105). Width of view
2mm.

Figure 48.17. Sketch of snurolite in the matrix of a garncr-amphibolite (950-105). Widrtr of view 2mm.
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Mineral chemistry

Garnet exhibits little substitution for Al2O3 or for SiØ (cf. Meagher, 1982) and has a

chemistry dominated by almandine-pyrope-glossular solid solution (X¿1¡¡ 0.48-0.71' Xpry

0.04-0.36, Xgrs 0.07-0.37) with only small amounts of the spessafiine molecule (Xsps 0.01-

0.16) (Table A8.4). The most calcium-rich garnets are those which are occur in simple

amphibolites (Xgrs 0.09-0.37) and these are also almandine-rich (X¿1¡10.48-0.64) and

relatively pyrope poor (Xo* 0.n-0.26). Garnet is Fe-rich varying between Xps 0.63 and

0.95 (low with gedrite, high with pyroxene and staurolite), and has an X¡s which is exceeded

only by that of staurolite. XFe,Grr varies sympathetically with XFe,Bt, Xre,St, Xps¡^ and

XFe,Hbl @ig. 4S.18) and analyses across a number of separate garnet grains show that garnets

are typically unzoned.

Hornblende (tschermakite, ferro-tschermakite and ferro-tschermakitic homblende) in

garnet amphibolites is aluminous with an intermediate to high sodium content (1.06-1.53,

0.20-0.79 moles Alvi and Na pfu). Hornblende coexisting with garnet is Fe- (X¡s,1¡10.38-

0.79) and Ca-rich (1.39-1.93 Ca pfu) and gedrite (Leake, 1978) in garnet amphibolites is also

Fe-rich (Xr",Oarn O.40-0.44, Table 48.4).

Plagioclase in garnet amphibolites spans the full compositional range, however

analyses from a single sample generally fall into one or two clusterings with less than 157o

variation in the proportion of the anorthite endmember. The gtossular content of garnet shows

a loose positive correlation with the proportion of the anorthite endmember in plagioclase @ig.

A8.19).

The textural and chemical relationships between staurolite and garnet are explored in

detail below, however in general staurolite is more Fe-rich than co-existing gamet and has Xps

in the range (0.52-0.83 with a low zinc content of 0.12-0.17 wt Vo: 0.02-0.15 ZnO pfu

(440+4(oH)).

Interpretation

Although garnet is involved in several different low variance assemblages, each of

which will be discussed in detail below, there are some interpretations which apply to the

majority of the garnet amphibolites from the area. Garnet may contain a variety of inclusion

trail panerns however these are generally more complex, or equally complex in comparison to

the matrix texture (e.g. crenulated or curved inclusion trails in gamet in a foliated matrix). This

suggests that the garnet porphyroblasts grew relatively early in the deformation history of the

rocks. Thus phases included in these porphyroblasts are interpreted to have developed even

earlier in the metamorphic and deformation history.

The largely euhedral state of the marix phases in garnet amphibolites suggests, with

the preserved positive correlation between XF",Grt and Xp",¡¡I, XFe,Bt, XFe,St that there has
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Table Ag.4. Selecød probe dara from gamer-gedrire-amphibolites (950-069, 950-000) recalculated according to Appendix Al
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been little textural or chemical equilibration since the assemblages formed. Garnet-bearing

amphibolites are generally more Fe-rich than most amphibolites, however Xps is also an

important factor in the stability of garnet.

A8.5.2 Detailed descriptions of garnet-bearing amphibolites

Tw o py r oxe ne - tw o amp hib o I e - g ar n e t - amp hib o lit e ( H R9 I - 5 )

The fine grained, low variance equilibrium assemblage clinopyroxene--orthopyroxene-

cummingtonite-hornblende-quartz-plagioclase occurs in a small pofrion of the garnet-

amphibolite HR91-5. The Fe:Mg partitioning between the phases is consistent and Xpe

increases in the order clinopyroxene (salite-augite, Xps,çpx 0.61) < cummingtonite (Xpe,çot

0.68-69) < hornblende (Xpe,s6r 0.71-0.80) < orthopyroxene (bronzite, XFe,Op* 0.72-0.74) <

garner (Xre,c.t 0.94-0.95, Table AS.3). Clinopyroxene is more abundant than either

orthopyroxene or cummingtonite and its Xps shows a positive correlation with that of

hornblende (Fig. 48.20). Orthopyroxene and cummingtonite are both Ca-poor (< 0.05 and

0.19 atoms pfu, respectively).

The ferro-hornblende (Leake, 1978) in this sample shows little tschermakite (Atvi 0.48-

0.97) and intermediate edenite (0.30-0.46 moles of Na, pfu) substitution in comparison to

more typical amphibolites and has a relatively high Ca content (1.42-1.83 pfu). The garnet

porphyroblasts are also calcium rich (Xgrs 0.19-0.22) and iron-rich (Xam 0.69-0.71, Xprp

0.04-0.05) and they contain minimal spessartine (Xsps 0.04-0.05). The assemblage and the

sample in which it occurs are considerably less sodic and more Fe-rich (reflected in the

especially Fe-rich homblende and garnet compositions) than most other amphibolite

assemblages (Fig. A8.S). It is the combination of these factors which results in the unusual

mineralogy of the sample.

G arnet- g e drite - amp hib ol it e s ( e. g . H R9 1 -22, 9 5 0 -000, 069 )

Tschermakitic hornblende occurring in trivariant (in AFM + hornblende, plagioclase,

quartz and aqueous vapour) garnet-gedrite amphibolites is typically less Fe-rich than in other

gamet amphibolites (Xpe 0.40-0.43) however it contains similar levels of calcium, aluminium

and sodium (1.44-7.62, 1.06-I.37 ,0.24-.51moles of Ca, Alvi and Na pfu). Garnet is less

Fe-rich (Xpe 0.63-0.69, Xo1* 0.57-0.61, Xprp 0.27-0.33) and contains less gtossular than

those co-existing with staurolite-hornblende or hornblende alone (Xgrs 0.07-0.08). Gedrite is

more Fe-rich in garnet amphibolites than in other assemblages (X¡'e O.37-0.43), and has

intermediare tschermakite and high edenite contents (0.93-1.30,0-0.51 moles of Alvr and Na,

respectively). Plagioclase (andesine) in garnet-gedrite amphibolites has a relatively narrow

compositional range (AnZz-n) and the less calcic chemistry of the phases are reflected in the

calcium-poor location of garnet--orthoamphibole assemblages in the NCAFm compatibility

diagram (Fig. 48.8).
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Staur olite-garnel- amphibolite s ( e.8. 85 3 - I 6, 9 5 0 - I 05, H R9 I - I )

Staurolite-bearing garnet amphibolites tend to have even higher Fe-contents and are

aluminous and Ca-poor than other garnet-bearing amphibolites'

(a) Staurolite included in garnet (853-16)

Anhedral staurolite occurs as mono-minerallic inclusions in poikiloblastic garnet with

randomly oriented inclusions of plagioclase, quartz, hornblende and ilmenite. It is completely

isolated from the polygonal hornblende-plagioclase-quartz matrix. The staurolite inclusions

ate very Fe-rich and have an Xps which is very close to that of the enclosing garnet (XFe,St =

0.77-0.73,X¡",c.t = 0.73). The staurolite contains little zinc, though staurolite in this sample

is more Zn-nchthan those in most other samples from the Harts Range region (0.52-0.69 wt

7o:0.11-0.14 pfuZnO; Tables A8.5 and A8.6). The garnet poikiloblasts have simila¡

compositions to others containing staurolite-garnet assemblages (Xprp0.22-0.23, Xgrs 0.13-

0.14, Xsps 0.02-0.03) with only the almandine component being slightly higher than usual

(Xalm 0.61-0.62). Matrix hornblende is more calcic (I.70-1.77 CaO pfu) and slightly more

Fe-rich than in other staurolite-garnet amphibolites (Xps,1¡t0.49-0.52), however it is slightly

less aluminous (Alvi¡16r 1.18-1.32) and contains only a low proportion of the edenite

enclmember (0.19-0.38 moles of Na pfu). Plagioclase in sample 853-16 is labradorite-

bytownite (AnO:-gz) which is considerably more sodic than in those samples which contain

staurolite as a matrix phase. The staurolite-garnet assemblages are plotted in Fig. A8.21. The

sodic nature of the plagioclase in sample 853-16 means that hornblende projected from

plagioclase has a negative value of Na and that after projection from plagioclase and

hornblende, gatnet plots in the negative-Mg portion of the AFM ternary compatibility diagram

(projected from hornblende, plagioclase, quafiz and aqueous vapour).

(b) Staurolite pafily included in garnet (950-105)

In sample 950-105 staurolite occurs as inclusions in garnet and also near its margin,

extending into the hornblende-plagioclase-quartz matrix (Fig. A8.17). The gamet

porphyroblasts exhibit curved inclusion trails of plagioclase, hornblende, exsolved ilmenite

and titanife¡ous magnetite and truncates the matric foliation. In the core, rutile defines sfaight

inclusion trails which are sub-parallel to the hornblende foliation. Staurolite and garnet are less

Fe-rich in this sample than in the other staurolite-garnet amphibolites, however they retain their

relative Fe-Mg partitioning. Staurolite has Xps 0.69 whereas co-existing garnet is slightly less

Fe-rich (Xr",C.r 0.67-0.11, Table AS.5). Atthough theZn-contents of staurolites in this

sample are not known, the amount of "Na" which appears in EDS analyses gives a rough

indication of whether theZncontent is significant. (This is due to the close proximity of the

NaKa (1.041 keV) and Znra(1.009 keV) peaks in EDS spectra.) Sample 950-105 has an

apparent "Na" value of 0.49 wt 7o (from EDS data) suggesting a significant, but not unduly
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Table 48.5. Selecæd probe data from staurolite-garnet amphibolites (853-16, 950-105) recalculated according to Appendix Al
853-16 950-105

Grt St Grt Hbl Pl Pl-core Grt St St Hbl Pl Hbl Oam St Grt Pl IlmFIbI PI

sio2
Tio2
At203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

ZnO

Si

lr
AI
Fe2+

Mn

Mg
Ca

Na

K
Cr
Zn

Aliv
Alvi
Xalm
xpv
Xgtt
Xtps
ps

43.03

0.74

16.22

7'r.35

0.28

9.93

11.26

1.36

0.47

n.a.

n.a-

6.222

0.080

2.765

2.098
0.034

2.r40
1;144

0.380
0_087

50.51

0.05
33.08

0.19
0.05

0.00
15.18

2.91

0.00
n.a.

n.a-

2.259
0.002
l:144
0.007

0.002

0.000
0.728

0.252
0.000

39.84

0.02
23.68

29.t0
1.04

6.09

5.03

0.00
0.01

n.a.

n.a-

2.964

0.001

2.077

1.810

0.066

0.6'16

0.401

0.000

0.001

28.17

0.ó8

56.29

13.ó5

0.14

2.89

0.24

0.33

0.00

n.a.

n.a.

7.4'16

0.136

17.614

3.031

0.030

1.141

0.068

0.167

0.000

2.944

0.007

2.040
r.89'l
0.071

0.678

0.391

0.000

0.003

6.t8'l
0.054

2.895
2.112

0.039

2.062
t.746
0.343
0.088

2.212

0.000

1.789

0.000

0.013

0.000

o;782
0.197

0.000

48.71

0.r0
33.49

0.06

0.11

0.00

16.18

2.30

0.00

n.a.

n.a.

2.208
0.004

1.790

0.002

0.004

0.000

o;786
0.202

0.000

40.27

0.04

2t.59
n.40

1.07

6.20

4.85

0.01

0.01

0.00

0.00

3.077

0.002

1.945

t.151
0.069

0:tM
0.39't

0.001

0.001

0.000

0.000

0.599

0.24t
0.136

0.024

'1.657

0.123
7.439

2.958
0.022

1.145

0.029
0.00ó

0.007

0.004

0.114

7.5't5

0.148

t'l.489
3.003

0.025

r.123
0.015

0.006

0.008

0.006

0.139

6.384

0.056

2.702
t.844
0.057

2.41r
1.56 i
0.364
0.02'1

2.658

0.001

1.355

0.002

0.002

0.000

0.333

0.625

0.000

42.47

0.58

t5.24
15.16

0.04

tt.23
to.I2

1.72

0.22

n.a.

n.a.

6.308

0.065

2.668
1.883

0.005

2.486
1.610

0.496
0.041

t.692
0.976

47.35

0.24
tr.4'l
19.40

0.35

1,6.7r

0.78

0.20
0.00
n.a.

n.a.

6.901

0.026

1.971

2.365
0.043

3.629
0.722

0.057

0.000

28.02

0.57

54.83

t2;12
0.00

3.14
0.06

0.49

0.00
n.a.

n.a.

7.594

0.1l6
17522
2.884
0.000

1.269

0.017

0.256
0.000

3 8.15

0.07

22.14

27.49

2.21

6.39

4.37

0.00
0.00
n.a.

n,a.

2.96r
0.004

2.026

l;184
0.145

0;739
0.364
0.000

0.000

45.86

0.01

34.22

0.00

0.05

0. 15

17.58

1.69

0.00
n.a.

n.a.

2.121

0.000

1.86ó

0.000

0.002

0.010

0.871

0.t52
0.000

0.05

4't.71
0.01

49.2r
0.74

0.06
0.00
0.00
0.00
n.a.

n.a.

