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ABSTRACT 

 

 The Winnecke Gorge-Two Mile Bore region (Winnecke Domain) of the Arunta Block, 

central Australia, contains a highly condensed geological section from greenschist-facies Amadeus 

Basin cover sequences (Heavitree Quartzite and Bitter Springs Formation), through amphibolite-

grade assemblages (Ankala gneiss), to granulite-facies mafic, felsic and calc-silicate lithologies 

(Strangways Metamorphic Complex). Juxtaposition of these blocks of widely varying metamorphic 

grade has been facilitated via the activation (and probable reactivation in many cases) of several 

major sub-parallel, E-W trending shear zones. Greenschist-facies shear zones to the immediate 

north of the Heavitree Quartzite have previously been demonstrated to have been associated with 

the Palaeozoic Alice Springs Orogeny. In this study, the petrological character of assemblages from 

across the Winnecke Domain have been investigated. Thermobarometric estimates (using 

THERMOCALC and other pressure-temperature estimators) have been used to constrain the change 

in pressure-temperature conditions across the Winnecke Domain. Pressures obtained from gneissic 

assemblages increase from around 4.0 kbars in the Winnecke South gneiss (the southern extent of 

the transect) to around 8.5 kbars in the Cadney metamorphics (the northern extent), and step 

significantly at major lithological boundaries (i.e. Erontonga metamorphics - Two Mile Bore shear 

zone contact). The range of pressures obtained from schistose assemblages is quite variable 

(between 3.3 and 6.8 kbars), and does not increase consistently towards the north. This possibly 

indicates several phases of activation of shear zones in the region, or it may reflect the presence of 

variable, but significant, amounts of non-KFMASH components (e.g. Mn) in phases such as garnet. 

Significant, but variable, potassium and iron metasomatism was typically associated with the 

development of schists throughout the Winnecke Domain, and was often accompanied by coarse 

grained biotite, muscovite and magnetite growth. The source of such large quantities of potassium 

in the potassium-poor granulite terrain is unknown at present. A significant occurrence of a 

whiteschist (kyanite/talc-bearing) assemblage, the first of its type documented from mainland 

Australia, is described from the southern margin of the Erontonga metamorphics. The first reported 

occurrence of a kyanite-bearing schist from the Cadney metamorphics (in the Marbles Bore region) 

is documented in this study. 
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Chapter 1 

 

1. INTRODUCTION 

  

The Palaeo- to Meso-Proterozoic Arunta Inlier (Fig.1) has had an extended and complex 

tectonothermal history. This is reflected on a smaller scale in the Winnecke Domain, where high-

grade granulites of the southern Strangways Metamorphic Complex are juxtaposed with 

amphibolite-grade lithologies of the Ankala Block (Fig.2). The Winnecke Domain is variably, but 

intensely sheared, and contains hundreds of sub-parallel, E-trending shear zones. Despite it 

containing numerous small mineralisation occurrences, and an excellent section in which to study 

basement-cover relationships, this region has recieved very little interest to date, with only one 

significant study recorded (Shaw, et al, 1979) and only sporadic exploration in the recent past. It is 

expected much more interest will be focused in this area as mineral exploration leases 

encompassing the area are taken up by various mining companies. 

 The aim of this study is to document the metamorphic petrology of assemblages from within 

the Winnecke Domain - from amphibolite grade rocks of the Ankala Block to granulites of the 

Strangways Metamorphic Complex - focussing on aspects of retrogression and metasomatism 

(James Emslie will investigate the kinematic evolution of shear zones in this region). A geological 

map of the Winnecke Domain is produced as part of this study (Appendix D). Pressure-temperature 

(P-T) estimates are derived from numerous representative samples (equilibrium assemblages) from 

across the Winnecke Domain transect in an attempt to investigate the metamorphic evolution of this 

region, which until now has been poorly constrained. The petrological character of retrograde 

shearing events, and the relative timing of metasomatism in this region, are also investigated. 
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Chapter 2 

 

2. REGIONAL GEOLOGICAL BACKGROUND 

 

2.1 Arunta Block 

 The Arunta Block (Fig.1) is an extensive (≈200,000 km2) Palaeo- to Meso-Proterozoic 

inlier, located in central Australia, which has experienced numerous deformational and 

metamorphic events throughout its >1500 Ma tectonothermal history (Table 1) (Shaw, et al, 1984; 

Stewart, et al, 1984). It merges to the northwest with schists and gneisses of the Granites-Tanami 

Province, and to the north with low-grade Proterozoic lithologies of the Tennant Creek Inlier. 

Sedimentary basins surround much of the Arunta Block, and include the Birrindudu (to the west), 

Wiso (north), Georgina (northeast-east) and Eromanga Basins (east-southeast). The Amadeus Basin 

defines the >750 km. southern boundary of the Inlier (Fig.1). 

 Mid- to high-temperature, low- to intermediate-pressure metamorphic assemblages outcrop 

over much of the Inlier. Granulites, amphibolite-grade lithologies and greenschist facies rocks 

account for most of the exposed Precambrian geology (Black and Shaw, 1992; Shaw and 

Langworthy, 1984; Stewart, et al, 1984). In the first major attempts to delineate and explain the 

geology of the Arunta Block during the late ‘60s to ‘70s, the Early Proterozoic associations were 

classified into three broad stratigraphic groups - Divisions 1, 2 and 3. The “Division” classification 

of lithologies reflected varying sedimentary and volcanic facies associated with crustal rifting and 

sedimentation over a period from approximately 2000 - 1600 Ma (Shaw and Stewart, 1975; Shaw, 

et al, 1984; Stewart, et al, 1984). The Inlier was also divided into three latitudinal tectonic 

provinces, each with a different tectonothermal history - based largely on lithological/facies 

correlations and limited isotopic age data (Collins and Shaw, 1995; Shaw, et al, 1984). These are 

the Central, Southern and Northern Provinces (Fig.1). 

 Recently, however, Rb-Sr geochronological data have been supplemented with U-Pb 

isotopic age data (Black and Shaw, 1995; Collins and Shaw, 1995; Collins and Williams, 1995; 

Zhao and Bennett, 1995), revealing discrepancies in the tectono-stratigraphic “Division” concept of 

Stewart et al (1984) and Shaw et al (1984). Similarly, although the “Province” concept may be 

justified in part, there are still uncertainties concerning the location (and validity) of terrane 

boundaries currently mapped between Provinces (Collins and Shaw; 1995; Zhao and Bennett, 

1995). 

 This has resulted in a new geochronological framework being suggested for the Arunta 

Inlier (Collins and Shaw, 1995; Zhao and Bennett, 1995). A summary of the revised tectonic history 

of the Central and Southern Provinces (applicable to this study) is given in Table 1. 
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Event/orogeny Approximate 
age (Ma) 

Central Province Southern Province 

    
Strangways 1780-1760 Deformation and 

granulite-facies 
metamorphism 

Deformation in high 
strain zones 

    
Aileron 1670 ? Shearing 

    
Chewings 1600 Absent Pegmatite and granite 

intrusion, and folding 
    

Anmatjira 1450 Major uplift, shear 
zones, amphibolite-
facies metamorphism 

Overprinting, shearing 

    
Ormiston 1140 Minor deformation at 

Central-Southern 
Province boundary 

Absent 

    
Alice Springs 400-300 Major uplift, minor 

pegmatites, faulting 
Thrusting, shearing 

 
Table 1.  Revised tectonothermal history of the Central and Southern Provinces (after Black and Shaw, 1995). 
 

2.2 Strangways Metamorphic Complex 

 The Strangways Metamorphic Complex (SMC) (Fig.2) comprises part of the Central 

Province of Stewart et al (1984), and contains some of the highest grade metamorphic rocks in 

Australia. Supracrustal assemblages of the SMC are comprised predominantly of felsic, mafic and 

(lesser) aluminous granulites, felsic gneisses and calc-silicates (BMR, 1984). These high-grade 

assemblages attained peak metamorphic conditions of about 6-9 kbars and around 700-950 °C 

(Goscombe, 1992; Norman and Clarke, 1990; Warren, 1983; Windrim, 1983). 

 According to Collins and Shaw (1995), the SMC was affected by at least five major 

deformations, and by at least two high-T, mid- to low-P granulite facies metamorphic events during 

the Palaeo-Proterozoic. Subsequent lower grade metamorphic events (amphibolite- to greenschist-

facies) affected much of the Arunta Block, including the SMC. Similarly, along with the rest of the 

Inlier, the SMC seems to have been involved in two major phases of shear zone reactivation (e.g. 

Collins and Shaw, 1995). These are the Anmatjira uplift phase (≈1500-1400 Ma) and the Alice 

Springs Orogeny (ASO) (≈400-300 Ma). 

 These significant shearing events resulted in the formation of numerous cross-cutting faults 

and shear zones in the SMC - with the consequent juxtaposition of blocks of different mineral 

assemblages and metamorphic grade within the SMC proper, as well as bringing the deep-level 

granulites of the SMC to the same crustal level as shallower, lower-grade assemblages. Significant 
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E-trending anastomosing shear zones (generally steeply N-dipping, with a north over south shear 

sense) developed throughout much of the southern SMC during these tectonothermal events. 

 The relative uplift attributed to these events has been a contentious issue (e.g. Collins and 

Teyssier, 1989a, 1989b; Ding and James, 1989; Norman and Clarke, 1990; Teyssier, et al, 1988), 

however isotopic age data from various metamorphic assemblages within shear zones in and around 

the SMC have increasingly demonstrated a concentration of ages around the time of the ASO (e.g. 

Dunlap and Teyssier, 1995; Shaw et al, 1992). This possibly suggests that much of the exhumation 

of the SMC, associated with activity in these shear zones, occurred around this time. 
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Chapter 3 

 

3. GEOLOGY OF THE WINNECKE DOMAIN 

 

3.1 Introduction 

 The Winnecke Gorge-Marbles Bore region mapped for this project bisects the Winnecke 

Block, and extends north into the adjacent Yambah Block East and south into the Ankala Block 

(Fig.2). The first two Blocks comprise part of the deep-level granulites of the SMC, and include the 

Erontonga and Cadney metamorphics. Retrograde schistose assemblages of the Anuma schist 

define the northern boundary of the Winnecke Block, and divide the Erontonga and Cadney 

metamorphics. These high-grade rocks are juxtaposed against intermediate-grade, higher-level 

assemblages of the Ankala Block along structures likely to be associated with the Harry Creek 

Shear Zone (offset by the Pinnacles Fault) (Fig.2). 

 Gneisses and mylonites of pelitic and granitic/granodioritic origin (and often biotite-

bearing) dominate the Ankala gneiss, the northern-most Ankala Block lithology in the Winnecke 

Domain. In this region, Neoproterozoic Amadeus Basin sediments of the Heavitree Quartzite (with 

minor Bitter Springs Formation) divide the Ankala gneiss from unassigned gneisses and 

amphibolites (Shaw et al, 1979; BMR, 1984), which we have termed the “Winnecke South gneiss” 

(WSG) (see also Emslie, 1996). 

 The whole region is variably, but intensely, sheared with a dominant E-trending foliation. 

Major S-directed thrusting has resulted in persistent north dips to these foliations. The extended 

tectonothermal history of the region has resulted in the development of numerous retrograde schists 

and shear zones throughout much of the Winnecke Domain. Considerable potassium (biotite, 

muscovite) and iron (magnetite) enrichment is a feature of many of these high strain zones. Late-

stage pegmatite intrusions outcrop throughout the Winnecke Domain, except in the Heavitree 

Quartzite. 

 

3.1.1 Previous research 

 Despite being a region of quite reasonable economic mineral potential, and containing an 

excellent transect in which basement-cover interactions can be studied, there seems to have been 

limited geological exploration within the Winnecke Domain. 

 Initial exploration, around the turn of the century, for exploitable mineral deposits was 

largely restricted to areas within a few hundred metres of the Heavitree Quartzite. Gold was a 

common target, with numerous small workings scattered along the northern side of the ridge of  

Heavitree Quartzite (BMR, 1984; Shaw and Langworthy, 1984). Limited discoveries within the 

northern Ankala gneiss (Au-Ag-Pb-Cu) and within the Erontonga metamorphics (Pb-Ag-Cu) were 
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also made around this time. It is of interest to note that significant exploration in an area adjacent to 

the Heavitree Quartzite (gold) and within the Cadney metamorphics (base metals) is being 

conducted at present by two different mining companies. 

 Detailed geological exploration (without economic interests at heart) within the Winnecke 

Domain has been undertaken by few researchers. Transects undertaken during the compilation of 

the BMR 1:100 000 “Geology of the Strangways Range region” map seem to comprise the only 

reasonable geological and petrological studies of the Domain to date (Shaw, et al, 1979). 

Considering this region contains a highly condensed section from greenschist-grade cover 

sequences through to high-grade granulites, it seems somewhat surprisingly that the area was not 

incorporated into previous research on basement-cover interactions, and on the relative uplift 

associated with the Palaeozoic Alice Springs Orogeny and other Proterozoic tectonic events. 

 

3.2 Lithological descriptions 

 

3.2.1 Erontonga metamorphics 

 The predominantly pelitic and quartzofeldspathic associations (with minor mafics, and rare 

calc-silicates) of the Erontonga metamorphics have been interpreted by Shaw et al (1979) to 

represent sedimentation in a terrestrial or shallow water environment, with sporadic deposition of 

lavas of a tholeiitic affinity. Minor deposition of calcareous sediments occurred. 

 In the Winnecke Domain, the Erontonga metamorphics is divided into two distinct units by 

a laterally continuous, E-trending zone of high strain a few hundred metres wide. Here, mid to 

lower amphibolite grade schists (Plates 3c, 3d) and phyllonites, variably containing the phases qtz-

plag-bt-mu-chl-st-gt-mag, are intercalated (on a centimetre to tens of metres scale) with massive 

epidosite, quartzofeldspathic gneiss and gt/bt-rich mylonite, together with remnant pods of felsic, 

mafic and aluminous granulite. Mineral lineations within the Erontonga shear zone are 

predominantly N-plunging at 40-50°, although measurements trending towards ≈ 340° are not 

uncommon (Emslie, 1996). A weakly to strongly developed foliation, oriented E-W, and dipping 

from 45-80° to the north, is consistent with foliations developed in the southern Erontonga 

metamorphics.  

 The southern half of the Erontonga metamorphics is comprised dominantly of felsic, pelitic, 

mafic and (minor) aluminous granulites, which exhibit a moderate to very weak foliation. 

Typically, the felsic granulites contain gt-qtz-plag-bt(-kspar), while the pelitic gneisses are opx-

bearing (Plates 2c, 2d). Mafic granulites comprise opx-cpx-plag-qtz assemblages. 

