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ABSTRACT.

Koettlitz Group rocks and intercalated orthogneisses in the mid Taylor Valley and Ferrar

Glacier regions form a 1-4krn wide, north-northwest trending belt, intruded by a variety of

undeformed granitoid pIutons along either side. Two phases of deformation affect the Koettlitz

Group and intercalated orthogneisses. The earlier phase resulted in isoclinal folding, transposition

of Koettlitz Group-orthogneiss contacts and development of a pervasive foliation in all lithologies,

while the second phase produced open to tight, upright, shallow plunging, north-northwest

trending folds on all scales and minor, sporadic crenulation cleavage in psammitic schists.

The Koettlitz Group rocks are dominated by marbles and migmatitic quartzofeldspathic to

psammitic schists with lesser amounts of amphibolite, calc-silicate rock, non-migmatitic quartzo

feldspathic to psammitic schists and very minor amounts of pelitic and semi-pelitic schist. Field

relations and assemblages indicate that calc-silicate rocks are products of metasomatism, but most

amphibolites are metamorphosed, basic, igneous rocks.

Sporadic development of orthopyroxene-bearing granulite fades assemblages is controlled

by metre scale variations in aH20 and possibly bulk rock composition. Assemblages developed in

pelitic and semi-pelitic rocks are characteristic of the uppermost amphibolite facies.

Geothermobarometry based on the assemblage; sillimanite - garnet - quartz - cordierite - plagioclase

biotite - K-feldspar, found at Nussbaum Riegel , indicate peak metamorphic temperatures between

67YC and 70YC and pressures between 3.8kb and 5.7kb. Garnet-biotite geothermometry using

semi-pelitic rocks from other localities and an estimated pressure of 4.8kb yields temperatures

between 679°C and 714°C.

Granitic to gabbroic orthogneisses intercalated with the Koettlitz Group have chemistries

suggestive of active plate margin settings, unlike ultramafic, alkaline amphibolites within the

Koettlitz Group whose chemistries are suggestive of intraplate settings. Characteristics of mineral

inclusions in augen from augen gneiss intercalated with the Koettlitz Group indicate that augen

gneiss is a deformed, pre-F1 intrusive and not the product of metasomatism.

Segregation of leucosome material in some meta-sediments and orthogneisses was promoted

by extensional fracturing and tensional shearing on the limbs of some F2 folds, caused by high

grain boundary fluid pressure and appropriate strain rates. Initial segregation of leucosome material

by compaction and filter pressing mechanisms may have aided leucosome infiltration of shears and

fractures. Boudinage structures in amphibolite and psammitic schist layers surrounded by

leucosome indicate leucosomes possessed a much lower yield stress and were therefore molten.

Repeated failure along shears and fractures produced dikes, sills and veins of anatectic melt up to

50cm thick. Dilation in fold hinge zones during deformation promoted propogation of these sills

and dikes towards the hinges of F2 folds, resulting in the development of "microplutons" of

xenolith-rich anatectic leucogranite up to 50 metres across beneath impermeable, refractory layers

of amphibolite and marble. Continuing deformation of fold hinges containing incompressible,

molten, "microplutons" of anatectic melt caused refractory "cap rock" layers to fracture and allowed

intrusion of anatectic leucogranite dikes through the fold hinge. Low melt fractions prevailing

during anatexis prevented the small amounts of anatectic leucogranite from forming pluton scale

bodies.



ACKNOWLEDGEMENTS.

The author is indebted to many people who helped make this study possible. Credit for the

initiation of the Antarctic Research Program at the Department of Geology, University of Otago

must go to Dr D. Craw. Without his enthusiasm this project would never have eventuated.

Dr D. Craw is also thanked for supervising the project both in the field and back in Dunedin.

In particular his efficient and prompt returning of drafts of this thesis was much appreciated.

Co-supervisor Dr RJ. Norris deserves special mention for his enthusiasm for the migmatite

section of this study. His insight resulted in a much more comprehensive and worthwhile study of

these rocks than would otherwise have been the case. Dr A.F. Cooper is thanked for very

thorough reading of drafts of chapters 3 and 4, likewise Dr P.O. Koons is thanked for also

reading the draft of chapter 3.

Staff of Antartic Division of the DSIR both in Christchurch and at Scott Base are thanked for

their help in making this project a reality. Field assistants Adrian Daly and Max Wenden provided

much appreciated help with logistics and life in the field. Members of VXE 6 Squadron, V.S.

Navy are thanked for logistic support in the field.

Mr J. Pillidge, Mr RD. Johnston, Mr D. V. Weston and Dr Y. Kawachi all provided expert

technical assistance with thin sectioning, XRF analsis, photography and microprobe operation

respectively. Mr K. Palmer of the analytical facility at Victoria University is thanked for very

prompt handling of XRF analyses when equipment at the University of Otago was under repair.

Welcome financial assistance was provided by the University Grants Committee.

Finally to all the friends and relatives, in particular Leanne who put up with "sorry but I've

got to work today", their patience is much appreciated.
Due to an unfortunate accident while travelling to Antarctica the author lacked a camera in the

field. Dr R J. Norris is thanked for taking the photographs of migmatites from the Taylor Valley

and Max Wenden, Adrian Daly and Rob Smillie are thanked for taking the other field shots. All

handspecimen photos are the work of Don Weston.

y



TABLE OF CONTENTS:

Chapter 1: Introduction.

1.1: Fieldwork and location. 1

1.2: Previous work. 1

1.3: Regional geology. 3

1.4: Aims of the study. 6

Chapter 2: Structure and Field Relations.

2.1: Introduction. 7

2.2: Mesostructures. 7

2.3: Macrostructure and Field relations. 18

2.4: Synthesis of the Macrostructure. 22

2.5: Post-Uplift and MetamorphismStructures. 25

Chapter 3: Amphibolites.

3.1: Introduction. 27

3.2: Petrography. 28

3.3: Mineralogy. 28

3.4: Veining and Retrogression in Amphibolites. 34

3.5: Petrology. 37

3.6: Comparison with the Experimental Work of Spear (1981b). 46

3.7: Stabilityof c1inopyroxene, orthopyroxene and garnet 50

in KoettlitzGroup amphibolites

3.8: Discussionof amphibolechemistry. 51

3.9: Origin of amphibolites. 51

3.10: Amphibolite geochemistry. 52

Chapter 4: Pelitic and Garnetiferous Schists.

4.1: Introduction. 58

4.2: Petrography. 58

4.3: Mineralogy. 60

4.4: Petrology. 70

4.5: Interpretation of garnet inclusiondistributionand zoning 77

4.6: Geothermobarometry 79

4.7: Summary 84

Chapter 5: Marbles and Calc-silicate rocks.

5.1: Introduction. 86

5.2: Petrographyand mineralogyof marbles. 86

5.3: Veins crosscuttingmarbles. 87

5.4: Petrography of calc-silicaterocks. 88

5.5: Veiningin calc-silicate rocks. 90



5.6: Origin of calc-silicates. 92

5.7: Summary of metasomatic theory. 92

5.8: Characterisation of metasomatism associated with calc- 94

silicate formation,

5.9:,Interpretation of metasomaticassemblages 99

5;10: Origin and thermal stabilityof metasomatic assemblages 102

5.11: Comparison of vein assemblages with skarns 103

Chapter 6: Concordant, structurallysimple migmatites.

6.1: Introduction. 105

6.2: Description of concordant migmatites. 105

6.3: Open or closed system migmatisation 113

6.4: Sub or supersolidus migmatisation. 115

6.5: Origin of the various concordant migmatites. 131

6.6: Conclusion. 134

Chapter 7: Structurallycomplexmigmatites.

7.1: Introduction. 135

7.2: Examples of structurally complex migmatites 135

7.3: Significance of boudin development. 146

7.4: Melting reactions responsiblefor anatectic leucogranite 147

generation.

7.5: Segregation of anatectic melts. 149

7.6: Anatectic leucogranites and the origin of adjacent 159

basement granitoids: a mechanical perspective.

7.7: Petrography of structurallycomplex migmatites. 159

7.8: Origin of crosscutting granitoids 167

7.9: Plagioclase and biotite in anatectic leucogranites. 171

7.10: Anatectic leucogranites and the S, l-type classification. 174

7.11: Summary and discussion. 180

Chapter 8: Non-migmatitic quartzofeldspathic and psammitic schists and orthogneisses,

8.1: Introduction. 182

8.2: Petrography of non-migmatitic quartzofeldspathic and

psammitic schists. 182

8.3: Petrography of non-migmatitic orthogneisses. 182

8.4: Mineralogy. 185

8.5: Comparison of the composition of non-migmatitic and 187

migmatitic rocks.

8.6: Summary of the differences between non-migmatitic and 192

migmatitic rocks.

8.7: Reasons for lack of migmatite development. 192



Chapter 9: Origin of augen gneisses and orthogneisses.

9.1: Introduction. 199

9.2: Petrography and structure of augen gneiss. 199

9.3: Origin of augen gneiss. 201

9.4: Characteristics of augen. 202

9.5: Origin of Orthogneisses. 207

Chapter 10: Conclusions.

10.1: Structure, lithologies and metamorphic grade. 212

10.2:Mechanismsofmigmatite formation. 214

10.3: Structural and anatectic history. 215

Bibliography 217

Appendix 1: Structural data Al

Appendix 2: Amphibolite microprobe data. A3

Appendix 3: Pelite and semi-pelite microprobedata. A19

Appendix 4: Marble and calc-silicate rock microprobe data A32

Appendix 5: Contingency tablesand probability data for textural analyses. A39

Appendix 6: Concordantmigmatitemicroprobedata. A42
t

Appendix 7: Sructurally complexmigmatitemicroprobedata. A54
f\

Appendix 8: Non-migmatitic samplemicroprobe data. A63

Appendix 9: Reports and papers. A69



LIST OF FIGURES:

Figure 1.1: Location of the study area relative to New Zealand and the rest 2

of Antarctica.

Figure 1:2: Location of the study area relative to Scott Base, McMurdo Station 2

and other importantplaces in southernVictoriaLand.

Figure 1.3: Regional geology of Dry Valleys area. 4

Figure 2.1: Isoclinallyfolded plagioclasevein in an arnphibolite. 8

Figure 2.2: F l and L l orientations. 8

Figure 2.3: SI orientationsfrom the Taylor Valley. 9

Figure 2.4: Tight, mesoscopic F2 fold. 9

Figure 2.5: Open, mesoscopic F2 fold. 10

Figure 2.6: Interference paterns produced by refolding of F1 during F2. 10

Figure 2.7: Lllineation folded during F2. 11

Figure 2.8: Weakly developedcrenulation cleavagein psammiticschist. 11

Figure 2.9: High strain zone on the limb of an F2 fold. 13

Figure 2.10: Geology of the southern side of the Taylor Glacier. 14

Figure 2.11: Geology of the northern side of the Taylor Glacier. 15

Figure 2.12: Intrusivecontact betweenKoettlitzGroup and adjacent 13

granitoidon the northern side of the Taylor Glacier.

Figure 2.13: Xenolith rich granitoid at the marginof the KoettlitzGroup. 16

Figure 2.14: Xenoliths of orthogneiss in an intrusion brecciaat the 16

western margin of the Koettlitz Group belt.

Figure 2.15: Geology of the Dun Glacier locality. 17

Figure 2.16: Close up of southerlyfacing outcrop beside the Ferrar Glacier. 18

Figure 2.17: Close up of westerly facing outcrop beside the Ferrar Glacier. 19

Figure 2.18: L2 and SI orientationsfrom the Dun Glacier locality. 21

Figure 2.19: F2 folds in flow foliated granitoid. 21

Figure 2.20: Geology of the DarkowskiGlacier locality. 23

Figure 2.21: SI and~ orientations from the Darkowski Glacier locality. 24

Figure 2.22: Paced section across the meta-sedimentary sequenceat "The · 24

Defile", northern end of NussbaumRiegel.

Figure 2.23: Steeply dippingcataclastic shear in marble on Nussbaum Riegel. 26

Figure 3.1: Amphibolite samplescontaining plagioclase andretrogressive 27

chlorite-plagioclase-actinolite-muscovite veins.

Figure 3.2: Plagioclase compositionsfrom amphibolites. 30

Figure 3.3: Immiscibility data for plagioclasefrom OU56798. 31

Figure 3.4: Amphibolecompositionsfrom arnphibolites. 33

Figure 3.5: Amphibole compositionsin termsof end members. 32

Figure 3.6: Biotite compositions from amphibolites in termsof end members. 35

Figure 3.7: Ilmenite compositions from amphibolites. 36



Figure 3.8(a)XMg whole rock versus XMg biotite. 40

Figure 3.8(b)XMgwhole rock versus XMg amphibole. 40

Figure 3.9: Fe2+, Mg distribution between biotite and amphibole from 41

arnphibolite samples.

Figure 3.10: Amphibolite assemblagesplotted in A-C-FM projection. 43

Figure 3.11: Amphibolite assemblagesand analyses plotted in the system 44

Si02-(AI203+Fe203)-CaO-(FeO+MgO).

Figure 3.12: Relationship between anorthite content ofplagioclase and whole 45

rock CaO content and relationship between tscherrnakcontent of

arnphibole and whole rock Al203 content.

Figure 3.13: Comparison of the composition of amphiboles from arnphibolites 48

with those synthesized by Spear (1981b).

Figure 3.14: Compositions of coexisting plagioclase and amphibole from 49

amphibolites.

Figure 3.15: Titanite stability with respect to pressure, temperature and fo2. 49

Figure 3.16: Ti, Y, Zr disrirninant diagram showing affinities of Koettlitz Group 57

amphibolites.

Figure 4.1: Location of garnetiferous and pelitic rocks. 59

Figure 4.2: Hand specimens of muscovite-bearing and garnetiferous 60

pelitic schist.

Figure 4.3: Corroded garnet porphyroblasts from OU56816 and retrogressed 61

garnet porphyroblasts from OU56818.

Figure 4.4(a): CaO zonation across garnet porphyroblasts in pelitic and semi- 62

pelitic schist samples.

Figure 4.4(b): MnO zonation across garnet porphyroblasts in pelitic and semi- 63

pelitic schist samples.

Figure 4.4(c): MgO zonation across garnet porphyroblasts in pelitic and semi- 64

pelitic schist samples.

Figure 4.4(d): FeO zonation across garnet porphyroblasts in pelitic and semi- 65

pelitic schist samples.

Figure 4.5: Biotite compositions from pelitic and serni-pelitic schists in 67

terms of end members.

Figure 4.6: Ti02 versus Mg+FeiMg in biotite from pelitic and semi-pelitic 66

schists.

Figure 4.7: Plagioclase compositions from pelitic and semi-pelitic schists. 68

Figure 4.8: Alkali feldspar compositions from pelitic and serni-pelitic schists. 68

Figure 4.9: Compositions of peltic and semi-peliticrocks plotted in model 72

AI20rNaAI02-KAI02 upper amphibolite facies topologies.

Figure 4.10: Pelitic and semi-pelitic assemblages and whole rock compositions 74

plotted in AFM projection from K-feldspar.



Figure 4.11: Compositionsofpelitic and semi-pelitic rocks plotted in model 75

AFM topologies from lower amphibolite facies to uppermost

amphibolitefades.

Figure 4.12: Estimatedpeak pressure, temperature conditions experienced by 85

the Koettlitz Group in the Taylor Valley and Ferrar Glacier areas.

Figure 5.1: Examples of vein types crosscutting marbles. 88

Figure 5.2: Examples of various types of calc-silicate rock at marble- 89

quratzofe1dspathic or semi-pelitic schist contacts.

Figure 5.3: Examples of veins crosscutting calc-silicate rocks. 91

Figure 5.4: Assemblages, compositions and inferred directions of mobile 95

component movement in clinopyroxene layer formation.

Figure 5.5: Gresen analysis of semi-pelitic schist to clinopyroxene reaction. 96

Figure 5.6: Gresen analysis of marble reacting to clinopyroxene. 96

Figure 5.7: Gresen analysis of semi-pelitic schist to ultra-potassicpelitic 98

schist reaction.

Figure 5.8: Gresen analysis of quartzofeldspathic schist to ultra-potassic 98

pelitic schist reaction.

Figure 5.9: Multilayer calc-silicaterock assemblages and compositions. 100

Figure 6.1: Migmatitic quartzofeldspathic schist OU56836. 107

Figure 6.2: Example of extensively migmatised quartzofeldspathic schist. 107

Figure 6.3: Incipientmigmatitedevelopmentin quartz-monzodioritic 108

orthogneiss from the Dun GlacierIocality.

Figure 6.4: Migmatitesdeveloped in graniticorthogneiss from the 108

southern side of the Taylor Glacier.

Figure 6.5: Quartz rich leucosome OU56844 in semi-pelitic schist OU56811. 110

Figure 6.6: Highly inhomogenous migmatitic orthogneiss OU56845 from 110

the southern side of the Taylor Glacier.

Figure 6.7: Composition oflayers in the highly inhomogenous orthogneiss 111

OU56845 from the southern side of the Taylor Glacier.

Figure 6.8: Samples of meta-arkose from the northern side of the 111

Taylor Glacier.

Figure 6.9: "Xenoliths" of calc-silicaterock and amphibolite in meta-arkose 113

from the southern side of the Taylor Glacier.

Figure 6.10: Example of a contingency table used for statistical analysis of 116

grain distributions in migmatites.

Figure 6.11: Results of textural analyses of migmatites. 118

Figure 6.12: Plagioclasecompositions from concordant (stromatic) migmatites. 119

Figure 6.13: Biotite compositionsfrom concordant (stromatic) migmatites. 121

Figure 6.14: Illustrationof the affect of variable amountsof partial melting and 123

residue compositionon the amount of Sr in the resulting melt.



Figure 6.15: Illustration of the affect of variable amounts of partial melting and 124

residue composition on the amount of Rb in the resulting melt.

Figure 6.16: Summary of the trace element contents ofmigmatitic rocks. 125

Figure 6.17: Compositions ofmesosomes, leucosomes and melanosomes 126

plotted ~n Qz-Or-Ab-H20.

Figure 7.1: Psammitic schist from the southern side of the Taylor Glacier 136

containing ductile shears associated with D2 deformation.

Figure 7.2: Leucosome material segregating on to the surface of extensional 136

fractures and tensional shears in migmatitic psammitic schist

from the southern side of the Taylor Glacier.

Figure 7.3: Leucosome material segregating into gaps between boudines and 137

onto the surface of tenstional shears in quartzofeldspathic schist

from the southern side of the Taylor Glacier.

Figure 7.4: Three generations of crosscutting leucosomes in augen gneiss and 137

psammitic schist from the southern side of the Taylor Glacier.

Figure 7.5: Two generations of leucosomes crosscutting quartzofeldspathic 138 -

schist from the southern side of the Taylor Glacier.

Figure 7.6: Post-Ej leucosomes crosscutting the hinge of an F2 fold from 138

the southern side of the Taylor Glacier.

Figure 7.7: Boudinaged amphibolite layer around the hinge of an F2 fold 140

from the southern side of the Taylor Glacier.

Figure 7.8: Boudinaged amphibolite with leucosome material filling the spaces 140

between boudines, from the southern side of the Taylor Glacier.

Figure 7.9: Leucosome bearing shear containing disoriented amphibolite 141

xenoliths, from the southern side of the Taylor Glacier.

Figure 7.10: Leucosome bearing shear containing disoriented amphibolite 141

xenoliths, from the southern side of the Taylor Glacier.

Figure 7.11: Xenoliths of amphibolite and psammitic schist within leucosome 142

material from the southern side of the Taylor Glacier.

Figure 7.12: Xenolith like blocks ofquartzofe1dspathic schist suspended im 142

leucosome material, from the southern side of the Taylor Glacier.

Figure 7.13: Example of a piece of quartzofelspathic schist almost completely 143

assimilated into leucosome material.

Figure 7.14: Remnants of biotite segregations almost completely assimilated 143

into leucosome material.

Figure 7.15: Xenolith-rich micropluton ofleucosome material in the hinge 144

of an F2 fold from the southern side of the Taylor Glacier.

Figure 7.16: Leucosome material trapped within an F2 fold in a marble layer 144

from the Dun Glacier locality.

Figure 7.17: Leucosome material intruding the hinge of an F2 fold east of the 145

confluence of the Dun and Ferrar Glaciers.



Figure 7.18: Close up of shears along the margin of leucogranite body in the 145

fold hinge pictured above in figure 7.18.

Figuer 7.19: Melting reactions in biotite-bearing, quartzofeldspathic schists. 148

Figure 7.20: Stress states in partially melted rock undergoing failure. 150

Figure 7:21: Stress states in partially melted rock before and after failure. 152

Figure 7.22: Possible mechanism where by anatectic melt can segregate 153

on to the surface of a compressional shear during deformation.

Figure 7.23: Extensional fracture orientation relative to the orientation of the 155

principle stresses in an anisotropic rock.

Figure 7.24: Illustration of the effect of variable viscosity contrasts between 156

folding layers on the stress field within the competent folding layer.

Figure 7.25: Schematic illustration of the development ofmigmatites in the 158

Koettlitz Group.

Figure 7.26: Compositions of anatectic leucogranites plotted in quartz- 163

plagioclase-alkali feldspar.

Figure 7.27: Zoned dikes of anatectic leucogranite. 164

Figure 7.28: Dike of quartz-monzodiorite crosscut by anatectic leucogranite veins. 165

Figure 7.29: Sample of biotite granite from west of the Dun Glacier locality. 165

Figure 7.30: Two samples of A-type ofleucogranite from the Dun 166

Glacier locality.

Figure 7.31: Sample of clinopyroxene-bearing granite from the 166

Dun Glacier locality.

Figure 7.32: V (ppm) versus er (ppm) plot of anatectic leucogranites and adjacent 169

basement granitoid pIutons.

Figure 7.33: Clinopyroxene compositions from crosscutting grantoids and calc- 169

silicate rocks.

Figure 7.34: Plagioclase compositions from anatectic leucogranites and other 172

discordant granitoids.

Figure 7.35: Biotite compositions from anatectic leucogranites. 173

Figure 7.36: Ga (ppm) versus A1203 plot of anatectic leucogranites. 175

Figure 7.37: LREE, Y, Nb, Ga and Zrcontents of A-type leucogranites 176

compared with other anatectic leucogranites.

Figure 8.1: Non-migmatitic psammitic and quartzofeldspathic schist.

Figure 8.2: samples of the two varieties of orthogneiss cropping out

on the northern side of the Taylor Glacier.

Figure 8.3: F2 folds deforming the SI surface in orthogneiss from the

Dun glacier locality.

Figure 8.4: Ductile shears in orthogneiss from the Dun Glacier locality.

Figure 8.5: Isoclinally folded aplite vein in orthogneiss from the Dun

Glacier locality.

Figure 8.6: Leucocratic orthogneiss dike in quartz-monzodioritic ortho

gneiss from the Dun Glacier locality.

183

183

184

184

186

186



Figure 8.7: Comparison ofplagioclase compositions from migmatitic 188

and non-migmatitic rocks.

Figure 8.8: Comparison of biotite compositions from migmatitic and 189

non-migmatitic rocks.

Figure 8.9: Pyroxe~e compositions in non-migmatitic rocks. 188

Figure 8.10: Modal and normative compositions of non-migmatitic rocks 192

compared with migmatitic rocks.

Figure 8.11: Solidus and liquidus curves in the systems; quartz-orthoclase, 195

quartz-plagioclase and orthoclase-plagioclase,

Figure 8.12: Inferred solidus surface in the system; plagioclase-quartz- 195

orthoclase.

Figure 8.13: Liquidus surfaces and cotectic compositions in the system 197

Qz-Ab-Or-H20 after Tuttle and Bowen 1958.

Figure 9.1: Two examples of augen gneiss. 200

Figure 9.2: Older intercalated augen gneiss being crosscut by youngeraugen 201

gneiss developed at pIuton margins.

Figure 9.3: Zonally arranged plagioclase inclusions in augen from OU56883. 203

Figure 9.4: ldiomorphic, oscillatory zoned plagioclase inclusion from an 203

augen in OU56883.

Figure 9.5: Ba concentration profiles across augen from the older intercalated 204

augen gneiss.

Figure 9.6: XRF diffractograms of augen rims and cores. 205

Figure 9.7: Rb versus Nb+Y discriminant diagram for granitoid tectonic 211

environment.



LIST OF TABLES:

Table 3.1:

Table 3.2:

Table 3.3:,

Table 4.1:

Table 4.2:

Table 5.1:

Table 6.1:

Table 6.2:

Table 6.3:

Table 7.1:

Table 7.2:

Table 7.3:

Table 7.4:

Table 7.5:

Table 8.1:

Table 8.2:

Table 8.3:

Table 9.1:

Amphibolite analyses.

Field characteristics of amphibolites.
Normative compositions of amphibolites.

Analyses ofpelitic and semi-pelitic rocks.
Results of geothennobarometry.

Mineral assemblages present in marbles.

Analyses of concordant migmatites.
Modal analyses of concordant migmatites.
Normative compositions of concordant migmatites.

Analyses of anatectic leucogranites and basement granitoids.
Normative compositions of anatectic leucogranites and
basement granitoids.

Modal analyses of anatectic leucogranites and adjacent quartzo
feldspathic schists.

Characteristics of S and I-type granitoids.
S and l-type characteristics of anatectic leucogranites.

Analyses of non-migmatitic orthogneisses and psammitic
and quartzofe1dspathic schists.
Modal analyses of non-migmatitic samples.
Normative compositions of non-migmatitic orthogneisses.

S and l-type characteristics of orthogneisses.

53

54

55

71

82

86

127-128

129

130

160-161

162

162

178

179

190

191

191

208



CHAPTER 1: INTRODUCTION.

1.1: FIELDWORK AND LOCATION.

Four weeks were spent in the Taylor Valley during December 1986 and January 1987,
followed by two weeks in the Ferrar Glacier area in late January 1987. The Taylor Valley and
Ferrar glacier are located approximately 100 kilometres west of Scott Base in the Transantarctic
Mountains, (see location maps in figures 1.1 and 1.2). A base camp was established at the snout of
the Taylor Glacier. Satellite camps were occupied for two nights, approximately eight kilometres to
the west of the basecamp at the snout of the Taylor Glacier and four nights at Nussbaum Riegel.
Two camps were established in the Ferrar glacier region adjacent to the Dun and Darkowski
Glaciers on either side of the FerrarGlacier. Both these camps were occupied for a week.

The Taylor Valley is a largely "Dry Valley" lacking a valley glacier along most of its length.
Several small melt water lakes occupy depressions in the valley floor, the largest of which is Lake
Bonney at the snout of the Taylor Glacier. In contrast the Ferrar Glacier continues from the polar
icecap to the west through the mountains until it meets the Ross Sea and exposed valley floor is not
present. Mountain sides are either covered in scree or form cliffs. The only vegetation observed
were occassionallichens growing on rocks and algae growing around the snout of the Taylor
Glacier in permafrost. During the six weeks of fieldwork only three days were lost to bad weather,
at the DarkowskiGlacier locality. During the rest of the time only sleet and snow showers lasting no
more than five minutes were experienced. Strong winds were the most uncomfortable aspect of
fieldwork causing fingers to become numb during longer pauses at outcrops. Temperatures ranged
from _8

0

C to +5
0

C. Melt run off from glaciers was widespread between Christmas and mid January
with the edges of Lake Bonney melting as well. A detailed summary of field procedures, weather
and logistics is provided in the enclosed logistics report, see appendix 9.

1.2: PREVIOUS WORK.

The Ferrar Glacier and Taylor Valley areas were first visited during the three expeditions of
Shackelton, (1907-09) and Scott, (1901-04 and 1910-13). Samples of metamorphic rocks and
erratics were collected from throughout the Dry Valley area as far south as the Skelton Glacier.
While petrographic descriptions of isolated specimens were relatively numerous, (Walkom 1916,
Smith and Debenham 1921, Smith and Priestley 1921), information on the field relationships and
structure of these rocks was sparse.e,

After the Scott and Shackelton expeditions the Taylor Valley and FerrarGlacier regions were
not visited until preparations for the Commonwealth Transantarctic Expedition required the
construction of Scott Base in 1955. During three field seasons between 1955 and 1958 Gunn and
Warren, (see Gunn and Warren 1962), carried out reconaissance mapping of a large area between
the Mawson Glacier in the north and the Mulock Glacier in the south. While large parts of the Dry
Valley area were mapped during this study the mid Taylor Valley remained unmapped. Gunn and
Warren (1962) named all the meta-sediment cropping out in this area Skelton Group and also
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Figure 1.1: Location of the study area relative to New Zealand 8.Q.d the rest of Antarctica.

Figure 1.2: Location of the study area relative to Scott Base, McMurdo Station and other important
geographic features of the area south of the Dry Valleys in Southern Victoria Land.
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recognised the presence of a variety of granitoids including orthogneisses emplaced prior to the

deformation of the meta-sediment and undeformed younger granites. Grindley and Warren (1964)

renamed the amphibolite facies meta-sediment north of the Koettlitz Glacier as Koettlitz Group. The

belt of Koettlitz Group meta-sediment in the mid Taylor Valley on which most of this study is

based was not discovered until January 1963, (see Haskell et aI1965). Since Haskell et al (1965)

visited the Taylor Valley several regional and more restricted local studies have included

observations from the mid Taylor Valley and Ferrar Glacier areas, (see Lopatin 1972, Schmidt et al

1982, Findlay et aI1984). Nussbaum Riegel at the eastern end of the Taylor Valley, visited briefly

during the coarse of this study, has been mapped by Angino et al (1962), Williams et al (1971),

Schmidt et al (1982) and Findlay et al (1984). Mapping and petrologic studies of McKelvey and

Webb (1964), Murphy (1971) and Smithson et al (1971 and 1972), in the Wright Valley, to the

north of the Taylor Valley are also pertinent to the following study.

1.3: REGIONAL GEOLOGY.

The geology of the area mapped and the surrounding regional geology are summarised in

figure 1.3, (modified after Findlay et al 1984). Amphibolite facies, marble, calc-silicate rocks,

amphibolites, pelitic, psammitic and quartzofeldspathic schists described as the Koettlitz Group by

Grindley and Warren (1964) are probably the oldest rocks present in the Dry Valleys, although

Grindley and Warren (1964) have suggested that some orthogneisses in the Wright Valley may

represent basement on which Koettlitz Group was deposited. The Koettlitz Group was subdivided

into regionally mappable Marshall Formation, Salmon Marble Formation and Hobbs Formation by

Findlay et al (1984). Marshall Formation and Hobbs Formation consist of pelitic, psammitic and

quartzofeldspathic schists, amphibolites, calc-silicates rocks and thin marble horizons. Salmon

Marble Formation is characterised by distinctive, coarsely saccharoidal white marble. Findlay et al

(1984) suggest that Marshall Formation structurally underlies Salmon Marble Formation while

Hobbs Formation overlies Salmon Marble Formation. Both Hobbs Formation and Salmon Marble

Formation were sudivided into locally mappable members by Findlay et al (1984). Meta-sediment

discussed in this study from the mid Taylor Valley and Ferrar Glacier areas was mapped as the

Meserve Member of the Hobbs Formation by Findlay et al (1984).

Findlay et al (1984) describe two generations of syn-metamorphic deformation throughout

the Koettlib: Group. The first produced isoclinal folding and an associated fold axis lineation and

axial plane schistosity. The second produced sub-coaxial, tight to open folds on all scales, with

sporadic development of associated crenulation cleavage in Hobbs Formation schists. A third phase

of gentle folding and warping, (also described by Findlay et al 1984), may be associated with

diapiric rise of younger granitoid plutons.

While many workers have produced voluminous petrographic descriptions of Koettlitz

Group rocks, little or no mapping of isograds or quantitative geothermobarometry has been

attempted. Murphy (1971) estimated peak metamorphic pressure, temperature conditions of 6500C

and 4Kb in the lower Wright Valley, while Schmidt et al (1982) calculated pressure, temperature

conditions of 550 - 6500C at 3 - 6Kb. Lopatin (1972) shows a general decrease in metamorphic

grade south of the Wright Valley with greenschist facies assemblages developed in meta-sediments

adjacent to the Skelton Glacier.
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Group was deposited, while Gunn and Warren (1962) suggest many orthogneisses represent

pre-tectonic intrusives. Murphy (1971) and Smithson et al (1971) and (1972) suggest a metasomatic

origin for many augen gneisses in the Wright Valley. Skinner (1983) suggests Chancellor

Orthogneiss emplacement postdates the early synmetamorphic folding phase, while Chancellor

Orthogneiss described by Findlay et al, (including Skinner), (1984), contains gneissic layering

which was folded during the early synmetamorphic deformation phase. Clearly Chancellor

Orthogneiss is being used to describe more than one pluton with differing ages or incorrect field

observations have been made. Cox (1987) outlines in detail the shambles associated with usage of

the term Olympus Granite Gneiss. Several different lithologies probably of different ages have all

been described as Olympus Granite Gneiss, (see McKelvey and Webb 1962, Haskell et a11965,

Murphy 1971 and Smithson et al1971 and 1972). What is clear however is that a wide variety of

granitoids were emplaced probably prior to, in between and postdating development of all the three

folding generations.Granitoid emplacement and development of all three fold generations may have

been diachronous from place to place. Folding of meta-sediments and emplacement of granitoids

need not have occured as discrete events. Granitoid emplacement may have punctuated continuous

deformation within the enclosing meta-sediments and older orthogneisses.

A similar range of largely undeformed granitoids intrude older orthogneisses and the

Koettlitz Group. These granitoids have been subdivided on various scales into Larsen Granodiorite,

(includes some types of Olympus Granite Gneiss, Briggs Hill Phase and Dias Phase), Irizar

Granite, Theseus Granodiorite, Vida Granite, Skelton Granodiorite amongst others. The

interelationships of these groups of granitoids arelargely unknown. Smillie (1987) has shown that

undeformed granitoids in the Taylor Valley consist of a wide variety of lithologies whose field

relationships suggest multiple intrusions of similar magmas over time. Lamprophyre dikes crosscut

all the above basement rocks, although Skinner (1983) and Smi1lie (in prep) mention granitoid dikes

that crosscut lamprophyres, these being the youngest granitoids observed.

The age of the Koettlitz Group is uncertain. Archaeocyathids tentatively identified by Blank

et al (1963) were suggested by Findlay et al (1984) to be aplitic rods produced during polyphase

deformation. Direct radiometric age determinations of Koettlitz Group rocks is lacking. U-Pb dating

of euhedral, probably magmatic zircons from augen gneiss described as Olympus Granite Gneiss,

by Deutsch and Groggler (1966) and recalculated by Skinner (1983) indicate a crystallisation age of

585Ma. It is unknown whether the augen gneiss dated is the deformed margin of a Larsen

Granodiorite pluton or whether it is a sample of older intercalated augen gneisses within the Koettlitz

Group, (Skinner 1983). This data does give a possible lower age limit on the Koettlitz Croup,

provided the date is not a mixture of different aged zircon fractions. A cluster of Ordovician K-Ar

and Rb-Sr dates ranging from 499 - 450Ma have been obtained from various granitoids, including

rocks described as Olympus Granite Gneiss as well as the younger undeformed granitoids, (see

McDougall and Ghent 1970, Faure and Jones 1974). The significance of Faure and Jones' data

with respect to the age of the Olympus Granite Gneiss(es) is uncertain as many of the dates were

measured on moraine boulders of unknown origin, (pers comm to Findlay et al1984).

Gunn and Warren (1962) consider the entire sequence of deformation, intrusion and
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metamorphism to have been part of the Ross Orogeny. Skinner (1983) suggests metamorphism of
the Koettlitz Group and emplacement of the orthogneisses and Larsen Granodiorite are all pan of
the Beardmore Orogeny, (Grindley 1969), while emplacement of the younger? Ordovician
granitoids was part of the Ross Orogeny.

The diverse suite of basement rocks was subject to uplift and erosion followed by deposition
of the Devonian to Triassic Beacon Supergroup; sandstones, conglomerates and coal measures.
Basement rocks and the Beacon Supergroup were subsequently intruded by dikes and sills of the
Jurassic Ferrar Dolerite. The youngest rocks in the Dry Valleys area other than recent moraine
deposits are small olivine basalt flows and volcanic cones. These rocks are collectively referred to
as the McMurdo Volcanics along with the larger volcanic edifices of Mt Erebus and Black and
White Islands to the south.

1.4: AIMS OF TIllS STUDY.

The initial proposal for this study was based largely on the observations of Dr D Craw, made
during regional mapping of basement rocks in 1980 - 81, (see Findlay et alI984). A wide variety
of para and orthogneisses were noted by Or Craw in the mid Taylor Valley and Ferrar Glacier areas.
Koettlitz Group quartzofeldspathic and pelitic rocks and some of the orthogneisses were
characterised by a wide variety of structurally complex migmatites. A primary aim of this study was
to determine the relative ages of Koettlitz Group meta-sediments, intercalated orthogneisses and the
various folding generations which effect both rock types. A second primary objective of this study
was to determine the significance of the abundant migmatites in the Koettlitz Group in relation to the
origin of the various orthogneisses. Several previous workers have inferred conflicting origins of
both deformed and undefonned granitoids as a result of the presence of migmatites in the Koettlitz
Group. In order to achieve these aims detailed mapping of valley sections was a top fieldwork
priority along with aquisition of suitable specimens for petrologic and chemical analyses. The
migmatite study evolved into a large part of the overall study as the excellent exposures allowed
recognition of features of interest beyond the local geology. Analysis of amphibolitic and pelitic
rocks were also carried out in order to estimate metamorphic grade and attempt quantitive
geothennobarometry. Amphibolite layers of variable composition but from the same outcrop were
analysed to determine the effect of bulk rock chemical differences on both assemblages in these
rocks and the compositions of phases in these assemblages. The origin of widespread calc-silicate
rocks associated with marbles is also discussed. The end result is a comprehensive analysis of all
the major meta-sedimentary rock types and associated orthogneisses, the final aim of the thesis
being to construct a structural, anatectic and emplacement history for the rocks investigated.
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CHAPTER 2: STRUCTURE AND FIELD
RELATIONS.

2.1: INTRODUCTION.