0.001

0.946
0.000

1.086

0.017

0.002
0.000

0.000
0.000

28.35 2'1.64 42.99 59.26

0.61 0;12 0.50 0.03

54.18 54.12 15.43 25.62

13.10 13.10 14.85 0.04

0.10 0.11 0.45 0.05

2.85 2.75 10.89 0.00
0.10 0.05 9.81 6.92

0.01 0.01 r.26 7.19

0.02 0.02 0.14 0.00

0.02 0.03 n.a. n.a.

0.5'l 0.69 n.a. n.a.

38.83 42.M 48.97

o.r2 0.49 0.00

22.82 16.70 33.59

29.92 17.17 0.00

1.11 0.32 0.34

6.00 9.4t 0.00

4.82 11.08 16.15

0.00 1.20 2.25

0.03 0.4'I 0.00

n.a. n.a. n.a.

n.a. n.a. n.a.

Toøl 100.6 102.0 104.8 102.4 103.6 98.9 101.3 100.9 101.4 100.5 99.2 96.3 99.r 96.8 96.5 99.8 100.8 99.6 9'1.8

An
Tota.l 15.549 4.994

0.743

XFe 0.495

'1.997 29.664 8.031 15.527

0.728 0;126 0.737 0.506

1.8 13

1.082

4.992 4.995 7.949 29.390 29.398 15.405

0:t99 0.795
0.713 0.721 0.728 0.433

4.9't6 15.562 r5.lt5

0.431 0.395 0.694 0.707

29.65'1 8.023 5.022 2.052

0.852

0.588

0.244
0,120

0.M8

0.347

\\(\

k

oo
I

t.7'18
0.986

1.616

1.086

1.099

0.873

0.613

0.229

0.136

0.022

0.6'25

0.223

0.t29
0.023

N.)\O



Table Ag.5. Selected probe data from staurolite-garnet amphibolites (950-105, HR91-8) recalculated according to Appendix A1

950-105 HR9l-8

Pl Hbl Grtrim Grt Grt Grt Grt Grt core Pl Hbl Grt EP
Grt Hbl Pl Ilm HbI PI St

si02
Ti02
A1203
FeO

MnO
Mgo
CaO

Na2O

K20
C¡2O3
ZnO

38.53

0.00
22;lO
n.46

1.64

6.23

4.53

0.00

0.00

n.a.

n.a-

2.9'tO

0.000

2.63
t;1'10
0.107

0_716

0.374

0.000

0.000

0.597

0.241

0.t26
0.036

41.27

0.65

I'1.45

14.63

0.17

10.18

to;76
t;13
0.12

n.a
n.a-

6.116

0.073

3.049

1.813

0.021

2.247

1.708

0.498

0.023

sio2
Tio2
A1203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3
ZnO

Si

Ti
AI
Fe2+

Mn

Mg
Ca

Na
K
Cr

Zn

41.26

0.48

18.19

15.32

0.29

9.s4
10.ó8

1.55

0.28

n.a,

n.a.

6.091

0.053

3.166

t.892
0.036

2.O98

1.690

0.444
0.052

45.56

0.06

35.33

0.10
0.22
0.00

r7.89
1.1 8

0.00
n.a.

n-4.

2.@l
0.002
r.912
0.004

0.009

0.000
0.880
0.105

0.000

41.16

0.65

18.39

15.40

0.16

9.86

10.17

0.92
0.24
n.a.

n.a.

39.45

0.02

23.r8
2'1.80

1.81

6.E0

4.02

0.00

0.00
n.a.

n.a.

2.975
0.001

2.61
r;t53
0.115

0.764
0.325
0.000

0.000

39.51

0.00

23.2r
26.3t

1.84

6;13

5.42

0.00

0.05

n.a.

n.a.

38.79

0.04
22;77

2'1.30

2.10
5.9'7

5.71

0.00
0.00
n.a.

n.a.

2.955
0.002
2.045
1.739

0.135

0.678

0.466
0.000
0.000

0.576
0.224
0.154
0.045

38.86

0.13

22.54

26.82

r;15
5;13

5;11

0.00
0.08

n.a.

n.a.

45.15

0.09

35.20

0.39

o.26

0.00

11.92

1.30

0.00
n.a.

n.a.

40.47

0.42
18.97

15.10

0.34

9.87

10.65

t.43
0.31

n.a.

n.a.

5.976
0.M7
3.303

1.865

0.043

2.173
1.685

0.410

0.057

39.16

0.01

23.01

25.94

2.@
5.95

5.59

0.00
0.00
n.a,

n.a.

2.987

0.001

2.069
1.654

0.135

0.ó?ó

0.456

0.000

0.ün

38.17

o.27

26.53

8.91

0.16
0.00

22.41

0.00
0.00
n.a.

n.a.

3.073
0-017

2.518

0.ó00
0.011

0.000
1.933

0.000
0.000

39.01 38.88

0.00 0.27

22.70 22.83

2'7.55 28.01

2.04 2.33

5.3'7 5.30

5.50 5.65

0.00 0.00

0.00 0.00

n.a. n.a.

n.a. n.a.

28.0'I M33
0.51 0.07

54.66 34.28

13.06 0.19

0.16 0.00

1.55 0.00

0.32 18.13

0.24 0.81

0.00 0.07

n.a. n.a.

n.a. n.a.

46.21 2.58

0.20 2090
34.1'1 0.00

0.48 67.62

0.33 0.00

0.00 0.00

17.26 0.03

1.49 0.00

0.00 0.04

n.a- n-a
n.a- n.a-

Aliv
Alvi
Xalm

Xpv
Xgrs
Xspt

Ps

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps
ps

101.1 9'1.0 100.1 91.2 Total 9'l -6 100.3 98.6 9'L9 96.9 103.1 103.1 102.2 103.3 toz:l 101.6 100.3 9'1.6 101.8 96.5

Total

Si

Ti
AI
Fe2+

Mn
Mg
Ca

Na

K
C¡
Zn

2.72'l
0.007

1.854

0.019

0.013

0.000
0.852
0.133

0.000

0.083

0.506

0.000

1.820

0.000

0.000

0.001

0.000

0.002

't.704

0.118

17.688

2998
0.038

0.632
0.093

0.r25
0.000

2.089

0.002

1.904

0.008

0.000

0.000

0.915

0.0'74

0.004

6.089

0.0't2
3.207

1.905

0.020

2.t'74
r.612
0.265
0.045

1.911

r.297

2.9'13

0.000

2.059
r.656

0.117

0.754
0.437

0.000

0.005

2.985

0.000

2.M7
t:163
0.132

0.613

0.451

0.000

0.000

2955
0.016

2.045
1.781

0.150

0.601

0.460

0.000

0.000

2987
0.008

2.039

t;l2l
0.114

0.655

0.4'70

0.000
0.008

2.0'19

0.003

1.911

0.015

0.010

0.000

0.885

0.1 16

0.000

Total '1.999 15.548

An
XFe 0jll2 0.447

1.884

1.164

5.005 2.412 Total

0.865 ¡\n
XFe

15.521 5.003 29.396

0.893

0.474 0.826

1.909

1.257

7.995 5.020 15.559

0.884

7 .9'78 8.1514.996 15.390 7994 8.000 '1.991 8.007 8.020

0.467 0.697 0.687 0:142 0J48 0:720 0;124
0.925

Þ
\(\
R¡:.

Oo
I

0.593

0.258

0.110
0.039

0.559

0.254
o.t47
0.039

0.596

0.20'l
0.152
0.M5

0.595

0.201

0.154

0.050

0.582
0.22r
0.159

0.038

0.462 0.710

2.024
1.2'19

0.566

0.231

0.156

0.046
t\)\ 16.061



Table Ag.5. Selecæd probe dara from sraurolite-gamet (HRgl-g) and staurolite-gamergedrire amphibolites (950-077) recalculated according to Appendix Al

HR9l-8 950-O't7
St Grt Oam Hbl Grt Pl Grt Pl St

main exsolved St Sl St Oam Pl PI core Ilm Ru Pl

0.00

l1.50
0.00

78.91

0.01

0.00
0.00

0.09

0.00
n.&
n.À

0.11

46.4r
0.19

49.33

0.69

0.00

0.19

0.16

o.a2

n-a
n-À

28.t7
0.89

54.r9
t2.57
o.r2
2.64

o.2l
0.00
0.00
n.a-

n-a-

7302
0.183

t7.463
2.8'13

0.o27

1.075

o.062
0.000

0.000

27.58

0.78

51.84

12.86

0.13

3.40
0.02

0.M
0.03

0.03

0.71

't;1to

0.164

r7.082
3.ffi'l
0.030

t-4t6
0.006

0.020

0.009

0.006

0.146

2'1.59

0.85

51.30

12.n
o.r2
3.36

0.03

0.01

0.00

0.04

0.56

'1.784

0.180

17.065

2.895
0.028

1.414
0.008

0.004

0.000

0.009

0.116

sio2
Tio2
At203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3
ZnO

Si

Ti
AI
Fe2+

Mn

Mg
Ca

Na
K
Cr
Zn

45.42

0.19

13.69

18.36

o.44

15.91

0.60

0.45

0.03

n.a.

n.a.

5'1.62

0.00

25.60

0.00

0.23

0.00
'1.06

7.0'l
0.00

n.a.

n-4.

56.82

0.06

25.9r
0.08

0.01

0.00

8.05

6.67

0.00

n.a.

n.a.

n.84
0.78

54.03

13.01

0.18

1.90

0.18

0.00

0.00

n.a.

n.a.

'1.695

0.163

t't.602
3.006

0.042
0.783

0.052

0.001

0.000

37.81

0.00
22.34
29.06

2.75

5.50
2.87

0.00
0.00
n.a.

n.a.

46.96

0.17

11.46

19.9'I
0.3'l

t7.3'l
0.81

0.83

0.00
n.a.

n.a.

6;793
0.018

1.955

2.416
0.045

3.743

0.125
0.233
0.000

42.91

0.74
15.78

14.52

0.29

11.60

9.91

1.68

0.08

n.a.

n.a,

38.35

0.08

22.49

28.62

2.75

ó.15

2.89

0.00
0.00
n.a.

n.a.

56.9't

0.t2
25.48

0.03

0.02
0.00
7.49

7.01

o.02
n.a.

n.a.

41.03

0.04
23.24

27.50

r.72
8.18

3.29

0.00

0.02
0.00
0.10

60.40
0.03

26.80

0.22
0.02

0.01

8.57

6.90
0.05

0.03

0.06

2.620

0.001

1.371

0.008

0.001

0.001

0.398

0.580
0.002

0.001

0.002

28.83

0.67

54.32

1 1.76

o.t2
3.41

0.06

0.09

0.02
0.06

0.23

7.793
0.r 37

17.313

2.659
0.028

1.374
0.017

0.045

0.008

0.014

0.04'1

57.37 0.50 0-00

0.00 45.65 96.08

25.85 0.08 0.22

o.t2 43.33 0.60

0.09 0.51 0.08

0.00 0.97 0.09

7.51 0.00 0.00

6.86 0.14 0.30

0.0? 0.00 0.01

n.a. n.a. n'4.

n.a. n.a. n.a.

90.5 9'l.l 98.8 97.4 96.1 Total 95.1 9'1.6 97.9 91.2 97.4 9'1.6 9'1.9 100.3 9'r.9 97.5 100.7 97.1 105.1 103.1 99.6

0.000

0.311

0.000

2.374
0.000

0.000

0.000

0.006

0.000

0.003

0.930

0.006

1.100

0.016

0.000

0.00ó

0.008

0.001

6.702
0.021

2.382

2.26'l
0.055

3.499
0.095

0.128

0.005

2.632
0.000

1.379

0.000

0.009

0.000
0.346
0.627

0.000

2.617

0.000

1.390

0.005

0.004

0.000

0.367

0.607

0.004

0.014

0.953

0.002

1.006

0.013

0.040

0-000

0.008

0.000

0.000

0.990

0.004

0.007

0.001

0.002

0.000

0.008

0.000

2.602

0.002

1.399

0.003

0.000

0.000

0.395

0592
0.000

0.400

2.965

0.000
2.065

1.905

0.183

0.643
o.241
0.000
0.000

6.294
0.082

2.728

1.781

0.036

2.536
1.558

0.477

0.015

2.977

0.005

2.058

1.858

0.141

0.711

0.240
0.000
0.000

2.6t9
0.004

1.3 80

0.001

0.001

0.000

0.369
o.625
0.001

3.012
0.002
2.011

1.688

0.107

0.895

0.259
0.000
0.001

0.000
0.005

2.692 2.0ó8 Total 15.153 4.992 4.993 2.036 1.012 7.990 5.000 7.981

0.371
0.654

4.985 29.38'7

0.407
0.6590.356 0.37'1

4.993 29.342 8.002 15.328 r5.506

o:tg3 0.?48 0.392 0.413 0-723

29.384 29.596 29.502

0!128 0.680 0.6'72 XFe
An

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps
ps

,.Þ\
(\

s_
Þ<

oo

o.393

t.298
1.084

t.20'l
0.748

1.706

t.022
0.641

o.276
0.081

0.061

0.630
0.241
0.081

0.048

0.572

0.303

0.088

0.036

N)\
N)



Tabre Ag.6. Selecæd probe data from kyaniæ-star:rolire (890-5a) a¡d corundum-staurolite (890-009) amphibolites recalculated according to Appendix Al
89G9

89(l5a
HblSt Ep PI rim PI core Pl St HbI Pl St

HbI PI
Ilm 2ollm IIbl Pl Cor St

Sr PI

sio2 40.64

Tio2 0.68

A1203 16.19

FeO 13.60

MnO 0.20

lrlgO lO;12

CaO 10.53

N¿O z.r't
K20 0.21

Cr2O3 n.a-

ZnO n.a-

55.86

0.00

26.97

0.13

0.00
0.00

9.9'l
5.91

0.00

n.&
n.a-

26.70

0.69

5r.55
12.81

0.00

3.63
0.00

0.30

0.06

n.¿L

n.a-

7.464
0.148

17.380

3.M4
0.000

1.541

0.000

0.166

o.o22

38;12

0.00

29.35

3.62

0.00
0.00

24.16

0.26

0.26
n.a-

n.a-

28.45

0.65

54:16

12.46

0.17

3.52
0.01

0.00

0.00

0.04
o.24

7.665

0.132
17.392

2.806
0.039

1.413

0.003

0.000

0.000
0.007

0.047

sio2
TíO2
A1203
FeO
MnO
Mgo
CaO

Na2O

K20
Cr2O3
ZnO

Si

Ti
AI
Fe2+
Mn
Mg
Ca

Na
K
Cr
Zn

An
XFe

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps

Ps

0.00

13.1 1

0.08
77.84

0.07

0.00

0.00

0.00

0.00

n,a,

n.a.