 These lithologies outcrop as randomly discontinuous, often boudinaged, pods (metres to tens 

of metres extent) and form rounded hills up to 30 metres high. Sporadic lower grade assemblages, 

anastomosing in E-trending shear zones, dissect granulites in this part of the Erontonga  
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metamorphics. These higher strain discontinuous layers and pods include gt-bt schists, schistose 

quartzofeldspathic gneiss, amphibolite and epidote-rich schists and gneisses. Lineation 

measurements in this zone cluster around 49→015°, and foliations trend ≈ 090/60°N (Emslie, 

1996). 

 Cordierite-sillimanite gneiss (Plates 2a, 2b) dominates the lithologies north of the Erontonga 

shear zone, although minor felsic and mafic granulites are also present. These granulites are 

generally weakly to strongly foliated, and the cordierite-bearing gneiss is commonly migmatitic 

(Plate 1b), with abundant quartz/plagioclase-rich leucosomes. Within the northern Erontonga 

terrane, lineation measurements show a plunge direction varying from ≈ 0-300°, with plunges 

consistently around 40-50°. Dips and strikes of foliations in this region average around 100/63°N 

(Emslie, 1996). 

 Similar high strain, lower grade assemblages to those in the southern portion of the 

Erontonga metamorphics also outcrop in the northern section. A laterally extensive layer of 

epidosite, massive garnet-diopside calc-silicate and epidote-rich ultramylonite form a prominent E-

trending ridge within the cordierite-sillimanite gneiss (map). The extent of this layer suggests a 

probable stratigraphic origin. 

 

3.2.2 Anuma schist 

 This succession of retrograde assemblages outcrops as low E-trending ridges, and divides 

granulites of the Erontonga and Cadney metamorphics. Two ridges define the Anuma schist in the 

Winnecke Domain (map; Plates 1a, 1d). The northern, less extensive outcrop is comprised of a 

succession of highly schistose assemblages, intercalated on a 0.1-7 metre scale, which variably 

contain kyanite, staurolite and potassium-rich phases (i.e. biotite and muscovite) (Plates 1c, 4e). 

Magnetite-rich schists, epidosite and quartzofeldspathic schistose gneisses are common. The 

northern boundary of this ridge abuts sillimanite-rich felsic gneisses of the lower Cadney unit. 

 The southern outcrop is significantly wider across strike (map), and is generally less 

schistose. Dominant assemblages, intercalated on a 1-15 metre scale, include staurolite-sillimanite-

biotite schists, biotite-muscovite schists and biotite-bearing quartzofeldspathic schistose gneisses 

(occasionally garnetiferous), with minor calc-silicates and amphibolites. An extremely magnetite-

rich, chlorite-muscovite-biotite schist (sample 1088-11: Plates 3a, 3b) partially defines the sheared 

contact between the Anuma schist and the Erontonga metamorphics. 

 A region of very low relief divides the two Anuma schist ridges. Of the little outcrop 

evident, the main lithologies in this area include marble, epidote-bearing calc-silicates, schistose 

biotite gneiss and quartzofeldspathic gneiss.  

 Assemblages within the northern Anuma schist display a strong E-trending foliation 

(088/50°N - Emslie, 1996), which dips consistently to the north. However, the dip and strike of 
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foliations within the southern Anuma average around 100/49°N (Emslie, 1996). Similarly, mineral 

lineation orientations vary significantly between the two Anuma schist ridges. Measurements from 

the northern ridge cluster around 47→348°, whereas those from the southern region vary between 

57→005° and 36→025° (Emslie, 1996). 

 

3.2.3 Cadney metamorphics 

 The Cadney metamorphics is presently divided into two units: an upper and lower unit 

(BMR). The lower unit comprises mainly felsic granulites, quartzofeldspathic gneisses of 

psammitic origin and lesser mafic granulites. Intercalated calcareous, pelitic and psammitic 

assemblages dominate the upper unit. Shaw et al (1975) interpreted the Cadney metamorphics to be 

part of a transgressive sequence deposited on top of lower SMC lithologies. 

 Garnet, quartz, plagioclase and biotite-bearing felsic granulites of the lower unit outcrop as 

low hills in the northern part of the mapped region (Plate 1d), forming part of an overturned 

anticlinal structure. A weak to strong foliation developed in these lithologies strikes around 097° 

and dips to the north at approximately 66°. 

 A laterally extensive succession of calc-silicates, quartzofeldspathic gneisses and biotite-

rich schists and gneisses comprise much of the upper unit in the Winnecke Domain. More minor 

assemblages outcropping in this region of low rounded sub-parallel ridges(Plate 1e) include 

kyanite- and/or sillimanite-bearing schists, quartzites and marble. These assemblages are  

intercalated variably on a 0.5-50 metre scale and are typically strongly foliated (mean foliation ≈ 

095/70°N - Emslie, 1996). It is of interest to note that investigations by Shaw et al (1979) excluded 

the presence of kyanite/staurolite-bearing assemblages in the Cadney metamorphics, indicating that 

they are confined to the Anuma schist. A small, but significant, outcrop of ky-st-qtz-plag schist 

(Sample 1088-19: Plates 3g, 3h, 4a, 4b) has been discovered which is intercalated with calc-silicate 

lithologies of the Cadney metamorphics, and occurs well north (> 1km) of the Anuma schist. 

 Toward the northern margin of the upper Cadney succession exists a significant (up to 30 

metres wide) high grade garnet-bearing mylonite, which extends continuously E-W across our 

transect. A strong foliation developed in the mylonite is oriented ≈ 096/60°N, with measured 

mineral lineations clustering around 53→046° (Emslie, 1996). This lithology defines a major 

change in the orientation of mineral lineations within the Cadney metamorphics . Whereas the 

foliation orientations of Cadney assemblages are quite consistent, mineral lineations change from ≈ 

65→000° in the south to ≈ 52→057° in the north (i.e. sub-parallel to mylonite lineation) (Emslie, 

1996). 
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3.2.4 Ankala gneiss 

 In the Winnecke Domain this lithological unit comprises quartzofeldspathic gneisses (of 

variably granitic/granodioritic or metasedimentary origin, and commonly  biotite-bearing), biotite 

gneisses, amphibolites and minor calc-silicates. Along the southern margin of the Ankala gneiss, an 

upper greenschist facies, porphyroblastic quartz-muscovite phyllonite (Plates 3e, 3f) defines a major 

sheared unconformable contact with the Neoproterozoic Heavitree Quartzite. This extremely 

sheared lithology is no more than two metres wide, and is interpreted to have formed during the 

ASO. 

 Within 50m. of this contact, chlorite is stable whereas biotite is not. Stable biotite and 

hornblende (in amphibolites) appear approximately 50-100 metres north of the Heavitree Quartzite, 

marking the beginning of lower amphibolite facies assemblages., Metamorphic grade within the 

Ankala gneiss increases up to mid-upper amphibolite facies (towards the northern extent of the 

unit), before jumping to granulite facies grade across the boundary with the Erontonga 

metamorphics. 

 The Ankala gneiss in this northern region has been severely condensed - compared to its 

equivalent to the west of the Pinnacles Fault, where it outcrops across strike (i.e. north to south) for 

a distance of over 6km. (c.f. around 3km. in the Winnecke Domain). There it contains extensive 

dome and basin fold structures (Betina Bendall, pers. comm.), but these have been virtually 

obliterated in the Winnecke region. 

 Major quartz-feldspar-biotite protomylonite development (on a 0.5-20m scale) is a 

predominant feature of this unit in the Winnecke Domain - especially in its northernmost outcrops 

(Plate 1f). We have termed this region of extensive protomylonite the “Two Mile Bore shear zone” 

(TMBSZ) (see also Emslie, 1996). Porphyroclasts (of quartz and feldspar) with assymetric tails 

consistently indicate that S-directed shearing (i.e. north over south) was responsible for the 

development of these assemblages. Where it is juxtaposed with the Erontonga metamorphics, the 

northern boundary of the TMBSZ is often highly sheared and rather diffuse. Average foliation 

orientations vary significantly between the TMBSZ (095/48°N) and the southern Ankala gneiss 

(083/49°N) (Emslie, 1996). 

 The Ankala gneiss is cut by a NW-trending shear zone, which seems to postdate the 

development of protomylonite in the TMBSZ. In the northern TMBSZ, it splays to form an 

imbricate structure of several shear zones. North of the TMBSZ - Erontonga boundary, no evidence 

of the continuation of these shear zones was found. 

 Numerous quartz “blows” of limited outcrop extent occur in the Ankala gneiss within 1-2 

km. of the Heavitree Quartzite, and contain abundant pseudomorphs of limonite (after pyrite?). The 

development of these massive, white quartz units was probably associated with major thrusting 

during the Alice Springs Orogeny (Mike Sandiford, pers. comm.). 
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3.2.5 Winnecke South gneiss (WSG) 

 Defined as “unassigned gneisses” by Shaw et al (1979), this succession of Ankala Block 

assemblages marked the southern extent of our transect (Plate 1g). Variably sheared amphibolite 

grade rocks predominate, and include biotite-rich gneisses, quartzofeldspathic gneisses and 

numerous pods of amphibolite (each lithology occasionally exhibits garnetiferous types) (Plates 2g, 

2h). These lithologies are variably intercalated on a 1-30 metre scale, with foliations averaging 

around 079/69°N (Emslie, 1996).  

 Sillimanite is stable in lithologies of the WSG to the west of our field area (Martin Hand, 

pers. comm.). Epidote mineralisation is ubiquitous, and is often associated with amphibolites, 

indicating substantial, relatively late-stage, metasomatism. 

 Shearing intensifies where lithologies of the WSG abut the Heavitree Quartzite, and form an 

E-trending sinuous contact. The boundary is marked by schists, phyllites and pronounced epidote 

mineralisation, again indicating pervasive metasomatism. This sheared assemblage was the locus 

for minor movement during the Alice Springs Orogeny, contemporaneous with more significant 

thrusting elsewhere in the Winnecke Domain. 

 

3.2.6 Heavitree Quartzite (including Bitter Springs Formation) 

 Neoproterozoic Amadeus Basin sediments of the Heavitree Quartzite (≈ 900 Ma) outcrop in 

the Winnecke Gorge region as a long, narrow range of resistant hills up to 100 metres high (Plates 

1d, 1h). This range represents a series of thrusts and tight synclinal folds which were formed as a 

response to major south-directed thrusting during the Carboniferous Alice Springs Orogeny. 

 Sedimentary structures, including cross-bedding and ripple marks, are still preserved in 

lower strain zones within the Quartzite. These features, together with cleavage-bedding 

relationships, were used to demonstrate the fold-thrust geometry of large-scale structures within the 

Heavitree Quartzite (see also Emslie, 1996). 

 Minor outcrops of Bitter Springs Formation occur preserved in synclines within the 

southern, less deformed Heavitree Quartzite. They consist largely of weathered, buff-coloured 

shaley dolomite. Outcrop extent of this unit is significantly less than is indicated on the “Geology of 

the Strangways Range region” map (BMR, 1984). 
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Chapter 4 

 

4. METAMORPHIC PETROLOGY OF THE WINNECKE DOMAIN 

 

4.1 Introduction 

 Throughout the highly sheared Winnecke Domain, schists are intercalated with gneissic 

assemblages on a quite variable basis. Twenty eight samples,  including both schists and gneisses, 

were thin sectioned for petrological studies. Equilibrium assemblages from fourteen of these 

samples were analysed on the Centre for Electron Microscopy and Microstructural Analysis 

Cameca SX-51 electron microprobe (operated with a 15 kV accelerating voltage and a 2-5 µm 

beam width) to determine the mineral chemistry of significant phases. Microprobe data were used 

to calculate pressure and temperature estimates for the formation of the equilibrium assemblages. 

 

4.2 Gneissic assemblages (petrology and mineral chemistry) 

 Lithologies of this type comprise both granulites and amphibolite facies assemblages of the 

Erontonga and Cadney metamorphics, the Ankala gneiss and the Winnecke South gneiss. They are 

variably sheared, with weak to strong foliation development, and are cross-cut by numerous low- to 

high-grade, E-trending shear zones. 

 

4.2.1 Granulite grade 

 

4.2.1.1 Erontonga metamorphics 

 This Erontonga metamorphics is divided into two distinct associations by a package of 

lower grade schists (see 4.3.1). Cordierite-bearing granulites are common in the northern region, 

while to the south, psammitic and (semi)pelitic granulites dominate. These lithologies are described 

below. 

 Minor mafic granulites occur predominantly in the southern Erontonga region. They are 

comprised of orthopyroxene and clinopyroxene, with lesser amounts of quartz, biotite, plagioclase 

and Fe-Ti oxides, and are occasionally very coarse-grained (crystals up to 8cm). 

 

Cordierite-bearing granulites 

 

Petrology 

 The often weakly foliated cordierite-rich lithologies are typified by samples 1088-1 and 

1088-43. The latter is a dense, weakly foliated rock consisting of cord-gt-plag-kspar-qtz-bt-mag(-

sp-ilm)-sill, with abundant accessory zircons (causing yellow pleochrioc rims in cordierite) (Plates  
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2a, 2b). Cordierite, quartz, plagioclase, K-feldspar and garnet define a granoblastic texture which 

contains intergrown laths of biotite (aligned sub-parallel to the weak foliation). Rounded blebs of 

oxides (< 2mm) are scattered irregularly throughout the matrix, and also occur commonly as 

inclusions in the matrix crystals. In addition, elongate strings of oxide blebs partially define the 

weak foliation. Minor sillimanite occurs as a late overprint. Sample 1088-1 contains the same 

phases (apart from obvious spinel), but with significantly more overprinting sillimanite. As is 

commonly seen with cordierite-rich granulites from the northern Erontonga terrane, this sample is 

migmatitic, with domains of cordierite and late sillimanite enveloping quartz/feldspar leucosomes. 

 

Mineral chemistry 

 Cordierite and biotite are Mg-rich (XFe = .11 and .23 respectively). Biotite has a moderate to 

high Ti content (< 2.5 wt%). Plagioclase is enriched in the anorthite end-member (Ab20), while K-

feldspar is comprised of ≈ 14% Na. Gahnite from sample 1088-43 contains ≈17% Zn. 