Outcrops of basement rocks in all the localities studied are restricted to valley walls and

occasional peaks. The lack of outcrop in valley bottoms and along range tops which are generally

covered in either moraine or ice and the inaccesibility of most range top outcrops reduces the

usefulness of traditional plan type geologic maps. In the following chapter a series of oblique

views of valley walls, constructed from a combination of oblique photographs and field sketc~,

with the geology superimposed on them are used to discuss structures and field relations rather

than traditional geologic maps. These sketches show structural features far more clearly than a

geologic map of the same area would. However in using this approach it is important to recognise

problems introduced by variable scales corresponding to different orientations and slopes of the

valley walls within the plane of the sketch. Structural measurements cannot be added to the sketc~

in the conventional manner; consequently structural measurements used in this chapter have been

stored in appendix 1 at the end of this thesis.

Four valley sections were mapped in detail on both sides of the Taylor and Ferrar Glaciers,

see figure 1.3. A reconaissance examination of Nussbaum Riegel and in particular "The Defile" at

the snout of the Suess Glacier was performed primarily to collect samples of orthopyroxene

bearing amphibolite and sillimanite-bearing pelitic schist, (see chapters 3 and 4). Consequently

mapping in the Nussbaum Riegel area was restricted to measurement of a paced section across

"The Defile" locality.

2.2: MESOSTRUCTURES.

Koettlitz Group meta-sediments and intercalated orthogneisses are generally dominated by a

single planar schistosity, here denoted SI' Lithologic boundaries within the Koettlitz Group and

Orthogneiss / Koettlitz Group contacts where observed are parallel to the SI surface. Within the

various lithologies the SI surface is defined by moderately to strongly aligned biotite flakes and

amphibole prisms. The SI surface is also parallel to sub parallel (±5°) with the axial plane of rare,

rootless, isoclinal folds, see figures 2.1 and 2.16. The presence of rootless isoclinal folds with

axial planes parallel to the schistosity and to the lithologic boundaries between meta-sedimentary

units and intercalated orthogneisses are indicative of intense folding and transposition of the entire

sequence. It is unknown if SI is the first axial plane schistosity to develop within the Koettlitz

Group or whether an older schistosity was destroyed during transposition. Sectioned samples lack

microstructural evidence of an earlier foliation. The phase of deformation associated with

transposition is denoted DI . The isoclinal folds described above may have been present prior to DI
as open or tight folds which were subject to further deformation during DI, or they may have

developed entirely during D I . As the isoclinal folds are the oldest generation of folds recognised,

they are denoted as FI . Isoclinal folds are commonly associated with a lineation parallel to their
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Figure 2.1: Isoclinal fold hinge in a plagioclase vein, enclosed in an amphibolite from east of the

Darkowski Glacier.

:

o
o

s

Figure 2.2: Stereographic plot of Ft fold axial planes and Lt lineation orientation from all the

localities examined. Great circles represent axial plane measurements. It was only possible to

measure F I axial plane orientations in three localities in the Taylor Valley.

L I Taylor Valley locality =. Lt Dun Glacier locality = + L I Darkowski Glacier locality =0
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Figure 2.3: Stereographic plot of poles to SI schistosity, F2 fold axes and ~ lineations from the

Taylor Valley locality. The pole to the girdle through the SI poles is approximately parallel to the

F2 axes and the L2 lineations.

SI schistosity = • F2 fold axes = 0 ~ lineatipns = +

Figure 2.4: A relatively tight mesoscopic F2 fold in psammitic schist from the southern side of the

Taylor Glacier.
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Figure 2.5: Relatively open mesoscopic F2 fold in migmatised quartzofeldspatic schist, interlayered

with amphibolite layers.

Figure 2.6: Interference patterns generated by refolding of F1 folds during the D2 deformation on

the southern side of the Taylor Glacier, west of the Orthogneiss layer, see figure 2.10.
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Figure 2.7: L l lineation folded by a mesoscopic F2 fold from sample OU56891 located on the

southern side of the Taylor Glacier 600m west of the orthogneiss layer sketched in figure 2.10.

Figure 2.8: Weakly developed crenulation cleavage in psammitic schist approximately 400 metres

from the western edge of the belt of meta-sediment on the southern side of the Taylor Glacier.
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Figure 2.7: L l lineation folded by a mesoscopic F2 fold from sample OU56891 located on the

southern side of the Taylor Glacier 600m west of the orthogneiss layer sketched in figure 2.10.

Figure 2.8: Weakly developed crenulation cleavage in psammitic schist approximately 400 metres

from the western edge of the belt of meta-sediment on the southern side of the Taylor Glacier.
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fold axes denoted LI.
Figure 2.2 shows that the orientation of L I lineations and F I axes varies considerably,

suggesting either initial non-cylindrical folding, perhaps with variable rotation of hinges leading to

a sheath fold morphology, or subsequent refolding and flattening of LI and FI orientations during

the F2 folding phase. To demonstrate a sheath fold morphology for FI folds an area unaffected by

F2 folding would be required, so that the effects of flattening during F2 folding and deformation

could be eliminated. The apparent tight distribution of FI and LI orientations observed may be due

to the limited number of locations in which FI and LI could be measured.

A stereographic plot of SI orientations from the Taylor Glacier localities in figure 2.3, shows

a well defined girdle suggesting folding of the S I surface around a shallowly plunging,

north-northwest trending axis. Mesoscopic, shallowly plunging folds occur sporadically

throughout the Koettlitz Group and intercalated orthogneisses, see examples in figures 2.4 and

2.5. Their distributions are governed by larger scale folds described in section 2.3. This younger

generation of folds also deforms the older FI folds and L I lineation, examples of which are

illustrated in figures 2.6 and 2.7. The orientation of a younger, unfolded lineation is approximately

parallel to the pole of the girdle constructed through the SI orientations in figure 2.3. This suggests

that the younger lineation is a fold axis lineation parallel to the fold axis of the younger fold

generation. Accordingly the younger folds, younger lineation and younger deformation event are

denoted F2, L2 and D2 respectively.

High strain zones ranging in thickness from a few centimetres to greater than a metre

commonly develop on the steeply dipping limbs of F2 folds, (figures 2.9 and 2.22). High strain

zones are characterised by extreme reduction in quartz grainsize and the development of feldspar

and gamet porphyroclasts, while biotite and sillimanite develop a very strong preferred orientation.

A younger axial plane schistosity has not developed pervasively during the D2 deformation.

Sporadic, outcrop scale, development of crenulation cleavage has occured in some psammitic

schists on the south western side of the Taylor Glacier, (figure 2.8), and also at the Dun Glacier

locality. Lack of crenulation cleavage development in many outcrops during F2 folding may be due

to either geometric and or rheological factors. Development of crenulation cleavage is most

pronouced in mica-rich lithologies, (Hobbs et al 1976), but pelitic rocks are very rare in the

Koettlitz Group, (see chapter 4). Biotite-bearing, psammitic rocks are confined to the western side

of the belt of meta-sediment in the Taylor Valley and throughout the Dun Glacier locality.

Quartzofeldspathic rocks on the eastern side of the belt of meta-sediment in the Taylor Valley are

generally biotite poor meta-arkoses and consequently are unlikely to develop a crenulation

cleavage. However even thin horizons of semi-pelitic schist on the eastern side of the belt of

meta-sediment in the Taylor Valley lack crenulation cleavage development, suggesting that

rheological properties of the rocks is not the only factor governing the distribution of crenulation

cleavage.

Development of crenulation cleavage also requires the axial planes of the two folds

responsible for cleavage development, to be at high angles to each other. If the axial planes of FI
and F2 folds were parallel or sub parallel then a crenulation cleavage will not develop. Instead of

crenulation cleavage development, the SI surface may have been accentuated as appears to be the

case in the high strain zones located along the limbs of some F2 folds.

A variety of mesoscopic extensional ductile shears associated with D2 deformation are
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a very steeply dipping eastern limb and a shallowly to moderately dipping western limb. The

orientation of mesoscopic F2 folds discussed in the previous section suggest a north northwest

trend and very shallow plunging axis to the macroscopic antiform. A similar structure is postulated

for the meta-sediments and orthogneisses exposed on the northern side of the Taylor Glacier, see

figure 2.11.

A sharp intrusive contact between meta-arkose and the adjacent megacrystic basement

granitoids is observed on the eastern side of the belt of meta-sediment, on both sides of the Taylor

Glacier, (figure 2.12). Xenoliths of marble, calc-silicate rock, amphibolite and quartzofeldspathic

schist are restricted to within 150 metres of the meta-sediment / granitoid contact. Amphibolite

xenoliths appear unaffected by incorporation into the melt while marble xenoliths are rimmed by a

one to three centimetre thick layer of calc-silicate. Quartzofeldspathic xenoliths are extremely

elongate with aspect ratios greater than 500 : 1 in some cases. However contacts between

quartzofeldspathic xenoliths and the surrounding granitoid are sharp, see figure 2.13, indicating

that assimilation of even near minimum melting temperature meta-sediments is minimal.

Consequently interpretations of this contact involving large scale assimilation and possibly

metasomatism of Koettlitz Group meta-sediment to produce the adjacent granitoids are rejected,

(see Haskell et al (1965) and Dahl and Palmer (1982) and comments in Smillie (in prep)).

The western contact of the meta-sediment / orthogneiss belt is best exposed on the northern

side of the Taylor Glacier. Veins and dikes of the adjacent basement granitoids intrude amphibolite,

marble and at least two varieties of orthogneiss, giving the outcrop an appearance ranging from

xenolith-rich granitoid to weakly veined meta-sediment and intercalated orthogneiss. The

concentration of veins and dikes of the adjacent granitoid at the top and bottom of the outcrop

suggests only a sliver of meta-sediment and orthogneiss, sandwiched within the granitoid, is

present this far west. This intrusion breccia is terminated by an inferred fault to the west which

juxtaposes xenolith-rich granitoid and xenolith-free granitoid against each other. Sense of

movement on this fault is unknown as xenolith-free granitoid is inferred above and below the

meta-sediment,

Figures 2.15, 2.16 and 2.17 show Koettlitz Group meta-sediment and orthogneiss

distribution between the Hedley Glacier, Dun Glacier and an unamed glacier to the east of the Dun

Glacier. The macrostructure in the Dun Glacier area is more difficult to recognise than in the Taylor

Valley. The abundance of FI and F2 folds, particularly in outcrops immediately east of the Dun

Glacier suggests close proximity to the hinge of both an F1 and an F2 macroscopic fold. SI and~

orientations, shown in figure 2.18, do not show the clear fold axis, folded surface relationship that

was recognised in the Taylor Valley. Large volumes of granitoid have intruded much of the

sequence of meta-sediment. Rotation and disorientation of blocks surrounded by granitoid is

suspected. This may have resulted in the wide range of SI and L2 orientations recorded. However

SI orientations in inaccessible outcrops above the Ferrar Dolerite appear to dip consistently to the

east and similar attitudes are displayed by meta-sediment immediately below the Ferrar Dolerite.

These observations suggest that the lower outcrops immediately east of the Dun Glacier represent

the hinge zone of both a macroscopic F1 and F2 fold which was subsequently intruded by a variety

of granitoids. (The origin of these granitoids is discussed in chapter 7). Outcrops above the Ferrar

Dolerite and to the east and west are interpreted as being closer to the limbs of these structures.

Similar field relations between adjacent basement granitoids, meta-sediment and orthogneiss

20



·.

s

Figure 2.18: ~ lineation and SI schistosity orientations from the Dun Glacier locality.

L2 = + SI =•

Figure 2.19: Mesoscopic F2 fold in flow foliated basement granitoid adjacent to Koettlitz Group

meta-sediments east of the Dun Glacier. Folding of the flow foliation and subsequent intrusion of

leucocratic granite melts probably derived by anatexis of the adjacent meta-sediment, (see chapter

7), suggests emplacement of the basement granitoid in this area pre-dates the F2 folding phase.



to those found in the Taylor Valley were observed in the Dun Glacier area. To the east the belt of

meta-sediment is intruded by a flow-foliated, megacrystic granitoid. The presence of mesoscopic

folds of similar morphology to F2 folds deforming the adjacent meta-sediments and orthogneisses

folding the flow foliation in this granitoid suggests emplacement of this granitoid may pre-date the

D2 deformation phase, (figure 2.19). However folding may also have occured during emplacement

of the granitoid when it consisted of a crystal mush which may have deformed relatively easily

during continued intrusion of more magma adjacent to the partially crystalline pluton margin. Again

no evidence of assimilation of meta-sediment by the adjacent granitoid is observed.

The western margin of the orthogneiss / meta-sediment belt at the Dun Glacier is intruded by

numerous dikes and sills of the adjacent equigranular granite. In a traverse from the western side of

the Dun Glacier towards the Hedley Glacier, the dikes and sills of the adjacent granite become

thicker and more common until after approximately 1500 metres only disoriented xenoliths of

orthogneiss, marble and amphibolite are found within the granite.

A small volume of meta-sediment and minor sills of intercalated orthogneiss crop out east of

the Darkowski Glacier, see figure 2.20. These meta-sediments form a moderately to shallow, west

dipping limb of a synformal structure. Mesoscopic F2 folds are rare but LI,~ and SI orientations

are similar to those from the Taylor Valley suggesting F2 folding about an axis of similar

orientation also.

Meta-sediment east of the Darkowski Glacier is intruded throughout by abundant dikes, sills

and veins of a variety of adjacent granitoids, ( see Smillie in prep for a description of these

granitoids). Despite the pervasive intrusion of relatively large volumes of granitoid, the meta

sedimentary sequence appears to have maintained its macroscopic, structural coherence, unlike the

Dun Glacier locality.

Structural aspects of the Nussbaum Riegel area were not analysed in detail as only a

reconnaissance inspection of this locality was performed to collect samples of specific lithologies

not found in either of the Taylor Valley or Ferrar Glacier localities. Williams et al (1971) and

Findlay et al (1984) describe Nussbaum Riegel as a synformal structure with steeply dipping limbs

and a shallow northerly plunge. Prominent high strain zones were noted on the western limb of

this structure at " The Defile", (see figures 2.9 and 2.22). Flow foliated, megacrystic granitoid

adjacent to the western margin of the meta-sediment at Nussbaum Riegel shows variable amounts

of strain resulting from either post emplacement strain during F2 folding, similar to that which

produced the high strain zones at "The Defile", or continued intrusion of granitoid after the margins

of the plutons had solidified

2.4: SYNTHESIS OF MACROSTRUCTURE AND THE OVERALL STRUCTURE OF

THE MID TAYLOR AND FERRAR GLACIERMETA-SEDIMENT/ORTHOGNEISS

BELT.

The belt of Koettlitz Group meta-sediment and intercalated orthogneisses cropping out in the

mid Taylor and Ferrar Glacier areas represents a southwards tapering body intruded on either side

by a variety of granitoids. At the locality east of the Darkowski Glacier the belt of meta-sediments

is less than a kilometre wide, whereas on the southern side of the Taylor Glacier the belt is

approximately four kilometres wide. The voluminous granitoid intrusion(s) separating the mid
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Figure 2.21: Orientations of the SI schistosity and the L2lineation from the Darkowski Glacier

locality.

SI = • L2 = +

Figure 2.22: Paced section across the meta-sedimentary sequence in "The Defile" at the northern

end of Nussbaum Riegel.
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Taylor Valley / Ferrar Glacier belt from the belt of meta-sediment at Nussbaum Riegellack

xenoliths of meta-sediment except within 150 metres of the margins of the granitoid(s) body(ies).

Lack of xenoliths of meta-sediment throughout this granitoid suggests that meta-sediment is not

present in any extensive form below the level of present exposure. Consequently the mid Taylor /

Ferrar Glacier belt of meta-sediment and orthogneiss is interpreted as a southward and downward

tapering, large raft within the granitoid intrusions.

The variable character of the macrostructure; synfonnal at the Darkowski Glacier, hinge zone

at the Dun Glacier and antifonnal at the Taylor Glacier suggests the adjacent basement granitoids

crosscut the F2 macrostructures. This relationship was observed on a mesoscopic scale at the

Darkowski Glacier where dikes and sills of the adjacent granitoid crosscut F2 fold hinges. This is

compatible with the recognition of a third post F2 folding phase in the Blue Glacier area and further

to the south by Findlay et al (1984) which was inferred to be associated with pluton emplacement.

This F3 phase was not recognised in the Taylor or Ferrar Glacier areas during the course of this

study or by Findlay et al (1984). Therefore, development of the meta-sediment belt as a

disconnected raft probably post-dates the F2 folding phase.

2.5: POST-UPLIFT AND METAMORPHISM STRUCTURES.

Although outside the bounds of this study, mention is made of the following observations in

case they are of use to future workers in the area.

One to two centimetre, shallow south to southwest dipping, cataclastic shears occur

sporadically in orthogneiss on either side of the Dun Glacier. Slikenslide lineations also dip

shallowly to the southwest suggesting relative displacement southwest northeast, (see appendix 1)

although the sense of displacement is unknown. A number of shallow dipping minor faults are

visible in figure 2.10 on the southern side of the Taylor Glacier. These structures may be related to

the shears observed on either side of the Dun Glacier as their orientations are similar.

Higher angle shears associated with retrogression to greenschist facies assemblages are

found crosscutting amphibolite, augen gneiss and psammitic schist east of the Dun Glacier, see

figure 2.17. The origin of the fluids responsible for retrogression is unknown although both

faulting and fluid source may be related to intrusion of a sill of Ferrar Dolerite above this locality.

A unique, very steeply dipping, catac1astic shear approximately 1.5 metres across was

observed crosscutting marbles on the summit of Nussbaum Riegel, see figure 2.23. The margins

of the shear contain vugs of spectacular quartz and calcite crystals grown in open spaces,

presumably after the cessation of deformation. Again the origin of these fluids is unknown as is the

cause of deformation.
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CHAPTER 3:' AMPHIBOLITES

3.1: INTRODUCTION.

Concordant layers of rock consisting primarily of amphibole and plagioclase, ranging in

thickness from a few centimetres to several metres are common throughout the Koettlitz Group

localities examined, Volumetrically these rocks comprise less than twenty percent of the

Koettlitz Group. Amphibolites are dark black, with slight variation in colour reflecting variable

ratios ofplagioclase to amphibole. Two examples of amphibolites are illustated in figure 3.1.
10

I
No. 1

il l l l!l!1• ii

Figure 3.1: Two amphibolite samples, OU56800 from the north Taylor Valley locality on the

left hand side and OU56806 from the Darkowski Glacier locality on the right hand side. The

leucocratic veins in these samples are discussed in section 3.4.

Two suites of amphibolites, one from the northern side of the Taylor Glacier and the

other from the Darkowski Glacier locality, each containing amphibolites of slightly different

compositions, were analysed to determine the effects of whole rock chemistry on the

assemblages developed and variations in the compositions of the phases in these assemblages.

Samples from each locality were located within 200 metres of each other and no high strain

zones were observed in between, indicating that all samples in each locality have been subject to

identical pressure and temperature conditions during metamorphism.

The second part of this chapter discusses the origin of amphibolites and possible protolith

rocks. An attempt is made to discriminate between amphibolites which represent

metamorphosed, .basic, igneous rocks and those which may have formed by metasomatic

processes.
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3.2: PETROGRAPHY.

Although plagioclase and amphibole are the most important constituents of the

amphibolite layers, most amphibolites also contain in addition various combinations of quartz,

biotite and ilmenite or titanite. Within seven different amphibolite layers on the northern side of

the Taylor Valley the following assemblages were found:

OU56798 amphibole-plagioclase-ilmenite.

OU56797, OU56799,OU56800 amphibole-plagioclase-ilmenite-accessory biotite

OU56796 amphibole-plagioclase-ilmenite-biotite-trace of quartz

OU56802 amphibole-plagioclase-ilmenite-biotite-quartz

Accessory apatite and pyrite are ubiquitous.

Similar assemblages were found in other localities. One amphibolite from the Darkowski

Glacier locality, OU56806, contains titanite rather than ilmenite, with the complete assemblage:

OU56806 amphibole-plagioclase-titanite

The other two amphibolites analysed from the Darkowski Glacier locality contain the

assemblage:

OU56807, OU56808 amphibole-plagioclase-ilmenite-biotite

Foliation within the amphibolites is defined by strongly oriented amphibole prisms.

Segregation of amphibolites into plagioclase-quartz and amphibole layers has not occured.

Minor modal variations in the ratios of amphibole:biotite:plagioclase may result from

compositional heterogenities incompletely destroyed or accentuated by diffusion processes

during deformation. Contacts between different phases lack indented or corroded grain margins.

No phase appears to be growing at the expense of others except for minor interlayering of

chlorite with biotite. Consequently textures suggest that all phases are at equilibrium.

3.3: MINERALOGY.

All the phases in nine amphibolite samples were analysed. Six of these samples were

from the northern side of the Taylor Glacier and are all located within 200 metres of each other,

while the remaining three amphibolites analysed are from the eastern side of the Darkowski

Glacier. OU56801 was specifically selected because it contains veining which was attributed to

retrogression, discussed in the following section. In order to accurately determine the range of

compositions of a phase in a particular sample up to 10 grains of each mineral from selected

samples were analysed. Zoning characteristics were ascertained by analysing several spots on

each grain, with rim analyses adjacent to all other phases in the sample. Once a similar range of

composition had been established for all phases in three samples fewer analyses were performed
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on other samples as similar compositional variations and zonation characteristics were assumed.
This procedure allowed accurate average compositions of each phase in each sample to be
calculated for use in the following petrology discussion. Analyses are listed in appendix 2.

3.3(a) PLAGIOCLASE : Plagioclase compositions from six samples from the northern
Taylor Valley locality and three samples from the Darkowski Glacier locality are plotted in
figures 3.2(a) and (b). The anorthite content of plagioclases from the five northern Taylor Valley
samples ranges from 31 to 65%. Similarly anorthite content in the three samples from the
Darkowski Glacier locality varies from 28 to 51%anorthite. Internal variation within samples is
usually less than 6% anorthite, with analyses from different samples forming distinct clusters.
However plagioclase compositions in OU56798 range from An48% to An66% which is
considerably more than the variation in other samples, (see figs 3.2(a) and (bj), Smith (1974),
Wenk and Wenk (1977) and Spear (1980) show the existence of a miscibility gap in the
plagioclase solution, (illustrated in figure 3.3(a», similar to the compositional range defined by
plagioclase analyses from OU56798, suggesting that the range ofplagioclase compositions in
OU56798 is the result of immiscibility. Plagioclase compositions between An48% and An66%
may result from micron scale intergrowths of two plagioclase phases.

If two plagioclase phases of different composition are present in OU56798 an XRD
analysis of a plagioclase separate should show splitting of the various peaks on a diffractogram,
as 20 values are a function of composition in plagioclase of low temperature structural state,
(see Bambauer et al1967 and figure 3.3(c». The XRD diffractogram of a plagioclase separate
from OU56798 presented in figure 3.3(b) does not exhibit doublet formation suggesting that
only one plagioclase phase is present. However interpretation of the diffractogram is
complicated by the existence of a range of plagioclase compositions similar to those in OU56798
for which the positions of the peaks in the diffractogram are independent of composition, see
figure 3.3(c). Consequently XRD results are equivocal. Two plagioclase phases may be present
or the range of compositions may not be a function of immiscibility. The apparent bracketing of
the immiscibility gap described by Spear (1980) would then be a coincidence.

Further comparison with the data of Smith (1974) Wenk and Wenk (1977) and Spear
(1980) suggests temperatures in excess of 600 degrees celcius are required to stabilise
plagioclase containing around 65% anorthite. At lower temperatures two coexisting plagioclases
containing approximately 40% and 85% anorthite were found by Smith (1974) and Wenk and
Wenk (1977). This is compatible with geothermometry results discussed in chapter 4.

Compositional zonation of plagioclase is rarely visible under crossed polars. Microprobe
analyses record variations in anorthite content of less than 6% in the same grain. Some grains in
a particular sample are enriched in anorthite towards the core while others are enriched in
anorthite towards the rim. Variations in the sense of plagioclase zonation do not appear to be
related to the adjacent mineral species and may be due to irregular sections through normal or
reverse zoned grains. Plagioclase in contact with amphibole may show either anorthite rich rims
or cores. Weak and variable sense zonation of plagioclase probably reflects spacially diffuse
retrogression of possibly already weakly zoned plagioclase grains.
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Figure 3.2: Plagioclase compositions from amphibolite samples.
(a): Northern Taylor Glacier samples.
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3.3(b) AMPHIBOLE: Amphibole analyses from both the Taylor Valley and the
Darkowski Glacier localities are plotted in figures 3.4 and 3.5 Amphibole compositions range
from magnesio-hornblende to tschermakite and ferro-tschermakitic hornblende, (nomenclature
after Leake et al 1978). Figure 3.5 shows that amphiboles from northern Taylor Valley
amphibolites are essentially edenite-tschermakite solutions containing only minor or negative
tremolite component and less than 20% glaucophane component.
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Figure 3.4: Amphibole compositions from northern Taylor Glacier and Darkowski Glacier
amphibolites. Nomenclature after Leake et al (1978), in this and subsequent figures amphibole
recalculation by the third method of Laird and Albee (1981).
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Amphiboles from the Darkowski Glacier amphibolites contain slightly more tremolite end
member. This is discussed with respect to differences in metamorphic grade in section 3.7.

Amphibole zonation. is very similar in characteristics to plagioclase zonation. Both
tschermak and glaucophane enriched rims and cores may be found in different grains from the
same sample. Similarly tschermak and glaucophane enriched and depleted rims may be found
adjacent to both plagioclase and biotite grains. Zonation within individual grains is less than the
variation within a sample as a whole.

3.3(c) BIOTITE: Biotite compositions are plotted in terms of the four end members;
annite, phlogopite, siderophyllite and eastonite in figure 3.6. Biotites from the four Taylor
Valley samples containing biotite form a relatively tight cluster with slight variation in tschermak
content and Mg/Mg+Fe ratio. Biotites from the two Darkowski Glacier localities however show
greater than 10 percent variation in tschermak content within each sample, but almost constant
Mg/Mg+Fe ratios.

In many samples, particularly those containing accessory amounts of biotite, (OU56797
and OU56800), sharp variations in the modal amounts of biotite are evident. Centimetre thick
layers in these samples lack biotite completely while adjacent rock contains scattered accessory
grains evenly distributed throughout. In samples which contain greater than accessory amounts
of biotite these variations in modal biotite content are harder to recognise.

3.3(d) ILMENITE: Ilmenite is a common rock forming mineral in all but one of the
amphibolites examined. llmenite grains appear homogenous, lacking magnetite oxidation type
exsolution or hematite exsolution. Analyses of ilmenite grains from all samples plotted in figure
3.7 cluster tightly around the end member ilmenite composition with less than 1% hematite
component. Other minor components in ilmenite are MgO and MnO which together always
comprise less than 2.5wt% of the grain analysed.

3.4: VEINING AND RETROGRESSION IN AMPHIBOLITES.

Two types of veins found in amphibolites are illustrated in figure 3.1. The simplest of
these two vein types consists of mono-minerallic plagioclase veins such as those found in
OU56806 on the right hand side of figure 3.1. Plagioclase within these veins has a composition
identical to that in the surrounding amphibolite, as shown in figure 3.2(b). In thin section
monominerallic amphibole layers several millimetres thick separate the plagioclase vein from the
enclosing amphibolite. The plagioclase veins themselves are generally less than a centimetre
thick except where thickened in fold hinges. Isoclinal folding of mono-minerallic plagioclase
veins as shown in figure 3.1, indicates vein formation prior to F1 folding.

Plagioclase-muscovite-chlorite-actinolite/actinolitic hornblende veins similar to the vein in
OU56800 illustrated in figure 3.1 are found in many amphibolites. The bulk of these veins are
also formed of plagioclase of identical composition to that in the enclosing amphibolite, see
example OU56801 in figure 3.2(a). Amphibole grains along the margins of the veins have
altered to chlorite, actinolite and minor muscovite. In this type of vein, amphibole is also
concentrated in a mono-minerallic layer adjacent to the vein margin.
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Figure 3.6: Amphibolite biotite compositions plotted in terms of the four end members annite
phlogopite-eastonite-siderophyllite.
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Plagioclase-muscovite-chlorite-actinolite veins often appear to be deformed by F
2

folds,

see the example OU56800 in figure 3.1. However other structural and petrologic data suggests

this is unlikely. Evidence discussed in chapters 4 and 7 indicates temperatures ~700"c prevailed

during F2 folding. It would seem unlikely that the hydrous, transitional greenschist to

amphibolite facies assemblage would survive temperatures high enough to cause anatexis in

adjacent quartzofeldspathic rocks. It would seem more likely that fluids causing retrogression

have followed some pre-F2 heterogeneity in the amphibolites. The plagioclase core in the

plagioclase-chlorite-muscovite-actinolite veins may have originally been a mono-minerallic
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plagioclase vein similar to that de{ribed above, which apparently acted as a localizing agent for

post-E, retrogressive fluid movement.

The origin of mono-minerallic plagioc1ase veins is unknown. The experiments of Spear

(1981b) suggest temperatures in excess of 900· c are required to partially melt amphibolites of

basaltic composition. This temperature is approximately 200·c higher than peak metamorphic

temperatures inferred in chapter 4, making an anatec tic origin seem very unlikely. Veins may

however be the result of pre-Fj metamorphic segregation. Concentrations of amphibole along

vein margins are compatible with this theory. A third possibility is that these veins were

produced by movement of externally derived fluids or melts through the amphibolite prior to F1

folding.

3.5: PETROLOGY.

All six samples from the Taylor Valley are located within 200 metres of each other. No

structural discontinuities are visible anywhere in the continuous outcrop between the sample

localities and it therefore assumed that the five non retrogressed samples analysed suffered

essentially identical peak metamorphic conditions. Consequently variations in the compositions

of plagioclase, amphibole and biotite discussed above are the result of differences in bulk rock

chemistry and aH20. Analysis of interlayered, uppermost amphibolite facies assemblages in

rocks of identical bulk rock compositions by Glassey and Sorensen (1980) and Bhattacharya

and Sen (1987) indicate that the aH20 was not constant in these rocks even over a few

centimetres. Variable aH20 appears to be responsible for the development of interlayered

amphibolite and granulite facies assemblages at identical temperature and pressure conditions in

rocks of identical bulk rock composition.

Since any detected differences in assemblages and mineral compositions from samples

collected in the same locality are not due to pressure and/or temperature variations they must be

due to differences in the bulk rock chemistry of the amphibolites or aH20 . If significant

differences in the assemblages and phase compositions are observed they will be examined in an

attempt to identify the reactions which govern them and the interelationships between bulk rock

chemistry, phase chemistry and modal variations in the relative amounts of the different phases.

Amphibole analyses are then compared with amphiboles synthesized by Spear (l981b) over a

range of temperatures using a sample of constant bulk rock composition to see whether

variations in amphibole chemistry due bulk rock composition differences are of the same order

of magnitude as variations due to changes in temperature. The effect of bulk rock composition

on the incoming of granulite facies assemblages, (Binns 1964), is also examined in order to

interpret the lack of pyroxene-bearing amphibolites in all localities except Nussbaum Riegel.

Finally the usefullness of amphiboles for detecting variations in temperature and pressure

conditions, (Laird and Albee 1981), and facies boundaries, (Binns 1964, Engel and Enge11962,

Wenk and Keller 1969), is also assessed in light of bulk rock composition and variable aH20
effects on amphibolite assemblages and phase compositions.
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(a): CONTINUOUS REACTIONS:
(a.i): EXCHANGE REACTION THEORY.
The total number of exchange equilibria that can operate in any particular assemblage can

easily be determined by considering the various exchange vectors and the phases in which they
operate. Consider the assemblage:

plagioclase-amphibole-ilmenite

and the exchange vectors, relating major components.

FeSiAI.2 or MgSiAt2 = the tschermak exchange, affects micas, pyroxenes and
amphiboles.

CaAlNa.1Si.1 = the plagioclase exchange, affects amphiboles and feldspars.
#SiNa.1Al.1= the edenite exchange, affects amphiboles, micas and feldspathoids.
FeMg.1 affects all ferromagnesian minerals.
KNa.l affects feldspars,feldspathoids, amphiboles and micas.

The tschermak and edenite exchange vectors only affect the amphibole phase in the
above assembla~e, consequently no heterogenous exchange equilibria will involve these two
exchange vectors in the above assemblage. The CaAINa.lSi.1 or plagioclase exchange affects
both amphibole and plagioclase compositions and in conjuction with the tschermak exchange
control the glaucophane component in amphiboles. Consequently the plagioc1ase exchange
may be important in the above amphibolite assemblage. The FeMg.1 exchange equilibria
between amphibole and ilmenite is of minimal importance.in the amphibolite samples. This is
shown by the very low, (less than 0.5 wt%), MgO content of the ilmenites discussed in the
mineralogy section. The KNa.l exchange affects both plagioclase and amphibole in the above
assemblage. However analyses ofplagioclases and amphiboles in amphibolites show that they
contain less than 2 wt% K20 and Na20 hence the KNa.l exchange is of little importance in
plagioclase or calcic amphiboles present in the amphibolites. Analytical problems associated
with the small concentrations of Na20 in particular, prevent accurate determination of the
extent of the variation along this exchange. If biotite is added to the above assemblage, then
heterogenous exchange equlibria along the tschermak and FeMg.1 exchanges may also have to
be considered as both biotite and amphibole compositions can vary along these exchange
vectors.

(a.ii): NET TRANSFER REACTION THEORY.
Unlike an exchange reaction, a net transfer reaction involves the overall transfer of

material from one phase to another resulting in modal changes in the various phases present in
the rock. Continuous net transfer reactions will result in either a general shift of tie lines
parallel to each other, or if one phase has a fixed composition rotation of tie lines about the
phase with the fixed composition.
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(b): DISCONTINUOUS REACfIONS.
Discontinuous reactions only occur when phases in an assemblage have an appropriate

composition. unlike continuous reactions which operate over a range of compositions and
result in changes in the compositions of phases. Discontinuous reactions result in the breaking
of tie lines and the forming of new phases in an assemblage.

(c): FeMg_1 EXCHANGE REACITON RESULTS.
XMg. (=Mg!Mg+Fe2+). in the four biotite bearing samples from the northern Taylor

Glacier varies by only 5% from 0.46 to 0.49. Both biotite and amphibole show a considerable
range of XMg contents. see fig 3.8. resulting from differing amounts of Fe2+ being
incorporated into ilmenite. Amphibole is always enriched in Mg relative to both biotite and the
whole rock composition. note however that biotite XMg values are a minimum as no allowance
has been made for the Fe3+ content of biotite. In OU56806 amphibole is the only Fe. Mg
bearing phase. consequently it is possible to use the whole rock XMgvalue. determined by wet
chemical analysis to test the accuracy of the estimated amphibole XMg. In the case of
OU56806 the program AMPH4. (see appendix 2). over estimates the Fe3+content of the
amphiboles by approximately 2wt% of the total Fe content.

If ideal behaviour exists between biotite and amphibole in the four samples from the
Taylor Glacier the ratio XMgbio./XMgamp. should be constant. Fluctuations in the amount of
Fe2+ available for biotite and amphibole formation caused by variable whole rock XMg.
variable ilmenite content and Fe3+jFe2+ ratio. (whole rock). should not affect the
XMgbio./XMgamp. ratio as the remaining Fe2+ will be partitioned between amphibole and
biotite according to the equilibium value of the feMg_ 1 exchange at the particular pressure.
temperature conditions. Figure 3.9 shows that the ratio XMgbio./XMgamp. varies
considerably in the four samples from the northern side of the Taylor Glacier. This variation
reflects either disequilibrium. the effects of dilutants on the FeMg_1 exchange. non ideal
behaviour. or highly variable Fe3+ content of biotite not taken into consideration in calculation
of the XMgvalues for biotite. All analysed amphibolites, (except OU5680l). were specially
selected because they contained no textural evidence of retrogression. other than minor
amounts of chlorite interlayered with biotite. Variable XMgbio./XMgamp. ratio may be
reflecting retrogression in a more subtle way. similar to the zonation characteristics of
plagioc1ase and amphibole described in the mineralogy section. Although whole rock XMg
values are relatively similar for Taylor Glacier amphibolites the effect of dilutants on the
FeMg_1 exchange may also be producing the observed differences in XMgbio./XMgamp.
ratios. in a similar way that grossular in garnets effects the FeMg_1 exchange between garnet
and biotite, (see Ferry and Spear 1978. Ganguly and Saxena 1984 and Hoinkes 1986). Lack
of correlation between whole rock Fe3+/Fe2+ ratios and XMgbio./XMgamp. ratios. (see fig
3.9). suggests that variations in Fe3+/Fe2+ ratio in biotite are not the only factor controlling
XMgbio./XMgamp. ratios.
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Figure 3.8:(a) XMg biotite vs XMg whole rock and (b) XMg amphibole versus XMg whole rock

for amphibolite samples. Note all Fe is assumed to be FeO therefore XMg biotite
represents a minimum value.
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(d): TSCHERMAK AND EDENITE EXCHANGE RESULTS.

The tschermak and edenite exchanges are potentially important exchange vectors in both

amphibole and biotite chemistry. The affect of the tschermak and edenite exchanges on these

two phases is best illustrated in the ACFM projection. The ACFM projection in figure 3.10

shows that amphibole and biotite compositions both vary in significant amounts parallel to the

tschermak exchange. Variation in amphibole and biotite composition parallel to the edenite

exchange is minimal. Crossing tie lines between coexisting amphibole and biotite analyses

suggest either non-ideality and/or disequilibrium in some samples, particularly as chlorite is

/?
6
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interlayered with biotite in some of the few biotite grains found in OU56797. However a
general increase in amphibole tschermak component appears to correlate with an increase in
biotite tschermak: content. It is interesting to note that whole rock compositions rich in Al203do not contain amphiboles and biotites rich in tschermak component suggesting that net
transfer reactions are involved in determining phase compositions, see (f) below.

(e): PLAGIOCLASE EXCHANGE RESULTS:
This exchange vector may affect both plagioclase and amphibole compositions. In

figure 3.11 amphibole, biotite, plagioclase and amphibolite analyses are plotted in the system
Si02-(AI203+Fe20j -CaO-(FeO+MgO). Compositions of the various phases and the
amphibolites have then been projected parallel to the tschermak exchange on to the plane
Si02-CaO-(FeO+MgO) to illustrate variation in amphibole and plagioclase chemistry along the
plagioclase exchange. Both amphibole and plagioclase in figure 3.11 show concurrent
increases in plagioclase component, although the tie line linking amphibole and plagioclase in
OU56798 crosses those tie lines linking amphibole and plagioclase in the other samples. This
may be due to either disequilibrium or an inappropriate choice of plagioclase composition due
to immiscibility in plagioclase from this sample. Analyses of coexisting amphiboles and
plagioclases presented by Spear (1980) suggest equilibrium was attained along the plagioclase
exchange at grades as low as the mid greenschist facies, however analyses of Mongkoltip and
Ashworth (1986) suggest dis-equilibrium parallel to the plagioclase exchange may occur in the
mid to upper amphibolite facies rocks. Variation in amphibole composition parallel to the
plagioclase exchange, combined with a small part of the variation parallel to the tschermak
exchange probably accounts for fluctuations in the minor glaucophane content of these
amphiboles. A further possibility is that analysis and recalculation problems associated with,
the small amount ofN~O in amphiboles may be producing some of the observed variation
along the plagioclase exchange.