4t;t5
o.52

17.76

15.39

o.27

10.43

10.38

1.88

0.29

n,a.

n.a.

47.28

0.00

34.23

0.18
o.22

o.o2

17.16

r.6'Ì
0.00

n.a,

n.a.

0.00

0.00

99.72
0.84

0.00
0.59

0.00
0.09

0-00

n,a-

n.a-

0.0m
0.000

I .981

0.012

0.ffx)
0.015

0.cxx)

0.003

0.üx)

27.6
o.52

55.1 I
13.26

o.29

3.57

0.20
0. l?
0.00

n.À
n-a-

'1.453

0.106

t't.529
2.989

0.0ó7

1.434

0.057

0.086

0.000

23.8'1 45.16 41.61 0.06

0.50 0.00 0.38 45.41

56;16 36.28 16.5'7 0.r7

12.16 0.00 15.35 49.62

0.31 0.00 0.41 0.60

3.4r 0.00 10.50 0.88

0.00 17;11 10.42 0.00

0.48 1.40 2.0'7 0.29

0.00 0.00 0.40 0.01

n.a n.a n.a. n.a.

n.a n.a- n.a. n.a.

56.11 55.54 56.29 24.24 41-42 46.93

0.00 0.00 0.00 0.62 0.61 0.00

n34 28.36 2',1:14 53.41 16-9'7 34'33

0.00 0.00 0.00 72.60 13.15 0.00

0.00 0.00 0.00 0.16 0.13 0'00

0.oo 0.00 0.00 3.39 10.58 0.15

10.18 10.88 9.68 0.00 10.57 1'1.25

5.82 5.44 5.99 0.48 2.29 l'95

0.15 0.00 0.00 0.00 0-71 0.00

n.a- n.& n.a. n.a- n'a' n'a'

n.a- n.a- n.a. n.a. n'a' n'a'

94.9 96.4 98.1 100.6 97.7 9'1-0 91.1 98.7 100.8 101.2 lm.8
Toral 94.9 9S.8 95.1 96.4 99-6 100.2 99;1 100.6 100.3 Total

Si

Ti
Aì
Fe2+

Mn

Mg

Ca

Na

K
Cr
Zn

Tot¿l

6.151

o.071

2.889

1.721

0.026

2.418
1.708

0.637

0.041

2.540
0.000

1.446

0.005

0.000

0.000

0.486

o.521
0.000

3.050

0.000

L'|26
0.238

0.000

0.000

2.039

0.o10
0.026

2.533

0.000

1.455

0.000

0.000

0.000

0.492

0.509

0.m9

2.494
0.000

1.501

0.000

0.000

0.000

0523
0.4'14

0.m0

2.533
0.000

7.4'11

0.000

0.000

0.000

0.46'7

0.523
0.000

6.96'l
0.134

18.097

3.029

0.039

1.452

0.000
o.26'l
0.000

6.160

0.068

2.976
1.636

0.016

2.345

1.685

0.660

0.135

2.743
0.000

1.848

0.000

0.000

0.010

0.844

0.173

0.000

6.&l
0.105

18.616

2.969

0.973

7.474

0.000

0.259

0.000

2.06'l
0.000

1.957

0.000

0.000

0.000

0.868

0.124
0.000

6.160

0.042
2.892
1.901

0.051

2.3r'l
1.653

0.594
o.o'16

0.002

0.912
0.005

1.108

0.013

0.035

0.000

0.015
0.000

0.000

0.348

0.003

2.29'l
0.002

0.000

0.000

0.000
0.000

6.098

0.057

3.059

r.880
0.033

2.270
1.624

0.532
0.053

1.902

1.157

2.156
0.000

1.840

0.007

0.008

0.001

0.838

0.148

0.000

15.6 4.998

0.48

0.416

1.849

1.039

29.792 8.120

o.@
0.49 052 0.47

4.993 29.985 15.681

0.676 0.411

1.840

1.136

5.019 29.46

0.83
0.665

Total 30.076 5.017 I
0.87

0.67'!

5.686 2.091 2.650

0.451

1.840

1.052

4.998 2.011 29.720

0.85
0.6'16

4.999 4.992
15.607

0.453

\\(\

k

Oo
I

t\)\
UJ

An

XFe

Aliv
Alvi
Xalm
Xpy
Xgrs

Xsps
ps 9.1395



Table Ag.6. Selected probe dara from star¡olire amphibolites (s90-5b, HR91-3) recalculated according to Appendix A1

89G5b
HRg1-3

PI HbI Hbl St

4t.3'l 26.71

0.63 0;12

16.15 52;12

12.40 rl 89

o.22 0.18

r 1.63 3.49

10.27 0.00

2.6 0.33

0.25 0.00

n.a- n.a'

n.a- n.a-

95.0 96.0

'1.522

0.752
[t.503
2.800

0.043

1.465

0.000

0.1 80

0.000

HbI Pl St Ilm Itm 2"llm

89:l 96.5

St PI

27.31 47.6
0.32 0.00

54.64 33.34

12.96 0.07

0.19 0.18

2.93 0.00

o.22 15.91

0.00 2.11

0.00 0.00

n.a. n.a.

n.a. n.a-

98.6 99.3

7.508

0.066

7't.709
2.9't9

0.044

1.201

0.065

0.000

0.000

2.197

0.000

1.811

0.003

0.007

0.m0
0;186
0.188

0.000

PI HbI St PI IIbl tilanitc Ep llbl

38.01 39.45

0.11 0.70

26.69 19.50

8.66 14.18

0.28 0.34

0.00 10.03

22.51 10.20

0.00 1.98

0.00 0.26

n.a- n.¿L

n.a n.&

96.3 96.6

3.0ó5

0.007

2.538

0.584

0.019

0.m0
1.945

0.000

0.000

5.8'12

0.078

3.422

1.7ó5

0.042

2.224

1.627

0.57 r

0.050

sioz 56.75

Tio2 0.00

A1203 26.97

FcO 0.19

N{nO 0.00

lvtgO 0.00

CaO 9.63

N¿O 6.14

K20 0.06

Cr2O3 n'a-

ZnO n.a-

41.62

0.50

15.69

72.56

0.00

11.69

10.37

2.O7

0.20

n.a-

n.a-

sio2
Ti02
A1203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

ZnO

27.64

0.51

54.72

13.39

0.28

2.47

0.1?

0.00

0.00

n.a.

n.a.

7.56
0.106

1'1.661

3.066

0.066

0.983

0.048

0.000

0.000

4'1.50

0.00

33.81

0.25
0.18
0.00

16.24

2.0't
0.00
n.a.

n.a.

39.82

0.75

19.35

14.98

0.20

10.12

10.39

1.81

0.41

n.a.

n.a.

5.875

0.083

3.366
1.848

0.024

2.224
1.642

0.517

o.o't'|

31.884

27.692
8.245
1.095

0.261
0.764

26.8'15

0

0

n,a.

n-4.

r.055

0.689

0.322

0.030

0.007

0.038

0.953

0.000
0.000

47.21 39.77

0.05 0.77

34.27 19.59

0.31 14.51

0.16 0.40

0.00 10.03

16.15 10.1ó

1:72 1.96

0.00 0.19

n.a- n.a.

n.a- n.a.

0.00 0.00

10.22 46.06

0.06 0.12

79.31 49.10

0.14 0.29

0.00 0.45

0.00 0.00

0.00 0.46

0.00 0.05

n.a. n.a.

n.a. n.a-

4r.93 5'1.14 25.æ 0.00

0.60 0.00 0.62 42.20

16.60 28.16 53.84 0.25

12.48 0.00 11.80 40.52

o.22 0.00 0.00 4.92

10.87 0.18 3.82 1.80

10.42 9.82 0.00 0.00

L10 6.16 0.39 0.24

0.24 0.06 0.m 0.00

n.a- n.¿L n.À n'4.

n,a- n,a- n.a n.a.

99.8 9'1.4 99.1 100.0 97.8 96.8
99:I 94.7 95.5 101.5 95.5 89.9 Tota-l

Si

Ti
AI
Fe2+

Mn
Mg
Ca

Na

K
Cr
Zn

An
XFe

Aliv
Alvi
Xalm
Xpv
Xgtt
Xsps

Ps

Si

Ti
AI
Fe2+

Mn

Mg

Ca

Na
K
Cr
Zn

XFe

Aliv
Alvi
Xalm
Xpv
Xgts
)Gps

Ps

\
(\

È-
|<

Oo
I

t\)\

Tota.l

Total

2.555

0.000

1.412

0.007

0.000

0.000

0.4ó5
0.536

0.003

6.260
0.057

2;182
1.580

0.000

2.621

1.6'11

0.604

0.038

6.201

0.071

2.85't

1.556

0.028

2.6ú
1.651

0.599

0.048

6.250

0.067

2.9r7
1.556

0.û28

2.475

1.64
o.û1
0.046

2.527

0.000

1.4ó8

0.000

0.000

0.012

o.465

0.528

0.003

'7.095

0.132
18.014

2.801

0.000

1.616

0.000

0.215

0.000

0.000

0.908

0.008

0.969

0.r 19

o.o't'1

0.000
0.013

0.000

0.000

0.281

0.003

2.429

0.004

0.000

0.000

0.000

0.000

0.000

0.928

0.004

l.l00
0.007

0.018

0.000
o.024
0.002

2.16
0.002

1.850

0.012
0.006

0.000

o.794

0.153

0.000

5.875

0.086

3.4i3
1;193

0.049

2.208
1.608

0.562

0.035

2.r7'1

0.000

1.827

0.009

0.007

0.000

0.797

0.1 84

0.000

0.376 0.3'14 0.657 0.392

5.64 29.873 2.095 Total

o.47

0.634

15.550

1.750

1.168

2:71'I 2.083 29.5'11 4.992 4.983 15.631 29.49'l 5.002 15.657

0.81

0.454

2.125
1.241

3.095 8.159 15.650

0.442

2.128

1.293

15.396

4-998 15.613

1;140
1.043

15.6r'1 29.65

1.793
1.064

0.81 0.84
An 0.46

0.713 0.448 0.75'l

2.725

1.288

a



si02
TiO2
A1203
FeO

MnO
Mgo
CaO

N¿O
K20
Cr2O3

7rO

Table

89G8

Si

Ti
AI
Fe2+

Mn
Mg
Ca

Na
K
Cr
Zn

58.1 I
0.00

25.96
0.00

0.m
0.m
8.31

6.74

0.05
n-a-

n.a

33.42

0.00

60.86
7.1'l

0.00

0,01

0.00

0.00

0.00

0.00

0.00

48.01

0.19

15.05

16.06

0.31

18.66

0.54

1.48

0.00

o.o2

o.l2

44.64

0.01

34.43

0.13

0.01

0.00

18.02

0.80

0.04

n.a.

n.a.

28.73

0.35

53.88

11.06

0.15

3.18

0.01

0.04

o.o2

0.10

0_19

7.881

0.û73

11 .424

2.538

0.035

1.298

0.002

0.019

0.006
0.t21
0.038

29.12

0.3't

55.3'l
11.29

0.12

3.12

0.01

0.01

0.03

0.03
0.23

7.8n
0.0'74

17.546

2.538

0.027

7.249

0.002

0.003

0.009

0.006

0.046

sio2
Tio2
Ar203
FeO

MnO
Mgo
CaO

N¿O
K20
Cr2O3

ZnO

si
Ti
AI
Fe2+

Mn
Mg
Ca

Na
K
Cr
Zn

42.46

0.64

16.61

14.04

0.00

10.91

10.09

1.89

0.22

n.a.

n,a.