 

Pelitic and psammiticgranulites 

 

Petrology 

 These high-grade, weakly to moderately foliated quartz- and plagioclase-rich lithologies 

contain variably amounts of orthopyroxene (especially in pelitic granulites) and garnet. When 

present, garnet and orthopyroxene form porphyroblasts in a quartz-plagioclase matrix. These 

porphyroblastic phases, especially in pelitic granulites, often display significant retrogression 

(garnet to biotite, and orthopyroxene to cummingtonite) (Plates 2c, 2d). Psammitic granulites tend 

not to develop orthopyroxene, but generally contain abundant garnet. Biotite occasionally displays 

crystallographically aligned aggregates of exsolved rutile. These high-grade lithologies are 

occasionly migmatitic, with quartz-plagioclase leucosomes often containing numerous subhedral to 

euhedral garnets.  

 

Mineral chemistry 

 A pelitic granulite (sample 1088-46b) contains garnet enriched in the almandine end-

member (Xfe≈.78). However, coexisting orthopyroxene is slightly Mg-rich (XFe≈.42). Biotite and 

cummingtonite also have a high magnesium content (XFe≈.25 and .33 respectively). Biotite contains 

around 1.5-2.6% Ti (indicating growth at moderate to high temperatures), and plagioclase is 

enriched in the albite end-member (Ab67). 
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4.2.1.2 Cadney metamorphics 

 In the Winnecke Domain, granulites of the Cadney metamorphics outcrop in two markedly 

different associations. To the north, low hills of massive felsic granulite (typically garnetiferous) 

contrast sharply with the subdued expression of the intensely sheared calcsilicate-pelitic-psammitic 

succession. 

 

Felsic granulites 

 

Petrology 

 Felsic granulites commonly contain porphyroblastic garnet in a plagioclase-quartz-biotite 

matrix, and include variable amounts of accessory magnetite, apatite and zircon. Garnets tend to be 

coarse-grained (< 3mm), highly fractured anhedral crystals. Biotite occurs in a number of 

associations, including rounded inclusions within coarse-grained plagioclase and quartz. Fine- to 

coarse-grained biotite occurs as ragged laths, and is generally aligned sub-parallel to the weak 

foliation. Biotite also rims, and infills fractures in, garnet (associated with garnet breakdown). 

Large, ragged plagioclase crystals are generally antiperthitic, with microcline exsolution.  

 

Mineral chemistry 

 Almandine garnets tend to be weakly zoned, with cores slightly richer in Mg and poorer in 

Fe (by ≈ 1-2%). Early biotite (XFe.≈.47) is very titaniferous (3.1% Ti), attesting to it being a high 

temperature phase. The later stage biotite is more Mg-rich (XFe≈.31), and is a much lower 

temperature phase (0.2-0.4% Ti). 

 

Biotite-rich quartzofeldspathic gneiss 

 

Petrology 

 This lithology is comprised of a quartz, plagioclase, K-feldspar and biotite matrix (with 

accessory magnetite), which is occasionally overprinted by abundant acicular sillimanite. 

Sillimanite, when present, is generally aligned sub-parallel with (and also helps to define) the weak 

to moderate foliation. 

 

Calc-silicates 

 

Petrology 

 Massive, calc-silicate granulites of the upper Cadney unit are typified by sample 1088-23a. 

This dense assemblage has a coarse grained, granoblastic texture comprised of interlocking calcite 
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(with good cleavage development) and quartz crystals, with large porphyroblasts of garnet and 

diopside. These porphyroblastic phases are generally anhedral, and quite fractured. Retrogressed 

domains commonly exhibit varying degrees of epidote mineralization. 

 

4.2.2 Amphibolite grade 

 

4.2.2.1 Ankala gneiss 

 From south to north, lithologies of the Ankala gneiss increase in grade from lower- to upper-

amphibolite facies. This grade increase results in the appearance of garnet and hornblende in 

gneisses and protomylonites towards the north of the unit. Most Ankala gneiss assemblages are 

derived from psammitic to semi-psammitic precursors, with many containing abundant biotite. 

 

Petrology 

 Lithologies containing very coarse-grained (> 5mm) garnet (samples 1088-2 and 1088-17a) 

tend to be restricted to high grade shear zones within the northern Ankala gneiss. These garnets 

exhibit a variable, but generally high, degree of retrogression - breaking down to biotite (and minor 

muscovite). They predominantly form medium- to coarse-grained porphyroblasts within a finer 

grained quartz + plagioclase + K-feldspar matrix. Coarse-grained biotite and hornblende occur in 

textural equilibrium with garnet. Aggregates of finer grained biotite and hornblende define a 

moderate to strong foliation.  

 Elsewhere in the Ankala gneiss (especially toward the south), garnets appears once to have 

existed, but are now replaced by small aggregates and spots of biotite and/or Fe-oxides, with only 

rare garnet remnants  persisting towards the north of the unit (i.e. sample 1088-35). 

 Protomylonites from the TMBSZ (Plate 1f) contain abundant medium to coarse grained 

recrystallised quartz, plagioclase and K-feldspar, with variable amounts of biotite. Quartz and 

feldspar augens (1-20mm diam.) are common. 

 

Mineral chemistry 

 There is a significant decrease in the Ti-content between the early-stage biotite and the later 

garnet-breakdown product (from as high as 1.8% for the former, to often less than 0.4% for the late-

stage biotite). This attests to a decrease in temperature between formation of the two phases. 

Biotite, garnet, hornblende and muscovite are all variably iron-enriched. Plagioclase tends to be 

enriched in the albite end-member (Ab68), although sample 1088-17a, from the northern TMBSZ, 

contains anorthite-rich plagioclase (Ab18). 
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4.2.2.2 Winnecke South gneiss 

 Lithologies from the WSG are comprised largely of variably sheared psammitic to semi-

pelitic gneisses. Significant exposures of highly sheared amphibolite also outcrop in this region. 

Epidote mineralization occurs to varying degrees throughout the WSG, although it is most intense 

adjacent to the Heavitree Quartzite. 

 

Petrology 

 Gneisses from south of Winnecke Gorge (Plate 1g) variably contain the phases quartz, 

plagioclase, K-feldspar, biotite and garnet, with accessory magnetite, ilmenite, zircon and apatite. 

Garnet generally occurs as highly fractured, anhedral porphyroblasts, often containing abundant 

rounded quartz inclusions. Coarse-grained, randomly oriented biotite crystals are in textural 

equilibrium with garnet. Domains of finer grained biotite occur throughout the matrix, and are 

generally aligned sub-parallel to the weak to moderate foliation. Retrograde biotite fills many 

garnet fractures. Minor epidote is present as a sporadic, highly irregular overprinting phase. 

Mineral chemistry 

 Garnets are rich in the almandine end-member. Early-stage biotite is quite titaniferous 

(∼2.8% Ti), indicating growth at relatively high temperatures. Cooler conditions are likely to have 

prevailed during growth of the later phase of biotite, as suggested by a lower Ti-content (∼1.8%). 

Plagioclase tends to be Na-rich (Ab70). 

 

4.3 Schists (petrology and mineral chemistry) 

 As a large variety of schists exists within the highly sheared Winnecke Domain, an attempt 

to subdivide them was made on the basis of relative proportions of potassium-bearing 

phyllosilicates. This method emphasizes the role of metasomatism in the formation of many of 

these assemblages. 

 Schists in the Winnecke Domain are predominantly of lower- to upper-amphibolite grade. 

South of the granulites, in the Ankala gneiss and WSG, schists appear to contain no Al2SiO5 

polymorphs. 

 

4.3.1 Potassium-rich assemblages 

 Potassium-rich assemblages contain both biotite and muscovite in large proportions, and are 

universally strongly foliated. Higher grade (mid- to upper-amphibolite) varieties of these schists are 

represented by samples 1088-11, 1088-12b and 1088-42/8 (Plates 3a-d). They contain varying 

proportions of medium- to coarse-grained intergrown biotite, muscovite and chlorite, which 

overprint minor (< 5%) quartz. Plagioclase and K-feldspar occur rarely. 
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 Euhedral to anhedral porphyroblasts of garnet and staurolite are rare to abundant and 

generally overprint the phyllosilicate phases. Staurolite is often twinned and poikiloblastic, with 

abundant anhedral quartz and magnetite inclusions. It tends to be randomly oriented within (and 

across) the foliation of the rock. Garnets are usually quite fractured, and often contain numerous 

quartz, magnetite and biotite inclusions. Muscovite occurs occasionly as a coarse to very coarse 

grained, late stage overprint (sample 1088-42/8), often oriented randomly across the dominant 

foliation. Abundant magnetite mineralization (comprising up to 50% of the rock) is occasionally 

associated with potassium-rich schists as a last-stage overprint. 

 

Mineral chemistry 

 As well as being enriched in potassium, these schists generally have a high iron content. In 

the higher-grade assemblages, staurolite is Fe-rich, garnet is predominantly the almandine end-

member (both have XFe≈ .80) and magnetite is common to abundant. Muscovite is also Fe-rich 

(XFe≈ .70). Biotite (XFe≈ .41) contains up to 1.5% Ti, indicative of growth in moderately high 

temperatures. The Mg-rich composition of chlorite (XFe≈ .38) further attests to mineral growth 

under reasonably high temperature conditions. 

 

4.3.2 Intermediate-potassium assemblages 

Petrology 

 This type of schist is defined as having only one predominant potassium-bearing 

phyllosilicate - either muscovite or biotite. Examples of these assemblages occur throughout the 

Winnecke Domain, and vary considerably in their metamorphic grade. A low-grade occurrence is 

exemplified by the contact between the southern Ankala gneiss and the cover sequences of the 

Heavitree Quartzite. This mid- to upper-greenschist assemblage comprises a highly sheared quartz-

muscovite phyllonite, with accessory magnetite and tourmaline (Plates 3e, 3f). Layered quartz-rich 

and muscovite-rich domains dominate, wrapping around coarse-grained (< 2mm) anhedral quartz 

porphyroblasts and accessory minerals. Muscovite is present as abundant small laths in the plane of, 

and helping to define, the very strong foliation. Very fine-grained, elongate magnetite crystals are 

commonly associated with the muscovite-rich domains. 

 Amphibolite-grade schists of this type almost exclusively contain biotite as the 

phyllosilicate phase (instead of muscovite). In the Winnecke Domain, these are the most common 

type of intermediate-potassium schist. Higher grade varieties, from the Anuma schist and Cadney 

metamorphics, are composed variably of medium- to coarse-grained kyanite (+sillimanite), 

staurolite, garnet and biotite, which commonly overprint a quartz-plagioclase matrix. Elongate 
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phases (i.e. kyanite, sillimanite and staurolite) are typically randomly aligned within the plane of the 

foliation.  

 In the Ankala gneiss and WSG, intermediate-potassium assemblages occasionally contain 

garnet and hornblende porphyroblasts (especially in the northern Ankala gneiss), however biotite is 

the predominant overprinting phase. 

 

Mineral chemistry 

 Garnet porphyroblasts are typically almandine-rich, with XFe values ranging from around 

0.7 (in assemblages from the Anuma schist) to 0.6 (in schists from the Cadney metamorphics). 

Phlogopite-rich biotite (XFe≈0.4) is generally quite titaniferous (up to 2.0% Ti). Plagioclase is 

typically enriched in the albite end-member  (Ab76 to Ab79). 

 

4.3.3 Potassium-poor assemblages 

 An example of a whiteschist assemblage (sample 1088-6) from the southern Erontonga 

metamorphics is described. It is the first whiteschist to be documented from mainland Australia 

(Martin Hand, pers. comm.; Raheim and Green, 1974; Schreyer, 1977), and comprises a kyanite-

talc-chlorite association derived from a cordierite-orthoamphibole precursor. An unusual aspect of 

cordierite-orthoamphibole rocks is their relative depletion in potassium, compared to other 

sedimentary and igneous lithologies with comparable aluminium contents (Arnold and Sandiford, 

1990). Metasomatism, with accompanying potassium depletion, has often been invoked in models 

developed to describe the formation of these assemblages (e.g. Arnold and Sandiford, 1990). 

 

Petrology 

 The assemblage consists of kyanite, talc and chlorite intergrowths pseudomorphing 

medium- to coarse grained (1-5mm), rounded to irregular cordierite crystals (Plates 4c, 4d, 4f-h). 

Large to very large (up to 20mm) anhedral anthophyllite (orthoamphibole) crystals overprint the 

fine- to medium-grained quartz matrix (as does the pseudomorphed cordierite). Anthophyllite, 

which is interpreted to be a later-stage overprint than the cordierite, is itself breaking down to a ky-

talc-chl-qtz assemblage. Biotite is the only significant K-bearing phase present, and seems to have 

taken little part in reactions within this assemblage. 

 A sample (1088-31) from further to the west along the TMBSZ-Erontonga boundary 

exhibits a similar, although significantly different, mineral paragenesis to that recorded in sample 

1088-6. Intergrown kyanite, talc and chlorite pseudomorphing cordierite is represented in sample 

1088-31. However, in contrast to sample 1088-6, this assemblage includes garnet, while 

orthoamphibole is seemingly absent. 
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Mineral chemistry 

 The bulk composition of this assemblage is depleted in potassium and iron, while being 

enriched in magnesium. Anthophyllite, biotite, chlorite and talc have XFe’s of around 0.29, 0.24, 

0.19 and 0.09 respectively. Biotite from sample 1088-6 is relatively depleted in potassium, 

compared to biotite analysed from other parts of the Winnecke Domain (8-9%, as compared to 

≈1.2%), and is quite rich in titanium (as evidenced by the abundant exsolved rutile). 

 

4.4 Discussion 

 It is obvious that abundant potassium and iron metasomatism has accompanied the 

(re)activation of many schist zones throughout the Winnecke Domain. The composition of fluids 

moving through these shear zones seem to show a trend of increasing potassium and (later) iron 

concentrations, as evidenced by late overprinting muscovite and magnetite respectively. 
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Chapter 5 

 

5. P-T ESTIMATES 

 

5.1 Introduction 

 The application of thermobarometry to high-grade assemblages, such as granulites, is 

plagued with difficulties (Frost and Chacko, 1989; Spear, 1993; Spear and Florence, 1992). On 

cooling from peak metamorphic temperatures, granulites have a tendency to continue 

reequilibrating through the closure temperatures of many exchange and net transfer 

thermobarometers (Frost and Chacko, 1989; Spear, 1993; Spear and Florence, 1992). Consequently, 

temperatures and pressures derived from granulites may often be significantly less than those 

experienced during peak metamorphic conditions (Martin Hand, pers comm.). The results obtained 

from thermobarometric calculations on granulites should be viewed with this in mind. 

 Thermobarometric calculations on fourteen samples from the Winnecke Domain were 

undertaken as part of this project, in an attempt to document the variation in P-T conditions across 

the transect. A number of thermometers and barometers from the GPT spreadsheet (Reche and 

Martinez, 1996) were used, together with THERMOCALC, the internally consistent 

thermobarometer of Holland and Powell (1988). 