(f): NET TRANSFER REACTIONS RESULTS.
The highly variable anorthite content of plagioclase in Taylor Valley amphibolites is

plotted against the CaO content of the whole rock in figure 3.12(a). Samples OU56796,
OU56797, OU56798 and OU56800 show a very close correlation between whole rock CaO
and anorthite content of plagioclase suggesting the same CaO dependent reaction is governing
the anorthite content of plagioclase in these four samples. However OU56801 and OU56802
do not fit this correlation. Both these samples contain relatively low whole rock CaO contents
but plagioclase is relatively enriched in anorthite component. Associated amphiboles in these
samples contain as much CaO as those from the other four samples therefore CaO is not being
depleted in the amphiboles by an exchange type reaction to increase the anorthite content of
plagioclase. In addition to containing appreciably less CaO (whole rock) than the other four
samples OU56801 and OU56802 contain considerably more Al203 (wfl.?le rock) than the other
four samples. High Al203 content of OU56801 and OU56802 does not correlate with a high
tschermak content in the amphiboles from these samples, see figure 3.12(b). In fact
amphiboles from both OU56801 and OU56802 contain appreciably less tschermak component
than those in OU56796, OU56797, OU56798 and OU56800. (Note amphibole analyses from
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Figure 3.10: Amphibolite assemblages plotted in theA-C-FM projection.

A = Al203+Fe203+NazO+K20.
C = CaO+2(NazO+K20).
FM = FeO+MgO.
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Figure 3.11: Amphibolite analyses plotted in the tetrahedron Si02-(AI203+Fe203)-CaO

(FeO+MgO) and projected parallel to the tschennak: vector on to the face Si02-CaO-(FeO+MgO).
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Figure 3.12(a): Plot showing the anorthite content in plagioclase

versus whole rock calcium content for northern Taylor Glacier

samples.
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Figure 3.12(b): Relationslrip between tschennak: content of amphibole

and A~03 content of amphibolite.
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OU56801 discussed here are from a non retrogressed portion of the sample). High Al203whole rock contents instead appear to be reflected in a modal increase of plagioclase, enriched
in the anorthite component and a modal decrease in amphibole along with depletion in
amphibole tschermak content. Plagioclase containing 45% anorthite component contains
approximately 28wt% Al203 unlike tschermakite which contains only approximately 13wt%
A1203.High whole rock Al203 contents can therefore be best accomodated in a modal increase
of anorthite enriched plagioclase and a decrease in the modal amount of tschermak depleted
calcic amphibole. Increase in modal plagioclase content in OU56801 and OU56802 also helps
to accomodate the higher Si02 content in these two samples. Plagioclase comprising 45wt%
anorthite contains approximately 59wt% Si02 while tschermakite contains approximately
42.5wt% Si02.

rod<No direct correlation between modal biotite content and any particular whole.chemical
component or group of components could be recognised The sporadic occurence of accessory
amounts of biotite found in many samples, (see section 3.3), shows that biotite formation is
responsive to minor fluctuations in whole rock composition. Biotite may be forming due to
fluctuations in different components in different samples further complicating the recognition
of biotite forming reactions.

(g): CONCLUSIONS.
The above discussion has shown that variability in the composition of amphibolites has

a marked effect on the amounts and compositions of phases present in amphibolite
assemblages. Non ideal behaviour appears to effect the distribution of Fe and Mg in amphibole
and biotite and is probably important in controlling the distribution of other components
between various phases. Dilutants in various exchange reactions and the presence of accessory
to trace amounts of quartz in some samples will also influence the distribution ofcomponents
between phases.

3.6: COMPARISON WITH THE EXPERIMENTAL WORK OF SPEAR: (1980, 1981a,
1981b).

Spear (1981b) describes a series of experiments in which a variety of amphibolite
assemblages were synthesized over a range of temperatures, oxygen fugacities and pressures,
(Ps = PO, using a natural olivine tholeiite as a starting material. The range of temperatures
investigated by Spear, (500-900°c, at 3kb), encompasses the range of temperatures estimated
for the peak metamorphicconditions throughout the Koettlitz Croup localities examined, (see
geothermobarometry section in chapter 4). Relative to the majority of the Koettlitz Group
amphibolites, the olivine tholeiite studied by Spear is enriched in Si02, CaO and MgO and
depleted in FeO and F~03' Only sample OU56806 has a composition approaching that of the
olivine tholeiite studied by Spear. Consequently direct comparison of the results of Spears-t:experiments with Koettliz Group samples to estimate intensive variable conditions during
metamorphism is not possible.

This is reflected in the composition of amphiboles synthesized by Spear. At all
temperatures and pressures investigated by Spear synthetic amphiboles are richer in Si02 than
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any analysed in Koettlitz Group amphibolites, except those affected by retrogression in
OU56801. The compositional trend from tremolite to pargasite rich amphiboles reported by
Spear is not shown by amphiboles whose composition is controlled by differences in bulk
rock composition, in Koettlitz Group amphibolites, see figure 3.13. Amphiboles from
Koettlitz Group amphibolites trend towards end member tschermakite compositions. Edenite
content and Na A site occupancy are comparitively low and decrease slightly with increasing
tschermak component, unlike those synthesized by Spear which show increases in edenite
component along with tschermak component. Spear suggests two reactions to account for the
progressive increase in the edenite content of amphiboles, with increasing temperature:

(1) 5C~Mg5SiS022(OH)2 + 14N~Mg3AI2SiS022(OH)2 = 23NaAISi30S+
tremolite glaucophane albite

5NaC~Mg5AISi7022(OH)2 + 6Mg7Sig022(OH)2+ 8H20
edenite cummingtonite

which in the presence of quartz reduces to

(2) NaAISi30g + C~Mg5Sig022(OH)2 = NaC~Mg5A1Si7022(OH)2 + 4Si02
albite tremolite edenite

Plots of Xab(plag) against Na(A) prepared by Spear (l981a) to show the composition
of coexisting plagioclase and edenite component of amphibole at various metamorphic grades
are compared with those from the northern Taylor Glacier locality in figure 3.14. Amphiboles
in upper amphibolite facies amphibolites examined by Spear (l981a) contain significantlymore
Na(A) than those from the Taylor Valley which coexist with plagioclase of the same
composition. Spear (1981b) shows that Si02 undersaturation produces edenite enriched
amphiboles. The prescence of edenite poor amphiboles in Taylor Valley/Si02 undersaturated
amphibolites shows that Si02 saturation is not the only factor controlling reactions (1) and (2).

Peak metamorphic temperatures of approximately 7000 c and pressures of approximately
4-6Kb, determined in chapter 4 in semi-pelitic and pelitic rocks adjacent to amphibolite
samples, combined with the titanite stability data of Spear (1981b), summarised in figure 3.15,
suggests oxygen fugacities in the region of the quartz-fayalite-magnetite buffer in OU56806.

A fundamental difference exists between the amphiboles synthesized by Spear (1981b)
and those analysed from the Koettlitz Group. In the case of Spear's experiments amphibole
composition varies as a function of temperature. This differs from the amphiboles analysed in
Koettlitz Group amphibolites where variations in amphibole compositions are the result of
different bulk rock compositions. If the experiments of Spear were repeated using a different
whole rock composition a different trend in amphibole composition will be observed because
of the effects of different non-ideal behaviour of amphibole solutions of different
compositions, dilutions of exchange reactions with components outside of the system in figure
3.13 and the presence of different buffering assemblages, not observed in Spear's
experiments, with increasing temperature. Consequently the trend in amphibole compositions
towards a pargasitic end member produced by Spear's experiments is whole rock composition
specific.
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Figure 3.13: Comparison of the composition of amphiboles in Koettlitz Group amphibolites

with those produced in the experiments of Spear 1981(b).
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Figure 3.14: Coexisting plagioclase and amphibole compositions from

the northern Taylor Glacier amphibolites.

Xab in plagioclase.
0·2. o-o

OU56796.
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Na(A) in amphibole

Thick tie lines link the compositions of coexisting plagioclase and amphibole from

northern Taylor Glacier amphibolites. Thin tie lines link compositions of coexisting

plagioclase and amphibole for uppermost amphibolite facies amphibolites in

Spear (1981a).

Figure 3.15: Titanite stability as a function of pressure, (=Pt), temperature and

oxygen fugacity after Spear (1981b).
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Peak metamorphic PT conditions for the Darkowski Glacier locality are superimposed

on the titanite stability field(s), indicated f02 in the NNO to QFM buffer region.
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Figure 3.13 shows that minor fluctuations in bulk: rock compositions can produce just
as large fluctuations in amphibole chemistry as a 400·c increase in temperature.

3.7: COMMENT ON THE STABILITY OF CLINOPYROXENE, ORTHOPYROXENE
AND GARNET IN KOETILITZ GROUP AMPHIBOLITES.>.

Many workers, (Binns 1964 1965, Engel and Engel1964 etc), have noted the common
occurrence of clinopyroxene in uppermost amphibolite facies amphibolites and the appearance
of orthopyroxene at the amphibolite-granulite facies boundary. Almandine - pyrope garnet is
also a common constituent of amphibolites, (Binns 1964, Engel and Engel 1962). None of
these three phases were observed in any of the amphibolites from either the Taylor Glacier,
Dun Glacier or Darkowski Glacier localities, however a relatively quartz-rich clinopyroxene
bearing amphibolite was found at Nussbaum Riegel. Hobbs et al (1971) also note an
orthopyroxene-bearing amphibolites at Nussbaum Riegel, although samples collected during
this study did not contain orthopyroxene.

The presence of both clinopyroxene and orthopyroxene at Nussbaum Riegel suggests
that metamorphic conditions in this locality at least, are comparable with the amphibolite
granulite facies transition. However the lack of both clinopyroxene and orthopyroxene in other
Koettlitz Group localities may not be indicative of lower grade metamorphism, but rather
different whole rock compositions and aH20 which are inappropriate for pyroxene formation.
This is suggested by geothermometric calculations based on pelitic assemblages present at
Nussbaum Riegel and the north Taylor Glacier locality, (see chapter 4). The experiments of
Binns (1968) and Spear (1981b) both show that the degree of Si02 saturation can effect the
temperature at which orthopyroxene first appears in amphibolites by as much as 50·c. Spear
(1981b) also notes that high aH20 extends the stability of amphibole, suppressing the first
appearance of clinopyroxene to temperatures in excess of 750·c. Abbott (1982) notes other
compositional controls on pyroxene stability involving the relative amounts of CaO, FeO and
MgO which are summarised in his CFM projection and associated topologies. Unfortunately
the CFM projection of Abbott is not applicable to the Koettlitz Group amphibolites as it
assumes Si02 saturation and the presence of magnetite and epidote. Lack of pyroxene in
Koettlitz Group localities other than Nussbaum Riegel is probably the result of inappropriate

•bulk: rock chemistry, especially Si02 undersaturation and perhaps relatively high aH20 . A
study of interlayered amphibolites and granulites by Glassey and Sorenson (1981) also
emphasizes the importance of Si02 saturation and low aH20 in promoting the development of
pyroxene-bearing assemblages.

Abbott (1982), Glassey and Sorenson (1981) and Labotka (1987) all describe garnet
bearing and garnet-free amphibolites. Abbott and Labotka both show that specific
compositions are required for garnet genesis while Glassey and Sorenson suggest the ratio
P siPf indirectly controls garnet genesis primarily because they could not detect any
compositional differences between adjacent garnet-bearing and garnet-absent amphibolites.
Unfortunately the projections derived by Abbott and Labotka cannot be used to identify the
chemical anomalies causing a lack of garnet in Koettlitz Group amphibolites because their
projections all assume the presence of phases not found in Koettlitz Group amphibolites.
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Estimated Ps' T conditions of metamorphism for the Koettlitz Group, (see chapter 4), are
bracketed by the pressure, temperature conditions experienced by garnet-bearing amphibolites
described by the authors mentioned above. Consequently garnet stability in Koettlitz Group
amphibolites appears to be controlled by whole rock compositions.

3.8: DISCUSSION OF AMPHIBOLE CHEMISTRY.

Data presented in the petrology section showed that the bulk rock chemistry of
amphibolite samples has a marked effect on the modal abundance and compositions of phases
in amphibolites. Comparison of Koettlitz Group amphibole compositions with the
compositions of amphiboles synthesized in Spear's (1981b) experiments show that trends in
amphibole compositions with increasing temperature are functions of whole rock composition.
Use of amphibolite assemblages as the indicator of the amphibolite-granulite fades boundary
was also shown to be a function of whole rock composition. Consequently lack of
orthopyroxene bearing assemblages in all localities except Nussbaum Riegel does not indicate
a lower temperature or pressure of metamorphism in localities other than Nussbaum Riegel.

The above data shows that use of amphibolite compositions to detect variations in
pressure and temperature is fraught with uncertainties. Experimental studies similar to that of
Spear (1981b) using a wide variety of bulk rock compositions are required before the effects
of different assemblages and non-ideal behaviour can begin to be quantified. Application of
geobarometers such as that based on the reaction below:

CaFe2Al2Si3012 + 2Ti02 = 2FeTi03 + CaAl2Si20S + Si02
garnet rutile ilmenite .anorthite

may be affected by non-ideality in amphibole solutions if applied to amphibole-bearing
assemblages as suggested by Bohlen and Liotta (1986), with unknown results for the
geobarometric calculation. Consequently amphibole-bearing assemblages should be avoided
for all geothermobarometric calculations. Similarly less-refined graphical geobarometers such
as those presented by Laird and Albee (1981) may also give spurious results and will be
dependent on the composition of the rock. Amphibole compositions appear to be of little use in
subdividing the amphibolite fades except, perhaps on the broadest scale a~d cannot beused to
detect differences in metamorphic grade between Koettlitz Group localities examined during
this study. The slight tremolite enrichment in amphiboles in amphibolites from the Darkowski
Glacier locality may be reflecting composition dependent net transfer reactions similar to those
described above and not pressure or temperature differences between localities during
metamorphism.

3.9: ORIGIN OF AMPHIBOLITES.

Two origins have been proposed for amphibolite rocks in medium to high grade
metamorphic terranes. Some workers have suggested that amphibole-plagioclase rich rocks
result from metamorphism of basic volcanic rocks or tuffs while others have suggested that
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amphibolites form metasomatically during reaction between adjacent marble and pelitic or

semi-pelitic layers.

A metasomatic origin of amphibolites involves diffusion of components down an

activity gradient either in a fluid phase or more slowly via a solid state mechanism. Gradients

in the chemical pote~tials of various components are the result of juxtaposition of different

bulk rock compositions such as pelitic schists and marbles. Subsequent migration of various

chemical components during medium to high grade metamorphism results in the development

of a series of assemblages adjacent to the initial contact between the two differing bulk rock

compositions. Metasomatic assemblages occurring at contacts between pelitic schist and

marble have been described by; Orville (1969), Vidale and Hewitt (1973) and Thompson

(1975), while experimental reproduction of metasomatic assemblages has been acheived by

Vidale (1969). For example Thompson (1975) noted the following sequence of assemblages

developed at a pelite marble contact:

1) marble = calcite + diopside + quartz

2) garnet =almandine + grossular solution =the initial marble pelite contact

3) diopside + clinozoisite (di > cz)

4) clinozoisite + diopside (cz >di)

5) plagioclase + amphibole = amphibolite

6) pelitic schist

Metasomatic amphibolites should be relatively easy to recognise on the basis of field

relations. As can be seen from the above list of assemblages the essential features are

juxtaposition of marbles and quartzofeldspathic rock of.some form with an intervening

sequence of calc-silicate assemblages. Two to three metre thick amphibolite layers sandwiched

between quartzofeldspathic schist, pelitic schist or augen gneiss are relatively common in many

Koettlitz Group localities. The lack of any adjacent marbles or calc-silicates and the relatively

large thickness of these amphibolites, (compare with the centimetre scale thicknesses described

by Thompson (1975), Vidale and Hewitt (1973», almost certainly means these amphibolites

represent meta-basic rocks of some variety. Much less common in the Koettlitz Group are thin

layers of amphibolite sandwiched between marbles, calc-silicates and pelitic schists. These
I

minor amphibolites probably formed by metasomatic processes. Some Koettlitz Group

amphibolites display conflicting field relations. Two to three metre thick amphibolites are

found interlayered with marbles but lacking sequences of calc-silicates on one or both sides

and a pelitic schist core. The lack of these characteristic features of metasomatic amphibolites

suggests these amphibolites originated as meta-basic horizons interlayered with the limestone

precursor of the surrounding marble or as basic intrusions within the marble. Field relations of

analysed amphibolites and thei r inferred origin are listed in table 3.2 below.

3.10: AMPHlBOLITE GEOCHEMISTRY.

Early studies of amphibolite geochemistry focussed on differentiating between ortho

and para amphibolites. Leake (1964) plotted compositions of amphibolites and attempted to
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TABLE 3.1: AMPHIBOLlTE ANALYSES.

OU56796 OU56797 OU56798 OU56800 OU56801 OU56802 OU56803 OU56805 OU56804 OU56892 OU56806 OU56807 OU56808

CXJ CXJ CXJ CXJ CXJ CXJ CXJ CXJ CXJ CXJ CXJ 00 CXJ

Si02 wt% 46.26 44.01 44.94 44.71 52.72 49.73 42.39 52.48 45.4 53.36 46.83 47 45.77

Al203 wt% 2.89 3.76 2.57 3.8 1.12 3.8 5.11 1.98 1.87 1.17 1.52 2.8 1.99

Ti02 wt% 16.39 15.06 15.67 14.89 18.81 18.63 13.16 18.09 16.01 15.06 14.92 13.47 15.64

Fe203 wt% 2.4 3.48 3.21 3.92 0.29 3.33 4.52 2.31 4.65 2.23 3.25 3.96 2.96

FeO wt% 10.52 12.91 10.8 12.13 5.94 7.58 13.89 5.63 9.86 7.93 8.36 11.53 10.66

MnO wt% 0.19 0.24 0.21 0.15 0.03 0.21 0.26 0 0.16 0.24 0.28 0.18 0.18

MgO wt% 5.36 6.12 7.03 6.58 3.79 3.96 5.45 6.37 6.8 5.73 8.44 5.72 7.25

CaO wt% 9.1 8.96 10.72 9.22 8.87 8.03 9.45 3.21 9.37 5.43 11.26 9.64 7.38

Na20 wt% 3.59 3.08 1.97 2.73 4.46 3.13 1.68 2.85 2.57 3.44 1.79 ·2.58 2.26

K20 wt% 1.13 0.38 0.69 0.6 1.04 1.99 1.4 4.82 1 2.64 1.03 1.42 2.88

P205 wt% 0.7 0.68 0.35 0.61 0.27 0.34 1.5 0.34 0.34 0.27 0.18 0.37 0.5

LOI 0.95 0.61 1.16 0.56 1.79 0.98 1.19 1.14 1.09 1.6 0.94 1.34 1.72

TOTAL 99.48 99.29 99.33 99.9 99.12 99.36 100 99.22 99.12 99.1 98.83 100 100.53

Gappm 22 29 24 23 24 21 25 23 20 21 17 21 21

Rbppm 43 14 26 30 76 65 37 244 28 107 24 50 96.
Sr ppm 863 720 322 415 647 636 559 58 325 276 330 352 651

Y ppm 30 43 37 47 32 30 61 65 31 41 28 36 34

Zr ppm 220 267 204 260 205 144 251 138 130 272 106 185 286

Pbppm 19 13 10 11 21 9 15 9 9 13 10 10 11

Thppm 4 6 2 5 11 3 2 0 1 6 2 4 7

U ppm 1 1 1 0 3 3 3 2 0 1 4 0 3

Nippm 35 39 65 52 16 12 15 44 81 76 124 27 75

Cuppm 26 34 19 16 0 22 18 11 35 30 7 37 10

Znppm 133 120 90 112 72 79 185 46 107 122 201 137 123

Nbppm 36 28 21 27 21 21 31 28 13 12 17 37 55

Ti wt% 2.72 3.41 2.48 3.49 1.06 1.52 4.55 2.09 1.83 1.3 1.5 2.56 2.1

Mn wt% 0.17 0.2 0.2 0.22 0.08 0.17 0.26 0.06 0.18 0.29 0.31 0.23 0.19

V ppm 188 295 311 335 78 143 339 275 237 1.62 290 389 179

Crppm 14 42 108 68 52 11 0 161 57 212 349 16 136

Bappm 424 304 177 169 217 760 619 531 244 338 242 607 2177

Lappm 33 34 23 38 36 30 45 38 22 29 18 45 50

Ceppm 56 54 35 57 70 44 60 74 34 43 17 52 70

Ndppm 28 29 16 38 37 21 37 31 15 25 9 32 33

OU = Analysis performed at Otaco University



TABLE 3.2 FIELD CHARACfERISTICS OFAMPHIBOLITES

SAMPLE THICKNESS ADJACENT LITHOLOGIES CLASSIFICATION

METRES WEST EAST

OU56796 0.040 marble- marble uncertain

calc-silic

OU56797 3.50 marble qfs ortho

OU56798 1.56 marble marble ortho

OU56800 1.75 marble marble/ ortho

qfs

OU56801 0.48 marble- marble uncertain

calc-silic

OU56802 0.71 marble marble ortho

OU56803 0.15 marble- calc-silic- para

calc-silic marble

OU56805 1.0 qfs qfs ortho

OU56804 1.3 qfs qfs ortho

OU56892 0.75 qfs qfs ortho

OU56806 2.7 semi-pelite qfs ortho

OU56807 1.8 semi-pelitic semi-pelitic ortho

OU56808 1.1 marble marble ortho

qfs = quartzofeldspathic.

calc-silic = calc-silicate rock.

ortho = ortho-amphibolite.

para = amphibolite.

compare variations in amphibolite chemistry with trends in the compositions of basic igneous

rocks to differentiate between ortho and para-amphibolites. However Orville (1969) points out

that metasomatic reaction of marbles and pelitic schists produces trends in both major and trace

element composition which may mimic those in igneous rocks, resulting from fractional

crystallisation. In the case of most of the Koettlitz Group amphibolites field relations appear to

provide an adequate distinction between the two amphibolite types in all but two of the thirteen

samples analysed, see table 3.2.

Rather than use the chemical data to differentiate between ortho- and para-amphibolites,

it is now possible to use the data to differentiate between type and tectonic setting of the basic

precursor of the amphibolites. Before the significance of any chemical characteristic can be

ascertained some attention must be paid to the problem of both major and trace element

mobility during metamorphism.

The presence of relatively homogenous, discrete bodies of amphibolite with sharp

contacts against adjacent lithologies suggests the initial compositional heterogeniety

corresponding to the amphibolite prior to metamorphism has been preserved relatively intact.
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VI
VI

TABLE 3.3: NORMATIVE COMPOSITIONS OF AMPHIBOLlTE SAMPLES

OU56796 OU56797 OU56798 OU56800 OU56801 OU56802 OU56803 OU56805 OU56804 OU56892 OU56806 OU56807 OU56808
quartz 0 0 0 0 0 0 0 0 0 0.3 0 0 0
corundum 0 0 0 0 0 0 0 3.16 0 0 0 0 0
orthoclase 6.68 2.25 4.08 3.55 6.15 11.76 8.27 28.48 5.91 15.6 6.09 8.39 17.02
albite 26.55 26.06 16.67 23.1 37.74 26.49 14.22 24.12 21.75 29.11 15.15 21.83 18.19
anorthite 25.27 26.14 31.88 26.6 28.23 30.91 24.23 13.7 29.19 17.85 29.63 20.98 24.02
nepheline 2.07 0 0 0 0 0 0 0 0 0 0 0 0.5
diop woll 6.39 5.79 7.94 6.33 5.85 2.8 5.37 0 6.29 3.06 10.46 10.2 3.89
diop en 3.18 2.86 4.35 3.41 2.95 1.43 2.61 0 3.59 1.65 6.52 5.1 2.11
diop fs 3.08 2.82 3.31 2.71 2.77 1.31 2.66 0 2.43 1.3 3.31 4.88 1.65
hyen 0 1.65 5.58 4.71 2.38 6.64 10.21 15.04 3.2 12.62 6.84 4.3 0
hy fs 0 1.63 4.25 3.74 2.23 6.09 10.39 4.89 2.17 9.93 3.47 4.1 0
olivine fo 7.13 7.53 5.32 5.8 2.89 1.26 0.53 0.58 7.11 0 5.37 3.4 11.18
olivine fa 7.6 8.2 4.46 5.08 2.99 1.27 0.59 0.21 5.31 0 3 3.57 9.67
magnetite 3.48 5.05 4.65 5.68 0.42 4.83 6.55 3.35 6.74 3.23 4.71 5.74 4.29
ilmenite 5.49 7.14 4.88 7.22 2.13 2.89 9.71 3.76 3.55 2.22 2.89 5.32 3.78
apatite 1.62 1.58 0.81 1.41 0.63 0.79 3.48 0.79 0.79 0.63 0.42 0.86 1.16
LOI 0.95 0.61 1.16 0.56 1.79 0.98 1.19 1.14 1.09 1.6 0.94 1.34 1.72
total 99.48 99.29 99.32 99.9 99.13 99.43 100 99.22 99.12 99.1 98.8 100.01 99.19



Although these compositional heterogenieties are preserved their presence does not preclude

the migration of only one or two of the major element components during metamorphism. For

example Mg may be preferrentially mobilised relative to FeZ+ there by altering the whole rock

XMg ratio. Consequently the significance of any major element correlations or trends is

uncertain.

Ample evidence exists of trace element mobility during upper amphibolite facies

metamorphism. Wayne and Krishna (1988) describe yttrium enriched zircon overgrowths on

earlier zircon grains in high strain zones developed under uppermost amphibolite facies

conditions. Mobility of yttrium, zirconium and rare earth elements is not restricted to high

strain zones. Vocke et al (1987) describe yttrium and rare earth element enrichment in the rims

of refaceted zircons and xenotime overgrowths on pre existing zircons in upper amphibolite

facies rocks. Resetting of uranium lead dates from zircons is a common phenomenon in

uppermost amphibolite and granulite facies rocks, (Peucat et al 1985), demonstrating that

hafnium, uranium and lead are also mobile under uppermost amphibole conditions. Many

earlier workers; (Coish and Rogers, 1987, Humpries and Thompson, 1978, Pearce and Cann,

1973 and Pearce et al, 1974), particularly those working on upper greenschist to lower

amphibolite facies rocks have suggested that the high field strength trace elements are

immobile, however this is clearly not the case under upper amphibolite facies conditions. As

with the major elements the reliability of all trace elements to discriminate between types of

basalt or tectonic environment of the amphibolite protolith is uncertain.

The relatively high TiOz and PzOScontents of the amphibolites suggests alkaline rather

than calc alkaline affinities. CIPW norm calculations also show alkaline character, see table

3.3. Quartz is absent from the norm calculations while nepheline is present in two of the

amphibolite norms. The Ti, Zr, Y plot illustrated in figure ~.16 after Pearce and Cann (1973)

also suggest mildly alkaline to alkaline affinities, for most of the amphibolites.

Amphibolite analyses have a very similar composition to some alkalic basalts from the

Dunedin Volcanoe, (Price 1973). Some lamprophyre analyses from the Haast area in Barreiro

and Cooper (1987) are also very similar to amphibolites from the Koettlitz Group. The

consistency of the three chemical classification schemes all suggesting alkaline affinities rather

than tholeiitic or calk alkaline affinities suggests amphibolite protoliths may have been a suite

of lamprophyre or alkali-basanite rocks. The two relatively Si02 rich amphibolites appear to

have calc-alkaline affinities and may be mafic orthogneisses similar to those described in

chapters 8 and 9. Mafic orthogneisses and amphibolites have very similar mineralogies and are

only distinguished on an arbitrary colour index basis, amphibolites being more mafic than

mafic orthogneisses. However data presented here and in chapter 9 suggests that this

distinction has an important genetic basis, for a further discussion of this point the reader is

referred to chapter 9.
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CHAPTER 4: PELITIC AND GARNETIFEROUS
SCHISTS.

4.1: INTRODUCTION.

Rocks of pelitic composition are useful in metamorphic petrology as the mineralogies
developed in these rocks are particularly sensitive to changes in temperature and pressure. Prior
to this study pelitic, sillimanite-bearing rocks had only been described from one locality in the
field area, at "The Defile", adjacent to the snout of the Suess Glacier, (see Smith and Debenam
1921).

Rocks of pelitic composition are very rare in the Koettlitz Group meta-sediments examined
during this study. Pelitic schists are restricted to a few horizons 10 to 15 centimetres thick on the
northern side of the Taylor Glacier, 4km west of the Rhone Glacier and another horizon several
metres thick at "The Defile". Garnetiferous semi-pelitic schists are more common with several
horizons up to five metres thick cropping out on either side of the Taylor Glacier, approximately
4km west of the Rhone and Calklin Glaciers, (contrary to the opinions of Haskell et al 1965 and
Schmidt et al 1982) and ten or more minor layers a metre or less thick sandwiched between
amphibolite layers approximately 500 metres east of the Darkowski Glacier. Garnet-bearing
psammitic schists were noted from two localitites, one on the northern side of the Taylor Glacier,
in the same locality as semi-pelitic garnetiferous schists and the other closely associated with the
garnetiferous semi-pelitic schists from the Darkowski Glacier. Localities of pelitic and
garnetiferous rocks are shown in figure 4.1.

4.2: PETROGRAPHY:

In hand specimen pelitic rocks divide into two distinct varieties, see figure 4.2. Pelitic
schists from 'The Defile" contain abundant garnet porphyroblasts giving the rock a granofelsic
texture while those cropping out on the northern side of the Taylor Glacier lack garnet
porphyroblasts and are extremely rich in strongly foliated micas. Garnetiferous semi-pelitic
schists closely resemble the garnetiferous pelitic schists from "The Defile", however in thin
section garnetiferous semi-pelitic schists lack sillimanite. Psammitic schists are richer in quartz
but contain appreciably less biotite and garnet than the pelitic varieties.

Micaceous pelites contain abundant muscovite, biotite and potassium feldspar with smaller
amounts of quartz and plagioclase. Accessory tourmaline and apatite are also common in the
micaceous pelites. Gametiferous pelites from "The Defile" contain the assemblage: garnet,
plagioclase, sillimanite, quartz, biotite and cordierite with accessory amounts of ilmenite,
Kfeldspar, andalusite, zircon, apatite and pyrite. Garnetiferous semi-pelitic and psammitic
schists contain similar assemblages to garnetiferous pelites except they lack sillimanite and
cordierite and K-feldspar is not present in all samples.
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Darkowski Glacier locality.

Figure 4.1: Locations of garnetiferous and semi-pelitic schists. Note the location of garnetiferous pelitic rocks from
" The Defile" is shown in figure 2.22. Geology is in detail in 2.] 0, 2.11 and 2.20.



Figure 4.2: Hand specimens of the two varieties of pelitic schist. The lower sample is of the mica

rich-variety, OU56810 and the upper sample is of the garnetiferous variety, OU56816.

4.3: MINERALOGY.

4.3(a) GARNET MORPHOLOGY, INCLUSIONS AND ZONATION.

Garnets in psammitic schists are generally small, «3 mm), and lack abundant mineral

inclusions, however garnet porphyroblasts in semi-pelitic and pelitic schists tend to be larger,

(>5mm), and contain inclusion rich cores. Inclusion suites are limited in variety consisting of

biotite, ilmenite and quartz. Fibrolitic sillimanite inclusions are common in the one garnetiferous

pelite from" The Defile" and were also found in one garnet from the semi-pelitic sample

OU56811 from the southern side of the Taylor Glacier. Ilmenite is found only as inclusions in

garnets and is not present in the matrix of any of the garnetiferous samples. Kyanite and

staurolite were not found in any rocks analysed, either as grains in the matrix or as inclusions in

garnet porphyroblasts. As noted above muscovite is restricted to volumetrically insignificant

micaceous pelites and does not occur as inclusions in garnets either. One recognisable grain of

andalusite was observed in the matrix of OU56816 but was not observed forming inclusions in

garnets in the same or any other samples. Unlike garnet cores, garnet rims are relatively inclusion

free. Garnet rims also appear corroded, particularly in the pelitic rocks from "The Defile", see

figure 4.3(a).

Gamet MgO, MnO, FeO and CaO contents are relatively homogenous throughout entire

porphyroblasts, (compare with those described in Tracy et al (1976), Thompson et al (1977) and

Karabinos (1984)), except at the rims which tend to be enriched in MnO,but depleted in MgO

relative to the bulk of the porphyroblast, see figures 4.4 (a), (b) and (c). FeOT contents exhibit

relatively large variations across the widths of porphyroblasts compared to MgO, MnO and CaD.

FeOT contents illustrated in figure 4.4(d) show fluctuations of up to 2wt% in some examples. In
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Figure 4.4(a): CaO zonation in garnet porphyroblasts from samples of pelitic and semi-pelitic

schist.
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Figure 4.4(b): MnO zonation in garnet porphyroblasts from samples of pelitic and semi-pelitic

schist.
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Figure 4.4(c): MgO zonation in garnet porphyroblasts from samples of pelitic and semi-pelitic

schist.
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Figure 4.4(d): FeO zonation in garnet porphyroblasts from samples of pelitic and semi-pelitic

schist.
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OU56816 and OU56814 enrichment in FeO and depletion in MgO at garnet rims is most

pronounced where garnets are adjacent to biotite grains rather than quartz or plagioclase grains in

the matrix, but in the other samples zoning occurs adjacent to all the phases in the matrix.The

garnet porphyroblast analysed from OU56811 is particularly notable in that it has an FeOT

depleted rim adjacent to quartz, unlike porphyroblasts from other samples which are generally

enriched in Fe~ or unzoned at garnet-quartz contacts.

The significance of garnet zoning characteristics and inclusion suites is discussed in the

petrology and geothermobarometry sections, after descriptions of the other minerals found in the

pelitic and garnetiferous schists.

4.3(b): BIOTITE.

Biotite is the only micaceous mineral present in the garrietiferous schists, muscovite being

confined to the mica-rich pelites OU56809 and OU56810. As well as containing abundant

reddish brown to dark brown matrix biotite and biotite inclusions towards the cores of garnets

many garnetiferous schists also contain a third variety of biotite. Often garnets are crosscut by

veins of green biotite and biotite adjacent to garnet rims is also often green in colour. Analyses of

these three types of biotite are plotted in figures 4.5 and 4.6. Biotite inclusions in garnets from

Figure 4.6: Ti02 wt% versus Mg/Mg+F~ in biotite

from pelitic and garnetiferous rocks.
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Figure 4.5: Biotite compositions from pelitic and garnetiferous rocks, plotted in terms of the four

end members, annite, phlogopite, siderophyllite and eastonite.
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the garnetiferous pelite OU56816 are enriched in Mg relative to the matrix and green biotite

associated with garnets. Similarly matrix biotite is enriched in Mg relative to green biotite from

OU56818. In the case of OU56818 the green biotite is enriched in tschennak component relative

to the associated matrix biotite. Figure 4.6 shows that the green biotites lack any Ti02 content

where as the matrix biotites and biotite inclusions in garnets contain between 2.0 and 4.2 wt%

Ti02. Green biotite veins within a garnet porphyroblast from OU56818 are illustrated in figure

4.3(b).

Interpretation of biotite textures and chemistries is completed in the geothennobarometry

section along with interpretation of garnet textures and zoning.

4.3 (c): MUSCOVITE.

Primary muscovite is restricted to highly potassic and aluminous, garnet-absent pelites

OU56809 and OU5681O. These muscovites lack any phengite component and contain less than

10% paragonite component. The trace amounts of FeO and Ti02 found in most analyses are not

associated with the tschermak exchange, ie a phengite component as the number of Si atoms in

these muscovites is less than six. The extremely high Al contents and low Si contents of these

muscovites are characteristic of upper amphibolite facies metamorphism, see Cipriani et al (1971)

Muscovite analyses also contain less than the 2K + Na + Ca atoms required according to the

stoichiometry of Deer et al (1966). This may be due to the presence of H30 + ions in the

interlayer sites.

The apparent contradiction between the two assemblages: muscovite-quartz-Kfeldspar and

quartz-sillimanite-K-feldspar in terms of the reaction below is explained in the following

petrology section.

quartz + muscovite = potassium.feldspar + sillimanite + H2O

4.3 (d) : PLAGIOCLASE.

Compositions of plagioclase grains from pelitic and semi-pelitic samples are plotted in

figure 4.7. Plagioclase anorthite content ranges from 11.9% in the micaceous pelite OU56809 to

37.6% in the garnetiferous semi pelite OU56817, although variation in any particular sample is

less than 5% anorthite except in OU56817. K-feldspar content of plagioclase varies from

approximately 1% at 37% anorthite to 3% at 12% anorthite.

Very weak zonation of plagioclase is observed sporadically in thin section. Microprobe

analyses suggest very weak zonation with rims slightly enriched in anorthite but by less than 1%.

Average core analyses differ from average rim analyses by less than two standard deviations

showing that plagioclase is essentially unzoned.

4.3 (e) : ALKAU FELDSPAR.

Alkali feldspar is relatively rare in garnetiferous pelites and semi-pelites comprising less

than five modal percent in all samples, but in the micaceous pelites alkali feldspar is much more

common. Although exsolution was not observed in thin section microprobe analyses of alkali

feldspars in OU56809 show compositions clustering within a few percent of pure albite and

potassium rich alkali feldspar containing greater than 80% K-feldspar component, see figure 4.8.

Analyses of alkali feldspar in garnetiferous samples was only attempted for OU56814 because
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alkali feldspar in other samples was heavily retrogressed to sericitic muscovite. Alkali feldspar

from OU56814 contained greater than 94% K-feldspar component. None of the alkali feldspars

analysed contained greater than a trace amount of anorthite component.

anorthite

Figure 4.7: Plagioclase compositions from

pelitic and garnetiferous samples.
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Figure4.8: Alkali feldspar compositionsfrom pelitic and garnetiferousrocks.
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4.3 (f) : CORDIERITE.