0.00

49.34

0.00
49.35

0.65

0.19

0.00

0.17

0.00

n.a-

n.¿L

Ag.6. Selected probe data from staurolite-gedrite amphibolites (890-8, 890-16) recalculaæd according to Appendix A1

890-16

Oam Pl St St Oam Pl St HbI Iim
PI St Hbl Oam KY

43.35 55.71 24.53

0.18 0.00 0.70

15.83 29.19 54.19

19.18 0.00 12.38

0.r9 0.00 0.00

15.35 0.13 3.60

0.53 10.02 0.00

1.70 6-28 0.41

0.00 0.00 0.00

n.a. n.a. n.a.

n.a. n.a. n.a-

24.86 43.90 45.M

0.34 0.45 0.10

56.72 14.61 15.15

11.33 10.87 16.16

0.12 0.12 0.30

3.03 13.78 18.36

0.00 13.61 0.5'l

0.43 2.09 r.76

0.00 0.24 0.00

n.a- n.a- n.a-

n.a- n.a- n.a-

Aliv
Alvi
XaIm
Xpv
Xgrs
Xsps
ps

\\(\
Ê-
l{

oo
¡

t\)\(/¡

Total 99.2 96.8 99:1 9'l .5 100.4 98.1 9'7.7 99;1 Total 96.3 101.3 95.8 96.9 99.7

Total 4.989

0.41

2.618
0.000

1.3i9
0.000

0.000

0.000

0.401

0.589

0.003

6.929

0.071

78.637

2.641

0.028

1.259

0.000

0.232
0.000

6.2'19

0.048

2.464

1.300

0.015

2.937

2.086
0.580
0.044

1.721

o:143

6.457

0.011

2.559

7.937

0.036

3.921

0.088

0.489

0.000

1.036

0.000

7.934

o.026
0.000

0.000

0.000

0.000

0.000
0.000

0.000

6.630

0.020

2.450

1-854

0.036

3.840

0.079

0.39'1

0.000
0.002

0.013

2.095

0.000

1.906

0.005

0.000

0.000

0.907

0.073
0.002

6.380

0.020

2.747

2.36r
0.024
3.369

0.084

0.485

0.000

2.475

0.000

1.529

0.000

0.000

0.009

0.4't7

0.541

0.000

6.963

0.149

18.134

2.939

0.000

1.523

0.000

0.226

0.000

6.258

0.o71

2.886

1.731

0.000

2.39'l

1.594

0.540
0.o11

1.742

1.145

0.000

0.95't

0.000

1.064

0.014

0.007

0.000

0.000

0.000

2.M3
29:t98 15-'152 15.49'l

0.677 0.30'1 0.331

2.997 15.322 4.989

0.93

0.326

1.3'lO

1.081

29.34 29.33 Total

0.62 0.670

An
XFe

15.469 5.031 29.934 15.518

0.4'1

0.412 0.659 0.419An
XFe

Aliv
Alvi
Xalm
Xpv
Xgrs

Xsps

Ps

1.543
1.016

1.620

1.127



Oam

St

A
Grt

Grt

MF
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highZncontent. Garnet is more Mg-rich than in other staurolite-garnet bearing'samples (cf.

853-16, HR91-8 and 950-077) and is correspondingly Fe-poorer (Xar 0.55-0.62, Xprp0.24-

0.36). Garnet in this sample has a grossular content similar to that in other staurolite-garnet

amphibolites (Xgrs 0.10-0.15) and only minor spessartine (Xsps 0.03-0.04). Tschermakite

homblende (Aluinut 1.25-L 43) is quire iron-rich with Xps 0.42-0.50 and also has a relatively

high proportion of the edenite end-member (0.33-0.53 moles of Na pfu) and an intermediate

Ca-conrenr (1.50-1.73 pfu). Plagioclase is bytownite to anorthitic in composition (Anss-q¡)

and overall this sample is less sodic than sample 853-16 in which staurolite is entirely enclosed

in garnet and more sodic than sample HR918-8 where gamet and staurolite are both matrix

phases.

(c) Staurolite in the ganìet-hornblende-plagioclase matrix (HR9 1 -8)

In sample HR91-8 equant staurolite grains occur in the polygonal matrix of a

porphyroblastic garnet amphibolite. Gamet and staurolite are slightly more iron rich in this

sample than in the above staurolite-garnet amphibolites (X¡'",St 0.12-0'83, XF",G.I 0'69-0'75'

X¿m 0.56-0.6, Xpry 0.20-0.25, Xsps 0.04-0.05) and gamet is also more grosSular-rich (Xgr5

0.11-0.16) than either of these. Staurolite contains low levels of zinc (0'56-0.71 wtTo=

0.02-0.15 Zn pfu) however this staurolite is more Zn-nchthan that in other staurolite-garnet

amphibolites. plagioclase is anorrhite (Ang¿-r00). Tschermakite hornblende has intermediate

to high Fe and Na contents (X'e,nu10.44-0.51, 0.21-0.45 moles of Na, pfu) and is highly

aluminous (Aluinur 1.34-1.51) and has a relatively high Ca content (1.61-1.75 pfu, Table

Ag.5. Overall the chemistry of this sample is more calcic that both of the above staurolite-

garnet amphibolites, indicated most effectively by the composition of plagioclase.

(d) S taurolite-g arnet-gedrite amphibolite (9 50-077 )

The mineral textures in this sample are simila¡ to those in sample 853-16 (above) with

the exception that orthoamphibole occurs as a matrix phase. Straight inclusion rails of

anhedral staurolite, plagioclase, ilmenite and rutile are parallel to the foliated orthoamphibole-

hornblende matrix. Staurolite has a variable Xps (0.69-0.S1) and a low Zn content (ZnO 0'23-

0.39 wt Vo = 0.05-0.08 Zn pfu) and is slightly more Fe-rich than co-existing gamet (XF.,c.t

0.65-0.75, X¿1¡¡ 0.57-0.64, xprp 0.22-0.31, Table 48.5). Garnet contains little grossular or

spessarrirìe (Xgrs 0.08-0.1 1, Xsps 0.03-0.09) and is relatively homogeneous in composition'

The matrix gedrite (Leake, 1978) and tschermakitic hornblende contain significant proportions

of the tschermakite and edenite molecules (Aluiou* 0.86-1.41, Aluiu¡t l'13-L'2,0'13-0'47,

0.26-0.41moles of Na in onhoamphibole and hornblende, respectively) and both gedrite and

hornblende a¡e observed as the more Fe-rich phase in different coexisting mineral pairs

(Xn",oo* 0.3g-0.44, XF",Hbl0.40-0.44). Matrix plagioclase is andesine (4n36-4g), and

hornblende and garnet have low calcium contents (1.39-1.60 pfu in hornblende, Xgrs 0.08-

0.1 1).
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Contrary to expectations, the mineral chemistry of this sample is somewhat different to

thar of g53-16 in which staurolite is also included entirely in garnet. This sample is more Fe-

rich than is orthoamphibole-free counterpart and is fa¡ less calcic (e.g. An36a6 cf. An63¿2 in

sample g53-16). Staurolite us also significantly less Zn-nch than in other staurolite-garnet

assemblages. These factors suggests that the assemblage staurolite-gamet-gedrite-

homblende-plagioclase-quar-tz occurs in rocks which are more Fe-Mg rich and perhaps more

sodic than the staurolite-gamet-amphiboli tes described ea¡lier.

Summary

The relatively consistent temporal relationship between garnet growth and the

deformation phase presewed in the rocks implies that ttrese two features provide a relative

chronology for the other phases in the garnet amphibolites. Staurolite included in garnet (853-

16, 950-077) must have grown relatively early in the rock's metamorphic history' whereas

matrix staurolite (IlRg1-g) grew at some time after garnet and thus the growth of staurolite in

g53-16 and g50-077. The sraurolire in sample 950-105 is partly included in garnet and partly a

matrix phase and is therefore likely to have formed at some stage intermediate to ttre other two

samples. A possible explanation for this variabiliry in the timing of staurolite growth in

different samples is that the samples have different chemistry. However, the most obvious

cause, Xps, does not vary coherently with the relative timing of the staurolite growth. Zn is

relatively enriched in the latest and least enriched in the earliest staurolite-garnet assemblage'

Although is a coherent relationship, since the assemblage is a prograde one (Chapters 3 and 4)

staurolite would be expected to be stabilised earlier (at lower pressures and temperatures) in the

presence of Zn. The opposite relationship is observed in the samples and so the presence of

zinc in staurolite does not seem a valid explanation for the timing of staurolite growth'

The proportion of anorrhire in plagioclase does vary coherently with the timing of

staurolite gowth (X6¡ low with early staurolite and high with later, matrix staurolite) and the

loose cor¡espondence between X¡n and Xgrs FiE. 48.19) imply that this change in X¡l may

be due to changing Ca content of the enrhe assemblage. Figure A8.22 illustrates the relative

positions of the different sraurolire-garner-hornblende-plagioclase equilibrium assemblages in

the quaternary compatibility diagram NCAFm.

48.5.3 Intermediate Xp., kyanite amphibolites

Amphibolites containing aluminous enclaves are typically unfoliated to only weakly

foliated and sub-parallel kyanite, hornblende and orthoamphibole are generally the only aligned

phases. Kyanite and staurolite form large porphyroblasts up to 1 cm across which, with their

rim of pale feldspar, are clearly visible in hand specimen'
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Textural features

Very coarse grains and aggregates (2-10 mm) of kyanite are often embayed with small,

relict, optically continuous grains nea¡ their margins. The weakly oriented kyanite grains may

contain sub-parallel inclusion trails of fine plagioclase, quartz and accessory phases (e.g.

rurile, Ti-Fe-ores). Kyanite is typically isolated from the hornblende-plagioclass * quartz

matrix and occurs at the cenÍe of aluminous enclaves rimmed by staurolite-+alcic plagioclase

coronas. The outline of the aluminous enclaves in the hornblende-plagioclase *

orrhoamphibole matrix is mimicked by both the þanite-staurolite and staurolite grain

boundaries (Fig. 48.23). Staurolite occurs as both single-phase aggregates and as part of an

aluminous corona surro¡nding corundum or kyanite. It is generally surrounded by a

plagioclase rim in the hornblende-plagioclase * quartz matrix (Fig. 48.23).

Corundum occurs rarely in association with other highly aluminous phases (kyanite or,

more often, staurolite) in silica-poor domains of quartz absent samples. The smali grains are

generally optically continuous and are surrounded by plagioclase in the hornblende-plagioclase

matrix (Fig. Ag.24) and in contact with staurolite. Corundum is never observed in contact

with the hornblende-bearing matrix.

Hornblende and sometimes orthoamphibole form coarse euhedral grains which are

weakly oriented in a polygonal matrix of plagioclass * quartz. Small inclusions of plagioclase,

quartz and accessory phases are typically concentrated toward the cores of hornblende grains to

form randomly oriented to poorly def,rned straight inclusion trails. Hornblende is observed in

contact with both matrix and corona plagioclase, quartz (if present) and staurolite. Coarse-

grained, euhedral orthoamphibole grains cross-cut hornblende grains and are observed both

parallel to and cross-curring the hornblende foliation. Matrix plagioclase is optically zoned and

euhedral. It rarely exhibits poorly developed twinning and where observed, twinning is not

disturbed by deformarional features. Quartz is also euhedral and generally displays undulose

extinction. Accessory phases include rutile, apatite, zitcon, ilmenite, magnetite and exsolved

Ti-Fe oxides.

Mineral chemistry

Hornblende in kyanite-bearing amphibolites is typically quite Fe-rich, aluminous, sodic

and calcium-rich (Xps,s51 0.31-0.47 ,0.93-L43 Alvi¡151, 0.21-0.90 Na, 1.60-1.93 Ca pfu)

and falls into the tschermakitic-hornblende, tschermakite or ferroan pargasite classifications of

Leake (1978). Gedrite is slightly less Fe-rich than co-existing hornblende (Xps,g¿¡¡ 0'30-

0.42) and contains variable amounrs of the tschermakite and edenite end-members (0.64-1.59

Alui.o*, 0.12-0.52 Na pfu). Gedrite is typically less sodic and less aluminous that co-existing

hornblende.

The majority of staurolite analyses from the Harts Range fall into the typical

compositional ranges suggested by Griffen and Ribbe (1973) (Table A8'6). However, there

are a significant number which have lower SiGz and higher Al2O3 and MgO contents than
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Figure 48.23. Sketch of conoded kyanite porphyroblast separated by a søurolite-calcic plagioclase
corona from the homblende-plagioclase-quartz matrix (891-11). V/idth of view 2mm.

Figure A8.24. Sketch of corrocle d corundum with staurolite and plagioclase in a hornblende-plagioclase
matrix (890-005a). Widrh of view 2mm.



,o

ôöoa

E3
o

t

þ

o
t --'=--

-O

An I

o

o

%
0o

()

oo

o

Ð

0 "\

(
H bl

0
I

oo.

St

PI

Crn

ó

Appendix A8 - 2tll



Griffen and Ribbe's (1973) usual ranges, which were determined mainly from rocks of pelitic

affinity. Those more extreme analyses are simila¡ to those of staurolite from amphibolites in

Fiordland, New Zealand (Gibson, 1978). Comparison between analyses of staurolites from

the Harts Range shows that Al2O3 and SiO2 exhibit a negative correlation, suggesting that

there is some substitution of Al for Si within the staurolite structure @ig.48.25). WDS

Microprobe analyses confirm that the ZnO-content of staurolite from the Entia Dome is low (in

the range 0.12-0.77 wtVo =0.02-0.15 atoms pfu) and that sodium is virtually absent (0-0.02

pfu).

Sequences of analyses made across single grains of staurolite conf,rrm that the grains

are relatively homogeneous, with only a slight variation in the amount of Al (variation - 0.15

aroms pfu) and Si (variation - 0.1 atoms pfu) across the gain (Table 48.6). Xps typically

increases slightly from core to rim and is in the range 0.60-0.77. Staurolite in kyanite, gedrite

or hornblende amphibolites is less iron rich than those in garnet bearing amphibolites.

Plagioclase shows a wide variation in composition (An5-92), though the population in

each sample typically consists of two or more distinct ranges, each with compositional

variation of < I5Vo. These generally include a calcic plagioclase associated with staurolite in a

corona texture and a more sodic composition in the matrix of the sample. Analyses of kyanite

and corundum reveal that those phases contain limited impurities; < 0.01 and < 0.02 atoms per

unit formula respectively. Figure 48.26 shows the variation in the compositions of the

kyanite-staurolite assemblage projected from hornblende, plagioclase, quartz and aqueous

vapour.