 

5.1.1 THERMOCALC 

 THERMOCALC is a computer program which utilizes an internally consistent 

thermodynamic data set, together with input mineral analytical data (from a particular mineral 

equilibrium assemblage), to perform a range of thermodynamic calculations, including pressure and 

temperature estimations (Holland and Powell, 1988). By using the same activity models and 

thermodynamic data for all calculations, THERMOCALC can assess the degree of equilibration of 

an assemblage (Spear, 1993).  

 Files created from electron microprobe output data (combining the phases which form an 

equilibrium assemblage) are run through a computer program called AX to calculate the activities 

of the end-members of those phases. 

 When calculating pressure-temperature estimates, THERMOCALC produces a set of 

independent reactions (involving these end-members), each of which utilize the thermodynamic 

parameters of the internally consistent data set. By combining these reactions, THERMOCALC 

calculates a weighted pressure and/or temperature estimate (Holland and Powell, 1988). 

 Uncertainties in the data set are allowed to propagate through the calculations, producing 

constraints on the final results (Holland and Powell, 1988). The program allows the composition of 
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any fluid phase present in an equilibrium assemblage to be varied markedly. THERMOCALC was 

used to generate average P-T estimates for samples 1088-6, 1088-17a, 1088-19 and PB12 (Table 2). 

 

5.1.2 GPT 

 GPT is a customizable Excel™ spreadsheet which allows the simultaneous evaluation of up 

to 21 geothermometers (72 different calibrations) and 15 geobarometers (59 calibrations) (Reche 

and Martinez, 1996). Mineral analyses are entered directly into the spreadsheet, together with an 

assumed pressure or temperature (for a geothermometer and geobarometer respectively). 

Calculations are automatically performed, with the results displayed for calibrations of all 

applicable thermometers and barometers (Reche and Martinez, 1996). The application of GPT is 

restricted primarily to metapelitic and quartzofeldspathic assemblages variably containing quartz, 

plagioclase, K-feldspar, muscovite, biotite, chlorite, chloritoid, garnet, staurolite, cordierite, 

orthopyroxene, sapphirine, spinel, ilmenite, rutile and tourmaline (Reche and Martinez, 1996). 

 Subsequent to the input of applicable analytical data (i.e. electron microprobe analyses of 

mineral equilibrium assemblages), GPT has the advantage of allowing quick comparisons between  

the results obtained from various experimenters’ calibrations of the same geothermometer or 

geobarometer. Similarly, the results obtained from different thermometers (or barometers) can be 

conveniently compared. 

 Thermometers and barometers from GPT were used to calculate pressure and temperature 

estimates for ten samples (see Table 2). Temperatures obtained from appropriate calibrations of the 

garnet-biotite thermometer were averaged, and a standard deviation calculated. This method was 

employed in an attempt to constrain the results obtained from the numerous calibrations given in 

GPT. A similar approach was taken when analysing applicable calibrations of the garnet-

orthopyroxene thermometer. 

 

5.2 Results and discussion 

 The results of thermobarometric calculations on fourteen samples from across the Winnecke 

Domain transect are given in Table 2. Baric sections for gneissic and schistose assemblages are 

presented in Fig. 3. Comparisons between the results obtained from different thermobarometers (for 

the same sample) have produced well constrained pressure and (especially) temperature estimates 

for several samples. 

 Within the Winnecke Domain, pressures generally increase from the south to the north, and 

step significantly at major lithological boundaries (i.e. across the TMBSZ-Erontonga contact) 

(Fig.3). Four samples (all schists) defy this trend, providing significantly lower pressures than those 

obtained from nearby gneissic assemblages. The pressures of 5.3 and 5.2 kbars obtained from 

schists within the mid Erontonga shear zone (samples 1088-42/8 and 1088-12b respectively), while 
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possibly indicating relatively late shearing at higher crustal levels, may also reflect the high Mn-

content of garnets in these rocks. An increase in the abundance of Mn in pelitic (KFMASH) 

assemblages results in the enlargement of the stability field of garnet, and tends to produce large 

uncertainties in P-T calculations (e.g. Dymoke and Sandiford, 1992; Scrimgeour and Sandiford, 

1993; Spear and Cheney, 1989). 

 A similar scenario may be responsible for the low pressure (3.3 kbars) obtained from sample 

1088-10. However, the association of this sample with a late-stage imbricate shear zone (Appendix 

A.1 - sample location map) may, at least partially, account for this pressure. 
 

Sample No. Rock 
Type 

Unit P-T Estimator 
GPT / 

THERMOCALC 

Fluid 
Composition 
XH2O:XCO2 

Estimated 
Temperature 

(oC) 

Estimated 
Pressure 
(kbar) 

1088-40 Gneiss WSG GPT - 607 ± 44 a 4.0 b 
1088-17a Gneiss TMBSZ THERMOCALC 0.3 : 0.7 667 ± 70 3.1 ± 2.0 
   Gt-Hbl (T) - 600 c - 
1088-2 Gneiss TMBSZ GPT - 624 ± 32 a - 
1088-10 Schist TMBSZ GPT - 510 ± 33 a 3.3 b 
1088-35 Gneiss TMBSZ GPT - 476 ± 62 a 4.0 b 
1088-6 Schist Erontonga THERMOCALC 0.5 : 0.5 435 ± 64 8.0 ± 2.5 
1088-46b Gneiss Erontonga GPT - 787 ± 79 a 7.0 ± 1.4 i 
   GPT - 798 ± 52 h - 
1088-42/8 Schist Erontonga GPT - 511 ± 41 a 5.3 e 
   GPT - 515 f - 
   GPT - 517 d - 
1088-12b Schist Erontonga GPT - 532 ± 36 a 5.2 e 
   GPT - 521 f -  
   GPT - 518 d - 
1088-43 Gneiss Erontonga GPT - 855 g - 
1088-11 Schist Anuma GPT - 495 d 4.0 e 
PB12 Schist Anuma THERMOCALC 0.9 : 0.0 637 ± 32 5.8 ± 1.5 
   GPT - 646 ± 45 a 6.8 b 
1088-19 Schist Cadney THERMOCALC 0.8 : 0.1 619 ± 37 5.8 ± 0.9 
1088-4 Gneiss Cadney GPT - 823 ± 96 a 8.5 b 
 
Table 2. Summary of thermobarometric calculations on 14 samples from the Winnecke Domain. 

a)  mean and standard deviation of several gt-bt thermometers (Appendix C). 

b)  gt-plag-bt-qtz (Hoisch, 1990). 

c)  gt-hbl (Graham and Powell, 1984). 

d)  bt-mu (Hoisch, 1989). 

e)  chl-bt-mu (Bucher-Nurminen, 1987). 

f)  gt-st (Perchuk, 1989). 

g)  cord-spinel (Vielzeuf, 1983) 

h)  mean and standard deviation of several gt-opx thermometers (Appendix C). 

i)  mean and standard deviation of several gt-opx-plag-qtz barometers (Appendix C). 

  

The low pressure (4.0 kbars) recorded by the mu-bt-chl association in sample 1088-11 may 

also indicate the development of this assemblage at shallower crustal levels (i.e. late-stage 

shearing). However, the presence of overprinting staurolite may suggest that the temperature  
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obtained by muscovite-biotite thermometry (495 °C) is somewhat lower than the temperatures 

applicable to the growth of this later phase. Petrogenetic grids constructed for KFMASH 

assemblages (which basically represent the components in this sample) indicate temperatures closer 

to 550 °C are more likely to correspond to the staurolite-in isograd (Xu, et al, 1994; Spear and 

Cheney, 1989). 

 The THERMOCALC-derived pressure of 8 ± 2.5 kbars for the whiteschist (sample 1088-6) 

are associated with significant uncertainties. A petrogenetic grid, constructed by Xu (1994), for the 

FMASH model system indicates that the formation of whiteschist assemblages is possible at 

pressures as low as ≈ 6 kbars, but at considerably higher temperatures (≈ 650 °C) than that obtained 

by THERMOCALC for this sample (435 ± 64 °C). 

 Temperatures derived from the gt-hbl-bt-plag-kspar-qtz assemblage of sample 1088-17a are 

quite well constrained. The temperature obtained from THERMOCALC (667 ± 70 °C) is similar to 

that derived from the garnet-hornblende thermometer (600 °C) of Graham and Powell (1984). The 

pressure obtained from THERMOCALC (3.1 ± 2.0 kbars) is poorly constrained. 

 Significantly, pressures derived from felsic granulites of the Cadney metamorphics (sample 

1088-4) are greater than those obtained from a pelitic granulite from the Erontonga metamorphics 

(sample 1088-46b), suggesting that the Cadney assemblage equilibrated at deeper crustal levels than 

did the Erontonga granulite. This seems incongruous, considering the stratigraphy defined (at 

present) for the SMC places the Erontonga metamorphics at a deeper crustal level than the Cadney 

metamorphics. 

 Pressures derived from schistose assemblages of the Cadney metamorphics and Anuma 

schist (samples 1088-19 and PB12 respectively) are consistent with expected pressures. 
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Chapter 6 

 

6. SYNTHESIS AND DISCUSSION 

 Geological mapping of a transect across the Winnecke Domain has demonstrated that the 

metamorphic grade generally increases from south to north, stepping significantly at major 

lithological contacts (Fig.3). Upper amphibolite-grade lithologies of the WSG abut the greenschist-

grade Heavitree Quartzite along a contact which has seen significant fluid infiltration (as evidenced 

by abundant epidote mineralisation), although minimal shearing. 

 Major movement occurred at the northern contact of the Quartzite with the Ankala gneiss. 

An upper greenschist-grade quartz-muscovite phyllonite defines this contact. Metamorphic grade 

increases to amphibolite facies a short distance (50-100m) north of the Quartzite, and continues to 

increase to upper amphibolite-grade before jumping to granulite-grade in the Erontonga 

metamorphics. A unique occurrence, to mainland Australia, of a kyanite/talc-bearing assemblage 

(whiteschist) has been documented from the southern Erontonga metamorphics. The grade of 

gneissic assemblages further increases to the north, into the Cadney metamorphics (although this 

unit has been interpreted as being from a shallower crustal level the Erontonga metamorphics). 

 Schists display a less clear cut trend of P-T estimates, possibly resulting from the variable 

timing of activation of shear zones, or perhaps from the introduction of significant quantities of 

elemental “contaminants” (such as Mn) which introduce complexities and large uncertainties into 

P-T calculations. Schistose assemblages tend to be enriched in K and Fe, often containing an 

abundance late-stage phases such as biotite, muscovite and magnetite. Fluids rich in these elements 

have promoted the metasomatic growth of these phases. The large quantities of metasomatic fluids 

which infiltrated these shear zones in the past may have significant implictions for mineral 

exploration in the region. 

 The Winnecke Domain is variably, but intensely, sheared (on a centimetre to tens of metres 

scale) with a dominant E-trending foliation. Shear sense indicators consistently demonstrate north 

over south movement. The combined effect of a number of shearing events was likely to have been 

responsible for the juxtaposition of upper amphibolite-grade, biotite-rich quartzofeldspathic 

protomylonites of the TMBSZ with felsic, pelitic, psammitic and mafic granulites of the Erontonga 

metamorphics. These events also resulted in the development of an extensive succession of shear 

zones of variable grade. 

 It should be noted that hundreds of variably extensive shear zones exist in the region of our 

transect, and that a thorough study of these structures is beyond the scope of this project. The 

absolute timing relationships of shear zone activation in the Winnecke Domain can only be  
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established via the application of dating techniques to equilibrium assemblages (which formed as a 

response to a particular shearing event). The geology of the region is complex, often even down to  

the metre-scale. Large variations in the geology occur across, and often along, the strike of the 

dominant foliation, and would require considerably more time to investigate thouroughly. 

  













	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
APPENDIX	  A	  

	  
Sample	  location	  map,	  list	  of	  samples	  and	  thin	  section	  

mineral	  assemblages	  





A2: LIST OF SAMPLES

(TS = thin section cut; P = assemblage analysed by electron microprobe)

(Erontonga = Erontonga metamorphics; Cadney = Cadney metamorphics; Anuma = Anuma schist)
(Ankala = Ankala gneiss; WSG = unassigned lithologies to south of Winnecke Gorge)

Sample No. TS P Lithology Description                                       
A1088-1 * Erontonga migmatitic cord-sill-qtz-plag-bt gneiss
A1088-2 * * Ankala gt-qtz-bt(-mu) gneiss
A1088-3 * Erontonga gt-qtz-plag-bt gneiss
A1088-4 * * Cadney gt-qtz-plag-bt gneiss
A1088-5 * Cadney migmatitic gt-plag-qtz-bt(-mu) gneiss

A1088-10 * * Ankala gt-bt-qtz-plag schist
A1088-11 * * Anuma mag-mu-bt-chl-st-qtz schist

A1088-12b * * Erontonga gt-st-bt-mu-qtz(-chl) schist  (garnets up to 1.5 cm width)
A1088-17a * * Ankala gt-hbl-plag-kspar-bt-qtz gneiss
A1088-19 * * Cadney gt-bt-sill-ky-plag-qtz-mu gneissic schist
A1088-20 * Cadney gt-bt-mu-sill-ky-plag-qtz- schist
A1088-21 * Ankala qtz-mu phyllonite

A1088-23a * Cadney grossular-diopside-calcite-qtz calc-silicate granulite
A1088-23b * Cadney as above, but with very retrogressed epidote-rich domain
A1088-25 * Ankala qtz-plag-kspar-bt-oxide(-ep) schistose gneiss
A1088-31 * Erontonga gt-qtz-bt-ky-chl(-cord) gneiss
A1088-33 * Anuma mu-bt-gt-qtz schist
A1088-35 * * Ankala retrogressed qtz-mu-bt-plag-kspar-ep(-gt) gneiss
A1088-37 * Anuma st-ky-bt-mu-qtz-oxide schist
A1088-40 * * WSG retrogressed gt-bt-qtz-plag(-mu-ep) gneiss
A1088-41 * Ankala qtz-plag-kspar-bt mylonite

A1088-42/8 * * Erontonga mag-rich, chl-mu-bt-st-sill-qtz(-gt) schist
A1088-43 * * Erontonga migmatitic cord-qtz-plag-kspar-bt-spinel-oxide gneiss
A1088-44 * Cadney sill-rich, qtz-plag-bt-sericite schist
A1088-45 * Ankala qtz-kspar-plag-ep-bt(-mu) protomylonite