Cordierite is restricted to the garnetiferous pelite OU56816 and the garnetiferous semi-pelite

OU56817.In OU56817 cordierite is concentrated in narrow leucosomes approximately five

millimetres wide, while OU56816 contains cordierite both in the matrix and narrow leucosomes.

Analysis of cordierite was possible in OU56816 only, because of extensive retrogression in the

other sample. Cordierite composition and cordierite forming reactions are discussed in the

petrology and geothermobarometry sections.



4.4: PETROLOGY.

4.4 (a): STABILITY OF MUSCOVITE IN PELITIC ROCKS.

Coarse grained, foliated muscovite is restricted to the potassic, non-garnetiferous pelites

OU56809 and OU5681O. Garnetiferous pelites such as OU56816 lack muscovite but contain

sillimanite, K-feldspar and quartz suggesting pressure temperature conditions appropriate for the

reaction:

quartz + muscovite =sillimanite + potasium feldspar + H2O

to have occured. However the presence of quartz and K-feldspar with muscovite in the non

gametiferous pelites would suggest that this reaction is not applicable to these rocks. Model

NKASH topologies conswcted by Thompson and Thompson (1976) show a strong bulk rock

compositional control on the reaction path of muscovite breakdown. Figure 4.9 modified after

figure 2 of Thompson and Thompson (1976) shows the sequence of assemblages developed in

NKASH at mid to upper amphibolite facies, during the elimination of muscovite. Superimposed

on these phase diagrams are the compostions of Koettlitz Group semi-pelitic and pelitic schist.

Compositions of garnetiferous, muscovite-absentpelites lie towards the centre of the diagrams in

the sillimanite K-feldspar, albite stability field. Muscovite-bearing pelites however are much

richer in K20 relative to the garnetiferous pelites and consequently they plot in the

muscovite+K-feldspar stability field. Albite is stabilised in the muscovite-bearing pelites by the

associated minor anorthite content in plagioclase. Similarly biotite with a K:AI ratio intermediate

between muscovite and K-feldspar is stabilised by its Fe, Mg, Mn and Ti content. From the three

phase diagrams in figure 4.9 it is apparent that muscovite breakdown is governed by two

discontinuous reactions:

(1) lower temp: n muscovite + (l-njalbite + nquartz =n sillimanite + K-Na feldspar + nH20

(2) higher temp: muscovite + quartz =sillimanite + K-feldspar + H20

Figure 4.9 suggests that K20-rich pelites have not undergone reaction (1) or (2),

consequently muscovite is stable in these rocks whereas K20-poor, gametiferous pelites have

undergone reaction (1) and consequently muscovite has been consumed. Neither type of pelite

appears to have undergone reaction (2), (although initially at least it appeared that the K20 poor

pelites had).

4.4(b): COMPOSmONAL CONTROL ON, AND DEVELOPMENT OF ASSEMBLAGES IN

GARNETIFEROUS PELITES AND SEMI-PELITES.

Gametiferous rocks described above differ from gametiferous rocks described by many

other workers, (e.g, McLellan 1985). Koettlitz Group garnetiferous rocks, except for OU56816

all lack sillimanite or any other aluminosilicate phases. Inclusion suites within garnet

porphyroblasts from Koettlitz Group samples are restricted to quartZ±sillimanite±biotite±ilmenite

unlike garnet inclusion suites described by Tracy et al (1976) and Thompson et al (1977) which

contain far more diverse assemblages including kyanite, chloritoid, muscovite and staurolite. The
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TABLE4.1:ANALYSES OF PELlTICANDGAR/liETIFEROUS SEMI-PELITIC SCHISTS

OU56809 OU56810 OU56810 OU56811 OU56812 OU56813 OU56814 OU56815 OU56816 OU56817

a.J VU a.J eo eo a.J eo a.J eo eo
SI02 wt% 51.91 53.64 54.04 58.97 65.99 77.91 62.34 63.79 59.36 63.8

Ti02 wt% 0.91 0.77 0.77 1.19 0.93 0.39 0.68 0.68 0.9 0.67

AJ203 wt% 21.45 22.16 22.42 15.54 13.54 9.32 15.25 16.14 16.76 15.61

Fe203 wt% 2.4 2.12 2.16 2.49 1.32 1.1 1.38 1.49 3.37 2.39

FeO wt% 5.12 4.81 4.81 8.75 6.79 3.86 7.73 6.54 7.78 6.09

MnO wt% 0 0.03 0.02 0.26 0.15 0.04 0.19 0.09 0.11 0.09

MgO wt% 2.81 2.03 2 3.36 2.6 1.63 3.39 2.54 4.51 3.47

CaO wt% 0.86 0.41 0.42 1.68 1.7 0.83 1.63 2.5 1.37 2.82

Na20 wt"lo 2.23 2.61 1.92 2.43 2.4 .1.6 2.44 2.67 1.42 2.22

K20 wt"lo 9.69 10.07 10.42 4.25 3.39 2.3 3.42 1.87 2.82 2.37

P205 wt% 0.09 0.07 0.06 0.03 0.03 0.01 0.05 0.05 0.08 0.16

LOt wt"lo 1.66 1.11 1.11 0.55 0.73 0.42 0.64 0.92 1.48 0.84

TOTAL 99.11 99.83 99.23 99.48 99.75 99.39 99.14 99.27 99.95 100.53

Ga~ 30 29.6 25 22 10 18 22 21 19

Rbppm 422 386.6 148 145 60 109 69 117 88

Sr ppm 107 49.8 306 310 93 138 268 124 120

Y ppm 40 61.4 22 21 21 27 38 29 25

Zr ppm 146 124.3 149 143 90 112 179 135 118

Pbppm 31 23.2 18 18 16 17 21 11 11

Thppm 15 12 0 3 1 7 10 8 7

U ppm 3 2 3 0 1 1 2 2 1

Ni ppm 24 35.1 53 41 14 47 45 65 54

Cuppm 34 41 2 0 7 2 71 21 58

Znppm 68 94.9 157 119 61 99 109 113 62

Nbppm 17 16.6 45 37 12 15 26 30 12

Ti (wt%) 1.05 1.28 1.01 0.41 0.72 0.78 1.02 0.8

Mn (wt%) 0.03 0.23 0.14 0.06 0.14 0.1 0.13 0.14

V ppm 152 144.2 171 130 90 151 139 207 159

er ppm 143 143.8 117 87 51 93 83 148 113

Bappm 536 447.1 737 567 415 570 748 734 577

Lappm 46 34.6 22 13 4 20 20 20 21

Ceppm 79 77.6 25 18 16 34 43 36 31

Ndppm 28 9 2 12 10 15 11 9

As ppm 4.3

Sc oorn 28.1
OU '" Analvsas oarformed at Otaqo Universitv VU '" Analvsis oerformad at Victoria Universitv
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discontinuous reaction

k-musc+qtz = ksp+sill+H20

discontinuous reaction

n (musc)+(l-n)alb+n qtz = n sill+ksp+n (H20)

Figure 4.9: Compositions of pelitic and garnetiferous samples plotted in the model KNASH

topologies of Thompson and Thompson (1976).

OU56809 + OU5681O = muscovite-bearing pelites lacking garnets.

OU56811 + OU56814 + OU56817 + OU56815 = garnetiferous semi-pelites.

OU56816 = sillimanite, garnet-bearing pelite. OU56813 = garnetiferous psammitic schist



following discussion has several aims. The first aim is to use the whole rock compositions to

predict the stable upper amphibolite facies assemblages in each of the garnetiferous samples and

account for the absence of sillimanite in all samples except OU56816. The second aim of this

section is to try to use whole rock compositions and theoretically derived AFM topologies at lower

metamorphic grades to predict reactions which resulted in the growth of the present assemblages
.-

and which also account for the relatively resticted garnet inclusion assemblages.

The compositions of a selection of garnetiferous pelites and semi-pelites are plotted in

figures 4.10 and 4.11. Figure 4.10 represents the assemblages presently developed in each of

these samples. Compositions have been plotted both ignoring and correcting for the Al20 3 used in

the formation of anorthite. To correct for the Al20 3 used in the formation of anorthite between

1500 and 2000 points were counted for each sample to determine the modal amount of garnet and

then the amount of CaO in garnet was calculated using microprobe analyses. Enough Al20 3 to

form anorthite from the remaining CaO was then removed from the total whole rock Al20 3 and the

remaining Al 20 3 was used to calculate the position of each sample in figures 4.10 and 4.11.

Modal analysis of plagioclase was not attempted because of problems in distinguishing plagioclase

from cordierite in some cases. In samples OU56813 and OU56815 for which microprobe data is

not available garnet composition was estimated by comparing the whole rock CaO composition of

these samples with those for which microprobe data is available, noting the effect of whole rock

CaO content on the grossular content of garnet in sillimanite-absent assemblages.

Compositions corrected for anorthite content plotted in figure 4.10 suggest three stable

assemblages in Koettlitz Group pelitic and semi-pelitic schists.

OU56816: biotite-sillimanite-cordierite,

OU56813, OU56811, OU56812, OU56817: biotite-garnet.

OU56814, OU56815: biotite-gamet-sillimanite.

Predicted AFM assemblages from the whole rock compositions of OU56811, OU56812,

OU56813, and OU56815 correspond to those found in the actual samples. Lack of sillimanite in

these samples reflects a combination of low Al20 3 coupled with up to 2.5wt% CaO in some of

these rocks resulting in A120 3 being used in the formation of anorthite that would otherwise form

aluminosilicate. However in all the other samples differences exist between predicted and actual

assemblages.

In OU56816 the garnetiferous pelite from "The Defile" garnet is present as well as the

predicted AFM assemblage biotite-sillimanite-cordierite, Garnet and cordierite are theoretically

separated by a tieline in figure 4.10. However as noted in the mineralogy section garnet rims are

corroded and garnet may not be at equilibrium with the rest of the assemblage. Resorbtion of

garnet and growth of cordierite are related by the reaction:

(3) sillimanite + quartz + garnet + H20 = cordierite (Battacharya 1986).

The above reaction may account for the corroded garnet rims. Poor reaction kinetics may have

preserved garnet, rather than having complete conversion to the predicted AFM assemblage,

cordierite, biotite and sillimanite. A very similar reaction proposed by Barber and Yardley (1985):
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Figure4.10: Garnet,cordierite,biotiteand wholerock

compositions of peliticand garnetiferous rocks

projectedfrom K-feldspar on to the plane,
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(4) biotite + sillimanite + quartz + garnet +H20 = cordierite + melt

may account for the development of cordierite bearing leucosomes in this sample.

Another sample whose predicted assemblage on the basis of AFM, corrected for Al20 3 in

anorthite, whose observed assemblage doesn't match the predicted assemblage is OU56817. The

predicted AFM assemblage taken from figure 4.10 is:

OU56817: garnet-biotite.

However OU56817 also contains cordierite-bearing 2 to 5 millimetre thick leucosomes. The

cordierite forming and melt generating reaction number (4) described above requires sillimanite as

a reactant, which is not present in OU56817 either as a matrix phase or as inclusions in garnets,

as predicted by figure 4.10. Concordant leucosomes developed in quartzofeldspathic schists and

orthogneisses described in chapter 6 exhibit abundant textural evidence of leucosome mobility.

The presence of cordierite in leucosomes within OU56817 may be reflecting a similar leucosome

mobility with the leucosome being derived from a source rock richer in Al20 3 or poorer in CaO

in the adjacent semi-pelitic or pelitic schists. Following melting and segregation the

cordierite-bearing leucosome was emplaced into sample OU56817.

The reason for the lack of sillimanite in OU56814 even though it plots in the sillimanite+

biotite+garnet field after correction for Al20 3 contained in anorthite is unknown. This

discrepancy may be due to an incorrect modal estimate of the garnet content and hence too lower

allocation of Al20 3 for anorthite formation. However the relatively unsegregated, granofelsic

nature of the semi-peltic schist suggests modal analyses should be reasonably accurate especially

when performed perpendicular to the SI orientation.

Initial genesis of garnet in high XMg pelites is still a problem. Comparison of the

composition of OU56816 with the model AFM topologies derived by Thompson (1976a) and

McLellan (1985) in figure 4.11 shows that garnet was never a stable phase in OU56816 with

respect to the AFM topologies in figure 4.11. The predicted sequence of assemblages from lower

amphibolite to uppermost amphibolite fades conditions in OU56816, from figure 4.11 are:

a) staurolite + biotite + andalusite

b) andalusite / sillimanite + biotite

c) sillimanite + biotite

d) cordierite + sillimanite + biotite

The apparent instability of garnet in AFM assemblages is also noted by McLellan (1985),

Tracy (1976) and Yardley et al (1981), who explain the problem by suggesting that the MnO

and/or CaO content of the garnets stabilise them outside their ideal AFM stability field. Garnet

forming AFM reactions proposed by Thompson (1976a) and invoked by McLellan (1985) and

Yardley et al (1981), such as:
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(5) staurolite + quartz + muscovite = garnet + biotite + aluminium silicate
(6) staurolite + quartz = garnet + aluminium silicate

only apply to Fe-rich pelites. Addition of MnO and CaO to the garnets may allow meta-stable
extension of AFM reactions (5) and (6) into more Mg-rich bulk rock compositions. Staurolite
may have been entirely consumed accounting for the lack of staurolite inclusions or as suggested
above garnet growth may have occured after staurolite breakdown, by a different reaction.

Tracy et al (1976) postulate a garnet forming reaction involving breakdown of Mn-bearing
ilmenite to release MnO which in turn stabilises garnet:

(7) muscovite + ilmenite + quartz = garnet + Ti-biotite. (Tracy et al1976)

This reaction is compatible with the ubiquitous occurence of ilmenite inclusions in garnets
but the complete lack of ilmenite in the rock matrix. Lack of muscovite inclusions implies that
ilmenite was present in excess of muscovite in terms of the above reaction, resulting in complete
consumption of muscovite, (see also the comments on garnet inclusion distribution below). If
reactions (6) and (7) occured simultaneously the resulting inclusion assemblage in the garnets,
(assuming ilmenite was in excess of muscovite and quartz was in excess of staurolite), would be;
ilmenite, quartz, Ti - biotite and sillimanite which is the exact inclusion assemblage found in
garnets from OU56816. The presence of sillimanite and not andalusite inclusions in garnet cores
suggests garnet growth after andalusite breakdown at relatively high temperature, precluding the
growth of garnets during chlorite breakdown at lower grade. The high XMg of biotite inclusions
in garnets relative to the matrix biotite is thought to be the result of retrogressive reequilibration of
garnet and biotite along the FeMg_1 exchange reaction.

Plotting of the compositions of semi-pelitic, garnetiferous rocks in the model AFM
topologies of figure 4.11 suggest that the assemblage biotite + garnet, perhaps with traces of
aluminosilicate, staurolite and staurolite, has been stable since middle amphibolite fades. Lack of
an aluminosilicate phase precludes the formation of garnet by metastable extension of reaction
(6). it would therefore seem likely that garnet growth in semi-pelitic rocks probably occured via
reaction (7) or some such similar reaction. If an excess of ilmenite over muscovite existed in semi
pelitic rocks then the observed inclusion suite in garnets is compatible with garnet growth via
reaction (7). The presence of ilmenite and the lack of chlorite inclusions in garnet cores would
also tend to preclude growth of garnets at lower grade from chlorite breakdown as ilmenite is not
generally stable under greenschist facies conditions as titanite is the common Ti02-bearing phase
in greenschist fades and lower arnphibolite fades rocks.

4.5: INTERPRETAnON OF GARNET INCLUSION DISTRIBUTION AND ZONING.

Spry, (1969 pp169 - 180) notes that poikiloblastic crystals areusually suggestive of growth
either in a higher energy environment or at a relatively fast rate because inclusion free crystals have
an appreciably lower surface energy than a poikiloblast. This suggests that inclusion poor rims of
garnets most notable in OU56816 may be the result of slower garnet growth during the later stages
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of garnet formation. Spry also notes that garnets will tend to incorporate phases with similar

crystal structure more readily than those with a radically different structure because of increases in

the resulting surface energies. This may explain the abundance of quartz and sillimanite

inclusions, which have a similar structure to garnet, and the relatively minor number of biotite

inclusions plus the complete lack of muscovite inclusions which has a very different structure to

garnet, (see also coments in Tracy 1982). Intercrystal facial energy arguments therefore suggest a

second possible explanation for the lack of muscovite and small numbers of biotite inclusions in

garnet, (as well as the muscovite consuming reaction outlined above).

Homogenous garnets with little or no zonation except at the rims are recordedby Tracy et al.

(1976), Bohlen and Essene (1980) and Tracy (1982) amongst others. All these occurrences are in

pelitic rocks which have been subjected to uppermost amphibolite or granulite facies

metamorphism.Tracy (1982) interprets homogenous garnet compositions as being the result of

post garnet growth volume diffusion and suggests temperatures between 615 and 680Qc are

required for the onset of volume diffusion in garnets. However the experimental work of Cygan

and Lasaga (1985) suggests temperatures in excess of 700Qc may be required for the onset of

volume diffusion in garnets. These results indicate that Koettlitz Group samples have been

subjected to peak metamorphic temperatures in excess of possibly 700Qc, a result which is

compatible with geothermometriccalculations in the next section.

Two distinct styles of zonation at the rims of homogenous garnet are described by Tracy

(1982). Garnets which have undergone granulite facies metamorphism contain rims enriched in

FeO and depleted in MgO but lacking any change in the CaO and MnO contents.This type of

zonation occurs only when garnet grains are in contact with biotite grains. Where garnets are in

contact with quartz or plagioclase no zonation occurs. Tracy (1982) infers this type of zonation to

be the result of retrogression along the FeMg_1exchange during cooling. Tracy (1982) also

suggests that the lack of any zonation where garnet is adjacent to quartz and plagioclase is the

result of relatively dry conditions during retrogression, preventing re-equilibration of the entire

garnet rim with biotite in the matrix. The second type of garnet rim zonation described by Tracy

(1982) involves enrichment in MnO as well as FeO at the garnet rims. Tracy infers this to be the

result of a net transfer reaction involving garnet resorption to form biotite ~d subsequent

enrichment in MoO at the garnet rim as Mn is relatively hard to accomodate in the biotite structure.

This type of zonation is not restricted to rim sections adjacent to biotite but is also developed

adjacent to plagioclase and quartz. Tracy suggests this is indicative of relatively high water

pressures during metamorphism and retrogression and therefore this type of zonation is more

common in amphibolite fades rocks.

Zonation at the rims of garnets in Koettlitz Group samples is not quite the same as in either

of the types described by Tracy (1982). Garnets in OU56816 from Nussbaum Riegel and

OU56814 from the mid Taylor Valley are zoned only when they are in contact with biotite

suggesting relatively dry retrogression from essentially granulite fades conditions. However

unlike the garnets described by Tracy (1982) these garnets are also enriched in MnO at the rims

suggesting operation of a net transfer reaction rather than a simple FeMK1 exchange during

retrogression. Biotite directly adjacent to garnet in OU56816,like the garnet rim, is also enriched

in Fe supporting a retrogressive, net transfer type reaction rather than a retrogressive exchange

reaction. Unlike biotite at garnet rims, biotite inclusions in garnets from OU56816 are enriched in
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Mg relative to the matrix biotite. This is most likely due to retrogressive equilibration along the

FeMg_1 exchange between the surrounding garnet and the biotite inclusion.

Garnet rims from the other Koettlitz Group localities tend to be zoned adjacent to all phases

and are also enriched in MnO as well as FeO. This is suggestive of relatively hydrous conditions

being present during the retrogression of these samples. Interestingly OU56811 with garnets

displaying zonation against all matrix phases and OU56814 in which garnets are only zoned

adjacent to biotite crop out less than 200 metres apart suggesting both hydrous and anhydrous

conditions on a relatively small scale in rocks of similar composition. Enrichment of MnO in

garnet rims is again indicative of garnet resorption during retrogression. Spectacular examples of

garnet retrogression and growth of Fe-rich, Ti-free, green biotite are present in OU56818 where

veins of green biotite upto 2mm thick crosscut garnet porphyroblasts, see figure 4.3(b). Biotite

inclusions in these garnets, not intersected by veins of green biotite are brown in colour and have

probably retrogressed via a simple FeMg_1 exchange similar to inclusions in OU56816.

In the following geothermobarometry section peak metamorphic temperatures are calculated

using the core compositions of garnets and biotite and plagioclase compositions at least 400

microns from the nearest garnet porphyroblast, to avoid the effects of retrogression on the

composition of these phases.

4.6: GEOTHERMOBAROMETRY.

4.6(a): INTRODUCTION

Pelitic assemblages useful for geothermobarometric purposes are rare in the Koettlitz

Group. Sillimanite and cordierite-bearing assemblages were found at Nussbaum Riegel only.

Cordierite from OU56817 at the Darkowski Glacier is restricted to leucosomes and may not be at

equilibrium with the adjacent biotite and garnet and is therefore not used for geothermobarometric

purposes. However the sillimanite + cordierite + garnet + biotite assemblage at Nussbaum Riegel

allows simultaneous application of two pairs of geothermometers and geobarometers, to

determine unique points in PT space. The more common occurence of garnet and biotite-bearing

assemblages allows application of the garnet biotite Fe, Mg distribution geothermometer to

samples over a wide area and provided an estimate of pressure is made a point in PT space can be

determined. Note that WDS analyses were used for geobarometric purposes in OU56816 while

biotite analyses used in exchange geothermometers were performed using the EDS system, see

appendix 3 for details.

4.6(b): GARNET - BIOTITE GEOTHERMOMETRY; SELECfION OF THE BEST

CALIBRAnON.

A wide variety of calibrations of this geothermometer are available, based on experimental,

empirical and theoretical data and arguments. An analysis of most of the presently available

calibrations by Chipera and Perkins (1988) suggests that the experimental calibrations of Ferry

and Spear (1978) and Perchuk and Lavrent'eva (1983) provide much more consistent results

with samples containing garnets of differing compositions from adjacent pelitic horizons than do

calibrations which have either empirically or stastically derived calibrations which account for

non- ideal solution in garnet, (Ganguly and Saxena 1984, Hodges and Spear 1982 and Hoinkes
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1987).

The experimental calibrations of Ferry and Spear (1978) and Perchuk and Lavrent'eva

(1983) were compared by calculating temperatures using the two adjacent samples OU56811 and

OU56814 from the southern side of the Taylor Glacier. These samples are ideal for testing the

quality of different calibrations as garnets from OU56811 contain approximately twice the

amount ofMnO than garnets from OU56814. Likewise biotite from OU56811 has an XMg ratio

of 0.38 while biotite in OU56814 has an XMg ratio of 0.47 allowing further testing of the

accuracy of the particular calibration. Results of the application of these two calibrations to

OU56811 and OU56814, assuming a peak metamorphic pressure of 3.5kb, are listed below.

OU56811

OU56814

Ferry and Spear

1978

Kn Trc)

0.032 829°C

0.012 670°C

Perchuk and Lavrent'eva

1983

Kn ro»
3.141 715°C

3.309 707°C

Ferry and Spear

Perchuk and Lavrent' eva

Kn = !Xro13. (Xann)3.

(Xph)3 (Xal)3

o= 12454 - 4.662T(K) + 0.057P(b) + RTlnKn

Trc) = [7843.7 - 0.0246 (P - 6000)1- 273

[1.987lnKn + 5.699]

The similarity of the two temperatures calculated using the calibration of Perchuk and Lavrent'eva

(1983) suggest this is the better of the two experimental calibrations, consequently this is the

calibration used for future garnet biotite thermometry in this thesis.

4.6(c): ANORTIITTE - GROSSULAR GEOBAROMETRY.

Geobarometric calculations involving the anorthite content of plagioc1ase and the grossular

content of garnet are based on the reaction below;

3anorthite = grossular + 2sillimanite+ quartz

Newton (1983) derived the following expression for the pressure dependence of the above

reaction;

at equilibrium

therefore

p = (-~G - RTInK)/~V

~G=MI-T~S =0

-~H + T~S - P~V = RTInK
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Pressures were calculated using the most recent experimental calibration of Goldsmith (1980).
Several workers, (Orville 1972, Newton and Haselton 1981, Hodges and Spear 1982 and
Ganguly and Saxena 1984), have attempted to apply non-ideal models of both plagioclase and
garnet solution to the above equilibrium. Although it appears likely that non-ideal solution in both
these phases may be important in determining the activities of the various components, the
accuracy of the various models is rather doubtful. This is particularly so for garnet in light of the
data of Chipera and Perkins (1988). Consequently pressures have been calculated using a variety
of the above models, assuming either ideal solution in both plagioclase and garnet, ideal solution
in either plagioclase or garnet and non ideal solution in the other, and non-ideal solution in both
phases. Activity of grossular in garnet was approximated using the model of Hodges and Spear
(1982), outlined below;

The more complex garnet solution model of Ganguly and Saxena (1984) was not used because
Hoinkes (1987) found that it underestimated garnet biotite temperatures by such a large amount
that they were incompatible with the observed assemblages.

Similar problems bedevil the selection of an appropriate model for anorthite activity in
plagioclase. Orville (1972) experimentally determined the activity coefficent of anorthite in
plagioclase as 1.276 at pressures and temperatures similar to those inferred for the Koettlitz
Group. Other determinations suggest values of the activity coefficent of anorthite in plagioclase
of up to 3.86, (Newton and Haselton 1981). Values as high as 3.86 for the activity coefficent of
anorthite in plagioclase result in negative pressures when applied to Koettlitz Group samples.
Similar problems were noted by Ganguly and Saxena (984) and Hodges and Spear (1982)
when they applied the 3.86 value of Newton and Haselton (1981), consequently the lower value
of 1.276 derived by Orville (1972) is used here. Further uncertainties are introduced during the
selection of an Al - Si ordering model. In the following calculations complete local electrostatic
neutrality and complete Al - Si ordering is assumed:

i.e. agr = )(an Xan.

4.6(d): CORDIERITE - GARNET GEOBAROMETRY.
Battacharya (1986) reviews geobarometric calculations based on the pressure sensitive

reaction below and derives the following equation from references therein:

cordierite = garnet + sillimanite + quartz + H20

0=3640 - 2.23T - 0.6101P + RTln (K) - 0.994Tln(1 - Xmo)'

The above equation assumes ideal mixing in both garnet and cordierite. Other problems with the
above calibration may arise from order-disorder structures in cordierite which will effect the
experimentally determined data used to calculate the above equation. Lack of accurate data
concerning the H20 content of cordierite adds further uncertaity to this geobarometer.
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4.6(e): CORDIERITE - GARNET Fe - Mg EXCHANGE GEOTHERMOMETRY

The Fe-Mg distribution between coexisting cordierite and garnet has been calibrated by

Thompson (1976b) and Perchuk and Lavrent' eva (1983). The calibration ofPerchuk and Lavrent'

eva (1983), see equations below, is used in the following calculations as it is calibrated entirely on

the basis of experimental data and includes a pressure dependent term unlike the calibration of

Thompson (1976b).

Kn = (XMg / 1 - XMg)cord. (1 -XMg / XMg)gnt.

TCc) = (3020 - 0.018P / lnKn + 1.287) - 273

4.6(t): GEOTHERMOBAROMETRY, RESULTS.

Calculated pressures and temperatures are listed along with the calibrations used and

assumptions made in the table 3.2 below.

TABLE 3.2: RESULTS OF GEOTHERMOBAROMETRY CALCULATIONS.

SAMPLE CALIBRATIONS ASSUMPTIONS TEMPCc) PRESSURE(kb)

OU56816 P&L,b, G sim soln ideal plag, gnt 675 5.7

OU56816 P&L,b, G sim soln ideal plag, non ideal gnt 690 6.7

OU56816 P&L,b, G sim soln non ideal plag, ideal gnt 709 0.5

OU56816 P&L,b, G sim soln non ideal plag & gnt 706 1.4

OU56816 P&L,c, B sim soln ideal crd & gnt 697 3.8

anhydrous crd.

OU56816 P&L,c, B sim soln ideal crd & gnt 705 3.2

XH20 =0.20

OU56811 P&L,b pressure = 4.8kb 714

OU56814 P&L,b pressure = 4.8kb 702

OU56818 P&L,b pressure = 4.8kb 699

OU56817 P&L,b pressure = 4.8kb 713

OU56819 P&L,b pressure = 4.8kb 679

P&L,b = Perchuck and Lavrent' eva garnet biotite Fe Mg distribution geothermometer.

P&L,c = Perchuck and Lavrent' eva garnet cordierite Fe Mg distribution geothermometer.

G = Goldsmith calibration of anorthite - grossular geobarometer.

B = Battacharya calibration of the garnet - cordierite geobarometer.

non ideal plagioclase model after Orville.

non ideal garnet model after Hodges and Spear.

sim soln = simultaneous solution of the selected geobarometer and geothermometer to give a

unique point in PT space.
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4.6(g) INTERPRETATION OF GEOTHERMOBAROMETRY

Hodges and McKenna (1987) give a detailed review of error estimation in geothermo

barometric calculations. Their analysis of a combined anorthite-grossular geobarometer and Fe

Mg biotite-garnet geothermometer suggests absolute temperatures can only be determined to

within 200·c and 10kbl,(at the 95% confidence level). These conclusions are based on an

analysis of the experimental methods and equipment employed by Goldsmith (1980) and Ferry

and Spear (1978). However Hodges and McKenna note that the common compatibility of

calculated absolute pressures with petrologic constraints such as the Al2SiOs phase diagram

suggests that the accuracy of the absolute PT determinations is better than a rigorous stastistical

analysis suggests. For comparative geothermobarometry the calibration errors cancel, leaving

analytical errors as the main source of uncertainty. Hodges and McKenna (1987) suggest

differences in peak pressure temperature conditions of 0.7kb and 70·c can be resolved if the

same calibration is used in each case.

Garnets in OU56816 are corroded implying disequilibrium between garnet and the other

phases present in the assemblage. Disequilibrium may have affected the geobarometric

calculations for this sample and hence explain the 2kb discrepancy between the anorthite

grossular and almandine-cordieite geobarometers. The consistency of the geothermometer

results suggests that equilibrium was achieved along the FeMg_1 exchange in biotite, garnet and

cordierite, even ifdisequilibrium existed for other components.

Calculated pressures and temperatures of Koettlitz Group samples are compatible with the

presence of low pressure minerals andalusite, (present as relict grains), and cordierite and the

high temperature aluminosilicate polymorph sillimanite. A unique point in pressure temperature

space can only be calculated for OU56816 from Nussbaum Riegel as the appropriate

assemblages are not present in any of the other Koettlitz Group localities examined. However

using an estimated pressure of 4.8kb derived from OU56816 at Nussbaum Riegel peak

metamorphic temperatures can be calculated for all the other localities examined except the Dun

Glacier. The effect of pressure on the garnet biotite geothermometer is only very small and for

comparitive purposes between different Koettlitz Group localities is less than the 70· c resolution

of the geothermometer.

Temperatures of metamorphism calculated by the above procedure range from 675 to 715·c

suggesting that peak metamorphic temperatures at Nussbaum Riegel, north and south sides of

the Taylor Glacier, Darkowski Glacier and on the northern side of the Blue Glacier were very

similar. Similarly Murphy (1971) estimated peak metamorphic conditions of around 650 to

700·c at 4kb for the lower Wright Valley. It is apparent that a large part of the Koettlitz Group in

the Dry Valley area and to the south is of relatively constant metamorphic grade. The presence of

at least mid- amphibolite facies, sillimanite-bearing assemblages as far south as the Foster

Glacier (Skinner 1982), suggests the metamorphic grade of Koettlitz Group meta-sediments

changes only very gradually to the south. However very little petrographic or petrologic data

exists for the area south of the Ferrar Glacier. Detailed studies of the interelationships of contact

metamorphic and regional metamorphic effects will be of particular importance at lower regional

metamorphic grades. Care should be applied to the interpretation of sample OU56819 collected

by Dr R Findlay on the northern side of the Blue Glacier, as the exact location of this specimen

is not known and it could be a specimen of anomalously high grade due to contact metamorphic
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effects. Similarly the sillimanite-bearing schists noted by Skinner (1982) could also be the

products of contact rather than regional metamorphism.

4.7: SUMMARY OF PETROGRAPHY, PETROLOGY AND GEOTHERMOBAROMETRY.

The assemblages, garnet zonation characteristics and inferred reactions described above are

all indicative of peak metamorphic conditions comparable with the amphibolite granulite fades

transition at low pressure, (Binns 1964, 1965, Tracy et aI1976). The positions of some of the

reactions described in the petrology section and the peak metamorphic pressure temperature

conditions calculated in the geothermobarometry section are plotted in figure 4.12 to define a

region in pressure temperature space corresponding to the peak metamorphic conditions suffered

by the various samples examined. Unfortunately the homogenous garnet compositions and lack

of lower grade mineral inclusions prevents the calculation of a path through pressure temperature

space. However the presence of a relict grain of andalusite in OU56816 suggests relatively low

pressure conditions prevailed at least under low to mid amphibolite conditions.
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Figure 4.12: Comparison of calculated pressure and temperature conditions

of peak metamorphism with reactions described in the text

Position of reaction: Fe-staur+qtz = almandine+aluminium silicate

after Bickle and Archibald (1984).

Position of reaction: H20+almandine+qtz+sill = Fe-cordierite after

Battacharya (1987).

Granite minimum melting temperature after Winkler (1979).

~ = estimated peak metamorphic conditions of

Koettlitz Group.
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CHAPTER 5: MARBLES AND CALC· SILICATE
ROCKS.

5.1: INTRODUCfION.

Marbles and calc-silicate rocks are discussed together as they are usually closely associated.

Layers of calc-silicate rock commonly occur between marble and adjacent quartzofeldspathic

rocks, or entirely enclosed within marble horizons.

Marbles are an important meta-sedimentary lithology on the northern side of the TaylorValley

where they form greater than 50% of the exposed meta-sediment, Lesser but still volumetrically

significant amounts of marble are found on the southern side of the Taylor Glacier and at the Dun

and Darkowski Glacier localities, see maps in chapter 2. Calc-silicate rocks generally only form

thin layers, less than 20 centimetres thick and are therefore not a volumetricaly significant portion

of the meta-sediment,

5.2: PETROGRAPHY AND MINERALOGY OF MARBLES.

Marbles consist predominantly of either calcite or calcite and dolomite. Pure dolomite

marbles were not found in the Koettlitz Group examined during this study. Dolomite and calcite in

marbles contain trace amounts of MnO and FeO. The grainsize of calcite and dolomite varies from

1 to 5 millimetres. Inter-carbonate grain boundaries often interdigitate suggesting sub grain

swapping during post deformational annealing. Minerals found in lesser amounts in marbles

include; olivine, phlogopite, plagioclase, clinopyroxene, titanite, garnet, tremolite-actinolite and

opaque phase(s). Assemblages are summarised in table 5.1.

Table 5.1: Mineral assemblages from samples of marble and associated veins.

SAMPLE

OU56820 country rock

vein

OU56821 country rock

OU56822 country rock

vein

OU56823 country rock

OU56824 country rock

OU56825 country rock

OU56826 country rock

OU56827 country rock

vein

ASSEMBLAGE

calcite-olivine-phlogopite

amphibole-clinopyroxene-phlogopite-plagioclase-muscovite

dolomite-calcite-phlogopite

dolomite-calcite-olivine-phlogopite

calcite-antigorite-opaque

calcite-olivine-phlogopite

dolomite-calcite-olivine-phlogopite-clinopyroxene

dolomite-calcite-olivine-phlogopite-garnet-opaque

dolomite-calcite-olivine-phlogopite-elinopyroxene-titanite

amphibole-plagioclase-opaque-muscovite

dolomite-calcite-olivine-opaque

pleonaste-chondrodite-olivine-calcite-phlogopite-antigorite
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Olivine is the most common of the minor phases in the marbles. The proportion of olivine

may vary from accessory amounts, (OU56820), up to approximately 5 modal % in particularly

impure samples such as OU56826. Optical properties and semi quantitative microprobe analyses

indicate olivine compositions are essentially end member forsterite with less than 2% fayalite, see

appendix 4. Olivine commonly contains retrogressive veins of antigorite following fractures within

the grains.

The second most common minor phase in the marbles is phlogopite. Variations in the modal

amounts of phlogopite generally parallel variations in modal olivine contents. Microprobe analyses

indicate approximately equal amounts of the two end members phlogopite and eastonite indicating

appreciable tschennak substitution in phlogopite. Fe contents are generally very low although

approximately 15% Fe / Fe+Mg is found in phlogopites from the particularly impure marble

OU56826. Phlogopite in marbles contains between 0.5 and 1.5 wt% TiOz.
Other accessory phases are more rarely observed and are generally only found in the more

impure marbles.

5.3: VEINS CROSSCUTIING MARBLES.

Three mineralogically distinct types of veins crosscut marbles. Veins of each type vary in

thickness from a few millimetres to 3 or 4 centimetres, sometimes exhibiting pinch and swell type

structures. The three different vein types are illustrated in figure 5.1.

On the left hand side of figure 5.1 is a prominent vein containing abundant coarse grained

chondrodite and pleonaste. Although chondrodite and pleonaste are usually found in the adjacent

marble spectacular concentrations only occur in veins. Chondrodite and pleonaste are

accompanied by; phlogopite, calcite and olivine. Sporadic occurences of sheafs of antigorite

needles also occur, although antigorite crystallisation may post-date the rest of the assemblage.

Microprobe analyses of carbonate grains indicate that calcite is the only carbonate phase in the vein

unlike the surrounding marble which contains both calcite and dolomite. Calcite within the vein is

pure lacking any trace of MnO, MgO or FeO, unlike calcite and dolomite in the surrounding

marble. These features suggest that calcite in and adjacent to these veins has either been

recrystallised or introduced during vein formation, Phlogopite in these veins lacks any TiOz
content unlike phlogopite in the surounding marbles which contains up to 1wt% TiOz.TiOzin the

veins appears to have been preferentially incorporated into chondrodite which contains upto 3 ->
3.5wt% TiOz. Pleonaste and chondrodite veins are usually concordant with the SI surface and

formation of these veins may pre-date both F1 and Fz' however no folded veins were observed so

the relative ages of pleonaste, chondradite veins and the two fold generations are uncertain.

The sample of marble in the centre of figure 5.1, OU56820, contains a vein of very different

character. Pleonaste and chondrodite, the prominent constituents of the previous vein are absent.