Interpretation

The unfoliated to weakly foliated nature of the kyanite-bearing assemblages developed

in more Fe-rich, aluminous amphibolites and the preservation of high surface energy corona

textures suggest that the foliated phases kyanite-hornblende * orthoamphibole formed late in

or subsequent to a phase of deformation and that the rocks have experienced no local

deformation since the formation of the enclaves. As orthoamphibole cross-cuts the homblende

grains it is interpreted to post-date the growth of hornblende, however the lack of reaction

textures between those phases suggests that orthoamphibole-hornblende remained a stable

assemblage.

The close correspondence between the shape of each corroded kyanite porphyroblast,

its staurolite rim and the outline of the aluminous enclaves suggests that the matrix phases

(hornblends * plagioclase * quartz) were once stable with the inner phase, kyanite, but that

reaction between kyanite and hornblende later produced the enclaves of staurolite and

plagioclase.

The high surface area to volume ratio of the coronas and the localised gowth of the

reaction products implies that diffusion of at least one of the components involved in the

reaction was insufficiently fast for textural equilibration to occur. The localisation of

aluminium-rich phases suggests that it is the slow diffusion of aluminium which controlled the

position at which the product phases developed. Staurolite is considered to have formed on the
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Figure 48.25. Number of moles of Si per unit formula plottedagainst number of moles of Al for

staurolite from the Entia gneisJcomplex amphibolites. Formula calculated to 460.

Figure A8.26.Ternary AFM diagram illustrating the compatibility relations in søurolite-þanite and
" 

staurolite urpí1ibolites prõjerted from homblende, plagioclase, quartz and aqueous vapour; A =

^lO3l2,F=FeO,M=MgO.
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bounda¡ies of former kyanite hornblende equilibria where aluminium was released f¡om the

kyanite structure. As the kyanite and hornblende were consumed, staurolite would have

grown inward, towards the source of Al, while plagioclase developed in place of hornblende +

plagioclase t quartz. The rexrures, mineral chemistry and compatibiliry relations of particular

kyanite-staurolite amphibolite assemblages a¡e discussed in the next section.

48.5.3 Detailed descriptions of kyanite amphibolites

Kyanite-staurolite-anorthite corona amphibolites (e.8.samples 890-5a, 11, 12,15' 891-II)

Embayed kyanite porphyroblasts form the nucleus of aluminous enclaves which are

surrounded by a staurolite corona (Xre 0.60-0 .73;0.12-0.28 wtVo = 0'02-0.05 ZnO pfu) and

a calcic plagioclase rim. The composition of plagioclase involved in these corona textures is

widely variable between samples (An:6-¿g, An50-62, An58-77, Ansz-gz) but is consistently

more calcic tha¡r that co-existing with matrix hornblende (Anz¡, 4n3849, An¿g-60)'

Hornblende in kyanite-staurolite amphibolites is widely variable in composition and covers

almost the full range of those observed in the amphiboiites'

C orundum-s taur oli te-a no r t hit e c o r o na amp hib olite s ( e. I . s amp le 89 0 -0 09 )

In quartz-free samples corundum occupies a similar position to that of þanite in more

siliceous rocks. It occurs as small optically continuous aggfegates in quartz-poor

amphibolites, rimmed by bytownite plagioclase (4n35-37) and in contact with staurolite (Xp"

0.67-0.6g; 0.ß-0.21 wtVo =0.04-0.06 ZnO pfu), however there are no well-developed

staurolite-plagioclase coronas in corundum-bearing amphibolites. Homblende (tschermakite)

in corundum-bearing amphibolites is quite sodic (0.58-0.59 moles of Na pfu) and contains

significant proporrions of the iron and tschermakite end-members (Xpe 0.45-0.46, Alvi 1'15-

l.Z5). Hornblende also has a relatively low Ca content (1.65-1.67 pfu). The textures in these

silica-poor samples are similar to those in the more silica-rich rocks, with the exception that

corundum, rather than kyanite, appears to have been stable with the matrix hornblende-

plagioclase, early in the metamorphic history. Corundum and hornblende later became

metastable and staurolite-plagioclase are the products of this instability. The quartz-free nature

of the corundum-bearing samples means that they may not be represented on the NCAFm or

AFM compatibility diagrams used so far.

Staurolite-anorrlxite corona amphibolites (e.g' samples 890-5b, 14, 85-72, HRgI-3)

In addition to its presence in coronas surrounding kyanite or corundum, staurolite also

occurs as a porphyroblastic phase which is generally separated from the hornblende-

plagioclase mosaic by a rim of calcic plagioclase. Several samples contain hornblende in

contact with staurolite along smooth, apptrently equilibrium grain boundaries' Chemically
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these rocks are simila¡ to other corona bearing amphibolites with Xf'",ftl 0.37-0.45 however

staurolire is slightly more Fe-rich (Xr.,Sr 0.62-0.17) andZnO levels in staurolite are relatively

low in comparison to other samples (0.i9-0.30 wtVo = 0.04-0.06 ZnO pfu). The tschermakite

or ferroan pargasite contains significant proportions of both tschermakite and edenite end-

members (Alvi 1.06-1.43, 0.52-0.81 moles of Na pfu) but relatively low Ca (1.65-1.69 pfu).

The plagioclase involved in coronas surrounding staurolite is again more calcic (e.g. An51-57,

AnSO-qO) than that observed in the hornblende-plagioclase matrix (e.g. An39a7, An51-90,

Anzs-s¡).

The similarity of the mineral textures in kyanite-bearing and kyanite-absent staurolite

amphibotites, most importantly the presence of plagioclase rims surrounding staurolite, implies

that the kyanite-absent staurolite assemblages are evidence of a reaction gone to completion.

The reactant, probably kyanite, was consumed, leaving the staurolite and plagioclase coronas

in the hornblende-plagioclase-quartz matrix.

Kyanite-staurolite-anorthite coronas in gedríte amphibolites (e.g. samples 890-8, 16' 853-93)

Gedrite-bearing kyanite-stauolite amphibolites contain similar reaction textues to

other kyanite-staurolire amphibolites. The corroded kyanite porphyroblast are rimmed by a

corona of staurolite which is separated from the hornblende--orthoamphibole-plagioclase

(4n26-7g)-quartz marrix by a rim of calcium-rich plagioclase (e.g. AnzS). Both foliated and

randomly oriented gedrite cross-cut the foliated hornblende grains however, no disecluilibrium

textures are observed.

As for other geclrite bearing amphibolites, tschermakitic hornblende (Leake, 1978) has

lower aluminium and iron contents than in orthoamphibole-absent samples (Xpe,nut 0.31-

0.42, Alvi¡16r 0.94-1.38). Hornblende contains high levels of calcium and sodium (1.41-2

CaO pfu, 0.21-0.58 moles Na pfu) and is more Fe-rich and more sodic than gedrite (Leake,

1978) (Xre,Oa. 0.30-0.42,0.12-0.52 moles Na pfu). Gedrite has a more variable aluminium

content (Aluioo,n0.67-1.59) than co-existing hornblende. The composition of staurolite is also

at the more magnesian end of the compositional range exhibited in staurolite-amphibolites f¡om

the Entia gneiss complex (Xr,r,Sr 0.65-0.12) and has a low to intermediateZnO content (0.02-

0.05 ZnO pfu, 0.19-0.21 wt Vo).

The similarity of the textures and mineral compositions of gedrite-bearing þanite-

staurolite amphibolites to those in other kyanite-staurolite amphibolite suggests that despite

their compositional diffe¡ences, the rocks experienced reactions similar to those in gedrite-

absent rocks. The divariant assemblage kyanite-staurolite-gedrite plots centrally in the AFM

(+hornblende, plagiocl¿ìse, quartz) compatibility diagram at more aluminous and less Fe-rich

compositions rhan those involving staurolite-garnet-gedrite (described in Section 48.5.2).

The assemblage also plots to the Mg-rich side of the rrivariant kyanite-staurolite assemblages

(Fig. 48.26).
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48.5.4 Magnesium-rich, cordierite amphibolites
Cordierite-rich rocks form rare isolated pods of blue-violet, coarse-grained, unfoliated

rocks. Kyanite, anthophyllite, reddish rutile and pale-green hornblende are visible as

(relatively) small grains distributed throughout the rocks, while silvery talc and chlorite a¡e

most obvious on the surface of small boulders where they have formed a focal point for

weathering processes.

Texruralfeatures

Kyanite porphyroblasts are heavily embayed, most severely along cleavage planes and

have associated optically continuous outliers. Kyanite is surrounded by moats of coarse

grained, relatively unaltered cordierite which may exhibit weakly developed winning. Pale-

green, weakly pleochroic clinoamphibole and colourless to pale-brown orthoamphibole are

surrounded by cordierite and also exhibit corroded grain boundaries, especially in the vicinity

of kyanite (Fig. 48.27). Kyanite, hornblende and orthoamphibole typically dehne a very

weak foliation. 'Where present, plagioclase shows weli developed twinning and is unzoned.

Plagioclase may contain inclusions of cordierite, apatite, rutile and zi¡con. Fine grained

randomly oriented talc, chlorite and muscovite are observed to overgrow hornblende,

anthophyllite and cordierite. Accessory phases include rutile, apatite and zircon.

MÌneral chemistry

The Mg-rich nature of the bulk composition (Fig. A8.1) is reflected in the low X¡e of

magnesio-hornblende (Leake, 1918) (X¡'",n¡t 0.15-0.27), anthophyllite (Leake, 1978)

(Xpe,oa, 0.07-0.16) and cordierite (XF",C.d 0.07-0.13, Table 48.7). Hornblende is much

more aluminous and sodic than co-existing orthoamphiboles in cordierite-amphibolites (Alvi¡161

0.26-L40, 0.07-0.65 atoms of Na pfu in hornblende and, Alvigom 0.06-0.70 with zero Na in

orthoamphibole). Hornblende has a particularly high Ca content (1.63-1.80 pfu). Plagioclase

exhibits a wide range of compositions both between and within samples. Despite thei¡ similar

mineral textures, kyanite-co¡dierite-hornblende, kyanite-<ordierite-orthoamphibole-

hornblende a¡d cordierite-hornblende rocks have similar but distinct mineral chemistry and

this is summarised below.

48.5.5 Detailed descriptions of cordierite amphibolites

Kyanite-cordíerite hornblende rocks (e.g. samples 950-95, 100)

Pale green corroded magnesio-hornblende and corroded kyanite are sulrounded by

cordierite (Fig. 48.28). The hornblende is much more magnesium-rich than in more typical

amphibolites (Xps,H5¡ 0.i6-0.20), but retains substantial proportions of the tschermakite and
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Figure A8.27. Sketch of conoded anthophyllite and kyanite in cordierite with talc and chlorite (853-74).
Scale bar =2mm.

Figure 48.28. Sketch of conoded homblende and kyanite in cordierite (950-100). Width of view 2mm.
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Table A8

950-95

7. Selected probe data from þanite-cordieriæ
950-100

Crd Pl Hbl KY

(950-95, 950-100) and þanite-cordierite-anthophyllite-amphibolites 
(950-M7) recalculated according to Appendix Al

950-047

flbl Crd Crd KY Pl Oam Crd RtRt Hbl crd IIbl

sio2
Tio2
A1203
FeO

MnO
Mgo
CaO

N¿O
K20
c1203
ZnO

Si
Ti
AI
Fe2+

Mn
Mg
Ca

Na
K
Cr
Zn

45.94

0.64
14.54
'1.0'l

o.l2
15.?8

10.86

t.32
0.25

n.a.

n.a.

6.556
0.069

2.446

0.844

0.015

3.356
1.661

0.365

0.046

37.22

0.00

58.54

0.72

0.1I
2.5r
0.33

0.00

0.00

n.a-

n.a-

sio2
Tio2
At2o3
FeO

MnO
Mgo
CaO

N¿O
K20
Cr2O3
ZnO

47.33

0.41

14.51

6.44
0.25

16.68

tf .32

0.53

0.23

n.a.

n.a.

4'1.24

0.75

t3.20
5.82
0.32

r6.90
11.16

1.23

0.10
n.a.

n.a.

6.687

0.080

2.203

0.689

0.038

3.565
1.693

0.338

0.018

50.60
0.08

34.65

l;14
0.11

\a 1','

0.25

0.00

0.00

n.a.

n.a.

4.987

0.006

4.026

0.143
0.009

r.796
0.026

0.000

0.000

sio2
Tio2
At203
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3
ZnO

Si

Ti
AI
Fe2+
Mn
Mg
Ca

Na
K
Cr
Zn

An
XFe

Aliv
Alvi
Xalm
Xpv
Xgrs
Xsps

ps

M.97
0.83

14.64

6.33

0.25

t6.32
I 1.13

0.83

0.15

n.a.

n.a.

6.598

0.088

2.425

0.744

0.030

3.417

t.6'75
0.226

0.0n

50.45

0.00
32.3'l

0.00
0.11

0.00
14.62

3.48

0.00
n.a.

n-4.

2.277

0.000
1.722

0.000

0.004

0.000

o;70'l
0.305

0.000

49.r9
0.00

11.4ó

5.40

0.31

28.64

0.04
0.00
0.00
n.a.

n.a.

6.809

0.000

1.871

0.625
0.036

5.908

0.006

0.000

0.000

49.82

0.00
34.00

1.65

0.10
t2.ot
0.08

0.00

0.19

98.96

0.34
0.18

0.00

0.08

0.02

0.27

o.o2

n.a.

n.a.