A1088-46b * * Erontonga retrogressed opx-gt-plag-bt-qtz(-cummingtonite) granulite
1032-184 * Anuma gt-rich, st-ky-bt-mu-qtz schist
1032-185 * Anuma ky-bt-chl-mu-qtz(-oxide) schist

PB12 * * Anuma gt-st-ky-bt-chl-plag-qtz schist (from Pinnacles Bore)



A3: MINERAL ASSEMBLAGES (thin sections)

Mineral Thin section no. (A1088-..)
40 2 10 17a 35 6 46b 42/8 12b 43 11 PB12 19 4

Quartz * * * * * * * * * * * * * *
Plagioclase * * * * * * * * *
K-feldspar * * *
Garnet * * * * * * * * * * *
Biotite * * * * * * * * * * * * * *
Chlorite * * * * *
Muscovite * * * * * * *
Cordierite * *
Staurolite * * * * *
Sillimanite * * *
Kyanite * * * *
Epidote * *
Magnetite * * * * * * * * * *
Ilmenite * * * * * *
Spinel *

Orthopyroxene *
Anthophyllite *
Hornblende *

Cummingtonite *
Talc *
Zircon * * * * * * * * * * * *
Monazite * *
Apatite * *



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
APPENDIX	  B	  

	  
Electron	  microprobe	  analytical	  data	  



GRANULITE GRADE GNEISSES

4466bb 44
       Min         g       opx       fsp        bi      cum         g        bi       fsp
      SiO2 37.81 48.31 60.77 36.08 55.63 38.08 36.33 63.6
      TiO2 0.04 0.06 0.02 3.62 0.05 0.05 4.18 0.01
     Al2O3 21.2 5.41 24.74 15.61 1.86 22 14.72 24.28
     Cr2O3 0.07 0 0.06 0 0.04 0 0.06 0.02
     Fe2O3 1.97 2.02 0.03 0 0 0.73 0 0
       FeO 27.07 23.85 0 16.6 17.96 29.99 19.06 0
       MnO 1.59 0.46 0 0 0.41 0.93 0 0
       MgO 8.18 18.56 0 13.06 22.09 6.52 11.63 0
       CaO 1.36 0.15 6.51 0 0.17 2.05 0 5.53
      Na2O 0.04 0.05 7.38 0.15 0.02 0.06 0.05 7.78
       K2O 0.02 0 0.08 9.6 0 0.04 9.81 0.34
    Totals 99.35 98.87 99.59 94.73 98.23 100.45 95.85 101.56

   Oxygens 12 6 8 11 23 12 11 8
        Si 2.962 1.849 2.707 2.74 7.842 2.97 2.763 2.767
        Ti 0.002 0.002 0.001 0.207 0.005 0.003 0.239 0
        Al 1.958 0.244 1.299 1.398 0.309 2.023 1.32 1.245
        Cr 0.004 0 0.002 0 0.004 0 0.004 0.001
       Fe3 0.116 0.058 0.001 0 0 0.043 0 0
       Fe2 1.774 0.764 0 1.054 2.117 1.957 1.212 0
        Mn 0.106 0.015 0 0 0.049 0.061 0 0
        Mg 0.955 1.059 0 1.478 4.641 0.758 1.318 0
        CA 0.114 0.006 0.311 0 0.026 0.171 0 0.258
        Na 0.006 0.004 0.637 0.022 0.005 0.009 0.007 0.656
         K 0.002 0 0.005 0.931 0 0.004 0.953 0.019
       Sum 8 4 4.962 7.831 14.999 8 7.816 4.947

4433
       Min        cd        sp plag kspar        bi
      SiO2 49.49 0.04 47.73 66.5 39.41
      TiO2 0 0.01 0 0 1.85
     Al2O3 33.07 59.19 32.93 19.28 18.89
     Cr2O3 0.02 0.36 0 0 0.04
     Fe2O3 0.64 0 0.08 0.07 0
       FeO 2.55 9.53 0 0 8.91
       MnO 0.53 1.38 0.06 0 0.4
       MgO 11.44 6.12 0 0.02 17.97
       CaO 0 0 16.08 0.02 0.02
      Na2O 0.04 0 2.23 1.41 0.13
       K2O 0.02 0 0.07 14.88 9.9
    Totals 97.8 76.64 99.18 102.19 97.53

   Oxygens 18 4 8 8 11
        Si 5.008 0.001 2.204 2.987 2.777
        Ti 0 0 0 0 0.098
        Al 3.945 2.261 1.792 1.021 1.569
        Cr 0.002 0.009 0 0 0.002
       Fe3 0.049 0 0.003 0.002 0
       Fe2 0.216 0.258 0 0 0.525
        Mn 0.045 0.038 0.002 0 0.024
        Mg 1.725 0.296 0 0.001 1.887
        CA 0 0 0.796 0.001 0.002
        Na 0.008 0 0.2 0.123 0.018
         K 0.003 0 0.004 0.854 0.891
       Sum 11 2.863 5.001 4.989 7.793



MID- TO UPPER-AMPHIBOLITE GRADE GNEISSES

4400 22
       Min         g        bi       fsp        Min         g        bi
      SiO2 37.87 36.44 63.53       SiO2 36.26 35.48
      TiO2 0.02 2.61 0       TiO2 0.03 0.91
     Al2O3 21.85 18.03 25.41      Al2O3 21.01 18.06
     Cr2O3 0.01 0 0      Cr2O3 0 0.01
     Fe2O3 0.21 0 0.02      Fe2O3 1.12 0
       FeO 34.87 19 0        FeO 37.02 24.26
       MnO 1.02 0.06 0        MnO 1.22 0.04
       MgO 4.31 11 0        MgO 2.51 7.52
       CaO 1.18 0.02 5.88        CaO 0.44 0.03
      Na2O 0.03 0.16 7.77       Na2O 0.02 0.16
       K2O 0.02 9.5 0.27        K2O 0 9.4
    Totals 101.39 96.83 102.88     Totals 99.63 95.88

   Oxygens 12 11 8    Oxygens 12 11
        Si 2.982 2.722 2.732         Si 2.956 2.748
        Ti 0.001 0.147 0         Ti 0.002 0.053
        Al 2.028 1.588 1.288         Al 2.019 1.649
        Cr 0.001 0 0         Cr 0 0.001
       Fe3 0.012 0 0.001        Fe3 0.069 0
       Fe2 2.296 1.187 0        Fe2 2.524 1.572
        Mn 0.068 0.004 0         Mn 0.084 0.003
        Mg 0.506 1.225 0         Mg 0.305 0.868
        CA 0.1 0.002 0.271         CA 0.038 0.002
        Na 0.005 0.023 0.648         Na 0.003 0.024
         K 0.002 0.906 0.015          K 0 0.93
       Sum 8 7.802 4.955        Sum 8 7.85

1177aa 3355
       Min      amph       fsp         g        Min         g        bi
      SiO2 40.48 47.07 37.26       SiO2 37.38 34.6
      TiO2 0.94 0.01 0.03       TiO2 0.02 1.28
     Al2O3 13.9 33.47 21.26      Al2O3 21.37 17.11
     Cr2O3 0 0 0.06      Cr2O3 0 0.02
     Fe2O3 5.23 0.1 0.36      Fe2O3 0 0
       FeO 17 0 31.66        FeO 30.08 27.78
       MnO 0.17 0.01 1.85        MnO 7.9 0.32
       MgO 6.59 0 2.29        MgO 0.58 5
       CaO 10.24 16.16 5.21        CaO 3.88 0
      Na2O 1.37 1.84 0.08       Na2O 0.02 0.08
       K2O 0.87 0.01 0        K2O 0.03 9.62
    Totals 96.8 98.67 100.04     Totals 101.26 95.82

   Oxygens 23 8 12    Oxygens 12 11
        Si 6.211 2.182 2.987         Si 3.001 2.746
        Ti 0.108 0 0.002         Ti 0.001 0.076
        Al 2.514 1.829 2.009         Al 2.022 1.601
        Cr 0 0 0.004         Cr 0 0.001
       Fe3 0.604 0.003 0.022        Fe3 0 0
       Fe2 2.182 0 2.123        Fe2 2.019 1.844
        Mn 0.022 0 0.097         Mn 0.537 0.022
        Mg 1.507 0 0.274         Mg 0.069 0.591
        CA 1.684 0.803 0.471         CA 0.334 0
        Na 0.408 0.165 0.012         Na 0.003 0.012
         K 0.17 0.001 0          K 0.003 0.975
       Sum 15.41 4.984 8        Sum 7.99 7.87



POTASSIUM-RICH ASSEMBLAGES

4422//88
       Min         g        st        bi       chl        mu
      SiO2 37.54 27.88 37.93 26.56 49.06
      TiO2 0.04 0.55 1.48 0.08 0.3
     Al2O3 21.58 53.49 18.71 23.72 36.98
     Cr2O3 0.03 0.03 0.06 0.03 0.04
     Fe2O3 0.87 0 0 0 1.72
       FeO 27.7 10.9 14.95 19.49 1.55
       MnO 7.22 0.41 0.15 0.17 0.08
       MgO 2.85 1.82 13.22 18.94 0.71
       CaO 3.54 0 0.04 0.05 0.03
      Na2O 0.05 0.04 0.16 0.02 0.95 1111
       K2O 0.02 0.01 9.24 0.06 6.95        Min        bi        mu       chl        st
    Totals 101.45 95.13 95.95 89.12 98.38       SiO2 37.67 50.45 26.5 27.75

      TiO2 1.7 0.44 0.14 0.43
   Oxygen 12 46 11 14 11      Al2O3 19.34 37.09 23.21 54.03
        Si 2.969 7.847 2.788 2.656 3.106      Cr2O3 0 0 0.06 0.07
        Ti 0.002 0.116 0.082 0.006 0.014      Fe2O3 0 1.47 0 0
        Al 2.012 17.749 1.621 2.796 2.76        FeO 17.04 1.33 19.9 12.67
        Cr 0.002 0.007 0.003 0.002 0.002        MnO 0.15 0.01 0.36 0.76
       Fe3 0.052 0 0 0 0.082        MgO 12.06 0.7 18.87 1.96
       Fe2 1.833 2.566 0.919 1.63 0.082        CaO 0.01 0 0 0.01
        Mn 0.484 0.098 0.009 0.014 0.004       Na2O 0.26 0.86 0.07 0.15
        Mg 0.336 0.763 1.448 2.823 0.067        K2O 9.16 8.5 0.07 0.01
        CA 0.3 0 0.003 0.005 0.002     Totals 97.4 100.86 89.18 97.84
        Na 0.008 0.022 0.023 0.004 0.117
         K 0.002 0.004 0.867 0.008 0.562    Oxygen 11 11 14 46
       Sum 8 29.171 7.763 9.944 6.797         Si 2.752 3.131 2.659 7.685

        Ti 0.093 0.021 0.011 0.09
1122bb         Al 1.666 2.714 2.746 17.641

       Min         g        st        bi        mu       chl         Cr 0 0 0.005 0.015
      SiO2 37.18 27.13 37.47 49.64 25.69        Fe3 0 0.069 0 0
      TiO2 0.02 0.54 1.35 0.28 0.1        Fe2 1.041 0.069 1.67 2.935
     Al2O3 20.77 51.66 18.28 36.3 22.42         Mn 0.009 0.001 0.031 0.178
     Cr2O3 0 0.04 0 0 0.03         Mg 1.313 0.065 2.822 0.809
     Fe2O3 1.56 0 1.31 1.48 0.75         CA 0.001 0 0 0.003
       FeO 26.88 13.88 14.5 1.33 17.54         Na 0.037 0.103 0.014 0.081
       MnO 9.26 0.53 0.1 0.06 0.29          K 0.855 0.674 0.009 0.004
       MgO 3.17 2.48 13.83 0.69 20.11        Sum 7.767 6.846 9.966 29.439
       CaO 1.85 0.01 0.01 0.01 0.02
      Na2O 0.03 0.01 0.41 1.71 0.08
       K2O 0.02 0.01 8.78 7.76 0.05
    Totals 100.74 96.29 96.05 99.27 87.09

   Oxygen 12 46 11 11 14
        Si 2.975 7.691 2.755 3.131 2.624
        Ti 0.001 0.115 0.075 0.013 0.008
        Al 1.96 17.266 1.584 2.7 2.699
        Cr 0 0.009 0 0 0.002
       Fe3 0.094 0 0.073 0.07 0.058
       Fe2 1.799 3.291 0.892 0.07 1.499
        Mn 0.628 0.127 0.006 0.003 0.025
        Mg 0.378 1.048 1.515 0.065 3.061
        CA 0.159 0.003 0.001 0.001 0.002
        Na 0.005 0.005 0.058 0.209 0.016
         K 0.002 0.004 0.824 0.625 0.007
       Sum 8 29.56 7.783 6.888 10



INTERMEDIATE-POTASSIUM ASSEMBLAGES

1100 1199
       Min         g        bi       fsp         g        bi       fsp        mu
      SiO2 37.49 37.06 63.49 37.29 37.54 56.96 50.27
      TiO2 0.04 2.4 0.02 0.02 2.06 0 0.19
     Al2O3 21.66 17.63 25.79 20.62 19.19 27.9 35.59
     Cr2O3 0 0 0 0 0.06 0 0
     Fe2O3 0 0.06 0.23 1 0 0.3 1.07
       FeO 31.06 17.88 0 26.21 15.25 0 1.63
       MnO 5.45 0.15 0.01 7.25 0.21 0.1 0.01
       MgO 2.8 12.37 0 3.79 12.62 0 0.94
       CaO 2.2 0.01 6.4 3.21 0 10.03 0.01
      Na2O 0.05 0.21 6.14 0.04 0.25 5.17 0.69
       K2O 0.05 9.24 0.08 0 9.24 0.03 9.45
    Totals 100.8 97.03 102.16 99.43 96.43 100.49 99.86

   Oxygens 12 11 8 12 11 8 11
        Si 2.988 2.743 2.734 2.995 2.752 2.539 3.17
        Ti 0.002 0.134 0.001 0.001 0.114 0 0.009
        Al 2.035 1.538 1.309 1.953 1.658 1.466 2.646
        Cr 0 0 0 0 0.003 0 0
       Fe3 0 0.003 0.008 0.06 0 0.01 0.051
       Fe2 2.071 1.107 0 1.761 0.935 0 0.086
        Mn 0.368 0.009 0 0.493 0.013 0.004 0.001
        Mg 0.333 1.365 0 0.454 1.379 0 0.088
        CA 0.188 0.001 0.295 0.276 0 0.479 0.001
        Na 0.008 0.03 0.513 0.006 0.036 0.447 0.084
         K 0.005 0.873 0.004 0 0.865 0.002 0.761
       Sum 7.998 7.804 4.865 8 7.754 4.947 6.896