The vein in OU56820 is dominated by tremolitic to actinolitic amphibole, plagioc1ase, salitic

clinopyroxene, phlogopiteand muscovite. This vein also shows a distinct mineralogic zonation

with relatively fine grained, (0.5 to 1mm), clinopyroxene forming the vein rims adjacent to the

surrounding marble. This clinopyroxene-rich layer contains sporadic, corroded calcite relics and

minor antigorite. The vein core is characterised by large, (2 to 4mm), subhedral amphiboles and

smaller, (1 to 2mm), plagioc1ase grains with occasional phlogopite grains. Both plagioclase and
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Figure 5.2(a): Monominerallic clino
pyroxene layer seperating marble and
quartzofeldspathic schist. Note relict
slivers of quartzofeldspathic schist
in the clinopyroxene layer.

Figure 5.2(b): Isoclinally
folded sequence of mono

minerallic clinpyroxene,
marble and ultrapotassic
muscovite-bearing
schist layers.

Figure 5.2(d):
Wollastonite

. and cpx mono-
minerallic
layers adjacent
to wollastonite
garnet-clinopy
roxene calc
silicate layers
in marble from
-the Darkowski
Glacier locality.



of the various veins), consist of various combinations of; clinopyroxene, wollastonite, garnet and

minor amphibole with traces of relict carbonate. Examples of calc-silicate assemblages and

sequences of assemblages are illustrated in figure 5.2. On both sides of the Taylor Glacier and at

the Dun Glacier locality calc-slllcate assemblages are dominated by xenoblastic clinopyroxene with

sporadic traces of amphibole and corroded relicts of calcite. Only minor occurences of garnet and

wollastonite occur in these localities. Wollastonite and garnet are rare, being found only in

significant amounts in outrops close to the dolerite contact above the Darkowski Glacier.

Monominerallic wollastonite layers within marble are common in this locality. Composite

calc-silicate rocks consisting of rims of wollastonite followed by garnet layers and then

clinopyroxene, garnet layers with a core of clinopyroxene also only occur in this locality, see

figure 5.2(d). This sequence of mineral zones is repeated on either side of the clinopyroxene core.

Similar garnet and clinopyroxene zonation occurs rimming marble xenoliths within granitoids

adjacent to the meta-sediments, although wollastonite is absent.

, Figure 5.2(b) shows marble, calc-silicate and pelite layers which have suffered isoclinal F I
folding. The presence of calc-silicate layers wrapping around these closed F I folds indicates that

garnet, clinopyroxene and wollastonite calc-silicate assemblages developed prior to F I folding.

Analyses of garnets in OU56831 from above the Darkowski Glacier indicate garnets are

solutions of andradite (0 -12%), grossular (80 - 90%) and minor almandine (5 -10%) with traces

of spessartine and pyrope. Fe2+jFe3+ was calculated assuming 16 cations for 24 oxygens.

Clinopyroxene compositions are salitic although considerable variation in Fe/Fe+Mg ratio occurs.

Clinopyroxenes associated with garnets tend to be richer in Fe than clinopyroxenes in

monomineralic layers.

5.5: VEINING IN CALC - SILICATE ROCK;S.

The most common veins crosscutting calc-silicate rocks contain assemblages consisting of

plagioclase-scapolite-relict calcite-relict clinopyroxene-pleochroic titanite-muscovite-accessory

phlogopite. Scapolite is not present in all of these veins but is an important constituent in most

examples. Plagioclase±scapolite±calcite veins are commonly characterised by a rim of

tremolitic-actinolitic amphibole along their margins separating the plagioclase±scapolite±calcite

vein core from the surrounding clinopyroxene dominated calc-silicate rock. In veins lacking more

than accessory amounts of scapolite relatively large volumes of calcite and plagioclase areoften

present hinting at a calcite and plagioclase consuming, scapolite forming reaction during vein

formation. Alteration of plagioclase, scapolite and amphibole to muscovite post-dates the initial

vein formation.

Fluid inclusions were noted in scapolite from OU56832, however the small size of these

inclusions prevented the aquisition of useful quantitative data. Semi-quantitative freezing point

depression measurements gave melting temperatures of -2±2°c indicating that the fluid inclusion:

are hydrous rather than COrrich and not particularly saline.

Two examples of plagioclase±scapolite±calcite veins are illustrated in figure 5.3. Cream

coloured veins in OU56832 and the pink vein in OU56835 both contain the above assemblage.

Variation from a dull cream colour to a brilliant white colour in veins from OU56832 reflects

variable amounts of younger muscovite-rich alteration in different parts of the vein. The origin of
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enclosed in a plagioclase matrix which has suffered variable amounts of muscovitisation.

Plagioclase-sulphide veins are enclosed in older monominerallic clinopyroxene layers. A later

serpentinisation event has affected some samples, with antigorite and muscovite growing across

the plagioclase-sulphide assemblage.

Plagioclase veins surrounding sulphides contain abundant aqueous fluid inclusions which

lack daughter crystals of halite or other salt species. Homogemisation temperatures are in excess

of 270·c. Freezing point depression measurements give a thawing temperature of -2±2·c

indicating relatively low salinities or alternatively low dissolved CO2 content. However the small

size of the inclusions makes accurate measurements very difficult as only small changes in bubble

size occur on thawing.

Similarities in gangue mineralogy and fluid inclusions in sulphide-bearing veins and other

plagioclase-bearingveins crosscutting calc-silicate rocks, suggest the two vein types may have

formed coevally.

5.6: POSSIBLE ORIGINS OF THE PRE-Ft CALC - SILICATE ASSEMBLAGES.

Two origins have been suggested for calc-silicate rocks in general. Murphy (1971),

Sivaprakrsh (1981), Ramsay and Davidson (1970), Warren et al (1987) and Oliver and Wall

(1987) describe calc-silicate rocks which they infer to be the isochemically metamorphosed

equivalent of impure marbles and calcareous greywackes. Vidale (1969), Vidale and Hewitt

(1973) and Thompson (1975) describe calc-silicates which they infer to have formed by

metasomatism along carbonate, quartzofeldspathic or pelitic rock contacts. Several features of the

calc-silicate rocks described above suggest that a metasomatic process is responsible for the

development of the early pre-F t calc-silicate rock assemblages. The constant geometric

relationship between marbles, calc-silicate rocks and quartzofeldspathic and or pelitic schists is

unlikely to be the result of the restricted deposition of calcareous mud stones or greywackes in

between marbles and mudstones or less calcic greywackes. If such a constant transitional

lithology did exist it is unlikely that it would have the' composition of pure clinopyroxene or

garnets-clinopyroxene, especially without any gradational compositional change, between the

adjacent marbles and quartzofeldspathic or pelitic lithology. It is also unlikely that the isochemical

metamorphism of a gradational contact between marbles and quartzofeldspathic or pelitic

lithologies would produce the symetrical sequence of assemblages observed in calc-silicate layers

east of the Darkowski Glacier. The development of "rinds" of calc-silicate material around marble

xenoliths within the adjacent granodiorite and also around fingers of granodiorite intruded into

marble layers, (see figure 5.3(c», is clearly not associated with original sedimentary layering.

Further evidence of a metasomatic rather than a sedimentary origin for these rocks is gained from

an examination of metasomatic theory.

5.7: SUMMARY OF METASOMATIC THEORY

Theories explaining, and de~ptions of metasomatic systems revolve around the concept of

local equilibrium. Local equilibrium in phase equilibria situations refers to the fact that

incompatible phases are not in actual contact although they may be in close proximity in a
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particular rock body. Spontaneous changes in the composition of parts of a rock body will occur
under the influence of gradients in the chemical potential of mobile components in order to further
separate incompatible phases and enlarge the volume of rock at local equilibrium. Mobile
components in a metasomatic system are components whose chemical potential is controlled by a
gradient in bulk rock chemistry over the width of part or all of a metasomatic system. Mobile
components are able to diffuse through all or part of that metasomatic system under the driving
force of their chemical potential gradient. Components which are unable to diffuse along chemical
potential gradients during metasomatism are referred to as immobile components. Development of
a sequence of metasomatic assemblages requires maintenance of an externally controlled chemical
potential gradient across the volume undergoing metasomatism and diffusion of mobile
components down this potential gradient. The effect of different numbers of immobile and mobile
components on resulting metasomatic assemblages at local equilibrium is summarized in
Korzhinsky's (1936) modification to Gibbs Phase Rule.

Gibbs Phase Rule -> n + 2 -lIS = F
n = number of components,
lIS = number of phases,

F = variance or degrees of freedom.

Externally controlled variables in a mineral assemblage are pressure, temperature and the chemical
potential of all mobile components, = nm+ 2 variables.

~ ~ number of mobile components in a particular assemblage,

With nm+ 2 degrees of freedom set beyond the system at local equilibrium the variance must be
greater than or equal to nm+ 2, i.e. F ~ nm+ 2.
substitute back into the phase rule and have the resulting inequality

It is evident from the above equation that the greater the number of mobile components the fewer
the number of phases there will be in the resulting metasomatic assemblages. Note that the
equation suggests that there will be no phase present if all components are mobile. This is
obviously a meaningless result. However the equation does illustrate the tendency of metasomatic
processes to reduce the number of phases present in local equilibrium assemblages. The presence
of monominerallic calc-silicate assemblages is thus good evidence for a metasomatic origin for
these rocks. If calc-silicates formed by isochemical metamorphism of impure marbles or
calcareous shales a multiphase calc-silicate assemblage rather than a sequence of monominerallic
layers would be expected, see descriptions of multiphase calc-silicate assemblages in Sivaprakrsh
(1981), Ramsay and Davidson (1970), Warren et al (1987) and Oliver and Wall (1987). Analysis
of assemblages and textures developed in calc-silicate rocks allows some of the mobile
components involved in calc-silicate formation to be determined..
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5.8: CHARACfERISATION OF METASOMATISM ASSOCIATED WITH TIlE

PRODUCflON OF CALC - SILICATE ASSEMBLAGES.

(a) Monominerallic clinopyroxene layers.

Figure 5.4 shows two common occurences in which monominerallic clinopyroxene layers

occur between marbles and quartzofeldspathic or pelitic rocks. On the left hand side of figure 5.4

relatively thick layers of marble and quartzofeldspathic schist are sketched adjacent to each other

while on the right hand side of figure 5.4 a thin layer of pelitic schist is sandw iched between two

clinopyroxene layers and enclosing marble layers. The position of the original contact between the

two lithologies is indicated by the presence of relict "slivers" ofpelitic material on one side of the

clinopyroxene layer and corroded carbonate grains on the other side of the clinopyroxene layer.

The compositions of the different lithologies determined by microprobe analysis or whole rock

geochemistry in the cases of the quartzofeldspathic or pelitic rocks are also illustrated in figure

5.4. The difference between the two situations on the left and the right hand sides of figure 5.4 are

apparent when the compositions of the quartzofeldspathic and pelitic schists are compared.

Where marble is initially adjacent to a relatively thick, (>1 metre ?), layer of quartzo

feldspathic or semi-pelitic schist, the remaining quartzofeldspathic or semi-pelitic schist retains a

composition very similar to other quartzofeldspathic or semi-pelitic schists not associated with

calc-silicate rocks. Metasomatism along marble-quartzofeldspathic or semi-pelitic schist contacts

ezn be summarized by the two reactions below:

(1) quartzofeldspathic or semi-pelitic schist ±mobile components = cpx ±mobile components

(2) marble ±mobile components = cpx ±mobile components

Examining reaction (1) first, (illustrated on the left hand side of figure 5.4 and in figure 5.5),

lack of Ti02, A1203, K 20 and N~O in the clinopyroxene layer, all of which are present in the

adjacent quartzofeldspathic or semi-pelitic schist indicates that these four components were mobile

during metasomatism, Ti02, A1203, K20 and Na20 have all moved to the right out of the

clinopyroxene layer into the adjacent quartzofeldspathic or semi-pelitic schist as shown in the

bottom left hand corner of figure 5.4.

Determining the direction and extent of movement of Si02, CaO, FeO and MgO in this

reaction is more difficult as this depends on the volume change associated with metasomatism. A

Gresen's (1967) type analysis of the above reaction using OU56814, (see table 4.1), as an

estimated average semi-pelitic composition allows some constraints to be placed on the direction

of movement of these components. Figure 5.5 shows the amounts of Si02, CaO, FeO and MgO

lost or gained from reaction (1) during metasomatism for a range of volume changes. For

isochemical metasomatism with respect to CaO a volume decrease of approximately 90% is

required, suggesting that unless extreme volume reduction is invoked CaO is a mobile component,

reactant in reaction (1) and that appreciable CaO has been added presumably from the adjacent

marble to form clinopyroxene. Similar conclusions are reached with respect to MgO where a

volume reduction of approximately 80% is required for isochemical metasomatism. Lack of a

volume factor prevents determination of the extent of Si02 and FeO mobility. Losses and gains of
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Figure 5.4: Monominerallic clinopyroxene layers in calcite, dolomite marble.
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Figure 5.5: Gresen (1967) analysis
of metasomatic reaction (1) desribed ]
in the text. c=:!
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both these components is compatible with volume changes of within ±50%.
A similar analysis of reaction (2) at the marble -> calc-silicate rock contact is illustrated in

figure 5.6. The lack of more than trace amounts of Si02 in the marble indicates that regardless of
volume changes associated with metasomatism, Si02 must have been added as a mobile
component to reaction (2). Figure 5.6 also shows that FeO must have been added from outside
reaction (2) unless volume decreases in excess of 85% have occured, while a volume gain is
required before MgO must be added from ouside of reaction (2). A 30% volume increase is
required before CaO must be added from outside of reaction (2).

Inferred directions and extents of component 'mobility sketched at the bottom of figure 5,4
are compatible with the Gresen's analysis provided the volume change associated with meta
somatism doesn't exceed a 40% decrease.

On the right hand side of figure 5,4 is the slightly more complex situation where a thin layer
of quartzofeldspathic or semi-pelitic schist is sandwiched between two marble layers and
undergoes subsequent metasomatism. Similar directions of movement of the various components
are inferred. These inferred movement directions can be checked by performing a Gresen's type
analysis of an assumed quartzofeldspathic or semi-pelitic schist protolith and the ultra-potassic,
mica-rich pelite remaining after metasomatism. Figures 5.7 and 5.8 illustrate the gains and losses
of various components for reaction (3) below:

(3): quartzofeldspathic or semi-pelitic schist ± mobile components = ultra-potassic pelite ± mob
components.

using samples OU56836 as an assumed quartzofeldspathic schist protolith, OU56814 as an
assumed semi-pelitic schist protolith and muscovite-bearing pelite OU56809 as the altered
quartzofeldspathic or semi-pelitic schist. Gains and losses in figures 5.7 and 5.8 are similar. Loss
of Si02 occurs for all volume changes below a 30% volume increase. This is expected as
considerable Si02 is required to form clinopyroxene from marble. Except for K 20 , Al203 and
FeO all other components show only very small absolute gains and losses during metasomatism.
This probably reflects their small absolute concentrations in the orignal rock rather than
immobility. K 20 and Al203 both show increases in the ultra-potassic residue for volume
reductions no less than approximately 35% which is expected from the lack of either of these
components in the surrounding clinopyroxene layers. The direction of movement of FeO is still
uncertain. Whether gains or losses occur depends on the choice of protolith composition as well
as the volume change associated with metasomatism. Consequently it is not possible to ascertain
the extent of FeO mobility from the above analysis.

(b): Monominerallic wollastonite and c1inopyroxene layers.
As well as monominerallic layers occuring at the contacts of marble and adjacent

quartzofeldspathic and pelitic schist horizons, monominerallic wollastonite and clinopyroxene
layers occur within marbles. Apart from millimetre-thick selvedges of biotite in some
clinopyroxene layers and traces of quartz in wollastonite layers no other traces of original
quartzofeldspathic and pelitic schist are preserved. While it appears that Si02, FeO and possibly
MgO have been added to the marble in the case of the clinopyroxene layers and Si02 in the case of
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Figure 5.7: Gresen (1967) analysis
of metasomatic reaction (3) described
in thetext, using quartzofeldspathic
schist OU56836 as the reactant.
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the wollastonite layers, the fate of the other components which may have present in the pre

metasomatism quartzofeldspathic and pelitic schist is unknown.

(c): Composite, layered, multiphase calc-silicate assemblages.

Multiphase calc-silicate assemblage are restricted to outcrops east of the Darkowski Glacier

close to the dolerite contact These rocks consist of clinopyroxene layers surrounded on both sides

by first a garnet, clinopyroxene assemblages grading over approximately a centimetre into pure

garnet. The gamet layers are surrounded by wollastonite layers which are enclosed in marble, see

figure 5.9. Traces of quartz in the gamet clinopyroxene zone may be either relics or products of

metasomatism. Pre-metasomatic assemblages are not preserved and the fate of any K20 or N~O

present in the pre-metasomatic assemblage is unknown. Compositional variation across the

sequence of assemblages is illustrated in figure 5.9. In the surrounding marble dolomite is absent

resulting in a very different MgO profile to the monominerallic clinopyroxene layers, illustrated in

figure 5.4. Tlle Si02 and Al203 show both increases and decreases on either side of the profile

illustrated in figure 5.9, rather than smooth increases or decreases from the core to rim of the

calc-silicate layers. This is a characteristic of metasomatism involving several phases and mobile

components, see Vidale (1969), and Koons (1981).

5.9: INTERPRETATION OF METASOMATIC ASSEMBLAGES.

Large scale development of monominerallic assemblages indicates that all or most

components are mobile in the sense outlined above. Several interesting questions remain to be

answered. Why do the metasomatic assemblages developed in the Koettlitz Group differ from

those produced experimentally by Vidale (1969)? Why is wollastonite restricted to the Darkowski

Glacier locality with only minor occurences elsewhere? What controls the development of the

wollastonite-gamet-clinopyroxene layering as opposed to the more common monominerallic, clino

pyroxene calc-silicate rocks?

Vidale (1969) placed powdered calcite at one end of a high pressure, temperature vessel and

a synthetic pelite consisting of a 1:1:1 mixture of quartz, phlogopite and muscovite plus additional

excess quartz. This mixture, initially saturated with H20 was kept at 650 0 c and 2kb for 30 days.

The following sequence of assemblages developed;

calcite I calcite

grossular

wollastonite

Idiopside Ianorthite I sanidine I quartz

quartz

Similarities with Koettlitz Group calc-silicate assemblages are apparent, in particular the

wollastonite-garnet-clinopyroxene layers from the Darkowski Glacier locality. In the Darkowski

Glacier area the calcite-grossular-wollastonite assemblage described by Vidale (1969) has separated

into calcite, wollastonite, garnet and garnet-clinopyroxene layers. In the examples described from

the Darkowski Glacier diffusion appears to have occured to the extent that the initial silicate layer

within the marble has been completely destroyed. A similar fate could be inferred for the anorthite

and sanidine+quartz layers produced in Vidale's experiments if they formed during the early stages
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Figure5.9: Multilayercalc-silicate assemblages from the Darkowski Glacierlocality.

Variation in the concentration of the variouscomponents across the layersis illustrated

below the sketch.
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of metasomatism, in Koettlitz Group samples.
MgO is restricted to phlogopite in Vidale's experiments, whereas dolomite is a common

constituent of many Koettlitz Group marbles. Additional MgO derived from dolomite in marbles
may have supressed anorthite formation in favour of diopside during metasomatism. Similarly lack
of FeO in Vidale's experiments may have restricted clinopyroxene stability relative to anorthite, as
clinopyroxenes in Koettlitz Group calc-silicates which all lack plagioclase contain up to 12wt%
FeO.

Addition of Fe to the natural system relative to the experimental system used by Vidale will
also ffect the stability of garnet. Koettlitz Group garnets within calc-silicates contain upto 20%
andradite and almandine end members as well as grossular. Andradite end member contains both
Fe2+ and Fe3+ and consequently it's stability will also be a function of oxygen fugacity.
Consequently lack of garnet in most calc-silicates may be reflecting variations in the bulk rock
chemistry of calc-silicate protoliths or differences in the oxygen fugacity prevailing during
metasomatism in different areas.

Vidale (1969) notes that wollastonite grows during the initial stages of her experimental runs
but is resorbed later on. Vidale attributes this behaviour to the fluid composition dependence of the
reaction below, see Greenwood (1967).

calcite + quartz -> wollastonite + CO2

High XC02 promotes calcite+quartz stability relative to wollastonite. In Vidale's
experiments fluid compositions were initially water saturated allowing wollastonite to form at the
expense of calcite and quartz. Exhaustion of the fluid composition buffering assemblage; quartz,
calcite and wollastonite at least locally allowed XC02 to increase in the wollastonite layer, due to
other calcite consuming reactions, resulting in resorption of wollastonite and growth of diopside. A
similar process could explain the lack of wollastonite throughout much of the Koettlitz Group, with
wollastonite growing during the early stages of metasomatism and then being consumed as local
CO2 buffering assemblages are exhausted. The presence of wollastonite in the Darkowski Glacier
locality suggests that either metasomatism occured under particularly hydrous conditions or the
bulk rock chemistries of pre-metasomatism protoliths was inappropriate to form monominerallic
.clinopyroxene layers.

Warren et al (1987) provide a possible explanation for the coincidence of wollastonite and
grossular rich garnetiferous calc-silicates at the Darkowski Glacier locality. The reaction;

grossular + CO2 -> anorthite + calcite + quartz

is also strongly dependent on CO2 in the fluid phase. As with wollastonite, grossular stability is
favoured by low XC02 suggesting that the two phases may occur together and that lack of both
rather than one or other of the phases may be due to high XC02.
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5.10: ORIGIN AND PRESSURE - TEMPERATURE CONDITIONS OF VEIN

FORMATION.

Comparison of veining in marbles and calc-silicate rocks reveals many mineralogical

similarities, suggesting that veining in both rock types has a similar origin. Only chondrodite

pleonaste veins are unique to marbles. All other vein types are found in both rock types.

5.1O(a): THERMAL STABILITY OF CHONDRODITE - PLEONASTE - FORSTERITE 

PHLOGOPITE - CALCITE ASSEMBLAGES.

The thermal stability of the above assemblage is shown by Rice (1980) to be a function of

Xco/1uid, x.fichon and Xp_chon. The effect of Ti on the thermal stability of chondrodite is very

poorly known, however Ti does not appear to extend or diminish the stability field of the

compositionally identical phase clinohumite, (Evans and Trommsdorf 1980), suggesting that Ti

may not affect the thermal stability of chondrodite significantly. Rice shows that the above

assemblage, (Ti-free chondrodite unlike OU56827), is stable between 500 and 750°c, depending

on xco/1uid and Xp_chon. As no constraints can be placed on either of these variables the

temperature of vein formation cannot be refined further.

The data of Bowen and Tuttle (1949) indicating that antigorite is unstable at temperatures

above 400°c is compatible with textural evidence showing that antigorite formation occured after

chondrodite-pleonaste-forsterite-phlogopite and calcite.

The source of the fluid responsible for chondrodite-pleonaste-forsterite-phlogopite-calcite

veining and later antigorite formation is unknown.

5.1O(b): ORIGIN OFf AND PTXH20 CONPffiONS ACCOMPANYING PLAGIOCLASE

SCAPOLITE - CALCITE VEINING IN MARBLES AND CALC - SILICATE

ROCKS.

Two important equilibria are described below which allow some constraints to be placed on

the temperature and fluid composition accompanying vein formation. These same two equilibria

also explain textures observed in these veins.

Reaction (1) below describes the relative stabilities of tremolite, calcite, quartz and diopside

as functions of xeo2•

The stability oftremolite, calcite and diopside is also constained by reaction (2) below.

For metasomatic reaction (2) to occur the phases must still be within their stability fields defined

by reaction (1). Hence reaction (1) can be used to constrain temperature and xeo2 conditions

during vein formation.

Several peices of textural evidence suggest reaction (1) is applicable to plagioclase±calcite±

scapolite vein formation. Tremolite-actinolite amphibole developed along vein margins separating
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the clinopyroxene calc-silicate rock from the calcite-bearing vein core. The presence of

clinopyroxene relicts, abundant calcite in many veins, particularly those lacking scapolite and

amphibole rims along vein margins can be accounted for by the reaction (1).

WaIter and Helgeson (1980), Gordon and Greenwood (1971) and Greenwood (1976) show

that at P = 2kb andp.01 s XC02 ~ 0.3 reaction (1) occurs at 475 s Trc) s 500, for end member

tremolite and diopside. Fluid inclusion data discussed previously indicates that the fluid

accompanying vein formation was aqueous rather than CO2-rich. Hence a temperature of initial

vein formation in the region of 480·c seems likely.

The corroded nature of calcite and the presence of scapolite can be explained by the third

reaction below, occuring during vein formation.

calcite + plagioclase = scapolite

Ellis (1978) shows that scapolite stability is a function of temperature, xNascaP and Xcrfluid.

Lower limits on the thermal stability of scapolite are poorly known, with most described

occurences within rocks of the upper amphibolite facies and granulite facies, (e.g. see Warren et al

1987, Oliver and Wall 1987 and Ramsay and Davidson 1970). Oterdoom and Gunter (1983) note

that no C03-scapolite is stable relative to plagioclase + calcite at temperatures below 550·c,

however they note that CI- in the accompanying fluid and scapolite may extend the stability to

lower temperatures.

Fluid inclusion freezing temperatures of -2±2·c for aqueous fluid inclusions within scapolin

grains from OU56832 are compatible with a small dissolved Cl- content in the fluid accompanying

vein formation. The presence of scapolite in these veins is compatible with a minimum vein

formation temperature of approximately 500·c, similar to the temperature inferred from reaction

(1). Initiation of reaction (3) and scapolite formation may have been caused by slight changes in

the dissolved CO2 and er in the vein forming fluid.

5.11: COMPARISON OF KOETTUTZ GROUP CALC - SILICATES AND RELATED

VEINS WITH SKARN DEPOSITS AND POSSffiLE FLUID SOURCES

RESPONSffiLE FOR VEINING CALC - SILICATES AND MARBLES.

,
The presence of sulphide minerals in some veins associated with calc-silicate rocks suggests

similarities between calc-silicate rocks, veins and skarn deposits. Einaudi et al (1981) review the

geology of skarn deposits, subdividing skarn formation into three stages. The initial stage of skarn

formation involves isochemical contact metamorphism of marls and siliceous limestones to produce

clinopyroxene, garnet and wollastonite-rich asemblages. Isochemical metamorphism is followed by

metasomatism associated with fluids derived from both intruding granitoids, meteoric sources and

metasomatic reactions. Metasomatic assemblages are similar to those developed during isochemical

metamorphism, except that the mobility of components during the later metasomatic stage is

reflected in a tendency to form monominerallic assemblages. In deeper level skarns formed within

high grade country rocks the two initial stages of skarn formation may be indistinguishable from

earlier regional metamorphic assemblages.

Major ore deposition and vein formation occurs during the cooling of a skarn deposit and it's
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associated intrusive body. The majority of skam deposits occur around shallow level intrusions,
but deeper level deposits show some important features which are also found in veins associated
with Koettlitz Group calc-silicates and marbles. Deeper level skarns are usually smaller in size,
presumably due to lower permeability associated with intrusion related deformation. Retrogression
associated with deeper level skarns is restricted to narrow veins with assemblages typically
consisting of chlorite, serpentine, tremolite, sericite, quartz, sulphides and calcite, very similar to
those described from above in the Koettlitz Group. The most important difference between veins in
Koettlitz Group calc-silicates and most skarn deposits is the presence of abundant scapolite and
plagioclase in Koettlitz Group veins.

Meinert (1988) describes an unusual variety of skam deposit associated with deeper level
intrusives in which feldspars dominate the retrogressive assemblages along with significant
scapolite. Pyrrhotite is the dominant sulphide phase in these deposits as is the case in the minor
sulphide occurences in the veins described above, unlike pyrite which is the dominant Fe-sulphide
in most skams. Meinert (1988) notes that these skams are often notable for having a significant
gold content, however a search of thin sections of sulphide bearing samples from the Koettlitz
Group failed to reveal any visible gold.

Veins in Koettlitz Group calc-silicates share many of the characteristics of deeper level
skams, especially gold bearing skams. Only incipient ore formation appears to have occured. This
could be due to a number of factors. Metal and sulphur content of a fluid evolving during the
crystallisation of a granitoid body is influenced by; oxygen fugacity, XH20, pH, temperature,
pressure and the composition of the granitoid melt, (see Holland 1972, Burnham 1979, Urabe
1985 and 1987). If emplacement of granitoids occurs in rocks undergoing high temperature
metamorphism in excess of 600°c then dissolved metals may be lost from the system before
precipitation can actually occur. Ore formation. in skarns appears to require such a major drop in
temperature either associated with conductive cooling or circulation of meteoric-derived fluids.
With many of the granitoids being emplaced into the Koettlitz Group while it was undergoing
metamorphism at temperatures as high as 700°c, (see Smillie in prep), a rapidly cooling situation
seems unlikely.

Pervasive vein development in calc-silicate rocks throughout the Koettlitz Group examined
means it is not possible to relate veining to any particular intrusion and thereby claim an origin via a
granitoid-derived fluid related to a particular intrusion. Veining cannot be directly related to
crystallisation of megacrystic granitoid adjacent to the eastern margin of the meta-sedimetary belt
on the northern side of the Taylor Glacier and east of the Dun Glacier as younger anatectic derived
melts, (see chapter 6), crosscut these granitoids. Vein assemblages such as tremolite, serpentine,
muscovite and chlorite would be very unlikely to survive temperatures of approximately 700°c
during anatexis of adjacent meta-arkoses.

Wickham and Taylor (1985) and (1987) use oxygen isotope data to show that seawater
derived hydrous fluids penetrated to depths corresponding to anatexis during low pressure
metamorphism in the French Pyrenees. Therefore this is another possible source of fluids which
may have resulted in vein development during retrogression of calc-silicate rocks and marbles.

H20-and CO2-liberating metamorphic reactions are a third possible source of fluids
responsible for vein development in calc-silicate rocks and marbles.
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CHAPTER 6: CONCORDANT, STRUCTURALLY
SIMPLE MIGMATITES.

6.1: INTRODUCTION.

Concordant, (stromatic), migmatites are the structurally simplest and most commonly
studied type of migmatite, see Mehnert (1968), Johannes and Gupta (1982). The more common
discordant types of migmatite in the Koettlitz Group are described in the following chapter as their
structural complexity warrants a different approach to the geochemical and microstructural
approach used here to study the concordant migmatites.

Before beginning to describe concordant migmatite characteristics, a brief discussion of
migmatite definition and terminology is included to save confusion because of the variety of
definitions present in the literature, (Mehnert 1968, Brown 1973 Ashworth 1985 and Fry 1984).
The non-genetic definition of Ashworth (1985) reproduced below is used in the following
discussion in order to avoid prejudicing any conclusions about the origins of the migmatites
described.

Migmatite: A rock, found in medium to high grade metamorphic areas, that is pervasively
inhomogenous on a macroscopic scale, one part being pale coloured and
consistently of quartzofeldspathic or feldspathic composition.

Non-genetic definitions such as that of Fry (19~4) who writes "migmatite means a mixture of rock
types one of which is igneous", are avoided as this type of definition makes the term migmatite
useless in areas in which the origin of the migmatite is uncertain.

A large number of textural and structural terms have been coined by various authors, (see
Mehnert (1968) for a review) to describe various migmatites. In the following discussion only
three of these terms are used, again to avoid confusion and possible genetic connotations. These
three terms and their definitions after Ashworth (1985) are listed below:

Leucosome: A body of the pale-coloured, quartzofeldspathic or feldspathic lithology of a
migmatite.

Melanosome: A body of the dark-coloured lithology present in some migmatites, rich in
mafic minerals, complementary to the leucosome.

Mesosome: A body of that part of a migmatite complex that is not leucosome or
melanosome, generally having the appearance of an ordinary metamorphic
rock, often intermediate in colour between leucosome and melanosome.

6.2: DESCRIPTION OF CONCORDANT MlGMATITES.

Six examples of concordant migmatites displaying a variety of different characteristics were
selected for detailed study. All six examples occur in either orthogneiss or psammitic,
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quartzofeldspathic and pelitic schist. Note that the phase relations and reactions responsible for the
generation of cordierite-bearing leucosomes in OU56816 and OU56817 are discussed in chapter
four.

6.2(a): OU56836.

OU56836 consists of variable amounts of leucosome, melanosome and mesosome, together
approximating a greywacke composition. Leucosome, melanosome and mesosome relations are
complex. Thicknesses of leucosomes and mesosomes range from two or three millimetres to 20
millimetres while melanosome thickness is less than two millimetres. The "classic" migmatite
structure with leucosome and mesosome separated by melanosome is rare. Commonly
leucosomes are directly adjacent to mesosomes, see figures 6.1 and 6.2. In other parts of the
sample, "fragments" of melanosome may be entirely enclosed in leucosome. Melanosome
development, where it occurs between adjacent leucosome and mesosome, is sporadic with
centimetre scale gaps occuring in the melanosome. Occasionally leucosomes are slightly
discordant to the pervasive SI foliation, see the example in the lower left-hand side of figure 6.1.
This leucosome also lacks melanosome development between itself and the adjacent mesosome.

Leucosome and melanosome grainsize is variable, (2 - 5mm), but generally coarser than
mesosome grainsize, (0.5 - 2 mm). In some leucosomes a bimodal grainsize distribution was
noted. Aggregates of several grains of relatively fine grained plagioclase, (0.5 - Imm), were
found within leucosomes, particularly adjacent to melanosomes.

Leucosome, mesosome and melanosome assemblages consist of variable amounts of
plagioclase, quartz, K-feldspar and biotite with accessory apatite, allanite, magnetite and rounded,
possibly detrital zircons in the mesosomes. Melanosomes appear to consist essentially of biotite.
Mesosomes show considerable variation in composition, some being relatively rich in plagioclase
and quartz while others contain more K-feldspar and biotite, (see table 6.1 and figure 6.17).
Leucosomes consist almost entirely of variable amounts of quartz, plagioclase and K-feldspar
with only trace amounts of biotite. K-feldspar in some leucosomes displays an unusual texture.
Irregular shaped inclusions of optically continuous plagioclase may comprise up to 50% of a
particular K- feldspar grain, (figure 6.3). However in other leucosomes from the same thin
section, K-feldspar may contain only traces of these inclusions. These optically continuous
plagioclase inclusions are distinct from rounded optically discontinuous quartz inclusions which
are also present in some K- feldspars.

Retrogression ofplagioclase, K-feldspar and biotite is minor. Traces of chlorite and sericite
are found interlayered with biotite and as inclusions in plagioclase respectively. K-feldspar has not
retrogressed to muscovite and quartz.

6.2 (b): OU56840, OU56839 AND OU56838.
These three samples represent the leucosome, mesosome and melanosome respectively of a

migmatite developed in quartz-monzodioritic to granodioritic orthogneiss cropping out on either
side of the Dun Glacier. These three samples are unusual in that they represent the only migmatites
observed within orthogneiss on either side of the Dun Glacier. All other outcrops of orthogneiss
on either side of the Dun Glacier are foliated but homogenous, lacking any type of segregation or
migmatite development.
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Figure 6.1: A sample of extensively migmatised, quartzofeldspathic schist from the northern side

of the Taylor Glacier (OU56836) approximately 300 metres west ot the meta-sediment, granitoid

contact. Leucosomes are not flanked by continuous melanosomes, suggesting relative movement

of leucosomes and mesosomes. Note also the slightly discordant leucosome, (OU56837),

towards the left hand corner of the illustration, see text for discussion.

Figure 6.2: Another sample of extensively migmatised, quartzofeldspathic schist from the same

locality as the sample in figure 6.1. Again melanosomes are discontinuous and fragmented. Some

melanosome fragments separate adjacent leucosomes and mesosomes while others are entirely

surrounded by leucosome. These textures are again thought to indicate relative movement of

leucosome and mesosome.
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Figure 6.3: Incipient migmatite development in a sample of quartz-monzodiorite orthogneiss,

OU56839, from the eastern side of the Dun Glacier. Melanosomes are diffuse and contain

appreciable plagioclase, (see table 6.1), unlike those in thequartzofeldspathic schist sample

above. Equal volumes of melanosome material are not present on either side of the leucosomes

again hinting at leucosome mobility

Figure 6.4: Coarse grained leucosomes OU56841 and OU56842 in relatively homogenous

granodioritic to granitic orthogneiss from the southern side of the Taylor Glacier. Note the lack of

melanosome development adjacent to either leucosome, indicative of leucosome mobility relative

to the adjacent mesosome.
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the previous example the "classic" case of melanosome separating leucosome and mesosome

doesn't always occur. In one of the two cut surfaces illustated in figure 6.4 melanosome

development is restricted to one side of the leucosome only. On the other side of the leucosome

melanosome is absent. Unlike the narrow well defined melanosomes developed in the previous

sample, melanosomes in OU56838 are up to one centimetre across and grade into the adjacent

mesosome. Similarly the pronounced differences in grainsize between leucosome, melanosome

and the mesosome are not present in this sample.

Leucosome, OU56840, melanosome, OU56838 and mesosome, OU56839 all consist of

variable amounts of, quartz, plagioclase, K-feldspar and biotite with accessory zircon, apatite and

traces of opaque. Although melanosome / mesosome contacts are diffuse appreciable amounts (in

excess of 50 modal %) of plagioclase and quartz are still present in the most biotite-rich parts of

the melanosomes, adjacent to the leucosomes. Mesosome, leucosome and estimated melanosome

modal compositions are listed in table 6.1 and plotted in figure 6.17. The leucosome from this

example has a trondjemitic composition rather than the granitic to quartz-rich compositions of the

previous examples.

Retrogression is restricted to trace amounts of chlorite interlayered with biotite.

6.2 (c): OU56841, OU56842 and OU56843.

OU56841 is a sample of granitic to granodioritic orthogneiss, containing one to two

centimetre thick leucosomes. Leucosomes, OU56841 and OU56842 in OU56843 lack adjacent

melanosome development. These two leucosomes are very coarse grained, (5 - 15mm), relative to

the adjacent mesosome, (I - 3mm), see figure 6.4.

Again both leucosome and mesosome consist of variable amounts of biotite, plagioclase,

quartz and K-feldspar. Accessory amounts of zircon, apatite and magnetite are present in the

mesosome. As in the above samples retrogression is minor and usually restricted to chlorite

interlayered with biotite. OU56841 is of granodiorite composition while OU56842 is of granitic

composition. These two compositions are intermediate between those of the previous examples.