0.003

0.990

0.005

0.002

0.000

0.002

0.000

0.007

0.000

49.6'1 48.26 35.8'1 0.00

0.00 0.00 0.c6 99.75

33.22 32.91 62.00 0.10

t.99 r:19 0.19 0.00

0.00 0.21 0.13 0.05

12.15 t2.23 L;73 0.00

0.35 0.22 0.23 0.00

0.04 0.03 0.00 0.00

0.00 0.00 0.00 0.00

n.a. n.a. n.a. n.a'

n.a. n.a. n.a. n.a'

49.4r s6.93

0.05 0.14

3424 2'1.30

2.05 0.18

0.07 0.00

12.60 0.00

0.28 9.M
0.26 6.21

0.00 0.29
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edenite molecules and a high Ca content (AluinUl0.91-1.15,0.13-0-42 Na pfu, 1.63-1.80 Cå

pfu, Table 48.7). Cordierite is very Mg-rich (Xps 0.07-0.10). The composition of

plagioclase is consistent within each sample but, as in most rock-rypes, varies widely between

them (e.g. An0-2, An¿s¿g).

Ky anít e-+ o r dí e r it e-ant ho p hy ll it e ho r nbt e nde r o c lcs ( e . g. s arnple 9 5 0 - M7 )

Corroded magnesio-hornblende, anthophyllite and kyanite are again surrounded by

coarse, rarely twinned cordierite. The proportion of the edenite molecule in magnesio-

hornblende is substantially higher (0.10-0.65 Na pfu) in anthophyllite-bearing cordierite

amphibolites than in anthophyllite-absent samples, despite the lack of any sodium in the

anthophyllite. Iron and aluminium contents in both hornblende and anthophyilite are low

(Xp",nUr 0.17-0.19, Aluiuur 0.26-1.11, XF",O'* 0.07-0.16, Aluiour 0.06-0.70, Table 48.7)

and the sample contains three different plagioclase compositions (An2, An42-51, An61-37) in

different sub-domains. Cordierite is the most magnesian phase present, with Xpe in the mnge

0.07-0.10.

Cordieríte-hornblende rocks (e'g. samples 950-092, 083 )

In samples where kyanite is not presewed, the corroded magnesio-hornblende is

typically significantly more Fe- and Al-rich (Xp",nur 0.15-0.27, AluiHot 0.82-1.40) than in

other cordierite-bearing rocks. The hornblende contains less sodium (0.07-0.13 Na pfu) and

plagioclase is more anorthite-rich (An¿t¿S, AnlZ) than in kyanite-bearing cordierite

amphibolites. The coarse grained, fresh cordierite in these samples has a slightly higher Xfe in

the range 0.07-0.13, reflecting the slightly more Fe-rich natue of the samples'

Interpretatíon

The Mg-rich nature of these cordierite-bearing rocks is well demonstrated by both the

Mg-rich mineral compositions and the positions of the assemblages on a compatibility diagram

such as that in Fig. A8.29. Slight crossing of the tie-lines of different mineral pairs and three-

phase assemblages is thought to be due to slight differences in the timing and hence

temperature of equilibration. However, overall the phase relations in these cordierite-bearing

Mg-rich amphibolites are consistent (Fig. 48.29). The weak alignment of kyanite, hornblende

and anthophyllite porphyroblasts implies that these phases developed during a phase of active

deformation. The presence of weak inclusion rails in some plagioclase grains suggests that it

too may have been an equilibrium phase at this time. Kyanite is not observed coexisting with

either hornblende or anthophyllite in any of the samples collected from the Harts Range and the

corroded state of kyanite, hornblende or anthophyllite, the lack of equilibrium grain-boundaries

between these phases and the ubiquitous presence of randonrly oriented cordierite (+

plagioclase) between them suggest that Íìt sonìe time after deformation ceased, kyanite began to
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reacr wirh hornblende and anthophyllite and the cordierite (t plagioclase) produced formed

moats separating the reactant phases. As in the kyanite-staurolite corona amphibolites' these

corona texrures probably result from the slow diffusion of aluminium during reaction and as

the reactive assemblage is preserved in some samples, it seems likely that the very slow

diffusion of the product components iimited the extent of the reaction. In some samples

kyanite was exhausted, leaving only cordierite and hornblende + anthophyllite.

A8.6 Compatibility relations in Iow variance assemblages

As for all metamorphic rocks, the stability of any particular phase or mineral

association is dependent on the bulk-composition of the rock and on the pressure and

temperature at which the rock equilibrated. Thus, variations in the abundances of the major

elements will cause variation in the mineralogy of the rocks. The amphibolites analysed from

the Enria gneiss complex show a wide variation in bulk rock chemistry (Tables 48.2 to 48.7)

which is most obvious in the rocks' Si, Ca, Fe, Mg and Na-contents. The variation in the bulk

chemistry of amphibolites has allowed several different low variance assemblages to develop.

For example, rocks which have more than 5 wtVo CaO typically contain hornblende and

plagioclase, while the nature of coexisting phases is controlled by the variability of NazO,

Al2O3 and Mg content. More Fe-rich and sodic samples contain garnet and more aluminous

phases. Rocks containing significant Na2O (> 1.3 wtVo) with intermediate to high Mg#

(Mg/fe+Mg) (a8-66) stabilize hornblende--epidote-plagioclase assemblages to the exclusion

of others (Table 48.1). Lower CaO and Na2O amphibolites with intermediate Mg# (-60)

contain gedrite whereas those with relatively high abundances of FeO (Mg# < 38) are often

correspondingly Al-rich and tend to contain aluminous phases such as stauolite, þanite

(Tabte A8.1) or, in rocks with especially low Mg# (< 31), garnet with hornblende. Although

their coa¡se grainsize and inhomogeneous nature does not allow for easy representative

sampling of the cordierite-bearing samples for bulk rock analysis, the fairly pure Mg-Al-Si

nature of most of the phases implies that these assemblages result from a relatively simple bulk

composition with low levels of Ca, Fe and Na.

These simple relationships between bulk composition and mineralogy are mirrored in

compatibility diagrams for the rocks (Fig. 48.1). Less aluminous and more aluminous rocks

are represented separately in NCAFm (+ quartz and aqueous vapour' Fig A8'30) and AFM

(+hornblende, plagioclase, quartz and aqueous vapour, Fig 48.1) and each is discussed

below.

48.6.1 Less aluminous assemblages

A coherent set of trivariant equilibrium volumes is represented in Fig. 48.30 for the

quaternary system NCAFm (NaO12-CaO-AlO32-FeO+MgO, projected from quartz and

aqueous vapour). The central position of hornblende and the variable composition of

plagioclase explains the abundance of these phases in rocks of diverse bulk composition.
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Samples whose bulk composition falls on the calcic side of hornblende and plagioclase

contain clinopyroxene and epidote in addition to these phases. Garnet, cummingtonite and

orthopyroxene plot near the FeO+MgO apex of the compositional volume and these may co-

exist with either hornblende, plagioclase and clinopyroxene for Ca-richer samples or with

orthoamphibole, staurolite, cordierite or kyanite for more aluminous amphibolites. Higher

variance assemblages such as hornblende--epidote-plagioclase, hornblende--clinopyroxene-

plagioclase, garnet--orthoamphibole-plagioclase and hornblende-plagioclase fill out much of

the remainder of the volume. Very Ca-rich or Na-rich compositions are not commonly

represented in amphibolites.

48.5.2 More aluminous assemblages

The variable nature of the more aluminous assemblages in the Harts Range

amphibolites and the concentration of phases along the A-F-M-rich portion of the amphibolite

compositional volume (cf. Fig. 43.30) implies that this portion of compositional space is very

reactive. The presence or absence of a particular assemblage in Al-Fe-Mg-rich rocks is

strongly dependent on the Xps of the bulk-composition (Figs. AS.1). Fe-rich samples contain

staurolite-garnet--orthoamphibole (+hornblende, plagioclase, quartz and aqueous vapour),

more aluminous, or slightly less Fe-rich samples develop kyanite-staurolite--orthoamphibole,

whereas Mg-rich samples contain kyanite-<ordierite-orthoamphibole assemblages. These

assemblages fill the majority of the compositional volume (projected from hornblende,

plagioclase, quartz and aqueous vapour), however for less aluminous assemblages,

cummingtonite-garnet is observed. The presence of cummingtonite in similar rock-types (e'g.

Spear, 1982; Chapter 6) and in the very Fe-rich, partly relict Harts Range sample HR91-5,

suggest that cummingtonite might also be stable in more Mg-rich rocks, under metamorphic

conditions appropriate to the Harts Range region. Higher grade samples might be expected to

develop clinopyroxene or orthopyroxene as pgr6 decreases. For very Mg-rich rocks chlorite

may be stable, however the lack of equilibrium chlorite in any of the Harts Range samples

suggests that chlorite is only stable at lower metamorphic grades.
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Appendix 9z The construction of compatibility
diagrams from mineral composition data

49.1 Introduction

The chemistry of amphibolites and their constituent phases are exceedingly complex

and may involve as many as eleven composition variables (e.g. NazO-CaO-FeO-MgO-AlzO¡-

SiØ-HzO-TiOz-Oz-KzO-COZ). Even in simplified model compositions, six or seven

independent compositional variables are necessary to adequately describe them. As a result of

this, understanding the compatibility relations of amphibolites relies heavily on the ability of

the petrologist to further simplify the compositional space using the concept of projections.

Projection schemes are best known in the pelite system following Thompson (1957) who

simplified the KFMASH system to the ternary AFM by "projecting" from muscovite, quartz

and HZO. (In fact Thompson (1957) does not project from water, as such, but rather assumes

that the rocks of interest either equilibrated with a free, pure H2O phase or were under the

influence of some externally controlled humidity.) The method used for this "projection"

involves writing the phase to be projected in terms of a new set of components defined by the

projection phases and the projection plane. This is similar to balancing a reaction ben'veen the

projected phase to the projection points and projecting phases. For such simple projection

phases as quartz, vapour, zurd even muscovite, this mapping of the phases onto the projection

co-ordinate system is relatively simple, however, in the more complex amphibolite case, even

the potential projection phases are compositionally complex. Thus, a more generalised, less

labour-intensive method is required. Greenwood (1975) has demonstrated the utility of the

linear algebraic approach in mapping the phases from a simple set of components to the more

complex set involving the projection phases and projection plane. This appendix presents a

MathematicaTM program which utilises linear algebra to carry out pdections and balance

reactions even in complex compositonal systems.

Ã9.2 The linear algebraic approach

Recasting the phases in terms of the new set of components is begun by writing a set of

equations for the amount of the simple chemical components (SiOz, FeO, MgO etc.) involved

in the projection. As an illustration, I will assume that we wish to plot clinochlore

(Mg5Al2Si¡OrO(OH)A) onto the binary Al2O3-MgO, projected from quartz (SiO2) and H2O.

The equation listing the nimber of moles of SiO2 in each of the phases would be:

3 * rrhl + 0 * r¡ + 0 * r¡4 + 1 * ro * 0 * ru = Q.
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That is, rhe amount of silica in chlorite (i.e. 3) multiplied by the coefficient of chlorite (which

we wish to determine), plus the amount of silica in AIzOS (i.e. 0) multiplied by the coefficient

of Al2O3, plus the amount of silica in MgO (0) multiplied by the coeff,rcient of MgO, plus the

amount of silica in quartz (1) multiplied by the coefficient of quartz, plus the amount of silica in

vapour (0) multiplied by the coefficient of vapour . A similar equation can be written for each

of the other components: for MgO,

5 * r"hl + 0 * r4 + 1 * r¡4 +0 * rn * 0 *ru = Q,

for Al2O3,

I * r.hl + 1 * r¡ * 0 * r¡4 + 0 * rq * 0 *ru = Q,

for OH,

8 * r.hl +0 * r4 + 0 * r¡4 + 0 * ro * 2 *ru = Q.

Thus we have four equations in five unknowns, creating the 4 * 5 coefficient matrix, A,

which, when multiplied by the vector r, of reaction coefficients,

f chl

rA

fi= rM

fo

r

gives 0. The solution to this equation is given by

r¡= NIA]'
where NtAl isthe nullspace of A.

Note that A is the transpose of the matrix made up of a set of equations which write the

composition of each of the phases (and projection phases and projection points) in terms of the

components, e.g. for clinochlore;

5 * MgO + 1 * 41203 + 3 * SiO2 + 8 * OH=0

The solution of the equation is then

r¡ = N [BT]

because B = AT.

A

30010
50100
11000
80002

Appendix9 - 295



These matrix manipulations have been utilised in a MathematícaTM package,

compat¡b¡t¡ty.m which was written by Dr Michael Sandiford in order to simplify the

projection of amphibolite phases into compositional space. The package allows the projection

of a set of phases from a set of arbitrary points onto an arbirary line, plane or volume, and

gives as its output a binary, ternary or quaternary compatibility diagram. Quaternary diagrams

arc output as a stereo-pair. The program is written for MathematicÃM (version 2.04) in the

style recommended by Maeder's (1990) ProgramminginMathematicaTM utilising the concepts

of specific contexts and packages to make the program more robust. A copy of the program,

an example input file and an example operating file follow.