PPBB1122
       Min         g        st        bi       chl       fsp
      SiO2 36.71 27.78 37.78 26.86 63.94
      TiO2 0 0.57 1.57 0.02 0
     Al2O3 21.69 52.26 19.14 22.78 24.11
     Cr2O3 0 0.04 0.1 0 0.04
     Fe2O3 1.03 0 0 0 0.04
       FeO 30.74 13.6 14.26 19.16 0
       MnO 3.16 0.13 0.02 0.11 0.01
       MgO 4.27 2.48 14.21 19.97 0
       CaO 1.72 0.02 0.04 0.01 4.84
      Na2O 0.01 0.02 0.45 0.04 8.39
       K2O 0.03 0.02 8.76 0.03 0.03
    Totals 99.36 96.92 96.34 88.98 101.4

   Oxygens 12 46 11 14 8
        Si 2.945 7.787 2.751 2.686 2.781
        Ti 0 0.12 0.086 0.002 0
        Al 2.052 17.269 1.643 2.686 1.236
        Cr 0 0.009 0.006 0 0.001
       Fe3 0.062 0 0 0 0.001
       Fe2 2.063 3.188 0.868 1.603 0
        Mn 0.215 0.031 0.001 0.009 0
        Mg 0.511 1.036 1.542 2.977 0
        CA 0.148 0.006 0.003 0.001 0.226
        Na 0.002 0.011 0.064 0.008 0.707
         K 0.003 0.007 0.815 0.004 0.002
       Sum 8 29.463 7.778 9.975 4.955



POTASSIUM-POOR (WHITESCHIST) ASSEMBLAGE

66
       Min      amph        ta       chl        bi
      SiO2 53.51 61.1 28 40.62
      TiO2 0.05 0.08 0.08 1.08
     Al2O3 5.15 3.65 23.34 17.35
     Cr2O3 0.01 0.05 0.02 0
     Fe2O3 1.29 0.5 0 1.86
       FeO 14.25 4.01 11.32 9.47
       MnO 0.52 0 0 0.03
       MgO 21.98 27.86 25.43 18.58
       CaO 0.34 0.05 0.03 0.04
      Na2O 0.5 0.38 0.02 0.29
       K2O 0.01 0.02 0 7.57

    Totals 97.61 97.7 88.24 96.89

   Oxygens 23 11 14 11

        Si 7.521 3.847 2.707 2.856
        Ti 0.005 0.004 0.006 0.057
        Al 0.853 0.271 2.66 1.438
        Cr 0.001 0.002 0.002 0
       Fe3 0.136 0.023 0 0.098
       Fe2 1.675 0.211 0.915 0.557
        Mn 0.062 0 0 0.002
        Mg 4.604 2.614 3.663 1.947
        CA 0.051 0.003 0.003 0.003
        Na 0.136 0.046 0.004 0.04
         K 0.002 0.002 0 0.68
       Sum 15.048 7.025 9.959 7.678



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
APPENDIX	  C	  

	  
Geothermobarometry	  analyses	  	  

(THERMOCALC	  and	  GPT)	  



SAMPLE	  1088-‐17a

THERMOCALC	  v2.4,	  ©	  Roger	  Powell	  and	  Tim	  Holland	  running	  at	  16.53	  on	  Sun	  17	  Nov,1996

(thermodynamic	  dataset	  produced	  at	  16.38	  on	  Sat	  5	  Nov,	  1994)

an	  independent	  set	  of	  reactions	  has	  been	  calculated

rock

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  phl	  	  	  	  	  ann	  	  	  	  east	  	  	  	  naph	  	  	  	  	  	  py	  	  	  	  	  	  gr	  	  	  	  	  alm	  	  	  	  	  	  an
a	  	  	  	  	  	  	  	  	  	  	  0.0380	  	  0.0889	  	  0.0150	  	  0.01390.000977	  0.00147	  	  	  0.395	  	  	  0.866
sd(a)/a	  	  	  	  0.38886	  0.27588	  0.46205	  0.71760	  0.73027	  0.70682	  0.15000	  0.15000

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ab	  	  	  	  	  	  tr	  	  	  	  	  ftr	  	  	  	  parg	  	  	  	  	  fgl	  	  	  	  	  ksp	  	  	  	  	  	  ab	  	  	  	  	  	  	  q
a	  	  	  	  	  	  	  	  	  	  	  	  0.391	  4.54e-‐50.000414	  0.00269	  3.47e-‐6	  	  	  0.928	  	  	  0.481	  	  	  	  1.00
sd(a)/a	  	  	  	  0.11140220.26431	  0.98312	  0.72235	  1.98069	  0.15000	  0.08083	  	  	  	  	  	  	  0

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  H2O
a	  	  	  	  	  	  	  	  	  	  	  	  0.300
sd(a)/a	  	  	  	  	  	  	  	  	  	  	  

reactions
1)	  	  21an	  +	  6tr	  =	  10py	  +	  11gr	  +	  27q	  +	  6H2O
2)	  	  21an	  +	  6ftr	  =	  11gr	  +	  10alm	  +	  27q	  +	  6H2O
3)	  	  east	  +	  py	  +	  2gr	  +	  8q	  =	  4an	  +	  tr	  +	  ksp
4)	  	  11naph	  +	  14an	  +	  4tr	  =	  3py	  +	  11parg	  +	  18q	  +	  4H2O
5)	  	  9ann	  +	  24an	  +	  3ftr	  =	  10gr	  +	  14alm	  +	  9ksp	  +	  12H2O
6)	  	  2phl	  +	  5ann	  +	  12an	  =	  3east	  +	  4gr	  +	  5alm	  +	  4ksp	  +	  4H2O
7)	  	  45naph	  +	  120an	  +	  42ftr	  =	  50gr	  +	  70alm	  +	  45ab	  +	  27tr	  +	  60H2O
8)	  	  45naph	  +	  120an	  +	  42ftr	  =	  50gr	  +	  70alm	  +	  27tr	  +	  45ab	  +	  60H2O
9)	  	  6phl	  +	  py	  +	  2gr	  +	  3fgl	  +	  6q	  =	  3ann	  +	  3east	  +	  6ab	  +	  3tr

calculations	  	  (for	  x(CO2)	  =	  0.7	  and	  x(H2O)	  =	  0.3)
	  	  	  	  	  	  	  	  P(T)	  	  	  sd(P)	  	  	  	  	  	  	  a	  	  	  sd(a)	  	  	  	  	  	  	  	  	  b	  	  	  	  	  	  	  	  c	  	  	  	  	  ln_K	  sd(ln_K)
1	  	  	  	  	  	  	  	  6.0	  	  211.84	  	  586.48	  	  	  	  6.84	  	  	  0.32464	  	  -‐47.878	  	  -‐78.023	  1321.633
2	  	  	  	  	  	  	  	  6.3	  	  	  	  1.82	  	  113.85	  	  	  51.49	  	  	  0.49266	  	  -‐52.202	  	  -‐31.257	  	  	  10.368
3	  	  	  	  	  	  	  	  5.3	  	  186.87	  	  	  -‐5.19	  	  	  	  3.20	  	  -‐0.15868	  	  	  	  9.046	  	  	  13.523	  	  220.271
4	  	  	  	  	  	  	  	  5.0	  	  277.20	  	  254.94	  	  	  23.01	  	  -‐0.16964	  	  -‐24.394	  	  	  	  3.099	  	  881.134
5	  	  	  	  	  	  	  	  5.2	  	  	  	  1.49	  	  458.26	  	  	  31.45	  	  	  0.04427	  	  -‐51.631	  	  -‐30.283	  	  	  	  9.183
6	  	  	  	  	  	  	  	  3.0	  	  	  	  1.48	  	  127.18	  	  	  11.59	  	  	  0.13082	  	  -‐22.471	  	  -‐23.262	  	  	  	  4.077
7	  	  	  	  	  	  	  	  3.1	  	  165.04	  1772.54	  	  376.27	  	  	  0.42324	  -‐276.558	  -‐166.626	  5947.512
8	  	  	  	  	  	  	  	  3.4	  	  165.04	  1772.54	  	  376.27	  	  	  0.42324	  -‐276.558	  -‐157.266	  5947.511
9	  	  	  	  	  	  	  	  3.5	  	  386.60	  	  	  79.54	  	  	  20.31	  	  -‐0.31717	  	  	  13.118	  	  	  21.801	  	  660.828

rock	  :	  average	  PT	  	  (for	  x(CO2)	  =	  0.7	  and	  x(H2O)	  =	  0.3)

T	  =	  667¡C,	  sd	  =	  70,	  
P	  =	  3.1	  kbars,	  sd	  =	  2.0,	  cor	  =	  0.053,	  f	  =	  1.36

**********************************************



SAMPLE	  1088-‐6

	  	  	  	  	  	  	  	  	  	  	  	  	  	  clin	  	  	  	  daph	  	  	  	  ames	  	  	  	  	  	  ta	  	  	  	  	  fta	  	  	  	  tats	  	  	  	  	  phl	  	  	  	  	  ann
a	  	  	  	  	  	  	  	  	  	  	  	  0.2610.000223	  	  0.0760	  	  	  0.6130.000324	  	  0.0145	  	  	  0.198	  0.00463
sd(a)/a	  	  	  	  0.14354	  0.79416	  0.31478	  0.10000	  1.11111	  0.46420	  0.18483	  0.62499

	  	  	  	  	  	  	  	  	  	  	  	  	  	  east	  	  	  	  	  	  	  q	  	  	  	  	  	  ky	  	  	  	  	  H2O
a	  	  	  	  	  	  	  	  	  	  	  0.0521	  	  	  	  1.00	  	  	  	  1.00	  	  	  0.600
sd(a)/a	  	  	  	  0.35735	  	  	  	  	  	  	  0	  	  	  	  	  	  	  0	  	  	  	  	  	  	  	  

reactions
1)	  	  8clin	  +	  6ky	  =	  7ames	  +	  4ta
2)	  	  3clin	  +	  5fta	  =	  3daph	  +	  5ta
3)	  	  2clin	  +	  3daph	  +	  5tats	  =	  5ames	  +	  5fta
4)	  	  3clin	  +	  5ann	  =	  3daph	  +	  5phl
5)	  	  3clin	  +	  5fta	  +	  5east	  =	  3daph	  +	  5tats	  +	  5phl

calculations	  	  (for	  x(CO2)	  =	  0.4	  and	  x(H2O)	  =	  0.6)
	  	  	  	  	  	  	  	  P(T)	  	  	  sd(P)	  	  	  	  	  	  	  a	  	  	  sd(a)	  	  	  	  	  	  	  	  	  b	  	  	  	  	  	  	  	  c	  	  	  	  	  ln_K	  sd(ln_K)
1	  	  	  	  	  	  	  	  7.6	  	  	  	  2.89	  	  -‐52.79	  	  	  	  4.39	  	  	  0.08839	  	  	  	  5.809	  	  	  -‐9.251	  	  	  	  2.517
2	  	  	  	  	  	  	  	  7.0	  	  	  	  9.44	  -‐135.48	  	  	  27.27	  	  	  0.08347	  	  	  -‐5.047	  	  	  16.532	  	  	  	  6.081
3	  	  	  	  	  	  	  	  4.5	  	  	  	  8.27	  	  -‐46.94	  	  	  27.55	  	  	  0.05770	  	  	  	  6.165	  	  	  -‐3.979	  	  	  	  6.670
4	  	  	  	  	  	  	  	  4.0	  	  	  16.67	  	  -‐11.14	  	  	  	  5.35	  	  	  0.04282	  	  	  -‐1.598	  	  	  -‐2.417	  	  	  	  4.060
5	  	  	  	  	  	  	  	  7.5	  	  	  	  9.40	  	  -‐19.41	  	  	  30.19	  	  	  0.04247	  	  	  -‐5.649	  	  	  	  4.486	  	  	  	  6.794

rock	  :	  average	  PT	  	  (for	  x(CO2)	  =	  0.4	  and	  x(H2O)	  =	  0.6)

T	  =	  435¡C,	  sd	  =	  64,	  
P	  =	  8.0	  kbars,	  sd	  =	  2.5,	  cor	  =	  0.564,	  f	  =	  0.46

**********************************************

SAMPLE	  PB12

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  an	  	  	  	  	  	  ab	  	  	  	  	  	  py	  	  	  	  	  	  gr	  	  	  	  	  alm	  	  	  	  	  mst	  	  	  	  	  fst	  	  	  	  	  phl
a	  	  	  	  	  	  	  	  	  	  	  	  0.382	  	  	  0.756	  0.00859	  9.09e-‐5	  	  	  0.294	  0.00397	  	  	  0.317	  	  	  0.114
sd(a)/a	  	  	  	  0.11446	  0.05000	  0.56914	  0.82089	  0.15000	  0.67329	  0.20000	  0.26285

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ann	  	  	  	  east	  	  	  	  naph	  	  	  	  	  	  ky	  	  	  	  	  	  	  q	  	  	  	  	  H2O
a	  	  	  	  	  	  	  	  	  	  	  0.0231	  	  0.0585	  	  0.0689	  	  	  	  1.00	  	  	  	  1.00	  	  	  0.900
sd(a)/a	  	  	  	  0.46046	  0.34485	  0.32636	  	  	  	  	  	  	  0	  	  	  	  	  	  	  0	  	  	  	  	  	  	  	  

reactions
1)	  	  75an	  +	  6mst	  =	  8py	  +	  25gr	  +	  96ky	  +	  12H2O
2)	  	  23gr	  +	  6mst	  +	  48q	  =	  69an	  +	  8py	  +	  12H2O
3)	  	  75an	  +	  6fst	  =	  25gr	  +	  8alm	  +	  96ky	  +	  12H2O
4)	  	  4gr	  +	  3phl	  +	  12ky	  =	  12an	  +	  py	  +	  3east
5)	  	  east	  +	  16naph	  +	  76ky	  =	  16ab	  +	  5py	  +	  8mst	  +	  phl
6)	  	  57an	  +	  15alm	  +	  15east	  +	  12naph	  =	  12ab	  +	  14py	  +	  19gr	  +	  6mst	  +	  15ann

calculations	  (for	  x(H2O)	  =	  0.9)