6.2(d): OU56844 AND OU56811.

OU56811 is a sample of garnetiferous, semi-pelitic schist, (see description of this rock in

chapter 4),which contains one to three centimetre thick leucosomes such as OU56844, see figure

6.5. Concentrations of biotite adjacent to leucosomes are tentatively described as melanosomes

although the generally biotite-rich nature of the mesosome, OU568 11, precludes recognition of

distinct melanosome mesosome units.

Leucosomes in OU56811, such as OU56844, differ markedly in composition from

leucosomes described above. OU56844 contains approximately 90% quartz and 10% plagioclase,

see table 6.1. OU56844 is also mineralogically zoned unlike the other leucosomes. Plagioclase is

concentrated at the edges of the leucosomes adjacent to the melanosome and mesosome, while the

bulk of the leucosome is entirely quartz. K-feldspar and biotite are completely absent from

OU56844.

6.2(e): OU56845.

This sample of orthogneiss from the southern side of the Taylor Glacier contains a relatively
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Figure 6.5: Quartz-rich, zoned leucosome, OU56844, with plagioclase-rich rims in garnetiferous

semi-pelitic schist, OU56811, from the southern side of the Taylor Glacier.

Figure 6.6: Sample highly inhomogenous orthogneiss, OU56845, from the southern side of the

Taylor Glacier. The inhomogeniety may be a result of incorporation of meta-sedimetary xenoliths

during the emplacement of the orthogneiss and also mass transfer occuring during migmatisation,

see text for discussion.
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complex migmatite suite, see figures 6.6 and 6.7. It is not immediately obvious which parts of the

migmatite should be classified as leucosome, mesosome and melanosome. Two particularly biotite

rich layers, MI and M2, are visible in figure 6.6. Thin sections show concentrations of biotite at

the rims of these layers immediately adjacent to relatively leucocratic material. The relatively

leucocratic layer LI between the two biotite-rich layers- also show incipient melanosome

development. The modal amount of biotite varies perpendicular to the SI surface, producing a

semi-melanosome towards the left hand edge of Ll. A relatively homogenous layer HI at the right

hand edge of figure 6.6 contains approximately the same amount of biotite as Ll. However this

layer could not be described as a leucosome as more leucocratic layers L2 and L3 are visible

along the left hand edge of HI.

Distinct compositional differences in terms of quartz and fe1dspars are also found in this

sample, see figure 6.7. MI, M2 and LI all lack more than accessory amounts of K-feldspar,

having tonalitic to trondjemitic compositions. However HI, L2 and L3 all contain appreciable

amounts of Ksfeldspar and therefore have granitic to granodiorite compositions.

The mineralogy of the leucosomes, melanosomes and mesosomes is again relatively

monotonous, all units of the migmatite consisting of variable amounts of quartz, plagioclase, K

feldspar and biotite with accessory amounts of zircon, apatite and opaque. K-feldspar in the K

feldspar-rich leucosome L2 contains sporadic occurences of the optically continuous plagioclase

inclusions found in leucosomes from OU56836.

6.2(0: OU56846, OU56847, OU56848, OU5685I, OU56853, OU56849, OU56850 and

OU56852.

These eight samples are from a leucocratic quartzofeldspathic layer of metasediment,

(possibly a meta-arkose), approximately 20 to 30 metres thjck adjacent to the eastern margin of the

basement granitoids on the northern side of the Taylor Glacier, see figures 6.8 and 6.9. Textural

variation throughout the approximately 30 metre thickness of the quartzofeldspathic layer is

restricted to variations in the grainsize of quartz and the two feldspars. Coarse grained, (3 - 8mm),

concordant layers could be described as leucosomes while finer grained, (1 - 4mm), layers could

be described as mesosomes. Lack of melanosome development merely reflects the trace, modal

amounts of biotite initially present in these rocks. Occasionally in samples containing relatively

large amounts ofbiotite incipient melanosome development can be observed, see OU56846 figure

6.8.

In OU56852 and OU5685I distinctly igneous textures are developed. Eight to ten millimetre

long, subhedral to euhedral plagioclase grains are surrounded by interstitial K-feldspar and quartz

and the rock is essentially indistinguishable from a leucogranitoid. In the mesosme layers,
1\

anhedral textures predominate, (see the following comments on quantitative analysis of grain

distribution). "Xenoliths" of amphibolite, calc-silicate rock and mica-rich pelite with a random

orientation of their respective SI surfaces are relatively common in some of the thicker

leucosomes, see figure 6.9. Occasionally fingers of quartzofeldspathic material crosscut the

margin of the adjacent basement granitoid indicating that leucosome development post-dates

emplacement of the adjacent granitoid.

The modal compositions of the leucosomes and mesosomes are very similar, see table 6.1,
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formed in an open system is on the basis of mesoscopic field relations. Leucosomes adjacent to

biotite-bearing mesosomes, but lacking any intervening melanosome are very unlikely to have

formed by a closed system segregation process from the adjacent mesosome. Segregation in a

closed system, (see the model of Mehnert 1951 and 1968), would have produced a biotite-rich

melanosome between the leucosome and melanosome. Johannes and Gupta (1982) and Gupta and

Johannes (1982) suggest a slightly different model of closed system migmatisation in which

compositional variation in the pre-migmatisation mesosome localizes leucosome development in

areas of appropriate composition. Such a model need not lead to the development of a biotite rich

melanosome if the mesosome lacked any mafic content. Furthermore the presence of

melanosomes on either side of a leucosome is not indicative ofclosed system migmatisation alone.

Leucosome material may still have been added to the migmatite and subsequently combined with

locally generated leucosome, (see Olsen 1985 and references therein).

OU56836 provides good examples of a number of these features. Many of the leucosomes in

both figures 6.1 and 6.2 lack melanosome development on one or both sides next to the adjacent

mesosomes, suggesting introduction of leucosome material to the specimen. The presense of

biotite in the mesosomes suggests that melanosomes should have developed between leucosomes

and mesosomes if a purely closed system segregation process of migmatite formation occured,

unless the special case of a biotite-free leucosome precursor is invoked which seems unlikely.

Scraps of melanosome both within some leucosomes and adjacent to some mesosomes suggest

some "local" leucosome generation. The slightly discordant nature of the thickest leucosome in

figure 6.1 is further evidence of the mobility of leucosome material, although the scale on which

leucosome mobility has occured is uncertain.

Similarly leucosome OU56840 is separated from the adjacent mesosome OU56839 by

melanosome OU56838 on one side only, suggesting both leucosome mobility and the local

generation of leucosome material. Lower Sr concentrations in both OU56840 and OU56838, see

table 6.1, compared with the adjacent mesosome OU56839 also suggest that a closed system

migmatite forming process is not applicable in this case.

Leucosomes OU56841 and OU56842 lack melanosome development on both sides adjacent

to mesosome OU56843. The presence of biotite within these leucosomes precludes their

formation from a mafic-free precursor as an explanation of the lack of melanosome. Instead

leucosomes OU56841 and OU56842 were probably injected into the surrounding mesosome

OU56843.

OU56844 is the only leucosome described in the previous section 6.2 which is flanked on

both sides by melanosome. Thus it is the only leucosome which may have been generated under a

locally closed system.

Migmatite OU56845 is relatively complex. The extreme differences between the mesosome

compositions from different parts of this sample and relatively thick nature of the compositional

heterogenieties, (see figures 6.6 and 6.7 and table 6.1), suggest that perhaps the pre-migmatitic

orthogneiss I granitoid was relatively inhomogenous. Undeformed, inhomogenous, xenolith-rich

granitoid is present adjacent to the eastern contact of the Koettlitz Group meta-sediment, see figure

2.13. Xenoliths of meta-sediment incorporated in the orthogneiss, OU56845, may account for the

heterogeneity in mesosome compositions. Some of the leucosomes may infact represent the initial,

undeformed granitoid and consequently OU56845 would have developed by a magma injection
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process. However melanosome development along the margins of one of the mesosome units

suggests that some segregation and localleucosome generation has also occured.

The presence of variably oriented "xenoliths" of meta-sediment in the thick leucosomes

developed in the quartzofeldspathic meta-sediment adjacent to the basement intrusives, (see figure

6.7 and 6.8), is strong evidence of the mobility of these leucosomes. Crosscutting veins of

leucosome in the adjacent granitoid is further evidence of leucosome mobility. Lack of

melanosome development is not indicative of entirely open system migmatisation as the

mesosomes in these rocks also lack biotite.

Olsen (1985) outlines a mass balance calculation approach to determine what proportion of a

leucosome is derived from outside of a local system of arbitrary size. However in order to apply

this calculation, the compositions of genetically related mesosome and melanosome must be

known along with the composition of the adjacent leucosome. The calculation also assumes that

introduced material is confined to the leucosome, that the mesosome is unmodified during

migmatisation, (palaeosome of Olsen 1984), and that any susequent deformation does not alter the

relative volumes of the various parts of the migmatite. Despite these assumptions this approach

has proved useful in demonstrating the input of leucosome material into very simple migmatites

consisting of leucosome bounded by melanosome on either side, see Olsen 1984, which lack

textural evidence of leucosome mobility.

Application of the above technique to Koettlitz Group samples to determine the relative

proportions of leucosome generated "locally" and injected into a particular migmatite are hampered

by the common lack of melanosome material and the unknown ratio of melanosome to

mesosome. These problems combined with uncertainties resulting from the other assumptions

listed above probably preclude useful application of this technique to Koettlitz Group samples.

6.4 (c): DISTINGUISHING BETWEEN SUB-SOLIDUS AND SUPER-SOLIDUS

MIGMATISATION PROCESSES.

6.4(c, i): TEXTURAL CRITERIA.

Various textural arguments have recently been used in attempts to distinquish between

super- and sub-solidus migmatites, see Ashworth and McLellan (1985) for a detailed review. The

most obvious and easiest of these textural criteria to interpret is the presence of idiomorphic

zonation in leucosome phases, particularly in plagioclase as this implies growth in an unimpeded

medium, ie a melt. Unfortunately none of the leucosomes examined in this study contain

plagioclase displaying idiomorphic zonation. Quantitative analysis of grain contact relations in

leucosomes has recently been used to indicate a probable supersolidus migmatite-forming process,

see Ashworth (1976) and McLellan (1983). Because this is a new technique and not widely

known it is described in detail below.

Ashworth (1976) shows that there is a difference between the relatively simple spatial

distribution of grains in metamorphic rocks and the more complex grain distribution in

undeformed leucosomes. Kretz (1969) recognises three types of grain distribution in rocks. In a

random spatial distribution of two minerals A and B in a rock; AA, BB and AB contacts will have

the same frequency. However in an aggregate distribution AA and BB contacts will be more

frequent at the expense of AB contacts. In a dispersed distribution AB contacts will be more
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frequent at the expense of AA and BB type contacts. Aggregate distributions are interpreted by
McLellan (1983) as indicating mineral growth under subsolidus conditions, during metamorphic
differentiation and associated deformation. Dispersed distributions are thought to be the result of
prolonged high temperature annealing, eliminating relatively high energy like-like graincontacts,
(see Flinn 1969). Finally, McLellan interprets random grain distributions as indicating
crystalisation from a melt, reflecting the random positioning of nuclie of the various phases in the
melt. There are however severalproblems with the interpretation of random grain distributions. At
low melt / rock ratios randomly nucleated grains will not be able to grow unimpeded. Instead
minerals will grow by a process called Oswall Rippening whereby grain boundary melts
crystallize around already existing grains when an effective segregation mechanism is not
operating. Consequently if segregation of a melt does not occur then textural analysis will not be
able to detect the presence of a melt. Heterogenous nucleation about grains of mesosome which
have escaped segregation into the leucosome may also effect the grain distribution in the
subsequent solid leucosome. Also recent experimental studies of granitic melts (Kress et al 1988,
Boettcher and Burnham 1983 and Collins et al 1982) suggest these melts are structured and
therefore non random nucleation positions of the various phases may result. Despite these
uncertainties McLellan (1983) notes apparently random grain distributions in high level,
undeformed granitoids. Although McLellan describes these textures as random, melt structures
and heterogenous nucleation may be affecting the grain distributions in unrecognised patterns and
consequently non-aggregate and dispersed textures should perhaps be referred to as chaotic rather
than strictly random. Despite these problems the technique was applied to a number of Koettlitz
Group migmatites.

The procedure used here to calculate grain contact relations follows the line transect method
of Kretz (1969). Using a point counter to layout a line across a thin section, each time a grain
boundary is crossed it is recorded in a contingency table, see for example Wonnacott and
Wonnacott (1982) and figure 6.10.

OU56853 Q'IZ -> i PLAG ->i KSPAR -> i
j -> Q'IZ 62/86=0.72 13 / 24.7=0.53 135 /99=1.35 210
j -> PLAG 17/25=0.68 6/7=0.84 38/29=1.32 61
j -> KSPAR 126/ 94.1=1.34 40/27.1=1.48 64/113=0.56 230

205 59 237 501

Figure 6.10: An example of a contingency table for storing and displaying data acquired from a
line transect analysis of grain type distribution. Measured frequencies of particular grain contact
types are divided by the calculated expected frequency, (see below), and the ratio of measured
frequency over expected frequency assuming a random / chaotic distribution is added on the right
hand side of each cell.

After entering the total number of contacts of each type in the contigency table all the A ->i,
B ->i and C ->i etc contacts are summed into the cells in the right hand side column, see fig 6.10
for example. Similarly all the j -> A, j ->B and j ->C etc are summed into the cells in the bottom
row of the table. All these totals are then summed up to give the total number of contacts counted.
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To determine whether the grain distribution is random / chaotic, dispersed or aggregate, the

expected frequency of each grain contact type is calculated using a null hypothesis that assumes a

random grain distribution.

expected frequency for i > j contacts =__...2,,:C"'-j->i~i_>j_

lIC

or in the case of the Qtz > Qtz contacts in figure 6.10

expected frequency Qtz > Qtz = « 205 * 210) / 501).

= 85.9

Qtz =quartz

In the above example, (OU56853), the expected number of quartz-quartz contacts is

considerably more than the observed, suggesting a dispersed distribution of quartz grains in

OU56853. The probability that the distribution of quartz grains is random can be easily calculated

using a chi square test.

Chi square = [(observed - expected)2] /expected

The probability can then be read of any set of statistical tables using the calculated chi square

value. The probability that quartz in the above sample possesses a random distribution is less than

0.01. The probability that the sample as a whole possesses a random distribution can easily be

calculated by summing up the chi square values for each cell and then reading off the appropriate

probability, which in the case of OU56853 is less than 0.001, or essentially zero. For the above

analysis to be unbiased the samples used must be homogenous and the various mineralsmust be

of approximately equal size.

6.4 (c, ii): TEXTURAL DATA AND INTERPRETATION.

Contingency tables for the various samples analysed are included in appendix 5. Initially a

sample of apparently undeformed granite, OU56854, from the western side of the Dun Glacier

was selected for analysis in order to see if the younger basement granitoid displayed a dispersed,

aggregate or random / chaotic grain distribution. The results of analysis of OU56854, (and other

samples), are plotted in figure 6.11. Plagioclase in OU56854 tends towards a random / chaotic

distribution while quartz displays an aggregate texture possibly reflecting weak post-emplacement

deformation and recrystallisation. Since OU56854 did not display dispersed textures indicating

annealing several migmatite samples containing relatively thick leucosmes were selected for
f\

analysis.

Samples OU56849, OU56850, OU56848, OU56851 and OU56853. from the 20 - 30 metre

thick leucocratic layer adjacent to the basement granitoid on the northern side of the Taylor Glacier

were analysed. Another leucosome and mesosome pair, OU56840 and OU56839, were also

analysed along with a prominent discordant leucosome OU56861, see the following chapter also
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Figure 6.11: Plot of observed / expected ratios of plagioclase-plagioclase grain contacts versus

quartz-quartz contacts, showing grain distributions approaching randomness for the biotite granite

west of the Dun glacier but distinctly annealed textures for migmatite samples. Much of the spread

in quartz-quartz ratios may be due to minor recrystallisation associated with weak post annealling

deformation.

+ =OU56854, biotite granite from west of the Dun Glacier.

•=meta-arkose samples. • =orthogneiss mesosome sample OU56839.

•=discordant leucosome OU56861 += orthogneiss leucosome sample OU56840.
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for further discussion of this sample. All these samples show annealed, dispersed plagioclase

distributions. Quartz distributions range from dispersed to aggregate reflecting variable amounts

of deformation and recrystallisation of quartz in both the leucosomes and mesosomes. No

difference in grain distribution between leucosomes and mesosomes could be detected in either

OU56849 and OU56850 or OU56840 and OU56839 suggesting significant post-migmatisation

art'ealing. Consequently grain distribution was not a particularly valuable tool for differentiating
1\

between melt- absent and melt-involved migmatisation in Koettlitz Group samples.

6.4(c,iii): EVIDENCE FROM DIFFERING PHASE COMPOSITIONS IN THE

LEUCOSOME, MESOSOME AND MELANOSOME.

Bowen (1913) showed that plagioclase undergoing partial melting evolves a melt enriched in

the albite component relative to the plagioclase left in the residue. Consequently one might expect

plagioclase in leucosomes to be enriched in albite component relative to the associated

trielanosome and mesosome if the leucosome were a partial melt of the mesosome.This effect is

rarely observed in migmatites, (see Tobschall 1971). More commonly plagioclase in the

leucosome is only slightly enriched in albite if at all, relative to the adjacent mesosome and

melanosome.

Similarly biotite compositions may be expected to vary between adjacent melanosomes,

mesosomes and leucosomes, depending on whether or not biotite is involved in the melting

reaction. Experimental evidence, (see Hensen and Green 1971 p235, and Green, T. H. 1976),

and the calculated topologies of Thompson (1982) suggest that a liquid evolving by partial melting

. of pelitic schist will have a higher MglMg+Fe ratio than the phases in the associated residue.

Melting reactions in the assemblage; biotite-quartz-plagioclase-K-feldspar, described by Waters

(1988) suggests this is also the case for non-pelitic rocks.

Figure 6.12: Plagioclase compositions from concordant migmatites showing the essentially

identical composition of plagioclase in adjacent leucosomes, mesosomes and melanosomes.
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Analyses of plagioclase from coexisting melanosomes, leucosomes and mesosomes are plotted in
figure 6.12. In all cases plagioclase in coexisting melanosomes, leucosomes and mesosomes are
of essentially the same composition. Variations in the composition of plagioc1ase within
melanosomes, leucosomes and mesosomes is of the same order as the compositional variation
between adjacent melanosomes, leucosomes and mesosomes. Zoning was not observed in
plagioclase from any of the migmatites studied. The anorthite content of plagioclase in the various
migmatites is'usually between 22 and 26%, however plagioclase in the migmatite developed in the
quartz-monzodioritic orthogneiss from the Dun Glacier locality contains up to 36% anorthite.

Biotite analyses from coexisting mesosomes, melanosomes and leucosomes are plotted in
figure 6.13. As with plagioc1ase no difference in biotite composition between the various
components of the migmatites analysed was detected.

Several mechanisms have been invoked to explain the similarity of plagioclase compositions
from leucosomes, melanosomes and mesosomes without resorting to a subsolidus migmatisation
process. These include; metastable melting of plagioc1ase, subsolidus reequilibration of leucosome
and mesosome plagioclase and reaction between mesosome and leucosome during crystallisation
of the leucosome. Johannes (1980) and (1984) reports kinetically controlled melting of plagioclase
solutions at temperatures appropriate for anatexis. Plagioc1ase in the residue is unable to adjust to
more anorthite-rich compositions prior to melting completely. Consequently subsequent
plagioclase crystallizing from this melt is enriched in anorthite relative to the equilibrium
compositions determined by Bowen (1913). Johannes (1985) suggests that kinetics ofplagioc1ase
solutions at temperatures appropriate for anatexis are to slow to allow subsolidus reequilibration
between leucosome and mesosome plagioc1ases. However this may not be the case, particularly
for migmatites that have undergone a prograde metamorphic event. The lack of zoning in
plagioclase grains from uppermost amphibolite facies rocks also suggests subsolidus diffusion
occurs in plagioclase solutions at these temperatures. Reaction between an anatectic melt and its
residue would be favoured most if the melt failed to segregate from its adjacent mesosome.
Previously described leucosome mobility suggests this is not the case. Also the similarity of
plagioclase compositions in the mobile, discordant leucosomes described in the next chapter with
those described in this chapter and most other pelitic, psammitic and quartzofeldspathic rocks
suggests that leucosome mobility and segregation do not affect plagioc1asecomposition.

On the basis of the above discussion it is not possible to determine whether the similarity in
plagioc1ase compositions between leucosomes and mesosomes is the result of metastable melting
of plagioc1ase, subsolidus reequiIibration of leucosome and mesosome plagioclase compositions
or migmatite formation by a non-anatectic process. Evidence presented in chapter 7 unequivocally
shows that discordant leucosomes represent melts, consequently either the metastable melting or
subsolidus reequilibration processes apply to at least some of these migmatites rather than a non
anatectic origin.

Similar ideas may be used to explain the similarities in biotite compositions from the
leucosome, mesosome and the melanosome. Leucosome biotite may also represent melanosome
biotite which failed to segregate from the leucosome. Metastable melting of biotite seems unlikely
in light of the relative ease with which Fe and Mg diffuse through the biotite lattice as evidenced
by the widespread retrogression of biotite adjacent to garnets in peIitic and semi-pelitic rocks, see
chapter 4. The suppression of solidus temperatures by the introduction of biotite to the
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Figure 6.13: Biotite compositions from coexisting leucosomes,

melanosomes and mesosomes plotted in terms of the four end

members, phlogopite, annite, siderophyllite and eastonite.
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experiments of Hoshek (1976) and Busch et al (1974) would suggest that biotite is involved in
melting reactions even under aH20 =1 conditions, (see section 7.4), and hence a difference in
leucosome, melanosome and mesosome biotite compositions would be expected. It therefore
seems most likely that biotite compositions are best explained as either the result of subsolidus
reeqilibration of biotites of differing composition produced during anatexis or incomplete
segregation of biotite during either anatexis or a diffusion related migmatisation process.

6.4 (c, v): ARGUMENTS BASED ON THE TRACE ELEMENT GEOCHEMISTRY OF
LEUCOSOMES, MELANOSOMES AND MESOSOMES.

Partial melting following equilibrium melting and Rayleigh Melting models of trace element
behaviour, (outlined in Hanson 1978), can be applied to migmatites to test a theory of anatectic
origin. Using known mesosome / precusor compositions and a known melanosome / residue
composition the trace element composition of a melt derived by either of the above processes can
be calculated. However as with the previous discussion a host of uncertainties bedevil this
approach. Firstly uncertainties about the mechanical properties and segregation mechanisms of the
leucosomes, (see chapter 7), preclude absolute certainty in the selection of the appropriate melting
model. Further problems include possible contamination of the leucosome with melanosome
material and uncertainties about the composition of the related melanosome and mesosome
particularly if field relations indicate an open system. The effect of varying the residue /
melanosome composition and the degree of partial melting on the composition of a melt generated
from OU56843 are illustrated in fig 6.14 and 6.15. If melting is occuring in schists containing
pelitic phases such as garnet, sillimanite and cordierite, uncertainties in the melting reaction
stoichiometry are more complex leading to further uncertainty. Depending on the residue
composition and the degree of melting involved, a very wipe range of melt compositions could be
generated. If these problems can be overcome, further problems include uncertainties in the
experimentally derived KD values for the various trace elements, which may change with
temperature and melt composition. Diffusion and kinetic problems leading to disequilibrium in
trace element distribution between melt and residuum, (see Hanson 1978), may also be important
particularly in highly viscous granitic melts.

In light of the above problems quantitative interpretation of trace element distributions
between leucosomes and mesosomes was not attempted. Local heterogenieties in the composition
of mesosomes and other possible migmatite precursors, see fig 6.16, precludes the possibility of
calculating a useful average mesosome composition with which to predict leucosome compositons
as a very wide range of mesosome compositions is possible. Figures 6.14 and 6.15 indicate that
small melt fractions derived from these rocks would a have an even wider range of trace element
concentrations. Problems associated with centimetre to metre scale heterogenieties in the source
rock composition, uncertainties about the exact melting mechanism and volumetrically subordinate
amounts of mesosome contamination in leucosomes do not prevent the geochemistry of the thicker
leucosomes described in chapter 7 from providing useful evidence about migmatite forming
processes.
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Figure 6.14: Sample OU56843 is used to illustrate the effect of variable

residue or melanosome composition and degree of partial melting on

the Sr content of the resultant liquid. Note the very wide range of Sr

contents in the liquid produced by small fluctuations in the melanosome

composition and degree of partial melting.
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Figure 6.15: Again sample OU56843 is used to illustrate the effect

of variations in melanosome composition and melt fraction. In the

case of Rb strong partitioning into biotite within the melanosome

causes the melt to be depleted in Rb unless the melanosome contains

greater than 80% plagioclase. This is the opposite trend to that of Sr.
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Figure6.16: Summaryof the traceelementcontents of possible
mesosome lithologies, including pelitic,psammitic and

quartzofeldspathic schists,migmatitic orthogneiss mesosomes

and meta-arkoses. Note that low melt fraction leucosomes if forming

by a partial meltingprocesswill have an evenwiderrangeof

compositions due to fractionation between meltand residueduring
melting, see figures 6.14 and 6.15.

6.4 (c, vi): EVIDENCE BASED ON THE MAJOR ELEMENT COMPOSITION OF THE

LEUCOSOME.

Tuttle and Bowen (1958) experimentally determined the cotectic and eutectic compositions

in the system; quartz-albite-orthoclase-Hjf), (at conditions of PH20 =Ps)' The similarity of the

experimentally determined cotectic and eutectic compositions to those of many granites and
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granodiorites was perceived as good evidence for the magmatic origin of granitoids in general.
Similar reasoning can be applied to migmatite leucosomes. If leucosomes represent a partial melt
of the adjacent mesosome then they might be expected to have a cotectic composition similar to
that in the experimentally determined; quartz-albite-orthoclase-Hjf) system.

Compositions of leucosomes determined by modal and chemical analysis are plotted in
figure 6.17 and listed in tables 6.1, 6.2 and 6.3. A wide variety of leucosome compositions is
evident ranging from the very quartz-rich OU56844 to those approximating a cotectic
composition, such as OU56837 and 56849. Within those leucosomes approximating a cotectic
composition the range of plagioclase to K- feldspar ratios is very wide.

D

+",od.l...,I,\,,\
cl,....IO!oO..'~
O\A.,tonf.

'.

K-feldspar

Figure 6.17: Leucosome, mesosome and melanosome compositions plotted in the system quartz
onhoclase-Kfeldspar-Hjf) with cotectic curves and eutectic point after Turtle and Bowen (1958).
The effect of the addition of anorthite on the position of the eutectic is after Johannes (1984). Tie
lines link associated leucosomes, melanosomes and mesosomes.

0= leucosomes (solid state 1).
•=leucosomes (anatectic 1).
+= mesosomes
t. = melanosome

0= meta-arkose
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TABLE 6.1:ANALYSESOF STRUCTURALLY SIMPLE,CONCORDANT MIGMATITES

OU56841 OU56842 OU56842 OU56843 OU56843 OU56850 OU56850 OU56849 OU56849 OU56838 OU56838 OU~6838
LEU LEU LEU MES MES ARKOSE ARKOSE ARKOSE ARKOSE MEL MEL MEL
vu vu aJ vu aJ vu aJ vu eo VU aJ eo

Si02 wt% 74.67 76.19 76.27 70.47 70.47 76.5 77.12 73.2 73.35 62.46 62.01 62.05
Ti02 wt% 0.27 0.1 0.12 0.38 0.4 0.06 0.07 0.09 0.1 0.85 0.87 0.88
AI203 wt% 12.81 13.63 13.78 15.56 15.75 11.77 11.95 12.98 13.14 17.99 18.07 18.09
Fe203 MOIo 1.75 0.23 0.37 0.38 0.49 0.18 0.35 0.35 0.6 0.96 1.07 1.11
FeO MO/o 1.71 0.41 0.41 1.87 1.87 0.96 0.96 1.49 1.47 4.22 4.22 4.22
MnO MO/o 0.08 0.01 0 0.03 0.02 0.01 0.01 0.01 0.01 0.09 0.09 0.09
MgO MOIo 0.75 0.18 0.13 0.57 0.48 0.26 0.13 0.38 0.39 1.97 2.01 1.99
CaO MOl. 3.19 2.1 2.05 2.23 2.2 0.13 0.17 0.16 0.2 4.12 4.05 4.07
Na20 MOIo 3.92 3.49 2.86 4.07 3.65 1.72 1.18 1.9 1.44 4.45 4.02 . 3.81
1<20 MO/o 0.84 3.62 3.7 4 3.99 7.35 7.64 8.16 8.11 2.07 2.05 2.03
P205 MO/o 0.07 0.07 0.05 0.12 0.1 0.02 0 0.02 0 0.2 0.18 0.19
LOI wto/. 0.35 0.22 0.22 0.2 0.2 0.15 0.15 1.11 1.11 0.88 0.88 0.88
TOTAL 100.41 100.25 99.96 99.98 99.62 99.12 99.73 99.85 99.87 100.26 99.53 99.41

.
Gappm 16.8 16.5 19 23.3 23 . 36.4 37 29.9 31 25.1 28
Rbppm 96.9 97.1 99 124.4 120 282.2 277 249.3 247 98.7 96
Sr ppm 466.7 452.2 492 578 564.5 65.2 69 59.9 65 842.2 854
Yppm 3.7 3.6 8 13.6 16 31.6 29 20 20 11.1 11
Zr ppm 97 29.2 105 229.5 222.3 208 170.5 187 284.2 293
Pbppm 22.5 23.3 30 25.7 29 38.5 41 31.3 36 15.2 19
Thppm 5.3 3.7 7 8.8 9 35 38 21.3 25 9 8
Uppm 1.5 1.1 2 2.2 2 6.1 5 4 4 3.2 1
Nippm 2.2 2 2.6 5.3 3.2 4.1
Cuppm 3.4 2 3.2 18.5 13.2 1.1
Znppm 17.2 12 51.4 46.4 24.5 115.4
Nbppm 13.3 7.4 - 25.5 113 71.9 20.9
Vppm 6.6 6.5 16.7 5 2.8 34.1
Crppm 0.9 1.2 3.5 12.1 9.5 4.8
Bappm 865.2 875.4 966 4497.8 3792.5 526
Lappm 19.1 9.1 44.9 5.2 5.5 32
Ceppm 29.4 8.6 , 85.2 5 3 59.7
Ndppm
As ppm 0 0 2.6 1.8 1.6 0.9
Scoom 1.9 1.7 5.7 1.7 0.7 6.2

LEU=LEUCOSOME, MEL=MELANOSOME, MES=MESOSOME. VU =ANALYSIS PERFORMED AT VICTORIA UNIVERSITY
M+M+L=MESOSOME+MELANOSOME+LEUCOSOME OU - ANALYSIS PERFORMED ATOTAGOUNIVERSITY
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TABLE6.1 : ANALYSESOF STRUCTURALLY SIMPLE,CONCORDANT MIGMATITES

OU56839 OU56839 OU56840 OU56840 OU56844 OU56844 OU56836 OU56836 OU56836 OU56836 OU56837 OU56837

MES MES LEU LEU LEU LEU M+M+L M+M+L MES MES LEU LEU

VU a.J VU a.J VU oi VU oo VU eo VU a.J

67.21 66.94 74.93 75.08 92.69 92.34 72.65 72.75 72.92 72.2 75.01 74.94

0.42 0.44 0.13 0.15 0.01 0.03 0.2 0.21 0.25 0.27 0.08 0.1

17.6 17.78 14.9 15.17 4.24 4.34 13.94 14.12 13.81 13.9 13.46 13.59

0.91 1.01 0.15 0.31 0.12 0.33 0.42 0.67 0.97 1.95 0.4 0.52

1.71 1.71 0.66 0.66 1.41 1.41 1.35 1.35 0.48 0.48

0.04 0.05 0.02 0.01 0 0 0.03 0.03 0.04 0.03 0.01 0.01

0.96 0.95 0.29 0.27 0.04 0.09 0.91 0.91 0.94 0.87 0.34 0.36

3.96 3.86 3.3 3.31 0.83 0.85 1.06 1.07 0.6 0.62 0.52 0.54

4.74 4.17 4.26 3.74 1.19 0.86 2.88 2.44 2.89 2.23 2.63 2.09

1.97 1.94 1.31 1.28 0.85 0.79 6.05 6.15 6.19 6.43 6.64 6.5

0.13 0.12 0.06 0.04 0.04 0.01 0.06 0.03 0.04 0.02 0.03 0.01

0.71 0.5 0.17 0.17 0.35 0.35 0.24 0.24 0.1 0.1 0.35 0.35

100.36 99.47 100.16 100.19 100.35 100 99.85 100.01 100.1 99.17 99.96 99.49

.
20.5 23 16.5 17 3.7 6 16.5 16 13.6 17 13.1 13

67.7 67 37.4 38 13.4 15 156.2 .156 169.8 173 159.1 159

888.2 905 770.1 805 136 145 186.6 193 158 157 155.4 159

3.9 8 0 5 2 9 16.8 18 17.7 19 19.1 24

284.2 168 136.5 153 28.9 44 148.2 149 192.5 199 68.8 75

15.2 20 12.8 19 10.1 14 25.5 30 27.9 32 29.1 35

5.7 5 5.1 6 1.8 1 6.5 6 10.3 12 8.2 8

1.9 4 1.7 1 0.5 3 1.1 2 1.7 0 1.4 2

4.1 0 0 12.9 5.5 4.1

1.1 0.7 0 4.1 5.5 4.8

115.4 18.8 0 39.1 33.7 17.6

20.9 4.2 1.8 12.3 10.9 5.5

21.6 7.8 6.5 25.6 16.8 12.3

3.1 0.2 0 18.4 8.1 4.9

623.8 387 258.3 1483.1 1385.8 1385.9

23.6 20 3.5 22.1 51.6 19.3

36.8 30.7 0 38.7 38.3 32.9

0.6 0 0.1 1.2 1.1 0.7

3.7 2.4 0.6 5.4 4.4 4

LEU=LEUCOSOME, MEL= MELANOSOME, MES= MESOSOME. VU = ANALYSISPERFORMED AT VICTORIA UNIVERSITY

M+M+L- MESOSOME+MELANOSOME+LEUCOSOME OU = ANALYSIS PERFORMED AT OTAGOUNIVERSITY



Table 6.2: Modal analyses of concordant migmatite samples.

OU56840 OU56838 OU56839 OU56836 OU56836 OU56836

leucosome melanosome mesosome leucosome leucosome leucosome

quartz 180 107 207 160 515 162

plagioclase 306 357 609 37 118 33

K-feldspar 40 36 83 104 363 320

biotite 46 122 101 2 4 4

total 572 622 1000 303 1000 519

OU56836 OU56850 OU56849 OU56853 OU56852 OU56847

leucosome meta-arkose meta-arkose meta-arkose meta-arkose meta-arkose

quartz 648 175 148 253 266 232

plagioclase 301 43 41 96 200 154

K-feldspar 220 278 221 324 285 196

biotite 8 23 13 1 26 13

accessory 1

total 1177 519 423 674 807 595

OU56846 OU56848 OU56845 OU56845 OU56845 OU56845

meta-arkose meta-arkose layerL1 layerM2 layerM1 layerL3

quartz 205 142 137 131 50 191

plagioclase 83 67 312 407 270 410

K-feldspar 190 287 23 5 2 129

biotite 22 4 34 189 136 74

accessory 1 1 2 2

total 500 500 507 733 460 806

In generalleucosome compositions do not correspond particularly closely to the eutectic

composition determined by Tuttle and Bowen (1958). Deviations from the granite eutectic

composition can be explained in several ways without resorting to a subsolidus explanation for the

origin of the particular migmatite. Direct applicability of the experimental results of Tuttle and

Bowen to migmatite leucosomes is complicated by the effects of the anorthite component of

plagioc1ase, mafic phases involved in the melting reaction and PH20 < Ps' These three features

may all effect the ratios of albite : K-feldspar : quartz in the resulting leucosome. Winkler and

Lindermann (1972) and Winkler and Ghose (1974) have determined the position of the eutectic in

the system; anorthite-Kfeldspar-quartz-Hjf) at Ps =PH20 . Eutectic compositions in the system;

quartz-albite-anorthite-K-feldspar-H20 lie along a line between the eutectic in the anorthite free

system determined by Tuttle and Bowen (1958) and the eutectic in the albite free system

determined by Winkler and Ghose (1974). Experimental studies aimed at calibrating the position

of this line within the above system and the effect of anorthite on the temperature of the eutectic
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have been hampered by metastable melting of non end member plagioclase, (see Johannes 1980,
1984 and 1985). The effect of metastable melting of plagioclase is such that all that can be said
about the effect of anorthite on the system; quartz-albite-Ksfeldspar-Hsf) is that it moves the
eutectic point towards the quartz-K-feldspar tie line and towards higher quartz: K-feldspar ratios

Table 6.3: Normative compositions of concordant migmatite samples.

OU56841 OU56842 OU56843 OU56838 OU56839 OU56840
leucosome leucosome mesosome melanosome mesosome leucosome

quartz 40.37 37.28 24.91 14.85 21.74 37.39
corundum - 0.32 0.77 1.42 0.78 0.62
orthoclase 4.96 21.39 23.64 12.23 11.64 7.74
albite 33.17 29.53 34.44 37.65 40.11 36.05
anorthite 1'4.88 9.96 10.28 19.13 18.80 15.98
diop, wo 0.21

diop,en 0.11

diop,fs 0.08

hy,en 1.75 0.45 1.42 4.91 2.39 0.72
hy,fs 1.31 0.42 2.55 5.72 1.77 0.91
magnetite 2.54 0.33 0.55 1.39 1.32 0.22
ilmenite 0.51 0.19 0.72 1.61 0.80 0.25
apatite 0.16 0.16 0.28 0.46 0.30 0.14
LOI 0.35 0.22 0.20 0.88 0.71 0.17
total 100.41 100.25 99.76 10p.25 100.36 100.18

OU56836 OU56836 OU56837 OU56850 OU56849
average of mesosome discordant finer grained coarser grained
leu+mel+mes seperate leucosome portion portion

quartz 28.39 29.24 32.56 37.06 29.01
corundum 0.87 1.36 1.07 0.80 0.78
orthoclase 35.75 36.58 39.24 43.44 48.22
albite 24.37 24.45 22.25 14.55 16.08
anorthite 4.87 2.72 2.38 0.51 0.66
hy,en 2.27 2.34 0.85 0.65 0.95
hy,fs 1.97 1.34 0.44 1.53 2.32
magnetite 0.61 1.41 0.58 0.26 0.51
ilmenite 0.38 0.47 0.15 0.11 0.17
apatite 0.14 0.09 0.07 0.05 0.05
LOI 0.24 0.10 0.35 0.15 1.11
total 99.86 100.10 99.94 99.11 99.86

Normative compositions calculated from analyses performed at Victoria University in Table 6.1
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when projected onto the quartz-albite-Ksfeldspar-Hjf) plane, see fig 6.17 and figure 4 ofWinkler

and Ghose (1974).