49.3 The program, compat¡bility.m

The program compat¡bility.m consists of 3 parts; Rock, Triplot and Reaction. Rock

reads the information contained in the input file and converts it into a table consisting of the

mineral formulae and their labels, both of which are used later in the package. Triplot

assemblages the matrices B (see previous section) from the input information. It includes 2-

and 3-dimensional plotting routines (Graphl and Graph2) and carries out the matrix

calculations to determine the coefficients of the projected phases, projection plane apices and

projection phases or components for each of the phases to be projected. Triplot also converts

this ouçut and information regarding plotting coordinates, labels etc into a form which can be

used as input by the plotting routines. Reaction uses linear algebra to solve for the reaction co-

efficients of a given set of phases and prints it out as a balanced reaction.

compat¡b¡lity.m

BeginPackage["Compalibi lity"'] ;

Rock::usage =
"Rock[fileName]writes out rock data file information.";

Triplot::usage --
"Triplot[fi leName,{projection phases},

{projection plane}l plots compatibility diagrams.";

Reacl::usage =
"React[fileName] calculates reactions.";

Begin["'Private"']

Rock[f ileName_String] :=
Module[{},

ss= ReadList[fileName,Word, RecordLists->True] ;

label=ss[[1]l;
phaselist=Mapt(#[[1 ]l) &,ssl[[Range[2,Length[ss],2lll ;

phases=Map[ToExpression,ss[[Range[3,LengthIss],2llll ;

TableForm[{phaselist,label} ]

t;
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Triplot[fileName-String,proPhases-List,proPoi nt-List] :=

lrl oO u te 11 
pr, pt, ph as e, data, d i m, pts, o ut I i n e, li n e s,t exta,textb),

ss= ReadList[f ileName,Word, RecordLists->True] ;

label=MaplToExpression,ss[[1 ]l I ;

phaselist=Map[ToExpression[#[[ I ]ll&,ssl [[Range[2'Length[ss]'2lll ;

þnases = Map[ToExpression,ss[[Range[3,Lengthlss]'21 ll l;

Graph 1 :=ShowlGraphics[{GrayLevel[0.3], outline,
GrayLevel[0],
Poi ntSize[0.0 1 ],texla,textb,Pts],

(AspectRatio -> Automatic)
I

t;
GraPh2:=Block[{},

g1 = Graphics3D[{Graylevel[0.3], outline,
GrayLevel[0],
Poi ntSize[0.0 1 l,Pts,texta,textb],
{AspectRatio -> Automatic,
Boxed->False,
ViewPoi nt -> (2,-2,-2ll

l;
g2 =Graphics3D[{GrayLevel[0.3], outline,

GrayLevel[0],
Poi ntSize[0.0 1 ],pts,texta,textb],
{AspectRatio -> Automatic,
Boxed->False,
ViewPoint -> {2.05,-2.05,-1 .95}}

t;-Show[GraphicsArray[{{91,92}},GraphicsSpacing -t {0,0}]l;
l;

pr = Table[phases[[First[Flatten[Position[phaselist,proPhases[[ii]l ll I ll'
{ii, Lengthlpro Phasesl}

t;
pt = ÍabtefldentityMatrixILengthIabel]l[[FirstIFlattenIPositionIlabel,proPoint[[ii]llllll,

{ii,LengthIpro Point]]
l;

phase =phases;
For[i= 1,i<=LengthIPr], i++,

phase =Drop[phase,Flatten[PositionIphase,pr[[i]l ]ll
t;

For[i=1,i<=LengthIPhase],i++,
cm[i]=Joi n[pt,pr,List[phase[[i]lll

t;
ôata=Tabte[TakeIFlattenINullspace[Transpose[cmIii]lll,LengthIproPoint]1,

{ii, LengthIphase]]
t;

PhaseN=Phaselist;
For[i=1,i <=Length[proPhases],i++,

phaseN

=DroplFlattenIphaseN], FlattenIPositionIFlattenIphaseN],proPhases[[i]llll
t;

dim =Dimensionsldatal[[1 ]l ;

lf [(LengthIabel] - Length[proPhaseS])==3,
Block[{across,up},

For[i=1, i<=dim,i++,
uplil = data[[i,3]l/(data[[i, 1 ]l+data[[i'2]l+data[[i'3]l)

t;
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For[i=1
lf[(data

, i<=dim, i++,

[i,1 ]l+ datal[i,2]l)==0,across[i]=0,
acrosslil= data[[i,2]l/(data[[i, 1 ]l+data[[i,2]l)

I

For[i=1 , i<=dim, i++,
aacross[i]= 0'5 +(up[i]-1 ).(across[i]-0'5)

;
'=.1

pts = Table[Point[{aacrossÜ],up[j]]1,(j,di m]l ;

ii nes = Table[Line[{{aacross[Mod[i-1,dim]+1 l,uplModli-1,diml+1 l]'
{aacrossIMod[j,dim]+1 l,up[Mod[j,dim]+1 l]]1,{j,dim}l ;

outline =Line[{{0,0},(1,0},{0.5,1},(0,0}}];
texta = List[Text[proPoint[[1]1,{1,0},{0,1 }1,

Text[proPoi nt[[2]1,{0,0},{0, 1 }1,

Text[proPoint[[3]1,{0.5, 1 },{0,-1 }l
t;

textb=TableITextIph aseN[[i i]1, Fi rstlpts[[ii]ll, (-

1,0)1,{ii,Length[phase]]l ;

Graphl;
l,

t;
lf [(LengthIabel] - LengthIproPhases])==2,

Block[(sideways],
For[i=1 , i<=dim, i++,

lf[(data[[i, 1 ]l+(data[[i,2]l))==9,
sidewaysIi]=0,
sidewaysIi]=data[[i, 2]y(data[[i,2]l+data[[i, 1 ]l)

1

t;
i=;
pts = TablelPoint[{sideways[j],0]1,{j,dim}l;
outline = Tablellinel{{O,0},{1,0}}]l ;

texta = List[Text[proPoint[[1]1,{0,0},{1.5,1.5}1,
Text[pro Poi nt[[2]1,{ 1,0},(-1 .5, 1 .5}I

t;

textb=TablelTextlph ase N[[ii]1, First[pts[[ii]ll,{0,
-1 .5)1,{ii,Length[phase]]l;

Graphl;
t,

t;
lf [(LengthIabel] - Length[proPhases])==4,

Block[{up, right, left,sum},
For[i=1 ,i<=dim,i++,

Block[{},
bIi]=data[[i, 2]l/ApplyI Plu s,data[[i]ll ;

cIi]=d¿1¿11¡,311/ApplyIPlus,data[[i]ll ;

d[i] =6¿1¿¡1¡,411/Apply[ Plu s,data[[i]ll ;

t;
t;

J ='i
prs = TablelPoint[{b[j],c[j],d[j]]1,{j,dim}l;
outline =

TableILine[{{0,0,0},{1,0,0},{0,1 ,0},{0,0,1},{1 ,0,0},{0,1 ,0},{0,0,0},{0,0,t }}]l ;

texta = List[Text[proPoint[[1]1,{0,0,0},{1.3,0}1,
Text[pro Point[[2]1,{ 1,0,0},{-1 .3,0}1,
Text[proPoi nt[[3]1,{0, 1,0},{-1 .3,0}1,

Text[pro Point[[4]1, {0,0, 1 },{0,-1 .3}I

t;
textb=Table[Text[ph aseN[[ii]1, Fi rstIpts[[ii]ll,{-

1 .2,0)1,{ii,Length[phase]]l ;

Graph2;
t,

t;
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React[f ileName_String] :=
Module[{ii,n},

ss= Read List[f i le Name,Wo rd, Reco rdLists->True] ;

label=MaplToExpression,ss[[1 ]l I ;

phaselist=Map[To Expression[#[[1 ]ll&,ssl [[Range[2,LengthIss]'2lll ;

þhases = Map[ToExpression,ss[[Range[3,Length[ss]'21 ll l;

react[phase-List,phaselistl a-List] :=" 
alocf¡1i,¡,broppedl ,dloppêdZ,phaselistl , phaselist2,reCoef ,reOoef 1 ,list,limit,

restring),
tabte = List[];

DoI
phaselistl
droppedl ,Phaselistll;
reOoef=Fl se[Drop[phase,U,i]l ll l;
limit = 10^-15;
Do[ lf IAbsIreCoef [[i]ll<li mit, reCoef [[i]l=01,{ i, LengthIreCoef]]l ;

gto[eJ :=Absle]>0;
reCoef 1= Select[reOoef ,gtO];
list = Table[Flatten[Position[reOoef,reCoefl [[i]l l

l,{i,Length[reCoef 1 ]]l ;

phaselist2=Table[phaselistl [[list[[i,1 ]l ll,{i,Lengthllist]] l;
dropped2 = Complement[phaselistl,phaselist2];
reCoef 1 =reOoef 1/Min[Abs[reCoefl ]l;
restring =StringForm["" ",Sort[Flatten[Join[droppedl, dropped2] I l

DoflfIreCoef 1[[i]l>0,
restring = StringForm['

", restring, NIreCoef 1 [[i]1,41, Flatte nIphaselist2][[i]l

l,{i,LengthIreCoef 1 ]]
t;restring= StringForm["" =",restring];
Do[lr[recoellJglSt' 

strinsForm['r"""*
",restri ng,NIAbsIreCoef 1 [[i]ll,4l, FlattenIphaselist2] ttill

t,

l,{i,Length[reCoef 1 ]]
t;

table=Append[table, restri ng],
Length[phase]]

tablel = TablelToString[table[[i]ll,{i,Length[table]]l;
tablel =Complementltablel];
Pri nt[TableFormltable 1 ]l ;

Print[];PrintU;
t;

n = Length[phases]-Length[label];
lf In==2, reactIphases,phaselist]l ;

lfIn==3,
DoI

{i,
t;

Block[{},
Print["[",phaselist[[ii, 1 ]l,"l"l ;

Print[];
react[ Drop[ph ases, {ii,ii}],Drop[phaselist, {ii,ii}]l ;

l,
ii, LengthIphases]]

t;
End[];
EndPackage[]
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"Compat¡bility' Private
label::usage =
"label is list of components in data file.";

phaselist::usage =
"phaselist is list of phases in data file.";

phases::usage =
"phases is the list of phases in data file.";

^9.4 
An example input file

Input files have a standard construction consisting of a list of components followed by

a list of phases. The name of each phase is given on one line (the first entry serves as a label in

Triplot mode) and thie compostion of the phases to be projected, the projection points and

apices of the projection plane or volume written in terms of those components, is given on the

next. For example,

MFANCSH
cd 563 2
1.50.540050
oa 563 4
3.4 2.34 2,65 0.19 0.0 6.48 2
st
1.13 2.86 14.47 0 0 7.74 4
gt
0.89 1 .72 2.05 0 .26 2.97 0
ky
0020010
qtz
0000010
V

0000002
pl
0 0 1.38 0.61 0.361 2.627 0
hbe
2.39 1 .84 2.83 0.392 1.58 6.3 2

49.5 An example operating file

The operation of compat¡b¡l¡ty.m is carried out in a separate file or notebook. The

bold entries in the example below represent input (e.g. In [18]) and those in normal type (e.9.

Out[l8]) represent output. Examples of the Triplot mode for 1-, 2- and 3-dimensional

projections are illustrated.
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nl l ¿t l:'
?Rock

Rock[ñleNamel writes out rock data
file informalíon.

nft7l:-
?Trlplot

Tri plo{fileName,{ projection
phases),
{projection plane}l Plos
compatibilitY diagrams.

tnll 8l:-
Rock["datalile']

Outfi8J//lableForm=
cdoastgtkYqEv

Pl hb€
MFANCS H

lnttsl:-
Trlplot["dataf lle",{qtz,pl,hbe,ky,v}'tM'F}]

ln[20]:=
Triplot["dalaf lle",{qlz,pl,hbe,v},{M,F,A}]

ln[21]:-
Trlplol["datalllo",{gt,hbe,v },(M,C,A,SI

z

)â a
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Appendix 410: Detailed petrography of amphibolites
from the Zillertaler Alpen

410.1 Introduction

The following section briefly describes the low-variance assemblages which occur in

the hornblende garbenschiefer of the ZilhertaJ,er Alpen, western Austria. The geological setting,

broad petrography and compatibility relations of the assemblages in these amphibolites are

summarised in Chapter 5 and sample localities are given in Fig. 410.1. Selected mineral

composition data is presented in Table 5.2. Aluminous kyanite-staurolite-bearing assemblages

will be discussed in order of descending Fe-content, and this will be followed by a description

of the more Al-poor, cummingtonite-garnet-type amphibolites.

^10.2 
Kyanite-staurolite-garnet-amphibolite: sample 938'127

Pale green epidote (PsrS-rO), biotite (Xr'.,st 0.35-0.49), ilmenite and paragonite define

a weak foliation which wraps around garnet in a fine to medium grained, foliated matrix of

weakly zoned oligioclase to andesine plagioclase (Table 5.2) and undulose quartz. Inclusions

of epidote, plagioclase , qtraÍtz, ilmenite and magnetite at the cores of sub- to anhedral gamet

(0.5-4 mm) do not form any discernible inclusion trails, whereas those contained in the outer

parts of garnet grains or in randomly oriented ferro-tschermakitic hornblende are generally

weakly ro strongly aligned with the matrix foliation (Fig. 5.2). With the exception of epidote,

included phases are compositionally similar to their matrix counterpafis (epidote inclusions are

more Fe-rich than matrix epidote i.e. Ps25). Gamet grains in this sample have a variable

composition with XF",crr in the range 0.78-0.90 and coarse grained examples exhibit weak,

probably prograde compositional zonation from a calcium-rich, slightly Mn-enriched core (e.g.

Xgrs 0.23, X¿1r¡ 0.59, Xprp 0.07, Xsps 0.10) to a Ca-poor, Fe- and Mg-enriched rim (e.g.