	  	  	  	  	  	  	  	  P(T)	  	  	  sd(P)	  	  	  	  	  	  	  a	  	  	  sd(a)	  	  	  	  	  	  	  	  	  b	  	  	  	  	  	  	  	  c	  	  	  	  	  ln_K	  sd(ln_K)
1	  	  	  	  	  	  	  	  5.6	  	  	  	  1.19-‐1283.48	  	  	  36.92	  	  	  3.61453	  -‐159.277	  -‐165.416	  	  	  23.063
2	  	  	  	  	  	  	  	  7.1	  	  	  	  1.19	  	  767.29	  	  	  36.22	  	  -‐3.06189	  	  148.213	  	  142.814	  	  	  21.352
3	  	  	  	  	  	  	  	  6.1	  	  	  	  1.12	  -‐607.08	  	  	  19.30	  	  	  2.99541	  -‐161.559	  -‐163.416	  	  	  22.310
4	  	  	  	  	  	  	  	  7.4	  	  	  	  1.16	  	  249.61	  	  	  	  8.17	  	  -‐0.62510	  	  	  27.652	  	  	  18.918	  	  	  	  3.832
5	  	  	  	  	  	  	  	  7.0	  	  148.81	  1810.66	  	  	  58.04	  	  -‐1.62374	  	  	  	  0.587	  	  -‐29.035	  	  	  	  8.075
6	  	  	  	  	  	  	  	  6.8	  	  	  	  1.45	  	  861.40	  	  	  60.07	  	  	  1.56491	  -‐126.509	  -‐188.662	  	  	  21.468

rock	  :	  average	  PT	  (for	  x(H2O)	  =	  0.9)

T	  =	  637¡C,	  sd	  =	  32,	  
P	  =	  5.8	  kbars,	  sd	  =	  1.5,	  cor	  =	  0.220,	  f	  =	  1.42

**********************************************

SAMPLE	  1088-‐19

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  py	  	  	  	  	  	  gr	  	  	  	  	  alm	  	  	  	  	  phl	  	  	  	  	  ann	  	  	  	  east	  	  	  	  naph	  	  	  	  	  	  an
a	  	  	  	  	  	  	  	  	  	  0.003460.000899	  	  	  0.188	  	  0.0867	  	  0.0248	  	  0.0668	  	  0.0297	  	  	  0.715
sd(a)/a	  	  	  	  0.64840	  0.73466	  0.16405	  0.29870	  0.45144	  0.32986	  0.41110	  0.05000

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ab	  	  	  	  	  	  mu	  	  	  	  	  	  pa	  	  	  	  	  cel	  	  	  	  	  	  	  q	  	  	  	  	  	  ky	  	  	  	  sill	  	  	  	  	  H2O
a	  	  	  	  	  	  	  	  	  	  	  	  0.544	  	  	  0.585	  	  	  0.327	  	  0.0342	  	  	  	  1.00	  	  	  	  1.00	  	  	  	  1.00	  	  	  0.800
sd(a)/a	  	  	  	  0.06242	  0.10000	  0.13577	  0.39870	  	  	  	  	  	  	  0	  	  	  	  	  	  	  0	  	  	  	  	  	  	  0	  	  	  	  	  	  	  	  

reactions
1)	  	  sill	  =	  ky
2)	  	  gr	  +	  2pa	  +	  3q	  =	  3an	  +	  2ab	  +	  2H2O
3)	  	  3an	  +	  pa	  =	  gr	  +	  ab	  +	  3ky	  +	  H2O
4)	  	  3east	  +	  6q	  =	  py	  +	  phl	  +	  2mu
5)	  	  3phl	  +	  7q	  +	  2sill	  =	  2py	  +	  3cel
6)	  	  3east	  +	  7q	  +	  2ky	  =	  2py	  +	  3mu
7)	  	  gr	  +	  alm	  +	  mu	  =	  ann	  +	  3an
8)	  	  3east	  +	  2naph	  +	  6q	  =	  py	  +	  3phl	  +	  2pa

calculations	  	  (for	  x(CO2)	  =	  0.1	  and	  x(H2O)	  =	  0.8)
	  	  	  	  	  	  	  	  P(T)	  	  	  sd(P)	  	  	  	  	  	  	  a	  	  	  sd(a)	  	  	  	  	  	  	  	  	  b	  	  	  	  	  	  	  	  c	  	  	  	  	  ln_K	  sd(ln_K)
1	  	  	  	  	  	  	  	  5.5	  	  	  	  0.41	  	  	  -‐7.69	  	  	  	  0.23	  	  	  0.01235	  	  	  -‐0.560	  	  	  	  	  	  	  	  0	  	  	  	  	  	  	  	  0
2	  	  	  	  	  	  	  	  4.9	  	  	  	  0.79	  	  139.89	  	  	  	  3.14	  	  -‐0.26618	  	  	  	  8.444	  	  	  	  7.023	  	  	  	  0.807
3	  	  	  	  	  	  	  	  5.9	  	  	  	  1.07	  	  	  	  6.11	  	  	  	  1.69	  	  	  0.07561	  	  	  -‐5.435	  	  	  -‐5.499	  	  	  	  0.765
4	  	  	  	  	  	  	  	  7.9	  	  	  	  3.58	  	  	  29.50	  	  	  	  7.58	  	  	  0.00473	  	  	  -‐3.284	  	  	  -‐1.070	  	  	  	  1.237
5	  	  	  	  	  	  	  	  6.9	  	  	  	  4.37	  	  135.14	  	  	  16.57	  	  	  0.00238	  	  	  -‐5.014	  	  -‐14.128	  	  	  	  1.979
6	  	  	  	  	  	  	  	  6.3	  	  	  	  3.67	  	  	  84.55	  	  	  	  7.75	  	  -‐0.02831	  	  	  -‐3.907	  	  	  -‐4.828	  	  	  	  1.659
7	  	  	  	  	  	  	  	  5.1	  	  	  	  0.90	  	  	  34.17	  	  	  	  1.35	  	  -‐0.11929	  	  	  	  7.351	  	  	  	  4.518	  	  	  	  0.896
8	  	  	  	  	  	  	  	  7.1	  	  	  	  3.96	  	  	  12.81	  	  	  	  8.51	  	  	  0.01716	  	  	  -‐3.815	  	  	  -‐0.086	  	  	  	  1.718

rock	  :	  average	  PT	  	  (for	  x(CO2)	  =	  0.1	  and	  x(H2O)	  =	  0.8)

T	  =	  619¡C,	  sd	  =	  37,	  
P	  =	  5.8	  kbars,	  sd	  =	  0.9,	  cor	  =	  0.911,	  f	  =	  0.88



SAMPLES 1088-2, 1088-35

INPUT DATA

Garnet 1088-2(9) 1088-35(81)
OXYGENS 12.000 12.000

FeD_GT 2.524 2.019

FeT_GT 0.069 0.000

Mg_GT 0.305 0.069

Mn_GT 0.084 0.537

Ca_GT 0.038 0.334

Al 0.855 0.682

Py 0.103 0.023

Sp 0.028 0.181

Gr 0.013 0.113

FM_Grt 0.892 0.967

MF_Grt 0.108 0.033

Biotite 2 82

OXYGENS 12 or 24 12 or 24

Si_B 2.748 2.770

Al_IV_B 1.252 1.230

Al_VI_B 0.397 0.338

Al_B 1.649 1.568

Ti_B 0.053 0.076

FeD_B 1.572 1.845

FeT_B 0.000 0.009

Mn_B 0.003 0.021

Mg_B 0.868 0.610

Ca_B 0.002 0.000

K_B 0.930 0.912

Na_B 0.024 0.019

F_B 0.000 0.000

Cl_B 0.000 0.000

OH_B 0.150 0.169

FM_B 0.644 0.752

MF_B 0.356 0.248

REL_B 1.000 0.995

Phl_Mn 0.300 0.210

Ann_Mn 0.543 0.636

XAL_6_B 0.132 0.113

XMGB 0.289 0.203

XFEB 0.524 0.615

Fe 2+ 

Fe 3+ 

Mg 

Mn 

Ca 

Si 

Al IV 

Al VI 

Total Al 

Ti 

Fe 2+ 

Fe 3+ 

Mg 

Mn 

Ca 

K 

Na 

F 

Cl 

OH 

Almandine 

Pyrope 

Spessartine 

Grossular 

Fe / ( Fe + Mg) 

Mg / (Fe + Mg) 

Fe / ( Fe + Mg) - Bi 

Mg / (Fe + Mg) - Bi 

Fe2+ / (Fe2+ + Fe3+) 

Phlogopite (with Mn) 

Annite (with Mn) 

X (Al VI) - Bi 

X (Mg) - Bi 

X (Fe) - Bi 



SAMPLES 1088-2, 1088-35

XTIB 0.018 0.025

XKB 0.930 0.912

Phl  0.300 0.213

Ann  0.544 0.643

Muscovite Sample id.

OXYGENS 12 or 24

Si_MS 3.159

Al_IV_MS 0.841

Al_VI_MS 1.794

Al_Ms 2.635 0.000

Ti_MS 0.000

FeD_MS 0.078

Mn_MS 0.000

Mg_MS 0.103

Ca_MS 0.001

Na_MS 0.056

K_MS 0.178

XNAMU 0.238 #DIV/0!

XKAMU 0.757 #DIV/0!

XALMU 0.908 #DIV/0!

XFEMU 0.039 #DIV/0!

XMGMU 0.052 #DIV/0!

XMU_CF 0.625 #DIV/0!

XPA_CF 0.197 #DIV/0!

XMU_GU 0.667 #DIV/0!

XPA_GU 0.238 #DIV/0!

Plagioclase Sample id. Sample id.

OXYGENS 8.000 8.000

Ca_PL 0.311

Na_PL 0.629

K_PL 0.008

AB #DIV/0! 0.664

AN #DIV/0! 0.328

KF #DIV/0! 0.008

GEOTHERMOMETERS

Si 

Al IV 

Al VI 

Total Al 

Ti 

Fe 2+ 

Mg 

Mn 

Ca 

K 

Na 

Ca 

K 

Na 

X - (Ab) - Plg 

X- (An) - Plg 

X - (Kfs) - Plg 

X (Ti) - Bi 

Phlogopite 

Annite 

X (K) - Bi 

X (Na) - Ms 

X (K) - Ms 

X (Al) - Ms 

X (Fe) - Ms 

X ( Mg) - Ms 

X (Muscovite) 

X (Paragonite) 

X - Ms 

X - Pa 



SAMPLES 1088-2, 1088-35

P 5500 4000

GARNET-BIOTITE GB T GB T

LNKADEGTBT 1.519 2.269

GB_TH76_T* 658.2 466.6

GB_GA77_1* 564.3 443.0

GB_GA77_FRS# 496.1 395.4

GB_HL77* 631.3 467.2

GB_FS78_T** 657.5 424.0

GB_LP81# 642.3 505.0

GB_HS82_T** 662.8 624.4 464.9 476.0

GB_PG82* 682.5 32.1 560.4 61.5

GB_PL83(DVol1)_T# 629.9 506.5

GB_PL83(DVol2)_T# 628.0 500.0

GB_PLDVolSpear** 624.2 487.1

GB_GSs84GS** 657.4 533.4

GB_GSs84H** 654.3 518.4

GB_Peal85_T# 629.1 532.5

GB_IM85(HS)_T** 622.1 427.7

GB_IM85(GS)_T** 607.1 506.8

GB_WG90# 705.3 566.1

GB_DSGF91* 558.3 403.2

GB_BMMSR92_HW# 605.9 409.5

GB_BMMSR92_GS# 582.6 312.0

BIOTITE-MUSCOVITE BMs T BMs T

MB_H89(TAM)_T 523.9 #DIV/0!

GEOBAROMETERS

T 625 475

T_ACT 898.15 748.15

GRT-PLG-BT-QTZ GPBQ GPBQ

GPBQ_H90_Mg* #DIV/0! 4043.5

Thompson, 76 

Goldman & Albee, 77-1 

Goldman & Albee, 77-2 

Holdaway & Lee, 77 

Ferry & Spear, 78 

Lavrent'eva & Perchuk, 81 

Hodges & Spear, 82 

Pigage & Greenwood, 82 

Perchuk & Lavrent'eva, 83-1 

Perchuk & Lavrent'eva, 83-2 

Perchuk & Lavrent'eva, 83-3 

Ganguly & Saxena, 84-1 

Ganguly & Saxena, 84-2 

Perchuk et. al., 85 

Indares & Martignole, 85-1 

Indares & Martignole, 85-2 

Williams & Grambling, 90 

Bathacharya et al., 92-1 

Bathacharya et al., 92-2 

Dasgupta et. al., 91 

Ln Kd ( Gt - Bi) 

Hoisch, 89 
 

P (bars) 

T (ºC) 
T (K) 

 

 
  
 



SAMPLES 1088-40, 1088-10, PB12, 1088-4

INPUT DATA

Garnet 1088-40(122) 1088-10(3) PB12(35) 1088-4(42)
OXYGENS 12.000 12.000 12.000 12.000

FeD_GT 2.296 2.071 1.980 1.957

FeT_GT 0.012 0.000 0.153 0.043

Mg_GT 0.506 0.333 0.650 0.758

Mn_GT 0.068 0.368 0.212 0.061

Ca_GT 0.100 0.188 0.160 0.171

Al 0.773 0.700 0.660 0.664

Py 0.170 0.113 0.217 0.257

Sp 0.023 0.124 0.071 0.021

Gr 0.034 0.064 0.053 0.058

FM_Grt 0.819 0.861 0.753 0.721

MF_Grt 0.181 0.139 0.247 0.279

Biotite 113 5 36 53

OXYGENS 12 or 24 12 or 24 12 or 24 12 or 24

Si_B 2.722 2.743 2.719 2.763

Al_IV_B 1.278 1.257 1.281 1.237

Al_VI_B 0.310 0.281 0.208 0.083

Al_B 1.588 1.538 1.489 1.320

Ti_B 0.147 0.134 0.058 0.239

FeD_B 1.187 1.107 0.982 1.212

FeT_B 0.000 0.003 0.171 0.000

Mn_B 0.004 0.009 0.007 0.000

Mg_B 1.225 1.365 1.495 1.318

Ca_B 0.002 0.001 0.004 0.000

K_B 0.906 0.873 0.920 0.953

Na_B 0.023 0.030 0.009 0.007

F_B 0.000 0.000 0.000 0.000

Cl_B 0.000 0.000 0.000 0.000

OH_B 0.198 0.196 0.143 0.184

FM_B 0.492 0.448 0.396 0.479

MF_B 0.508 0.552 0.604 0.521

REL_B 1.000 0.997 0.852 1.000

Phl_Mn 0.426 0.471 0.512 0.462

Ann_Mn 0.413 0.382 0.336 0.425

XAL_6_B 0.103 0.094 0.069 0.028

XMGB 0.408 0.455 0.498 0.439

XFEB 0.396 0.369 0.327 0.404

XTIB 0.049 0.045 0.019 0.080

XKB 0.906 0.873 0.920 0.953

Phl  0.427 0.473 0.545 0.462

Ann  0.414 0.383 0.358 0.425

Fe 2+ 

Fe 3+ 

Mg 

Mn 

Ca 

Si 

Al IV 

Al VI 

Total Al 

Ti 

Fe 2+ 

Fe 3+ 

Mg 

Mn 

Ca 

K 

Na 

F 

Cl 

OH 

Almandine 

Pyrope 

Spessartine 

Grossular 

Fe / ( Fe + Mg) 

Mg / (Fe + Mg) 

Fe / ( Fe + Mg) - Bi 

Mg / (Fe + Mg) - Bi 

Fe2+ / (Fe2+ + Fe3+) 

Phlogopite (with Mn) 

Annite (with Mn) 

X (Al VI) - Bi 

X (Mg) - Bi 

X (Fe) - Bi 

X (Ti) - Bi 

Phlogopite 

Annite 

X (K) - Bi 



SAMPLES 1088-40, 1088-10, PB12, 1088-4

Plagioclase 127 1 31 43

OXYGENS 8.000 8.000 8.000 8.000

Ca_PL 0.271 0.295 0.220 0.258

Na_PL 0.648 0.513 0.722 0.656

K_PL 0.015 0.004 0.002 0.019

AB 0.694 0.632 0.765 0.703

AN 0.290 0.363 0.233 0.277

KF 0.016 0.005 0.002 0.020

Staurolite Sample id. Sample id. 34 Sample id.