The effect of melting under water undersaturated conditions and the presence of mafic

phases in the mesosome on the relative amounts of plagioclase : K-feldspar : quartz in the

resulting granitoid are essentially unknown. The wide range of leucosome compositions,

including trondhjemitic leucosomes (Ashworth 1976), cordierite-bearing leucosomes

(e.g.Ashworth 1976) and granitic leucosomes (e.g.Johannes and Gupta 1982), from migmatites

inferred to heve formed by anatexis suggests these effects may be important.

Ashworth (1985) notes that if large scale melting of the mesosome occurs then it is likely

that melt compositions will deviate from the cotectic / eutectic composition as one or more of the

reactants in the mesosome may have been consumed. This seems unlikely in Koettlitz Group

rocks examined as large areas of meta-sediment contain less than 30% by volume leucosomc

material and temperatures were not high enough to initiate dehydration melting, (see chapters 4, 7

and 8). A possible exception to this are the meta-arkose samples, see conclusions in section 6.5.

Further complications may be added to the interpretation of compositional data if incomplete

segregation of melt and residue has occured. Subsequent analyses whether modal or chemical,

will not represent the true melt or residue compositions. McLellan (1983) describes "opthalmites"

which were inferred to have grown by an Oswall Ripenning process from an unsegregated grain

boundary melt and are therefore a good example of the effect of poor melt segregation. Similarly

Winkler and Breibart (1973) and Ashworth (1976), (1985) all infer restite contamination of

leucosome material.

6.5: ORIGIN OF THE VARIOUS CONCORDANT MIGMATITES.

The previous discussions have illustrated the problems associated with either proving or

disproving a particular theory of migmatite origin. It is probably not possible to develop a unique

model of migmatite formation as spatially closely associated migmatites may have formed at

different times and by different mechanisms. For these reasons the following discussion examines

each particular migmatite separately.

OU56846, OU56847, OU56848, OU56851, OU56853, OU56849, OU56850 and OU56852.

Perhaps the easiest of the migmatites discussed in section 6.2 to interpret are these

leucocratic quartzofeldspathic rocks adjacent to the basement intrusives on the northern side of the

Taylor Glacier. These rocks lack biotite and plagioclase is close to end member albite, ( from

extinction angle measurement and the very low whole rock CaO content, see table 6.2).

Consequently complications arising from the effect of biotite and anorthite on melting reactions are

removed. Compositions of these rocks plot in the low temperature cotectic trough in the system

quartz-albite- Ksfeldspar-Hsf), see figure 6.19, although they do not plot in the lowest

temperature part of the trough, but rather at the K-feldspar-rich side. So-called leucosomes and

mesosomes show very little difference in composition, (see analyses of OU56849 and OU56850),.

suggesting that both should have been molten if either were. The presence of variably oriented

xenoliths of calc-silicate rock, marble and pelitic schist in many leucosomes, subhedral, igneous
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textures in some of these rocks and crosscutting relationships with the adjacent basement granitoid

are all strong evidence that these rocks were molten and experienced some movement relative to

the adjacent meta-sediments and basement granitoid. Inhomogenous deformation of the above

samples may have caused the so called mesosomes to develop a finer grain size and annealed,

anhedral textures. The non-minimum melt compositions of leucosomes and mesosomes reflects

peak metamorphic temperatures slightly in excess of the granite minimum melt, ( consistent with

geothermometry in chapter 4 ), which allowed the relatively K-feldspar-rich compositions to melt.

However it should be noted that in order to produce relatively large melt fractions, even from

rocks whose composition approachs that of the cotectic as closely as these high aH20 is required.

Low aH20 will result in a large increase in the solidus temperature, see figure 7.19.

OU56838, OU56839 AND OU56840.

This migmatite contains appreciable biotite and anorthite component in plagioclase thereby

complicating the interpretation of compositional data. Leucosome analyses correspond closely to

the cotectic composition in the granite system. (Note that CIPW NORM calculations of chemical

analyses tend to overestimate the amount of K-feldspar as K included in biotite is calculated as

K-feldspar). Experimental work of Johannes (1980) and (1984) at PH20 = Ps shows that the

solidus temperature increases by less than 10·C when upto 40% anothite is added to end member

albite. Therefore it would be unreasonable to dismiss partial melting as a mechanism of migmatite

generation in this case on the basis of the relatively calcic composition of the plagioclase in the

leucosome. Comparison of the composition of OU56840 with non-anatectic leucosomes described

by Sawyer and Robin (1986) suggest that leucosomes generated by metamorphic differentiation

contain appreciably more quartz than the cotectic composition in the granite system. However as

Lindh and Wahlgren (1985) point out, this argument cannot be used to discriminate between

anatectic and subsolidus migmatite forming processes until metamorphic segregation can be

experimentally achieved. Consequently it is impossible to prove if OU56840, OU56838 and

OU56839 formed under sub or supersolidus conditions.

OU56841, OU56842 AND OU56843.

Interpretation of these two leucosomes and their associated mesosome suffers from the same

problems as the above sample. Leucosome compositions, particularly OU56841 deviate

significantly from the cotectic compositions. However their composition is still richer in feldspar

than the subsolidus leucosomes described by Sawyer and Robin (1986). The lack of melanosome

separating the two leucosomes from OU56843 suggests that a metasomatic origin rather than a

metamorphic differentiation process would have to be invoked if OU56841 and OU56842 do not

represent silicate melts. The author's prejudice would prefer the latter possibility but absolute

proof is not forthcoming.
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OU56845.

OU56845 contains layers of a wide variety of compositions all of which could be subject to

partial melting at temperatures comparable with peak metamorphic conditions in the Koettlitz

Group. In this case some or all of the variability in composition within this sample may be the

result of incorporation of xenoliths of meta-sediment within the orthogneiss parent granitoid prior

to it's deformation. However the wide variety of compositions within this sample may also be the

result of a heterogenous migmatisation process, perhaps involving both sub and supersolidus

processes at different stages.

OU56836

Analysis OU56836 represents an attempt to estimate the initial pre-migmatite compositionof

OU56836. In excess of 20Kg of a mixture of leucosomes, melanosomes and mesosomes was

crushed and the resulting powder analysed. The second analysis of OU56836, (described as

mesosome in tables 6.1 and 6.3), consists of a mixture of many small mesosome fragments

painstakingly cut from several samples of OU56836. Modal analysis of mesosome fragments

shows a wide variety of compositions, hence the mesosome "seperate" represents an average

mesosome composition. The close similarity of the mesosome separate analysis and the OU56836

bulk analysis suggests they represent the true pre-migmatisation composition of OU56836. The

composition of these two analyses plots in the low temperature cotectic trough in the system;

quartz- albite-Kcfeldspar-HjO which is compatible with widespread melting of this sample,

reflected in the large volume of leucosome relative to mesosome, provided aH20 was at

appropriately high values.

The relatively thick, slightly discordant leucosome in figure 6.1, (analysis OU56837), has a

cotectic composition very similar to OU56836. The enrichment in K-feldspar relative to the

eutectic in the anorthite absent system is probably reflecting the 25% anorthite component in

plagioclase from OU56836. Modal analysis of four thinner leucosomes in figure 6.2 show one

leucosome approximating a cotectic composition but three others which are relatively quartz-rich.

The quartz rich leucosomes are similar to gregarious veins described by Sawyer and Robin (1986)

which were inferred to be the result of metamorphic differentiation under upper amphibolite facies

conditions. Therefore the compositions ofleucosomes in OU56836 suggest an anatectic origin for

some leucosomes while others may have formed by pressure solution and metamorphic

differentiation prior to anatexis. The disrupted and fragmented nature of melanosomes is unlikely

to be the result of metamorphic differentiation but subsequent injections of melt along the

boundaries of already established subsolidus leucosomes. Large scale metasomatism is not

envisaged as the average composition OU56836 is very similar to that of the average mesosome,

OU56836.

OU56844 and OU56811.

The quartz-rich composition, lack of K-feldspar and zoning of plagioclase are unique to this

leucosome.The extremely quartz rich composition of OU56844 makes it very unlikely that such a
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leucosome could have ever been molten at peak temperatures inferred for Koettlitz Group

metamorphism. OU56844 is identical to many of the veins whose evolution from greenschist to

upper amphibolite facies schists is described by Sawyer and Robin (1986) and Sawyer (1988).

The initial development of these veins at temperatures below those required for anatexis led

Sawyer and Robin (1986) and Sawyer (1988) conclude that the veins formed by a pressure

solution process. A similar origin seems very likely for OU56844.

6.6: CONCLUSION.

Detailed, textural, mineralogic and chemical analyses of concordant migmatites was largely

unable to unravel the origin of these rocks. While mesoscopic field relations were able to illustrate

the open system nature of the migmatite forming process, various types of analysis were unable to

discriminate between super and subsolidus formation mechanisms, in the majority of cases. The

high solidus temperatures of the quartz-rich leucosome OU56844 strongly suggest that this

leucosome formed by subsolidus processes. The compositions of other leucosomes are equivocal

and could have been generated by both sub and supersolidus processes. The coincidence of the

composition of many of the leucosomes with the cotectic in the granite system is not by itself

unequivocal evidence of an anatectic migmatite formation mechanism. Kinetic control of

plagioclase melting and the possible effects of subsolidus equilibration prevent the compositions

of biotite and plagioclase from being useful in determining the origin of migmatites. Applicationof

trace element modelling was also fraught with uncertainties, particularly in the small scale systems

discussed in this chapter. Perhaps the only migmatites which can confidently be described as

having formed by a supersolidus mechanism are the xenolith-bearing meta-arkoses along the

eastern margin of the belt of meta-sediment. This conclusion is based on simple field relations

rather than a complex series of analyses.
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CHAPTER 7: STUCTURALLY COMPLEX
MIGMATITES.

7.1: INTRODUCfION.

In chapter 6 geometrically simple, concordant migmatites were analysed in an attempt to

differentiate between open and closed system migmatisation processes and solid state versus melt

involved migmatisation processes. The traditional geochemical criteria used were fraught with

interpretational problems and in many cases it was not possible to determine unequivocally the

migmatisation process(es) involved. The majority of previous studies of migmatites have

concentrated their efforts on concordant, (stromatic), types, largely because these studies have

been geochemically oriented. It is much easier to separate the various migmatite components for

-analysis in these geometrically simple cases. Structurally complex migmatites have been ignored

on the grounds that the geometrically simple migmatites should be easier to interpret, (see

Ashworth 1985), and the resulting interpretation then applied to the more complex examples.

However the following discussion shows that at least some of the structurally complex migmatites

are easier to interpret than the geometrically simple migmatites.

Following a discusion of migmatite structure and rheology the second part of this chapter

examines the petrology of structurally complex migmatites. This discussion includes a comparison

of migmatite compositions with the S, I and A-type granitoid classification scheme and an

assessment of the role of migmatites in the genesis of granitoid plutons, both on a local scale and

in a more general sense.

7.2: EXAMPLES OF STRUCTURALLY COMPLEX DISCORDANT MIGMATITES.

A wide variety of structurally complex migmatites were observed in all lithologies except

marbles and calc-silicate rocks. Structurally complex leucosomes have two features in common;

they often crosscut the SI schistosity and lack adjacent melanosome development indicating an

open system during their formation. Thicknesses of leucosomes range from a few millimetres to

greater than ten metres. Structurally complex migmatites often show preferred orientations with

respect to both meso and macroscopic structures, (see chapter 2).

Structurally controlled, complex migmatites are well exposed on the southern side of the

Taylor Glacier in a section across a macroscopic F2 antiform, see figure 2.10. Along the eastern

limb of this antiform, quartzofeldspathic and psammitic schists are crosscut by a conjugate set of

extensional ductile shears and fractures, see figures 7.1 and 7.2. The angle between the fractures

and shears and the SI surface varies from almost perpendicular to as little as 30
0

and in their

present orientation indicate vertical extension. Shears generally extend for less than a metre and

often pass into mesocopic kink folds, see figure 7.1 and 7.2. Blocks of intact schist surrounded

by shears are rotated and mis-aligned, see figure 7.3. Boudinage structures have developed in

psammitic schist with leucosome material filling the gaps between the boudins. Millimetre thick,

concordant, granitoid leucosomes grade into thicker granitoid leucosomes within the ductile

shears. Concordant millimetre thick leucosomes appear to be deformed by the kink folds
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associated with ductile shearing . However this may be a mimetic effect and the leucosomes may

in fact be younger than the kink folds and shears, although the lack of shears without associated

leucosomes on their surfaces would suggest that the shears and fractures are coeval. Similar

structures and leucosomes are exposed in orthogneiss samples to the west.

On the western side of the orthogneiss layer, ( see figure 2.10 ), closer to the hinge of the

F2 antiform up to three generations of crosscutting leucosomes are observed in some outcrops,

see figures 7.4 and 7.5. Rather than being confined to narrow ductile shears leucosomes now

resemble sills and dikes up to ten centimetres thick. The older generations of leucosomes appear to

have been folded during the F2 folding phase. In figure 7.4 two pre-Pj Ieucosomes including an

older concordant leucosome and a younger crosscutting discordant leucosome are observed..

Post-F2 leucosomes then crosscut both these pre-F2 leucosomes parallel to the axes of the F2
folds. In figure 7.5 a similar relationship is observed between the orientation of post-P2

leucosomes and F2 fold axial surfaces. Again in figure 7.6 leucosome within conjugate,

, extensional ductile shears crosscuts the hinge of a disrupted F2 fold approximately parallel to the

fold axial plane.

Figure 7.7 shows the changing rheological properties of amphibolite relative to

quartzofeldspathic lithologies, (in this case augen gneiss and psammitic schist), as the hinge zone

of the macroscopic F2 antiform is approached. Augen gneiss and psammitic schist have deformed

in a ductile manner and has been squeezed into the fold hinge while the amphibolite has deformed

in a brittle manner forming a series of boudins around the fold hinge. On the limbs of the F2
antiform and in other localities lacking leucosome-bearing shears, both lithologies behave in a

ductile fashion and boudinage structures are not observed. Changes in the relative ductility of

amphibolite and migmatitic schists become more apparent as the hinge zone of the F2 antiform is

approached. Boudinage development in amphibolite layers becomes more common. In figure 7.8

boudins have developed in an amphibolite layer surrounded by leucosome material.

Subsequently leucosome material has filled the spaces between the boudins. Though not directly

related to the migmatite forming process the importance of these observations to the interpretation

of the leucosome rheology and origin becomes apparent in the following discussion.

Within approximately 300 metres of the hinge of the antiform, leucosome filled shears up to

50 centimetres across containing rotated and transported blocks of amphibolite up to a metre long,

crosscut the remnants of the meta-sediment, see figures 7.9 and 7.10. Remaining intact country

rock begins to take on a xenolithic appearance surrounded by leucosome material, (see figures

7.11 and 7.12). The SI schistosity is slowly destroyed by the increasing grainsize of feldspar-rich

layers in the quartzofeldspathic meta-sediments, see figure 7.13. Eventually all that is visible of

some quartzofeldspathic xenoliths are wispy remnants of biotite-rich segregations, see figure

7.14.

In the core of the antiform leucosome material dominates. All that remains of the country

rock are disoriented amphibolite xenoliths floating in what is essentially a granitoid rock. Bodies

of amphibolite-rich leucosome up to 50 metres across can be found in the hinges of the larger

parasitic folds in the hinge of the antiform, see figure 7.15.

Similar relationships between discordant leucosomes and mesostructures are observed in the

Dun Glacier area. Relatively thick leucosome bodies are observed in the hinges of two F2 folds,

see figures 7.16, 2.16 and 7.17. The sense of offset on ductile shears along the top edge of the
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Figure 7.11: Disoriented "xenoliths" of amphibolite and psammitic schist surrounded by

leucosome material within the hinge zone of the F2 antiform on the southern side of the Taylor

Glacier.

Figure 7.12: Xenoliths of quartzofeldspathic schist and augen gneiss surrounded by leucosome

material of varying thickness.
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Figure 7.13: Slab of a quartzofeldspathic "xenolith" within leucosome material. The SI surface is

being progressively destroyed by growth of feldspar and quartz grains during assimilation into the

leucosome.

Figure 7.14: Sample of schist almost completely assimilated into the leucosome material, with

only wispy remnants of biotite-rich segregations still recognisable.
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leucosome body in figure 7.17, see close up in figure 7.18, suggests injection of the leucosome

into the fold hinge.

At first glance most geologists would immediately interpret all of the leucosomes described

above as leucocratic anatectic melts, rather than being the product of K-rich metasomatic fluids.

This is a very reasonable interpretation in light of the experimental work of Tuttle and Bowen

(1958). The existence of large scale potassic metasomatism lacks any experimental basis and a

possible source of such a fluid other than perhaps a magmatic granitoid has yet to be identified. It

is interesting to note that leucosomes which are generally regarded as forming by diffusion related

processes have quartz and plagioclase-rich compositions and very rarely contain any K- feldspar,

(Sawyer and Robin 1986). Consequently the author's immediate prejudice is to invoke an

anatectic origin for the leucosomes described above. However, differences in the predicted

mechanical behaviour of a rock undergoing contemporaneous deformation and anatexis and a rock

subjected to deformation and subsolidus diffusion processes provide further evidence which

favours an anatectic origin for these leucosomes.

7.3: THE SIGNIFICANCE OF BOUDIN DEVELOPMENT.

Boudin development implies extreme differences in the mechanical behaviour of different

lithologies in interlayered rocks. Boudinaged amphibolite layers and boudinaged psammitic schist

were both described in the previous section. It was also noted that boudin formation did not occur

in areas lacking leucosome development, thus implying that boudin development is directly related

to the contrasting rheology of the leucosome and it's enclosing mesosome. Sawyer and Robin

(1986) describe boudin development in leucosomes rather than the surrounding host rock. These

leucosomes were inferred to have formed by metamorphic segregation. During successive

boudinage events, fluids "sucked" out of the surrounding mesosome by the pressure difference

between the mesosome and the gap between the leucosome boudins filled this newly created space

and precipitated new vein material. Boudin development in these leucosomes was a result of the

relatively high yield strength of the coarse grained, solid leucosomes compared to the surrounding

mesosome which was able to behave in a ductile fashion at the particular strain rate involved. In

the examples of boudin development associated with Koettlitz Group leucosomes, boudins have

developed in the surroundin& mesosome rather than the leucosome implying a much lower flow

stress in the leucosome. This very strongly suggests that the leucosomes in the Koettlitz Group

examples are at least partially molten to the extent that the flow stress is significantly reduced

relative to the surrounding mesosome. Therefore boudin development in mesosomes is good

evidence of the presence of molten leucosomes. Lack of boudin development in either leucosomes

or mesosomes described in chapter 6 may be reflecting lower strain rates and cannot be used as a

criterion to eliminate either anatectic or metamorphic segregation formation models. Similarly it is

hard to envisage a metasomatic fluid rotating and transporting amphibolite blocks along leucosome

bearing shears such as those illustrated in figures 7.9 and 7.10.
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7.4: MELTING REACTIONS RESPONSIBLE FOR MIGMATITE/ ANATECTIC
LEUCOGRANITE GENERATION.

Two different types of melting reactions may be important in anatectic leucogranite
production. Under H20 saturated conditions, H20 present in the grain boundary fluid is a reactant
and contributes to the product melt composition. H20 saturated melting reactions are of the form:

quartz +plagioclase + K-feldspar + H20 = silicate melt

A second type of melting reaction may also be important. So-called dehydration melting
reactions of Thompson (1982) or vapour absent melting reactions of Grant (1985) do not involve
an aqueous fluid phase as a reactant. This type of melting reaction is important under low au20
conditions. Inferred dehydration melting reactions in: biotite-quartz-plagioclase-K-feldspar
assemblages are sketched in figure 7.19(a), after Waters (1988).

Distinction between these two types of melting reaction has important consequences for melt
segregation processes discussed in the following sections. Winkler (1976) shows that melting
under H20 saturated conditions involves a negative volume change, note the slope of the H20
saturated solidus in PT space in figure 7.19(b). The "dry melting" solidus for the assemblage:
biotite-plagioclase-quartz-Kfeldspar involves a volume increase, again note the slope of the dry
melting solidus in figure 7.19(b).

Geothennometry from chapter 4, coupled with the different temperatures at which the two
types of melting reaction occur allows the type of melting reaction responsible for anatectic
leucogranite formation in the Koettlitz Group to be determined. Winkler (1976), see figure 7.19(b)
shows that dehydration melting of biotite-bearing granitoid occurs at temperatures between 720
and 760°c at 3.8 ~ P ~ 5.8kb, while H20 saturated melting occurs between 670 and 650°c at 3.8
~ P ~ 5.8kb. Geothermometry discussed in chapter 4 suggests peak metamorphic temperatures 0
approximately 700°c suggesting that dehydration melting may not have occured in Koettlitz Group
rocks. Note that errors in the geothennometry may be large enough to invalidate this conclusion.
Similar conclusions can be derived from the data of Waters (1988). Figure 7.19(a) shows that at
aH20 = 1, melting ofthe assemblage: quartz-plagioclase-biotite-Kfeldspar occurs at temperatures
in the vicinity of 650°c. In the vapour absent system, (aH20 =0), melting will not occur until
approximately 800°c at the invariant point in figure 7.19(a), via the dehydration melting reaction
[vapour]:

[vapour]: biotite +plagioclase + quartz = orthopyroxene + K-feldspar + liquid

If a rock undergoing anatexis contains a small amount of hydrous vapour melting will
initially occur on reaction [opx] in figure 7.19(a), at approximately 650°c. For small fluid:rock
ratios of around 1: 100 the amount of melt produced is small and none of the solid phases are .
exhausted. Hence aH20 is buffered by the coexisting solid and liquid. With increasing temperature
the aH20 moves towards the invariant point at 800°c where dehydration melting occurs.
Maximum temperatures experienced by Koettlitz Group rocks of 700°c indicate that the invariant
point was not reached and dehydration melting probably has not occured. This conclusion is
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Figure 7.19(a): Model dehydration and

meltingreactions in the assemblage:

biotite-quartz-plagioclase-Kfeldspar

vapour as a function of temperature and

aH20, after Waters (1988), based on

the data of Bumham (1981), Johannes

(1985) and Holland and Powell (1985).

The dotted line represents the peak

metamorphic temperatures experienced

by the Koettlitz Group examined in this

study. See text for discussion.
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Figure 7.l9(b): Granitoid solidus

curves in pressure, temperature space

after Winkler (1976). Curve A = the

solidus under H20 saturatedmelting.

Curve B = the anhydrous solidus in

the assemblage: biotite-quartz

plagioclase-Kfeldspar. Curve C

represents the anhydrous solidus in

the assemblage: quartz-plagioclase

K-feldspar. The crosshatched area

representsthe calculatedpeak meta

morphicconditions in the Koettlitz

Group examined. Temperatures

experiencedby the Koettl itz Group

appear to be to low to allow

dehydration melting to occur. The

negative slope of the hydrous melting

curve indicates that meltingin the

KoettlitzGroup probably involved a

volume decrease.
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supported by the lack of orthopyroxene in migmatitic samples, which is a product of the

dehydration melting reaction [vapour]. Consequently melting appears to have occured under high

aH20 conditions and involved a volume reduction.

The requinnent of high aH20 to produce melting in Koettlitz Group rocks has important

consequences for the volume of melt produced and hence the rheology of migmatitic rocks,

(Wickham 1987a). Production of more than a few % melt under the relatively low temperature

conditions experienced by the Koettlitz Group requires an influx of externally derived H20-rich
fluid, unless the migmatite protolith contained ~ approximately 10 wt% H20.

7.5: SEGREGATION MODELS FOR ANATECTIC MELTS.

Wickham (l987a) identified three mechanisms; compaction, filter pressing during

continuous shearing and extensional fracturing, by which melt could initially segregate from its

, residual material, at low melt fractions.

The compaction model derived by Richter and Mckenzie (1984) suggests the time required

for compaction to separate kilometre scale highly viscous, granitic bodies from a relatively

impermeable matrix is of the order of 109 years which is 10 to 100 times the likely duration of a

metamorphic, anatectic event. Consequently at best compaction seems capable of segregating only

millimetre sized melt bodies. Similar problems prevent the ftlterpressing model from segregating

large granitoid bodies. However both these mechanisms may be important in generating the

millimetre scale, concordant leucosomes illustrated in figures 7.1 and 7.2 and also some of the

concordant leucosomes described in chapter 6 which may have formed during anatexis.

Extensional fracturing requires appropriate values of strain rate, differential stress and high

pore fluid pressure. This means that extensional fracturing is only a viable melt segregation

mechanism in a dynamic system undergoing contemporaneous deformation and anatexis.

Extensional fracturing can theoretically occur at depths suitable for anatexis provided the fluid

pressure is high enough. At the instant of failure, fluid pressure in the extensional fracture drops

to values approaching the least principle stress creating a pressure gradient under which flow of

anatectic melt can occur. The rate of flow into such fractures depends on the porosity and

permeability of the residual material, the pressure gradient between the fracture and the residuum,

and the viscosity of the anatectic melt. Wickham (1987a) calculates rates of melt infiltration into

such fractures of the order of 3mmyr-l to 2 metres yr-l using geologically reasonable ranges of

porosity, permeability and viscosity values, suggesting that this is a possible melt segregation

mechanism.

However Wickham(l987a and b) was only able to infer the operation of one or all of these

mechanisms. Leucosomes described in Wickham(1987a and b) are generally structurally simple

concordant types preventing a possible discrimination between the above segregation

mechanisms. However this is not the case for Koettlitz Group leucosomes. Leucosomes

occupying extensional fractures and ductile shears on the limbs of the F2 antiform in the Taylor

Valley are clear evidence of the role of extensional fracturing and shearing in the segregation of

leucosome material at low melt fractions. Consequently the mechanical evolution of these shears

and fractures is of interest.

Prior to shear development a stress state similar to that illustrated in figure 7.20(a) is

149



normal stress

l ed rock
'ally tne t!of \lam

'1, e en'l/e\O~ .fat'ur,

Figure 7.20(a): Mohrcircle
illustrating the possible stress
state in partially melted rock
during the initial stages of
F2 folding.

Figure 7.20(b): Deformation
associated with F2 folding
results in an increase in the
differential stress until the
Mohr circle intersects the
failure envelope at point A
and failure occurs.
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Figure 7.20(c): Depending on
the magnitude of the differential
stress and the fluid pressure,
three different structures can
form as a result of failure. For
Mohr Circle intersection with

the failure envelope at point B
a compressional shear will

form, at point C a tensile shear will form and at point D an extension fracture will form.

i
invisaged. Meta-sedment may have been supporting a small differential stress or no differentialA
stress at all. The failure envelope sketched in figure 7.20(a) represents a yield stress, rather than
brittle failure, reflecting the ductile nature of deformation in upper amphibolite facies rocks. The
localisation of melt-bearing shears and fractures on the eastern limb of the F2 antiform in the
Taylor Valley indicates a relationship between F2 fold development and shear formation.

Figure 7.20(b) illustrates the evolving stress state of the partially melted rock after
imposition of the stress field, presumably also responsible for F2 folding. Differential stresses
increase until the failure envelope is intersected. At this time a compressional or tensile shear or an
extensional fracture may form. The type of structure developed at failure depends on the shape of
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extensional fracture may form. The type of structure developed at failure depends on the shape of
the failure envelope and the magnitude of the differential stress, see figure 7.20(c).

If failure results in the development of a tensional shear or an extensional fracture, points D
and C in figure 7.20(c), melt present as a grain boundary fluid will tend to segregate into the
fracture or on to the shear surface because of the extremely low viscosity of the melt relative to the
solid portion of the rock. Immediately after failure the effective magnitudes of the principle
stresses have increased due to the drop in fluid pressure and the stress situation in figure 7.21(a)
prevails. Note however that the drop in fluid pressure and associated increase in principle stress
magnitudes only occurs in the immediate vicinity of the shear or fracture. The ease with which the
melt phase can respond to the development of tensional structures depends on the distribution of .
the grain boundary melt phase and therefore any prior segregation the melt may have undergone
by compaction or filter pressing mechanisms. One to two millimetre thick, concordant leucosomes
described above may be important as feeders of melt to developing tensional structures they

'intersect and consequently may allow reductions in grain boundary fluid pressure through wider
rock volumes than would otherwise be the case. The rate of melt infiltration into the tensional
structures will therefore affect the spacing of these structures. If shears can relax fluid pressures
over larger volumes then fewer shears containing thicker melt segregations will form.

In section 7.4 a negative volume change during melting was inferred. This may suggest
that melt will tend to concentrate at triple junctions and will not form an interconnecting, grain
boundary fluid phase. This will affect the rate at which melt can segregate into tensional
structures. Therefore it will also effect the volume of rock over which fluid pressure can be
relaxed during failure. Prior segregation of melt by a filter pressing or compaction mechanism
described above may be required before shear type segregation can develop, particularly if a
negative volume change is associated with melting.

Following failure, fluid pressure within the rock surrounding the shear will increase again
reducing the effective magnitudes of the principle stresses, until they approach their pre-failure
magnitudes, see figure 7.20(a). With continuing deformation differential stress also increases until
failure occurs again.

The segregation of melt into dilational structures associated with the first failure episode will
impart an anisotropy to the rock stucture. This will lower the differential stress required to cause a
second failure localised on the same structure. After initial failure, two failure envelopes are
required to describe the rocks behaviour, see figure 7.21(a). Failure along the tensional structure
will require a lower differential stress than failure in the surrounding rock or the initial failure
event as illustrated in figure 7.21(a). The presence of a relatively low viscosity melt in the
tensional structure means that the structure will not be able to support a high differential stress.
Figures 7.21(a) and (b) illustrate this effect. The extreme viscosity difference between the melt in
the developing tensional structure and the surrounding rock suggest that the melt layer will deform
at a higher strain rate and consequently deformation will be concentrated at the extremities of the
structure. Subsequent failure at the extremities of tensional structures will result in the propagation
of these structures, (Nicholson and Pollard 1985), and further melt segregation.

The third failure situation illustrated in figure 7.20(c) where failure occurs at point B on the
failure envelope resulting in development of a compresive shear may also result in melt
segregation. Deformation along the shear surface may produce "micro" extensional environments,
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Figure 7.21(a)

Figure 7.2l(b)

f 'lure envelope_pre- lll__ - ----
the shear surfacefailure enve~lo~pe~fo:::r.:;:;::. -

Figure 7.21(a) Immediately after failure, illustrated by the broken circle the magnitude of the
principle stresses has increased due to the drop in fluid pressure. Failure has also resulted in a
drop in differential stress. Segregation of melt on to the surface of the tensional shear formed
during failure has resulted in the development of two failure envelopes. The lower failure
envelope defines the stress states required to cause failure to occur on the shear surface, while
the upper failure envelope defines the stress states required to cause failure in the rock
surrounding the shear.
Figure 7.21(b): Following initial failure and relaxation of differential stress and fluid pressure in
the immediate vicinity of the shear continuing deformation will cause the differential stress to
rise again. Simultaneously reequilibration of fluid pressure in the vicinity of the shear will
reduce the effective magnitudes of the principle stresses. Lower differential stress is required
for failure the second time as the melt layer on the shear surface has reduced the maximu
differential stress the shear is capable of supporting.
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Figure 7.22: Possible mechanism where by melt can segregate on to the surface of a

compressional shear. Deformation along the shear surface may produce "micro" extensional

fractures similar to porphyroblast pressure shadows. The low viscosity of the melt will allow it

, to segregate into any extensional feature. Continuing deformation on the shear may result in

development of a layer of melt on the shear surface, reducing the yield stress of the shear and the

differential stress it is capable of supporting.

see figure 7.22, allowing concentration of melt on to the shear surface and subsequent drop in
t

streng)1 of the shear surface. The resulting drop in yield stength of the shear to values approaching

the flow stress of the anatectic melt will prevent the shear from being able to maintain a high

enough differential stess to again produce compressive failure. If failure occu~on the shear again

it is likely to be in a tensile fashion, thus allowing further segregation of melt.

Strain rate may exert an important control on the development of tensional, melt-bearing

shears and fractures. Without deformation at high enough strain rates, differential stresses high

enough to cause failure may not develop and no shears or fractures will be observed. This may

explain the limited occurence of these structures, which are found only on eastern limb of the F2
antiform on the southern side of the Taylor Glacier and in orthogneiss at the Dun Glacier locality,

see chapter 8. Note however that thicker dikes and sills of anatectic leucogranite are found

throughout other localities indicating that melt segregation is still occuring, presumably by

mechanisms other than tensional shearing or fracturing.

Many dike and sill-like leucosome bodies of highly different orientations crosscut the

meta-sediments in the section across the F2 antiform in the Taylor Valley. Unlike tensional shears

and extensional fractures observed on the limbs of the F2 antiform in the Taylor Valley, nearer the

hinge of the antiform folded pre-F2 leucosome dikes are often concordant with SI or only crosscut

Slat low angles. Development of concordant extensional fractures which may result in the

propogation of dikes, (Nicholson and Pollard 1985), in an anisotropic rock such as the folded

leucosomes in figures 7.4 and 7.5 requires a specific orientation of the principle stresses relative

to the SI schistosity, see figure 7.23. The orientation of the SI schistosity prior to F2 folding is

unknown. Figure 7.23 shows two situations in which extensional fractures may open parallel to a

rock anisotropy such as a schistosity. One of these situations corresponds to a high differential

stress state while the other corresponds to a low differential stress state. Evidence discussed

earlier in this section indicates that rocks undergoing anatexis are unlikely to be able to support a

high differential stress and therefore the low differential stress situation is probably applicable
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here. In the case of the low differentia..l stress state in figure 7.23.d I and SI are initially
perpendicular for concordant extensional fractures to form, It is likely that this geometry occured
in at least some localities prior to F2 folding. The restricted occurence of these leucosomes may be
reflecting lack of the appropriate stress, schistosity geometry in many localities. Once again
repeated fracturing and shearing at appropriate strain rates is inferred to have been responsible for
segregation of sufficient melt to form the 1 to 10 centimetre thick dikes and sills observed.

Whether or not pre-F2 leucosomes were solid or liquid during F2 folding is unknown.
Biotite within the folded, concordant leucosome illustrated in figure 7.4 is foliated parallell to the
margins of the dike and the enclosing meta-sediment, Biotite grains defining the foliation within
the leucosome were evidently solid during deformation, however the quartzofeldspathic portion of
the dike need not have been solid during deformation. Biotite grains may have been subjected to
stresses transferred through a melt, or the orientation of the biotite grains and their segregated
texture may be reflecting pre-migmatitic structures. Younger post-Ey leucosomes crosscut older
pre-F2 leucosomes in figures 7.4 and 7.5 with sharp contacts and no evidence of mingling
between the two leucosomes suggesting that pre-F2 leucosomes were solid when post-E,
leucosomes were implaced.

Unlike the folded leucosome dikes and sills described in the previous paragraph, unfolded
leucosome dikes are generally emplaced approximately parallel to the axial planes ofF2 folds, see
figures 7.4, 7.5, 7.9 and 7.10. The occurence of dikes of leucosome intruding approximately
parallel to the fold axial planes of F2 folds could be due to several processes. Nucleation of the
dikes as extensional fractures similar to those observed on the fold limbs followed by deformation
and continuing dilation and fracturing may have rotated the resultant dike to low angles relative to
the fold axial plane. Alternatively fold-axial-plane-parallel dikes may have nucleated after
relaxation of stresses associated with F2 folding in a low differential stress environment possibly
with the maximum principal stress approximating overburden pressure. A third possibility is that
propogation of dikes subparallel to fold axial planes may be aided by dilation in the hinges of F2folds during deformation of layers of contrasting ductility, such as amphibolites and
quartzofeldspathic schists or melts. This is consistent with the pooling of anatectic melts in fold
hinges particularly below impermeable and refractory marble and amphibolite layers, see figure
7.15 and 7.16. The low viscosity of any melt present in the rock will allow it to invade dilatant
zones in fold hinges far quicker than a ductily deforming solid.

A related problem is the apparent intrusion of melts across fold hinges approximately
parallel to fold axial plane orientations, see figure 7.16. The experiments of Dietrich and Carter
(1969) and Dietrich (1970) show the existence of a neutral surface in fold hinges inside of which
the hinge zone is subjected to compressional stresses and outside of which the layer is subjected to
extensional stresses. Consequently melt may be expected to pool beneath the part of the fold hinge
subject to compressive stresses, and some mechanism must exist whereby the melt can intrude
across the fold hinge dilating the compressed zone. The position of the neutral surface in the
competent layer is a function of the viscosity contrast between the competent layer and its
surrounding. Dietrich (1970) shows that for low viscosity contrasts compressional stresses
prevail throughout the competent layer. In the opposite case where a very high viscosity contrast
exists between the competent layer and the layer trapped on the concave side of the hinge such as a
melt trapped beneath a marble layer, the competent layer can be expected to be subject to
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Figure 7.23: Extension fracture orientation relative to the orientation of principle stresses and the
differential stress magnitude, in arock with anisotropic tensile strength.



Figure 7.24: Four folds illustrating the effect of different ductility contrasts between folding layers
on the position of the neutral surface in the competent layer, dividing the part of the fold hinge in
the competent layer subject to tensional stress from the part subject to compressive stress. With
increasing ductility contrast the neutral surface migrates towards the concave side of the fold hinge
in the competent layer. When a melt is trapped in the fold hinge the extreme viscosity difference
results in the surrounding competent layer being subject to tensional stresses throughout. Lines
within the folded layer are perpendicular to the maximaum principle stress. Data for the top three
folds is from Dietrich (1970) and Dietrich and Carter (1969). Stress orientations in the fourth fold
are inferred from the above the data in the above references.

viscosity contrast = 5:1

viscosity contrast = 10:1 '

viscosity contrast = 42:1

viscosity contrast =>1000:1

With increasing ductility contrast the neutral surface migrates towards the concave side of the fold hinge in ~e

competent layer. When a melt is trapped in the fold hinge the extreme viscosity difference results in the surrounding
competent layer being subject to tensional stresses throughout.