Xgrs 0.12, Xalm 0.64, Xpyr 0.18, Xsps 0.06, Table 5.2). A discontinuity at the very rim of the

coarse (e.g. -3.2 mm) garnets (e.g. Xgrs 0.10, X¿1¡¡ 0.66, Xpyr 0.16, Xsps 0.08, see also Fig.

5.6) suggests that the possibly prograde zoned gamet has begun to re-equilibrate with the

matrix phases during cooling.

Kyanite and Fe-rich staurolite (Xr'",st 0.76-0.82, Table 5.2) form 1-2 mm long

optically continuous aggregates in plagioclase. The aggregates are elongate sub-parallel to the

foliation and tnrncate the paragonite-defined foliation. Kyanite is typically intergrown with

staurolite, however, staurolite also occurs as small euhedral grains distributed throughout the

matrix and is observed in contact with many of the matrix phases.

Randomly oriented hornblende is often slightly corroded and surrounded by a rim of

greenish brown biotite (Fig. 5.2) with or without chlorite. Several coarse hornblende grains
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are fractured perpendicula¡ to the mica foliation and have been infilled or replaced along these

weaknesses by biotite, chlorite, plagioclase and quartz. The dominance of Fe- and Al-rich

minerals, the absence of chlorite and the relatively high Xps of many of the phases observed in

this sample (e.g. Xp.,lruf 0.50-0.58 and Xps,g10.35-0.49 reflect the Fe-rich, aluminous nature

of the bulk-rock.

410.3 Staurolite-garnet-amphibolite: sample 938-91a

Relatively minor fine biotite and hornblende define a weak foliation in a matrix also

comprising zoned oligoclase-andesine plagioclase (Anzt¿2, Table 5.2), undulose quaftz,

ilmenite and rutile. The foliation is most strongly developed in the vicinity of hornblende and

garnet porphyroblasts and wraps around them. Coarse subhedral gamet grains (2-3 mm)

consist of a very inclusion-rich core surrounded by a narrow, inclusion poor rim and are

compositionally homogeneous (X¡",crr 0.84-0.86, X¿1¡¡ 0.65-0.71, Xprp 0.10-0.14, Xgrs

0.11-0.19 and Xsp5 0.05-0.05, Table 5.2). Epidote (Ps1g) inclusions in the core of garnet

define linear inclusion trails which are at an angle to the weak matrix foliation. Coarse (up to 8

mm in length), randomly oriented ferro-tschermakitic to ferro-hornblende (Xre,uut 0.52-0.56,

Table 5.2) also contains poorly developed inclusion trails which are parallel to those in garnet.

Hornblende is often heavily corroded and surrounded by intergrown green Fe-rich biotite

(Xr'",sr 0.45-0.43) and Fe-rich chlorite (Xp",cr,l 0.43), plagioclase and biotite. Fine

aggregates of staurolite (XFe,Sr 0.81-0.82) are distributed throughout the matrix (Fig. 5.10).

The mineralogy of the sample (which does not included kyanite or garnet) and the Fe-rich

nature of its phases reflects it's Fe-rich, slightly less Al-rich bulk-composition.

410.4 Kyanite-staurolite-garnet-chlorite-amphibolite: sample 938-52c

Hornblende forms randomly oriented sheaves (garben) cross-cutting the anastomosing

biotite, ankerite, epidote, white mica (paragonite), chlorite (Xpe,ctt 0.31-0.4) foliation.

Coarse-grained plagioclase overgrows the foliation and coarse grained tschermakitic to fero-

tschermakitic hornblende (Xpe,¡1610.47-0.57, Table 5.2) cross-cuts and includes the

crenulated green biotite-ankerite--epidote-white mica--chlorite foliation. The foliation is re-

folded with the compositional layering. Hornblende in less micaceous portions of the sample

is coarser, more euhedral and is parallel to the foliation. Coarse, compositionally

homogeneous euhedral garnets are Fe-rich (XFe,crr 0.80-0.86, Table 5.2) and typically consist

of a core of linear to S-shaped plagioclase inclusion trails at a high angle to the matrix foliation,

with an inclusion-poor euhedral rim of variable width (Fig. 5.3). Rare, foliation-parallel

inclusions of andesine (An3g, Table 5.2), ilmenite and rutile occur in the outer inclusion-poor

rim and some smaller euhedral garnets are entirely inclusion poor. Euhedral garnet is observed

in contact with hornblende, biotite, paragonite, kyanite and andesine plagioclase (An33-3g) and

overgrows the foliation (Fig. 5.3). A single (-4 mm) garnet grain is brecciated and infilled

with coarse grained plagioclase. Garnet and hornblende appear to be coeval and the
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compositions of garnet and hornblende are relatively consistent and homogeneous, implying

that they are part of an equilibrium assemblage. Garnet is similar in composition (X¿1p 0.65-

0.70, Xprp 0.11-0.16, Xgrs 0.12-0.15, Xsps 0.04-0.07, respectively, Table 5.2) to those in

other garnet-amphibolites.

Mica-rich pofrions and white mica inclusion trails in coarse grained, untwinned

plagioclase appear are crenulated and distorted in the vicinity of garnet and hornblende

porphyroblasts (Fig. 5.9). Biotite (Xpe,s¡ 0.33-0.37) and paragonite are observed both as

fine, foliation-forming and coarse cross-cutting grains in the matrix and biotite is often partially

replaced by fine white mica. Small blue kyanite grains are visible in plagioclase at hand

specimen scale and kyanite and optically continuous Fe-rich staurolite (Xre,sr0.76-0.81,

Table 5.2) arc observed in both hornblende and mica-rich parts of the sample. Both phases are

observed in and cross-cutting the foliation (Fig. 5.9). Ilmenite occurs in the cores of coarse

garnet where it forms anhedral inclusions, however in the majority of the sample, subhedral

rutile is the dominant oxide. Ilmenite often forms avery n¿urow rims on matrix rutile.

Epidote in mica-rich portions is discontinuously zoned (with decreasing birefringence,

and a change in colour from green in the core, Ps29-30 to ne¿ìr-colourless at the rims, PsZZ-ZZ)

but the light green epidote associated with hornblende and garnet is continuously and far less

dramatically zoned. Ankerite inclusions in hornblende are typically elongate and may be

crenulated, often with a black rim, marking the partial breakdown of ankerite during

weathering. Carbonates in the remainder of the sample (mostly in the mica-rich layers) are

more equant. The Fe-rich, Al-rich nature of the sample is reflected in both its kyanite-

staurolite-garnet mineralogy and its mineral chemistry.

410.5 Kyanite-staurolite-garnet-amphibolite: sample 938-I24c

This sample comprises two texturally distinct layers: a hornblende gneiss in which

coarse hornblende defines the foliation, and a more schistose portion where hornblende is

more anhedral and corroded and the foliation is defined by fine-grained white mica. In the

more schistose parts, euhedral to anhedral garnets (0.5-5 mm in diameter, XFe,Grr 0.80-0.87,

Table 5.2) contain straight inclusion trails of ilmenite, rutile, plagioclase, \ùartz, hornblende

and epidote which are parallel to the anastomosing white mica foliation in the quartz, andesine

plagioclase (Anz8-sz, Table 5.2), ankerite, anhedral epidote (Pst¡-ts) matrix. Several small (<

0.5 mm) grains of randbmly oriented subhedral kyanite and staurolite (X¡s,5¡ 0.76-0.77 , Table

5.2) are associated with, but not in contact with, garnet and tschermakitic and ferro-

tschermakitic hornblende (Table 5.2) porphyroblasts and are observed in contact with the

plagioclase-white mica-hornblende matrix which they do not disrupt. Coarser muscovite and

green biotite (Xpe,sr 0.39-0.56) form equant, euhedral grains (< 0.5 mm) which cross-cut the

foliation, and form partial to total pseudomorphs after corroded hornblende.

In the gneissic portion, plagioclase, quaÍtz and ilmenite define straight inclusion rails
in garnet and hornblende which are parallel to the coarse (1-7 mm) hornblende foliation.

Hornblende is often cracked or pulled apart and is infilled with quafiz and green biotite (Fig.
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5.12). Both garnet and hornblende are compositionally homogeneous (Xre,nut 0.47 -0.57 ,

X¿1¡1 0.63-0.71, Xprp 0.10-0.17, Xgrs 0.ll-0.24, Xsps 0.01-0.05, Table 5.2) and are

slightly less Fe-rich than other gamet-bearing amphibolites

410.6 Kyanite-staurolite-chlorite-amphibolite: sample 938-51

Coarse grained equant to slightly elongate homblende contains parallel inclusion trails

of epidote, rutile, ilmenite and ankerite and is sub-parallel to the foliated chlorite, biotite

(Xre,st 0.29-0.34), andesine plagioclase (An¡z-ss, Table 5.2), qtartz, epidote, ankerite

matrix. The tschermakitic- to ferroan pargasitic-hornblende (Xr.,nbt 0.41-0.48, Table 5.2)

occurs in contact with all phases and shares straight grain boundaries with relatively Mg-rich

prismatic staurolite (Xpe,sr 0.70-0.75, Table 5.2,Fig.5.7). The magnesian compositions of

these phases together with this lack of gamet and the presence of chlorite suggests that this is

one of the less Fe-rich staurolite-bearing samples. Fractured hornblende is infrlled with

chlorite and biotite. Pale green, optically zoned epidote Psze-zl in the cores, Pszq-26 in the

rims) and ankerite occur as inclusions in all phases and as matrix phases aligned with the

foliation. Ankerite is the most Mg-rich phase present with Xpe,4n¡ in the range 0.L9-0.27.

Fine-grained white mica forms foliation-parallel inclusion trails in plagioclase in the vicinity of
hornblende, but not in chlorite-rich layers. Small grains of kyanite (up to -1 mm long) and

larger ones of staurolite (up to 3 mm long) are observed in contact with hornblende (Fig. 5.7

and 5.8). Kyanite and staurolite are sometimes intimately associated in hornblende-rich,

relatively ankerite- and mica-poor parts of the sample. Although they are all subparallel to the

foliation, none of hornblende, kyanite or staurolite are consistently oriented and in some cases

they truncate the foliation.

410.7 Kyanite-staurolite-amphibolite: sample 938-61e

Coarse-grained biotite up to 5 mm in length defines a weakly crenulated foliation in an

optically zoned plagioclase-qvartz matrix and this foliation is rarely cut by very coarse, equant

biotite. Sub-parallel coarse (up to 6 mm) hornblende grains are truncated by or included in

foliation-parallel biotite. Porphyroblastic sheaves of kyanite are parallel to the foliation and are

also crenulated (Fig. 5.1 1). Staurolite forms euhedral to subhedral grains which are randomly

oriented. Kyanite and staurolite are observed in contact with biotite, plagioclase, quartz and in

close proximity to hornblende. The absence of more Fe-rich (e.g. garnet) or more Mg-rich

phases (e.g. chlorite) phases, along with the presence of kyanite and staurolite implies that this

sample is particularly aluminous.
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410.8 Garnet-cummingtonite-chlorite-amphibolite: samples 938-92a,

938-137b, 938-33b;

Hornblende, cummingtonite, oligoclase (Ant6-zg, Table 5.2) and minor biotite define a

foliation which is weakly to strongly represented in euhedral (938-137b, 33b) and subhedral

gamers (938-92a,33b) by sub-parallel ilmenite inclusions (Figs. 5.4 and 5.5). Weakly zoned

gïeen ferro-hornblende or ferro-tschermakitic hornblende (Xpe,Hul0.49-0.53) has cores

slightly less sodic and more Fe-rich (e.g. Na 0.42-53 moles, XF",Hbl0.51-0.58) than rims

(e.g. Na 0.52-56, Xr",H¡t 0.49-0.51, Table 5.2). Colourless, multiply-twinned

cummingtonite (Xps,gum 0.45-0.49, Table 5.2) is often intergrown with hornblende and the

two phases exhibit an epitaxial relationship. The sometimes-corroded coarse hornblende

grains are often pafily surrounded by hner, well-formed, multiply-twinned cummingtonite

(Fig. 5.13), both of which may be partly to completely altered to biotite or chlorite. In the

vicinity of garnet, the usual matrix assemblage of hornblende-cummingtonite-plagioclase-

quartz becomes less hornblende-rich. Gamet is the most Fe-rich phase present(Xpe,crr 0.84-

0.85), and garnet in these samples is less manganiferous and less calcic than those in other

amphibolites (X¿1. 033-0.74, Xprp 0.13-0.14, Xgrs 0.10-0.11, Xsp. 0.02, Table 5.2).

Chlorite (X¡'",ctt 0.48-0.71) occurs in the matrix as randomly oriented splays and particularly

Fe-rich chlorite is associated with highly corroded garnet, hornblende and biotite. The presence

of very Al-poor cummingtonite and absence of kyanite and staurolite imply relatively Al-poor

bulk compositions.

410.9 Summary

The composition of common phases such as hornblende and biotite and the presence or

absence of kyanite, staurolite, garnet, chlorite and cummingtonite in each of the samples gives

an indication of the Fe-Mg and Al-content of the rocks. For example, hornblende is most Fe-

rich in garnet-bearing samples, less so in staurolite-bearing samples and most magnesian in

rocks which contain chlorite.

Although it has not been possible to develop a definite paragenetic sequence in these

rocks, the low-variance assemblages in amphibolites often contain early garnet while kyanite,

staurolite and chlorite generally appear to be slightly later. This suggests that the equilibria

became more Mg-rich through time Hornblende is stable with both garnet and aluminous

phases throughout the high temperature history of the rocks, however in the final stages

(presumably during cooling) it breaks down to form fine biotite and chlorite.
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