OXYGENS 48.000 48.000 48.000 48.000

FeD_ST 3.201

Mg_ST 1.109

Mn_ST 0.006

GEOTHERMOMETERS

1088-40 1088-10 PB12 1088-4

P 4000 3300 6800 8500

GARNET-BIOTITE GB T GB T GB T GB T

LNKADEGTBT 1.544 2.037 1.534 1.032

GB_TH76_T* 639.5 509.8 663.6 860.3

GB_GA77_1* 559.3 474.8 561.2 686.5

GB_GA77_FRS# 532.9 472.4 598.8 676.1

GB_HL77* 619.7 507.9 632.1 790.0

GB_FS78_T** 641.5 479.1 656.9 923.1

GB_LP81# 632.9 540.0 642.9 766.3

GB_HS82_T** 655.4 503.3 678.6 946.8

GB_PG82* 677.3 607.0 572.5 510.4 733.2 646.3 988.7

GB_PL83(DVol1)_T# 634.7 43.5 547.6 32.7 618.3 45.1 720.3

GB_PL83(DVol2)_T# 627.2 538.4 621.3 731.0

GB_PLDVolSpear** 612.2 520.2 627.3 752.2

GB_GSs84GS** 556.9 484.0 528.6 693.9

GB_GSs84H** 554.4 472.9 520.9 691.1

GB_Peal85_T# 622.1 541.4 658.3 796.2

GB_IM85(HS)_T** 570.7 440.6 640.7 789.6

GB_IM85(GS)_T** 558.7 490.7 677.5 802.7

GB_WG90# 683.9 568.5 720.5 988.0

Ca 

K 

Na 

Fe2+ 

Mg 

Mn 

X - (Ab) - Plg 

X- (An) - Plg 

X - (Kfs) - Plg 

Thompson, 76 

Goldman & Albee, 77-1 

Goldman & Albee, 77-2 

Holdaway & Lee, 77 

Ferry & Spear, 78 

Lavrent'eva & Perchuk, 81 

Hodges & Spear, 82 

Pigage & Greenwood, 82 

Perchuk & Lavrent'eva, 83-1 

Perchuk & Lavrent'eva, 83-2 

Perchuk & Lavrent'eva, 83-3 

Ganguly & Saxena, 84-1 

Ganguly & Saxena, 84-2 

Perchuk et. al., 85 

Indares & Martignole, 85-1 

Indares & Martignole, 85-2 

Williams & Grambling, 90 

Ln Kd ( Gt - Bi) 

P (bars) 



SAMPLES 1088-40, 1088-10, PB12, 1088-4

GB_DSGF91* 586.7 501.3 701.6 874.5

GB_BMMSR92_HW# 601.1 500.1 609.6 733.8

GB_BMMSR92_GS# 572.9 471.9 591.6 703.7

GARNET-STAUROLITE GSt T GSt T GSt T GSt T

LNKADESTGT #DIV/0! #DIV/0! 0.154 #DIV/0!

GS_PERCHUCK #DIV/0! #DIV/0! 650.1 #DIV/0!

GEOBAROMETERS

1088-40 1088-10 PB12 1088-4

T 610 510 650 820

T_ACT 883.15 783.15 923.15 1093.15

GRT-PLG-BT-QTZ GPBQ GPBQ GPBQ GPBQ
GPBQ_H90_Mg* 4038.4 3281.3 6845.6 8543.1

Bathacharya et al., 92-1 

Bathacharya et al., 92-2 

Dasgupta et. al., 91 

Ln Kd ( Grt - Sta) 
Perchuck, 89 

 

T (ºC) 
T (K) 

 

 
 



SAMPLES 1088-42/8, 1088-12B, 1088-11

IINNPPUUTT  DDAATTAA

GGaarrnneett 1088-42/8(76) 1088-12b(100) 1088-11

OOXXYYGGEENNSS 12.000 12.000 12.000

FFeeDD__GGTT 1.792 1.686

FFeeTT__GGTT 0.134 0.168

MMgg__GGTT 0.343 0.398

MMnn__GGTT 0.494 0.669

CCaa__GGTT 0.307 0.188

AAll 0.610 0.573 #DIV/0!

PPyy 0.117 0.135 #DIV/0!

SSpp 0.168 0.227 #DIV/0!

GGrr 0.105 0.064 #DIV/0!

FFMM__GGrrtt 0.839 0.809 #DIV/0!

MMFF__GGrrtt 0.161 0.191 #DIV/0!

BBiioottiittee 70 88 79

OOXXYYGGEENNSS

SSii__BB 2.784 2.755 5.504

AAll__IIVV__BB 1.216 1.245 2.496

AAll__VVII__BB 0.358 0.339 0.836

AAll__BB 1.574 1.584 3.332

TTii__BB 0.084 0.075 0.186

FFeeDD__BB 0.943 0.892 2.082

FFeeTT__BB 0.000 0.073 0.000

MMnn__BB 0.010 0.006 0.180

MMgg__BB 1.485 1.515 2.626

CCaa__BB 0.003 0.001 0.002

KK__BB 0.890 0.824 1.710

NNaa__BB 0.023 0.058 0.074

FF__BB 0.000 0.000 0.000

CCll__BB 0.000 0.000 0.000

OOHH__BB 0.200 0.217 0.466

FFMM__BB 0.388 0.371 0.442

MMFF__BB 0.612 0.629 0.558

RREELL__BB 1.000 0.924 1.000

PPhhll__MMnn  0.516 0.522 0.444

AAnnnn__MMnn  0.327 0.308 0.352

XXAALL__66__BB 0.119 0.113 0.139

XXMMGGBB 0.495 0.505 0.438

XXFFEEBB 0.314 0.297 0.347

XXTTIIBB 0.028 0.025 0.031

XXKKBB 0.890 0.824 0.855

PPhhll    0.517 0.537 0.458

AAnnnn    0.329 0.316 0.363

MMuussccoovviittee 73 97 80

OOXXYYGGEENNSS 12 or 24 12 or 24 12 or 24

SSii__MMSS 3.110 3.131 6.262

AAll__IIVV__MMSS 0.890 0.869 1.738

Fe 3+ 

Mg 

Mn 

Ca 

Almandine 

Pyrope 

Spessartine 

Grossular 

Fe / ( Fe + Mg) 

Mg / (Fe + Mg) 

Fe 2+ 

Si 

Al IV 

Al VI 

Total Al 

Ti 

Fe 2+ 

Fe 3+ 

Mg 

Mn 

Ca 

K 

Na 

F 

Cl 

OH 

Fe / ( Fe + Mg) - Bi 

Mg / (Fe + Mg) - Bi 

Fe2+ / (Fe2+ + Fe3+) 

Phlogopite (with Mn) 

Annite (with Mn) 

X (Al VI) - Bi 

X (Mg) - Bi 

X (Fe) - Bi 

X (Ti) - Bi 

Phlogopite 

Annite 

X (K) - Bi 

Si 

Al IV 



SAMPLES 1088-42/8, 1088-12B, 1088-11

AAll__VVII__MMSS 1.855 1.831 3.690

AAll__MMss 2.745 2.700 5.428

TTii__MMSS 0.015 0.013 0.042

FFeeDD__MMSS 0.084 0.070 0.138

MMnn__MMSS 0.004 0.003 0.002

MMgg__MMSS 0.068 0.065 0.130

CCaa__MMSS 0.002 0.001 0.000

NNaa__MMSS 0.119 0.209 0.206

KK__MMSS 0.574 0.625 1.348

XXNNAAMMUU 0.171 0.250 0.133

XXKKAAMMUU 0.826 0.749 0.867

XXAALLMMUU 0.916 0.924 0.922

XXFFEEMMUU 0.041 0.035 0.034
XXMMGGMMUU 0.034 0.033 0.032

XXMMUU__CCFF 0.692 0.639 0.737

XXPPAA__CCFF 0.144 0.214 0.113

XXMMUU__GGUU 0.708 0.613 0.755

XXPPAA__GGUU 0.171 0.250 0.133

CChhlloorriittee 72 44 81

OOXXYYGGEENNSS 36.000 36.000 36.000

SSii__CCHHLL 5.254 5.248 5.318

AALL__CCHHLL 5.506 5.398 5.492

FFeeDD__CCHHLL 3.300 2.998 3.340

MMgg__CCHHLL 5.802 6.122 5.644

OOHH__CCHHLL 4.040 32.000 32.000

MMnn__CCHHLL 0.030 0.050 0.062

TTii__CCHHLL 0.012 0.016 0.022

SSttaauurroolliittee 74 87 Sample id.

OOXXYYGGEENNSS 48.000 48.000 48.000

FFeeDD__SSTT 2.626 3.115

MMgg__SSTT 0.781 1.013

MMnn__SSTT 0.100 0.117

GGEEOOTTHHEERRMMOOMMEETTEERRSS

PP 5300 5200 4000

GGAARRNNEETT--BBIIOOTTIITTEE GB T GB T GB T

LLNNKKAADDEEGGTTBBTT 2.107 1.973 #DIV/0!

GGBB__TTHH7766__TT** 507.6 536.6 #DIV/0!
GGBB__GGAA7777__11** 464.7 484.3 #DIV/0!

GGBB__GGAA7777__FFRRSS## 521.8 560.0 #DIV/0!

GGBB__HHLL7777** 500.5 526.4 #DIV/0!

GGBB__FFSS7788__TT**** 467.4 503.1 #DIV/0!

GGBB__LLPP8811## 533.6 555.7 #DIV/0!

GGBB__HHSS8822__TT**** 506.2 527.6 #DIV/0!

GGBB__PPGG8822** 600.9 511.6 647.8 532.2 #DIV/0!

Al VI 

Total Al 

Ti 

Fe 2+ 

Mg 

Mn 

Ca 

K 

Na 

X (Na) - Ms 

X (K) - Ms 

X (Al) - Ms 

X (Fe) - Ms 

X ( Mg) - Ms 

X (Muscovite) 

X (Paragonite) 

X - Ms 

X - Pa 

Si 

Total Al 

Ti 

Fe 2+ 

Mg 

Mn 

OH 

Fe2+ 

Mg 

Mn 

P (bars) 

Thompson, 76 

Goldman & Albee, 77-1 

Goldman & Albee, 77-2 

Holdaway & Lee, 77 

Ferry & Spear, 78 

Lavrent'eva & Perchuk, 81 

Hodges & Spear, 82 

Pigage & Greenwood, 82 

Ln Kd ( Gt - Bi) 



SAMPLES 1088-42/8, 1088-12B, 1088-11

GGBB__PPLL8833((DDVVooll11))__TT## 524.3 41.2 547.0 36.3 #DIV/0!

GGBB__PPLL8833((DDVVooll22))__TT## 522.0 544.2 #DIV/0!

GGBB__PPLLDDVVoollSSppeeaarr**** 517.3 538.8 #DIV/0!

GGBB__GGSSss8844GGSS**** 476.5 495.6 #DIV/0!

GGBB__GGSSss8844HH**** 461.9 474.9 #DIV/0!

GGBB__PPeeaall8855__TT## 564.3 567.0 #DIV/0!

GGBB__IIMM8855((HHSS))__TT**** 463.1 485.5 #DIV/0!

GGBB__IIMM8855((GGSS))__TT**** 537.8 591.9 #DIV/0!

GGBB__WWGG9900## 588.2 624.9 #DIV/0!

GGBB__DDSSGGFF9911** 527.7 562.3 #DIV/0!

GGBB__BBMMMMSSRR9922__HHWW## 489.3 499.0 #DIV/0!

GGBB__BBMMMMSSRR9922__GGSS## 457.5 464.8 #DIV/0!

BBIIOOTTIITTEE--MMUUSSCCOOVVIITTEE BMs T BMs T BMs T

MMBB__HH8899((TTAAMM))__TT 516.6 518.4 495.0

GGAARRNNEETT--SSTTAAUURROOLLIITTEE GSt T GSt T GSt T

LLNNKKAADDEESSTTGGTT 0.647 0.618 #DIV/0!

GGSS__PPEERRCCHHUUCCKK 514.7 521.2 #DIV/0!

GGEEOOBBAARROOMMEETTEERRSS

TT 515 525 500

TT__AACCTT 788.15 798.15 773.15

CCHHLL--MMSS--BBTT CMB B CMB B CMB B

CChhlloorriittee  mmuusstt  bbee  2288  OOxxyyggeennss

MMuussccoovviittee  mmuusstt  bbee  2222  OOxxyyggeennss

LLnnKK__CChhllMMssBB__BBNN8877** 5.3 5.2 4.0

Perchuk & Lavrent'eva, 83-1 

Perchuk & Lavrent'eva, 83-2 

Perchuk & Lavrent'eva, 83-3 

Ganguly & Saxena, 84-1 

Ganguly & Saxena, 84-2 

Perchuk et. al., 85 

Indares & Martignole, 85-1 

Indares & Martignole, 85-2 

Williams & Grambling, 90 

Bathacharya et al., 92-1 

Bathacharya et al., 92-2 

Dasgupta et. al., 91 

Hoisch, 89 
 

Ln Kd ( Grt - Sta) 
Perchuk, 89 

 

T (ºC) 
T (K) 
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