156



extensional stresses throughout, see figure 7.24. In this situation the relatively low viscosity melt

which is essentially incompressible prevents the inner part of the competent marble layer from

compressing, hence the neutral surface of the marble layer migrates towards the melt, marble

interface. Consequently the marble layer is subjected to tensile stresses throughout and is able to

fracture and allow the melt to intrude across the fold hinge, again see figure 7.16.

If melt bodies in fold hinge zones reach appropriate sizes and melt/solid residue ratios

exceed a critical melt fraction of approximately 35-40volume %, (see Wickham 1987a),

convection may occur in the hinge zone of the fold. Chaotic orientation of amphibolite xenoliths in

the melt body illustrated in figure 7.15 suggests convective overturn may have begun. The

theoretical analysis of Wickham (1987a) suggests relatively wet granite magma bodies as small as.

50 metres across may undergo convection, supporting a hypothesis of convective overturn in

Koettl~ Group hinge-confined melts.
1\

The following sequence of events is envisaged as being responsible for migmatite

, development in the Koettlitz Group.

1) Subsolidus metamorphic segregation produces quartz plagioclase veins such as

QU56844.

2) Anatexis involving production of an segregated grain boundary melt before F2 folding

begins. Note the presence of an isoclinally folded trondjemitic vein on the eastern limb

of the F2 antiform on the southern side of the Taylor Glacier may indicate anatexis prior

to FI folding; however any other evidence of pre-FI anatexis and leucosome generation

has been obliterated during transposition.

3) Minor segregation of anatectic melt as a result of filter pressing and compaction to

produce millimetre scale concordant leucosomes. This process probably continues until

the more efficient extensional fracturing process dominates.

4) Initial extension fractures develop concordant with SI in localities of appropriate stress,

schistosity geometry during initial stages of F2 folding.

5) Extension fractures propogate by repeated failure and develop into dike like bodies which

are simultaneously and subsequently folded.

6) With the changing orientation of the compressive stress field relative to the schistosity

increasingly discordant extensional fractures and shears form on the fold limbs.

Repeated fracturing allows segregation of appreciable quantities of melt.

7) In the hinge zone, dilatant zones between fold layers of different ductility promote

segregation of melt into the fold hinge.

8) Development of pools of convecting melt immediately beneath competent refractory

layers in the fold hinge, prevent further tightening of the fold hinge until extensional

fracturing occurs approximately parallel to the ~old axial plane.

9) Possible emplacement of further dikes of anatectic melt parallel to the fold axial plane

after relaxation of stresses associated with F2 folding.

10) Uplift, cooling and crystallisation of anatectic leucogranites.

Figure 7.25 is a schematic sketch showing the relationship between structures of all scales

and the evolution of the various bodies of anatectic leucogranite. Leucosomes described in this

chapter will from now on be referred to as anatectic leucogranites as their igneous nature is now

established.
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7.6: ANATECTIC LEUCOGRANITES AND THE ORIGIN OF ADJACENT BASEMENf

GRANITOIDS: A MECHANICAL PERSPECTIVE.

Several previous workers, (e.g.Skinner 1983), have suggested a genetic link between

anatexis of Koettlitz Group meta-sediments and production of the adjacent basement granitoids.

However a consideration of the mechanics of piuton formation makes seem very unlikely that the

migmatities exposed in the Taylor and Ferrar Glacier areas are related to adjacent granitoids.

Wickham (1987a) shows that kilometre scale pluton formation requires high melt/solid ratios in

excess of 40% within a relatively thicklayer of crust undergoing melting. Melt/rock ratios must be

high enough for convective overturn and homogenisation to occur. The exact thickness of crust

undergoing anatexis and melt/solid ratio required for pluton formation is a function of magma

viscosity which is itself a function of temperature and melt composition. If a sufficiently thick

layer of crust is subject to high melt fraction anatexis, (~ 40%), it will lose its solid rheology and

convect, provided a temperature gradient exists across the magma layer. This convecting,

melt-rich volume of crust will be less dense than the rock above and will therefore have diapiric

tendencies which will result in the rise of the magma and piuton formation at higher crustallevels

determined by the temperature profile of the crust and the magma composition.

High melt fraction anatexis and a volume increase during melting are required for the

production of a magma which is less dense than the overlying rocks. Melting reactions discussed

in section 7.4 indicate that dehydration reactions occuring at temperatures in excess of 800°c are

required before volume increases occur during melting. Similarly it is impossible for H20

saturated melting at lower temperatures to produce large volumes of anatectic melt without extreme

fluid/rock ratios and an open system on a large scale being invoked. Hence at the temperatures

experienced by Koettlitz Group rocks high melt fraction ana texis was not possible and

meta-sediments exposed at the present level of erosion could not have contributed to the formation

of any kilometre scale plutonic bodies.

Anatectic leucogranites derived from the Koettlitz Group are restricted to metre scale bodies

within specific, structurally controlled environments. Koettlitz Group rocks was still governed by

a solid state rheology during anatexis, rather than a liquid rheology as would be the case in a high

melt fraction situation. However this argument doesn't preclude the possibility that high melt

fraction melting of Koettlitz Group meta-sediment at greater depths than those exposed in the

Taylor Valley and Ferrar Glacier regions may contribute a significant fraction to some adjacent

granitoids, see Smillie (in prep).

7.7: PETROGRAPHY OF STRUCTURALLY COMPLEX MIGMATITES.

Structurally complex anatectic leucogranites discussed in sections 7.2 to 7.4 consist

essentially of; quartz, K-feldspar and plagioclase. Accessory amounts of biotite, zircon, allanite

and traces of magnetite are also present. Modal analyses and normative compositions calculated

from whole rock geochemistry, (see tables 7.1 and 7.2), plot mainly within the granite field but

close to the granite, granodiorite boundary, ( see figure 7.26 ). Anatectic leucogranites discussed

in sections 7.2 to 7.4 have a much more tightly clustered range of compositions than concordant

leucosomes described in chapter 6, although several of the latter from chapter 6 have very similar
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TABLE7.1: ANATECTIC LEUCOGRANITE AND BASEMENTGRANITOID ANALYSES
OU56862 OU56862 OU56866 OU56866 OU56865 OU56865 OU56867 OU56867 OU56868 OU56868 OU56869 OU56869 OU56870 OU56870

VU,AL OU,AL VU,AL OU,AL VU, AL OU,AL VU,AL OU,AL VU,AL OU,AL VU,AL OU,AL VU,AL OU,AL
Si02 Wl% 70.39 70.33 74.91 75.17 74.8 74.7 81.71 81.99 80.42 80.76 78.89 78.74 79.31 79.3
Ti02 wt"1o 0.34 0.36 0.08 0.1 0.1 0.11 0.04 0.07 0.05 0.08 0.05 0.07 0.05 0.08
AI203 wt% 15.61 15.78 14.14 14.36 13.95 . 14.03 10.79 10.95 11.55 11.67 12.03 12.22 12.12 12.37rFe203 Wl% 1.55 1.75 0.16 0.3 0.8 1.02 0.11 0.19 0.22 0.21 0.07 0.27 0.08 0.23
FeO wt"1o 0.8 0.8 0.62 0.62 0.11 0.11 . 0.26 0.26 0.31 0.31 0.15 0.15 0.12 0.12
MnO wt"1o 0.04 0.04 0.01 0.01 0.01 0.01 0.01 0 0.01 0.01 0 0 0.01 0
MgO Wl% 0.54 0.49 0.18 0.24 0.27 0.27 0.18 0.21 0.26 0.29 0.14 0.13 0.09 0.06
CaO wt"1o 2 1.92 1.91 1.92 1.24 1.22 1.28 1.31 1.2 1.22 0.58 0.61 0.58 0.61
Na20 wt"1o 3.75 3.28 4.78 4.19 3.71 3.35 4.04 3.97 4.73 4.14 3.86 3.5 4.33 3.75
K20 wt"/o 4.34 4.38 1.98 1.93 4.51 4.6 0.81 0.73 0.87 0.79 3.72 3.6 3.45 3.62
P205 wt"/o 0.07 0.05 0.02 0 0.04 0.02 0.01 0 0.01 0 0.01 0 0.01 0
LOI wt"/o 0.77 0.77 0.37 0.37 0.28 0.28 0.4 0.4 0.15 0.15 0.01 0.01 0.1 0.1
TOTAL 100.18 99.96 99.16 99.23 99.82 99.72 99.64 100.05 99.77 99.58 99.51 99.27 100.25 100.22

Gappm 18.6 20 20 22 17.5 21 16.8 2Q 19.3 21 27.6 29 29.7 31
Rbppm 130.8 131 63.6 66 104.3 107 17.9 19 19.5 21 59.9 63 52.8 56
Sr ppm 482.6 508 253.1 272 242.2 254 111.1 118 128.6 135 48.4 54 40.9 44
Yppm 21.7 23 9.8 16 26.7 30 29.5 36 37.2 44 86.8 97 120 133
Zrppm 220.8 232 71.2 81 135.9 153 154.1 158 185.6 190 217.8 220 220.3 222
Pbppm 24.6 27 14.6 21 23.1 21 17 22 26.8 29 16.1 20 '11.5 19
Thppm 11.7 13 6.8 7 12.2 15 16.1 18 17.3 19 16.2 18 18.1 20
Uppm 1.9 1 1.4 2 2 4 6.2 7 9.8 10 3.8 3 4.2 6
Nippm 2.4 0.6 2 . 1 1.5 2.1 2.6
Cuppm 0.2 0.5 0.6 0.5 0.9 0 0.2
Znppm 49.1 21.5 24.1 6.2 8.2 3.7 9.3
Nbppm 12.2 8.7 11 96.3 165.7 103.3 107.6
Vppm 13.6 5.4 5.3 6.2 6.4 8.5 5.5
Crppm 4.6 0 0.5 0 0 0 0
Bappm 1503.9 263.7 658.8 86.8 100.3 147.6 57.1
Lappm 41.3 31.2 53 5.1 4.9 55.4 76.4
Ceppm 74.1 62.6 101.6 0.1 3.3 119.8 161.7
Ndppm ,
As ppm 0 0.1 0.3 0.1 0.1 0 0
Scoom 4.6 2.1 2.2 2.3 1.9 2.2 2.1

OU = Analysis performed at Otago University VU = Analysis performed at Victoria University
Al = anatectic leucooranite BG = crosscuttina basement aranitoid



TABLE 7.1: ANATECTIC LEUCOGRANITE AND BASEMENT GRANITOID ANALYSES

OU56859 OU56859 OU56860 OU56860 OU56861 OU56861 OU56856 OU56856 OU56857 OU56857 OU56858 OU56858 OU56855 OU56855 OU56854 OU56854

VU,AL OU,AL VU,AL OU,AL VU,AL OU,AL VU,BG OU,BG VU,BG OU,BG VU,BG OU,BG VU,BG OU,BG VU,BG OU,BG

72.09 71.77 74.07 73.75 73.44 73.53 66.42 66.98 62.41 62.05 60.24 60.49 73.58 73.11 71.48 71.3

0.27 0.28 0.27 0.14 0.16 0.18 0.45 0.45 0.56 0.56 0.73 . 0.7 0.14 0.15 0.27 0.27

14.88 15.1 12.79 15.38 14.16 14.41 17.11 17.41 18.58 18.73 17.45 17.88 14.58 14.82 15.41 15.42

0.63 0.85 1.86 0.91 0.29 0.38 0.97 0.97 1.32 1.87 2.03 1.87 0.18 0.37 0.82 0.9

1.06 1.06 1.63 1.21 1.21 2.81 2.81 3.26 3.26 4.73 4.73 1.03 1.03 1.28 1.28

0.02 0.02 0.08 0.01 0.02 0.02 0.06 0.05 0.07 0.07 0.11 0.12 0.02 0.02 0.03 0.03

0.42 0.41 0.76 0.23 0.25 0.2 0.78 0.74 1.76 1.67 2.27 2.22 0.26 0.28 0.48 0.42

1.95 1.93 3.18 2.58 1 1.01 3.23 3.25 4.98 4.91 5.17 5.2 1.84 1.83 2.35 2.33

3.58 2.97 3.87 3.47 3.31 2.82 5.34 4.82 4.85 4.22 4.71 4.13 3.6 3.01 3.73 3.21

4.72 4.84 0.84 3.33 5.42 5.62 2.03 1.67 1.8 1.71 1.63 1.5 - 4.53 4.67 4.17 4.13

0.1 0.08 0.07 0.01 0.03 0.01 0.11 0.13 0.15 0.14 0.16 0.15 0.04 0.02 0.06 0.05

0.21 0.21 0.4 0.4 0.36 0.36 0.97 0.97 0.97 0.97 0.59 0.59 0.46 0.46 0.4 0.4

99.94 99.58 99.82 100.21 99.65 99.74 100.28 99.89 100.71 99.57 99.83 99.57 100.25 99.77 100.48 99.74

20.9 22 14 16 19.7 24 28.9 29 27.6 27 27.3 27 16.1 18 16.2 18

164.8 162 65.9 64 399.4 405 155.6 146 125.9 121 70.5 67 133.2 134 133.2 134

535.6 549 776.9 795 340.2 360 315.7 327 587.4 603 575.4 576 408.2 421 408.5 421

29.7 33 2.4 7 20.1 17 34.2 36 45.1 45 79.1 75 4.5 9 8.6 11

142.1 155 72.5 90.9 95 164.2 • 166 128.7 151 225.8 233 117 133 182.4 186

30.1 33 20.4 24 38.9 41 21 23 15.4 19 9.4 15 24.4 29 21.3 27

17.3 21 10.7 11 20.1 22 42.4 44 15.3 16 14.4 15 7.1 11 10.3 11

1.6 0 0.6 2 3.6 3 1.8 2 2.1 2 3.1 2 1.2 2 1.6 1

2.3 1.7 2.7 3.7 7.2 7.5 2.4 2.4

1.5 1.4 0.2 0.7 17.9 5 0.4 0.2

38.4 18 64.5 103.3 92.3 103.8 29.5 39.2

25.3 3.3 26.9 38.2 32.9 45.3 7.5 7.7

11.4 8.7 7.1 28.7 53.3 76.8 7 15.6

2.1 3.6 3.4 5 18.7 15.1 3 4.4

931.3 1604.7 1592.3 205.9 309.4 551.5 903.2 1208.6

40.6 49.2 50.9 100.5 39.6 56.4 22.1 36.3

72.4 74.3 98.5 191.9 80.4 110.2 33.6 60.6

0.1 0.7 1.1 1.4 1.3 0.9 0.4 1.2

3.2 2.6 3.3 4.2 13.5 30.5 3.8 4.8

OU '" Analysis performed at Otago university VU '" Analysis performed at Victoria University

AL '" anatectic leucooranite BG", crosscuttina basement qranitoid -



Table 7.2: Normative compositions of basement granitoids and anatectic leucogranites.

OU56854 OU56855 OU56856 OU56957 OU56858 OU56859 OU56860 OU56861 OU56862 OU56865 OU56866 OU56867 OU56868
quartz 27.66 30.38 18.12 12.6 10.49 28.22 40.13 36.71 27.07 33.01 34.82 51.97 46.5
corundum 0.63 0.5 0.52 0 0 0.58 0 2.2 1.27 0.81 0.71 0.96 0.67
orthoclase 24.64 26.77 12 10.64 9.63 27.89 4.96 26.77 25.65 26.65 11.7 4.79 5.14
albite 31.56 30.46 45.19 41.04 39.85 30.29 32.75 22.09 31.73 31.39 40.45 34.19 40.02
anorthite 11.27 8.87 15.31 23.61 21.66 9.02 15.05 5.47 9.46 5.89 9.34 6.28 5.89
diop-woll 0 0 0 0.05 1.23 0 0.11 0 0 0 0 0 0
diop-en 0 0 0 0.02 0.59 0 0.07 0 0 0 0 0 0
diop-fs 0 0 0 0.02 0.62 0 0.04 0 0 0 0 0 0
hy-en 1.2 0.65 1.94 4.36 5.07 1.05 1.83 1.87 1.35 0.67 0.45 0.45 0.65
hy-fs 1.28 1.55 3.73 4.08 5.38 1.02 1.12 2.37 1.35 0 0.89 0.34 0.32
magnetite 1.19 0.26 1.41 1.91 2.94 0.91 2.7 0.54 1.72 0.1 0.23 0.16 0.32
hematite 0 0 0 0 0 0 0 0 0.36 0.73 0 0 0
i1menite 0.51 0.27 0.85 1.06 1.39 0.51 0.51 0.46 0.65 0.19 0.15 0.08 0.09
apatite 0.14 0.09 0.25 0.35 0.37 0.23 0.16 0.28 0.16 0.09 0.05 0.02 0.02
LOI 0.4 0.46 0.97 0.97 0.59 0.21 0.4 0.36 0.77 0.28 0.37 0.4 0.15
Total 100.48 100.26 100.28 100.71 99.82 99.93 99.82 99.43 100.2 99.82 99.18 99.64 99.78

Table 7.3: Modal analyses of anatectic leucogranites and adjacent migmatitic quartzofeldspathic schists.

OU56865 a=s OU56862 OU56886 a:s OU56867 OU56869 OU56870
OU56865 OU56886

quartz 341 352 188 213 295 396 272 345
plagioclase 394 188 314 203 486 467 290 380
orthoclase 233 359 150 225 125 - 103 426 267
biotite 26 99 45 45 94 34 12 8
accessories 4 2 3 3 0 0 0 0
total 1000 1000 700 679 1000 1000 1000 1000

QFS = quartzofeldspathic schist adjacent to the sample noted above the analysis.

Table 72 continued
OU56869 OU56870

quartz 40.68 39.53
corundum 0.61 0.23
orthoclase 22.04 20.39
albite 32.66 36.64
anorthite 2.81 2.81
diop-woll 0 0
diop-en 0 0
diop-fs 0 0
hy-en 0.35 0.22
hy-fs 0.14 0.09
magnetite 0.1 0.12
hematite 0 0
i1menite 0.09 0.09
apatite 0.02 0.02
Lal 0.01 0.1
Total 99.52 100.25



compositions to the structurally complex leucogranites, again suggesting that these leucosomes

have an anatectic origin. Mineralogically zoned dikes of leucogranite are relatively common, see

. figure 7.27. On the left hand side of figure 7.27 a leucogranite dike indistinguishable from those

discussed in sections 7.2 to 7.4 contains a plagioclase rim several centimetres thick, (see analyses

plotted in figure 7.26). The predominantly plagioclase rim contains minor quartz with scraps of

inclusion riddled K-feldspar and accessory biotite and zircon. Apart from containing appreciably

more K-feldspar, the leucogranite portion of the dike contains accessory zircon, magnetite,

ilmenite and allanite. The zoned dike on the right hand side is considerably richer in biotite than

the above example; however it still contains layers that are petrographically indistiquishable from

the anatectic leucogranites.

As well as the anatectic leucogranite migmatites discussed in sections 7.2 to 7.4, several

other granitoid lithologies crosscut Koettlitz Group meta-sediments and intercalated orthogneisses.

Hornblende and sometimes clinopyroxene-bearing quartz-monzodiorite, (see figure 7.26 and

'7.28), occurs in all localities examined. Quartz-monzodiorite also contains abundant coarse

grained biotite and accessory allanite zircon, titanite, apatite, magnetite, ilmenite, prehnite and

traces of monazite. Prehnite is unusual in that it is only found growing as lensoid sheafs within

biotite cleavages. Identification of prehnite was comfmned by microprobe analysis, see appendix

7. Obviously the quartz-monzodiorite differs markedly from the anatectic leucogranite described

above. In figure 7.28 veins of anatectic leucogranite can be seen crosscutting the hornblende-rich,

clinopyroxene-bearing quartz-monzodiorite (OU56857) indicating that the more mafic lithology is

the older. The orientation and position of discordant bodies of quartz-monzodiorite appear to bear

no relationship to meso or macrostructures within the meta-sediment,

, quartz

Analyses include both

normative and modal

compositions.

granite

alkalifeldspar

A

•
••

• = anatectic leucogranite.

• = zoned anatectic leucogranite dike.

L1 = A-type leucogranite dike.

~ =adjacent biotite granite intrusive.

6. = adjacent quartz-monodiorite

intrusive.

plagioclase

Figure 7.26: Compositions of anatectic leucogranites and other discordant crosscutting granitoid

lithologies, plotted in the system; quartz-plagioclase-alkali feldspar-Hjt) after Streckeisen 1976.
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Figure 7.27: Two zoned, discordant, anatectic leucogranite dikes with distinctly different

characteristics. The example on the left hand side has a plagioclase rich-rim, (OU56866),

surrounding a leucogranite core, (OU56865). Both .parts of this dike contain only accessory

amounts of biotite. Sample OU56863 on the right hand side is more complex, containing four

layers of different composition. The rim is marked by a leucogranite layer which is truncated by a

biotite rich layer and followed by a thicker plagioclase-biotite- rich layer. the core of the dike has a

leucogranite composition, see text for discussion.

A less common K-feldspar megacrystic granitoid is occasionally observed crosscutting

meta-sediment on the southern side of the Taylor Glacier and east of the Darkowski Glacier. This

lithology contains minor amounts of hornblende but biotite is the dominant mafic mineral. The

groundmass of the megacrystic granitoid has a tonalitic composition, but inclusion of K-feldspar

megacrysts in the analysis would probably result in a granodioritic composition. Again this

granitoid differs markedly from the anatectic leucogranite described above. Crosscutting

relationships with the anatectic leucogranite were not observed.

A third common crosscutting granitoid lithology along the western margin of the meta

sediment belt and throughout the Darkowski Glacier locality is an equigranular biotite granite, see

figure 7.29 and 7.26. Accessory phases include zircon and apatite with traces of allanite and an

opaque phase. This rock forms abundant dikes and sills whose thickness and density increase in a

westwards traverse across the belt of meta-sediment. West of the Dun Glacier it is possible to

trace dikes westwards until they become xenolith rich granite and eventually merge into the

adjacent basement granitoid. Similar relationships are inferred on the northern side of the Taylor

Glacier and at the Darkowski Glacier.

Two other more unusual crosscutting granitoid lithologies were also observed. A dike/sill

lithology unique to the eastern side of the Dun Glacier is an extremely leucocratic, fine-grained
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Figure 7.30: Two samples, (OU56869 and OU56870), of the unique, extremely siliceous,

crosscutting leucogranitoid dike lithology from approximately 500metres east of the Dun Glacier.

Figure 7.31: The unique clinopyroxene-bearing leucogranite, (OU56864), from the eastern

margin of the belt of meta-sediment at the Dun Glacier locality. Note the lack of other mafic

phases except for rare biotite flakes.
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and quartz-rich granitoid, see figures 2.16 and 7.30. These dikes contain only trace amounts of

biotite, zircon and opaque. Modal and chemical analyses of four samples from these dikes show

compositions ranging from quartz-rich tonalite to relatively quartz-poor granite, see figure 7.26.

Whole rock analyses indicate samples contain between 78.9 and 81.7% Si02 making these the

most siliceous granitoid observed. The orientation of this dike/sill bodies bear no apparent

relationship to local mesostructures.

The second unusual lithology is a unique clinopyroxene-bearing granite dike crosscutting

meta-sediment and the adjacent granitoid parallel to the axial plane of F2 folds on the eastern side

of the belt of meta-sediment near the Dun Glacier. Plagioclase and quartz in this rock are

surrounded and sometimes poikolitically enclosed in K-feldspar. Apart from the large (2-4mm),

euhedral clinopyroxene grains and their narrow alteration rims, the only other mafic mineral

present is accessory amounts of coarse grained biotite. Other accessory phases include euhedral,

slightly pleochroic titanite and lensoid clusters of radiating prehnite laths within biotite cleavages.

7.9: ORIGIN OF CROSSCUTTING GRANITOID LITHOLOGIES: DISCRIMINATING

BETWEEN LOCALLY GENERATED ANATECTIC MELTS SEGREGATED AT

LOW MELT FRACTION AND "FINGERS" OF ADJACENT BASEMENT

GRANITOIDS.

Before the granitoids crosscutting the meta-sediment can be separated into locally derived

anatectic leucogranites and intrusions of the adjacent basement granitoids not derived by

segregation from the adjacent meta-sediment at low melt fraction the characteristics of both groups

must be established.

The petrography and geochemistry of the adjacent basement granitoids are presently

undergoing detailed analysis, (see Smillie in prep),and what follows is only a brief summary of

the author's own observations. Basement granitoids appear to be divided into three major

lithology groupings, (although a number of less volumetrically significant types are discussed in

Smillie in prep). Megacrystic granitoid is the dominant lithology to the east of the belt of

meta-sediment. Smaller amounts of a clinopyroxene and hornblende-bearing tonalite and quartz

monzodiorite are also common on the eastern side of the meta-sediment belt. Along the western

side of the meta-sedimentary belt, the granitoids are dominated by an equigranular, biotite granite

although megacrystic granitoid is also present on the southern side of the Taylor Glacier and as

xenoliths in equigranular biotite granite west of the Darkowski Glacier.

Characteristics of granitoid melts segregated at low melt fractions from pelitic and psammitic

meta-sediments are discussed by Wickham (1987a and b). Segregation problems described in

section 7.4, 7.5 and 7.6 prevent these bodies from attaining large sizes. Melt.residue ratios greater

than approximately 40% are required before the effective viscosity of the melt residue mixture is

low enough for convective homogenisation to occur there by generating kilometre-scale, plutonic

bodies. The geochemistry of granitoids segregated at low melt fractions should also be distinct.

SiOfrich minimum melt compositions, reflecting to some extent the mesosome composition, (see

section 6.4 (c, vi) and low mafic mineral content are expected. Such granitoids will be depleted in

many trace elements, particularly transition metals fractionated into biotite and other trace elements

fractionated into residual accessory phases, see Watson and Harrison (1984). REE, Y, Nb, Zr
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and Ga behaviour is harder to predict as the behaviour of these trace elements depends strongly on
the accessory phases present in the precursor such as zircon and allanite and also the melt
composition. CoIlins et al (1982) and White and Chappell (1983) suggest Rrich magmas may
complex many REE, Y, Nb, Zs and Ga into the melt where as in the absence of F enrichment in
the magma, these elements would probably persist in the residue, ( this topic is discussed in more
detail in section 7.11 ).

Structural features of anatectic leucogranite leucosomes described in sections 7.2 to 7.5
show that these leucogranites represent locally derived and segregated anatectic melts. The
petrographic characteristics of these rocks are also compatible with this origin. Similarly these
leucogranites are strongly depleted in erand V relative to adjacent basement granitoids analysed
during this study and by Smillie (in prep), see figure 7.32. Various layers in mineralogically
zoned dikes contain the same assemblages as unzoned dikes of anatectic origin suggesting that the
zoned dikes could bederived from anatectic melts by either passive crystallisation of plagioclase
against dike/sill walls in the case of OU56866 leaving a plagioclase depleted residue, OU56865,
or by more active flow differentiation during repeated magma injections in the case of OU56863,
see figure 7.27. The multiple zonation of OU56863 suggests a complex intrusive history with
repeated pulses of anatectically derived melt intruding the same dike. The relatively high
concentration of biotite in some parts of OU56863 would require flow separation of biotite from
relatively large volumes of anatectic leucogranite, suggesting repeated or continuous intrusion
during segregation rather than passive differentiation followed by in situ crystallisation of the
evolved melt. Very similar mineralogically zoned leucosomes are described by Sawyer (1987).
Using REE fractionation patterns, Sawyer was able to demonstrate fractionation of and
subsequent development of feldspar cumulates during the evolution of the zoned leucosomes.
Partion coefficients of La, Ce, Y, Rb, Th and Ba suggest that a plagioclase cumulate should be
depleted in these trace elements relative to the residual melt. Analysis of the plagioclase-rich rim,
OU56866 and the K-feldspar-rich core, OU56865, of the zoned dike illusrated on the left hand
side of figure 7.27 indicates that the plagioclase rim of the dike is depleted in all these trace
elements relative to the K-feldspar-rich core, (see table 7.1), suggesting fractionation of
plagioclase from the K-feldspar-rich core of the dike. The relatively simple zonation and lack of
biotite accumulations suggests this dike has a relatively simple history compared to the multi
zoned dike OU56863.

On the basis ofpetrographic characteristics the three main groups of basement granitoids can
be recognised as crosscutting dikes and plugs within the meta-sediment and orthogneisses. This
interpretation is confirmed by field relatioships west of the Dun Glacier where dikes of biotite1\
granite within the Dun Orthogneiss can be traced continuously into the adjacent pluton. The
presence of clinopyroxene and hornblende in the quartz-monzodiorite suggests this lithology is
unlikely to be a locally derived anatectic product of meta-sediment, Even if clinopyroxene
represented xenocrysts derived from calc-silicate rocks and the hornblende grew during the
melting reaction from plagioclase and biotite breakdown, (see Busch et al 1974), the
quartz-monzodioritic composition would imply generation of high melt fractions within the
meta-sediment at temperatures »700·c which are not observed. Textural similarities between
small volumes of megacrystic granitoid and the adjacent basement granitoid coupled with the
presence of variable amounts of calcic amphibole in this rock also suggests an intrusive origin
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Figure 7.32: Plot of whole rock V versus Cr contents of anatectic leucogranites and adjacent
basement granitoids showing the extremely low contents of these trace elements in anatectic
leucogranites. Data sources as indicated on figure.
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& = clinopyroxene from calc-silieate rocks, OU56828 and OU56832.
e = clinopyroxene from quartz-monzodiorite OU56857.
• = clinopyroxene from the granite dike east of the Dun Glacier.
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Figure 7.33: Clinopyroxene compositions from the clinopyroxene-bearing granite dike, OU56864,
east ·of the Dun Glacier. compared with those of adjacent calc-silicate rocks, OUS6828 and
OU56832 and clinopyroxene bearing quartz-monzodiorite, OU56857.
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unrelated to local anatexis of meta-sediment for this crosscutting lithology. However care must be
taken in the interpretation of amphibole presence as indicating relatively high temperature magma
genesis as Busch et al (1974) suggest a reaction between biotite and plagioclase at approximately
7000c producing melt and calcic amphibole. The quartz-monzodiorite and megacrystic granitoids
show a similar range of relatively high er and V contents as the basement granitoids analysed by
Smillie (in prep) also indicating that these rocks are not local anatectites. Overlap in the Cr and V
contents of the biotite granite samples from the western margin of the meta-sediment belt and the
leucogranites is indicative of the evolved nature of this rock rather than a local anatectic origin as
field relations clearly show this is not the case. The small amount of fluctuation in anatectic
leucogranite er and V contents shown in figure 7.32 is probably due to the presence of
unsegregated, residual biotite, rather than some samples having significantly different true melt
compositions. Whether or not these basement granitoids represent deeper level, high melt fraction
anatectic melts of orthogneisses or meta-sedimentis beyond the scope of this study, see Smillie
(in prep).

The unique clinopyroxene, K-feldspar-rich granitoid OU56864 is a petrographic enigma.
Clinopyroxene is usually associated with plagioclase-rich granitoids such as tonalites and
monzodiorites. Two possible origins for this rock are that it is an anatectic melt which
incorporated xenocrysts of clinopyroxene from associated calc-silicate rocks prior to
emplacement, or it is an unusual variety of basement granitoid unrelated to anatexis of
meta-sediment, which crystallized under particularly anhydrous conditions preventing the
clinopyroxene reacting to form amphibole and biotite. Both explanations require a certain amount
of special pleading. Microprobe analyses of clinopyroxenes from this rock show very similar
compositions to clinopyroxenes in the adjacent calc-silicate rocks see figure 7.33. However the
euhedral clinopyroxenes present in the granitoid dike are texturally very different from the
anhedral clinopyroxenes present in the calc-silicates. It is would seem unreasonable to allow one
leucogranite to collect clinopyroxene xenocrysts while all the others lack clinopyroxene xenocrysts
even though many leucogranites crosscut calc-silicate rocks. Clinopyroxene compositions from
the K-feldspar-rich dike are also very similar in composition to those from the quartz-monzodiorite
sample OU56857 therefore not ruling out an igneous origin for the clinopyroxenes, see figure
7.30. Plagioclase compositions in the clinopyroxene-bearing dike are richer in anorthite than both
the concordant leucosomes and discordant anatectic leucogranites, having a similar composition
to plagioclase in the adjacent quartz monzodiorites again suggesting an intrusive relationship with
the meta-sediment unrelated to local anatexis, see figure 7.34. None of these explanations is
particularly satisfactory although the unique occurence of this lithology suggests an unusual
formation mechanism.

The very low mafic content and the high quartz content of the two fine grained leucotonalite
leucogranite dikes east of the Dun Glacier suggest this lithology is also a locally derived anatectic
melt. Segregation of this lithology into small extensional fractures similar to those described in
section 7.2 was not observed in nearby outcrops. Veins and dikes of more typical anatectic melt
described in sections 7.2 to 7.4 are crosscut by the dikes indicating that the dikes are younger than
the anatectic leucogranite. Part of the high Si02 content of sample OU56867 in particular may be
due to minor contamination by residual quartz. Millimetre thick "stringers" of fine-grained quartz
up to 15 millimetres long were observed in thin section. Some of these were removed prior to
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sample crushing however individual grains or small clusters of residual quartz may have escaped

detection and been analysed as part of the dike. However a wide range of K20:NazO ratios shows

that the dikes are compositionally highly heterogeneous, another characteristic of granitoids

evolved at low melt fraction and having undergone limited convective homogenization. erand V

contents of the dike are extremely low, see figure 7.29, as would be expected if the dike

represents a low melt fraction anatectite.

7.10: COMMENT ON THE COMPOSmON OF PLAGIOCLASE AND BIOTITE IN

ANATECfIC LEUCOGRANlTES.

Analyses of plagioclase from structurally complex, anatectic leucogranites show that it has a

composition often indistinguishable from the adjacent meta-sediments but slightly more sodic than

plagioclase from the concordant migmatites discussed in chapter 6, see figure 7.34. Now that a

"subsolidus origin has been eliminated at least for the anatectic leucogranites, it may be possible to

differentiate between the three remaining hypotheses which account for apparently high anorthite

content of plagioclase in anatectic leucogranites and other leucosomes, (see section 6.4 '(c).

Because the leucosomes have obviously been removed from their residual material it is impossible

for them to have reacted with their residue during crystallisation to attain their initial composition.

This leaves either subsolidus reequilibration or disequilibrium, kinetically controlled, melting to

account for the relatively high anorthite content of plagioclase. In the thinner discordant

leucosomes it may be possible for the leucosome plagioclase to equilibrate via a subsolidus

diffusion mechanism with plagioclase in the adjacent schist. However analyses of plagioclase

grains from the centre of a leucogranite body, (OU5686l), over ten metres thick, still contain

approximately 21% anorthite, see figure 7.34. Reequilibration of plagioclase compositions over

distances of greater than five metres seems very unlikely in light of the plagioclase diffusion data

of Johannes (1985). Consequently the composition of plagioclase in anatectic leucogranites and

possibly structurally simple, concordant leucosomes discussed in chapter 6 is a result of

disequilibrium melting of plagioclase rather than any of the other explanations. It is interesting to

note that discordant leucosome plagioclase is consistently slightly more sodic, although only by

1-3% anorthite than concordant leucosome plagioclase. If as is postulated in section 7.5,

concordant leucosomes act as sources of discordant leucogranites this suggests that either some

reequilibration of plagioclase compositions in the concordant migmatites has occured after slight

igneous differentiation which is still preserved in the thicker discordant leucosomes; or the

particular discordant leucogranites analysed happened to be derived from a slightly more sodic

source plagioclase compared with the concordant leucosomes. However disequilibrium melting of

plagioclase must still be an important process during anatexis of these rocks.

Experiments of Hensen and Green (1971) and Green T. H. (1976) and calculations of

Thompson (1982) and the data of Waters (1988) suggest biotite produced during partial melting of

pelitic and psammitic schist should be enriched in Fe relative to the residual biotite. This effect

was not observed in the structurally simple concordant migmatites described in section 6.4 (c).

Similarly in the relatively thin discordant, zoned anatectic leucogranite, OU56866 and OU56865

and the folded pre-syn-Fj Ieucogranite OU56861 no difference in biotite composition between

leucogranite and adjacent schist is observed, see figure 7.35. However biotite from the centre of
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Figure 7.34: Plagioc1ase cOmpOSItIOnS from anatectic leucogranites, quartz

monzodiorite OU56857 and the clinopyroxene-bearing granite dike, OU56864.

Anatectic leucogranite samples include OU56861, a sample of the relatively thick anatectic

leucogranite body illustrated in figure 7.15, samples of zoned leucogranite dike, OU56865

and OU56866 and the adjacent quartzofeldspathic schist and a sample of a pre-EyIeucogranite

dike, OU56884 and the adjacent quartzofeldspathic schist, see figure 7.4 and 7.5. Compositions

ofplagioclase in these samples is compared with that in concordant migmatites in chapter 6.



Figure 7.35: Biotite compositions from anateetic leucogranites and quartz-monzodiorite OU56857,

compared with bioiite compositions in pelitic schists and concordant migmatites described in

chapter 6. Note that the biO~ in anatectic leucogranite OU56861 is the most Fe and Si-rich biotite

analysed in any Koettlitz Group rock-type.
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the five metre thick leucosome body OU56861 is richer in Fe and Si than any other biotite
analyses from all the Koettlitz Group meta-sedimentary lithologies and also the associated
orthogneiss and basement granitoid lithologies, again see figure 7.35. This strongly suggests that
biotite meltingis not completely governed by kinetic factors, during anatexis.Similarities in biotite
compositions from adjacent thin leucosomes / leucogranites and mesosomes are probably the
result of subsolidus equilibration over short distances, see section 6.4 (c).

7.11: ANATECTIC LEUCOGRANITES AND THE S, I AND A -TYPE CLASSIFICATION
SCHEME OF GRANITOID ROCKS.

The work of White and Chappell (1983) has allowed subdivision of eastern Australian
granitoids into three types; l-types, formed by partial melting of igneous rocks in either the crust
or the mantle, S-types formed by partial melting of sedimentary rocks and A-types which are a
rather unusual granitoid type possibly derived by partial melting of a source rock from which a
granitoid melt has already been extracted. The broad characteristics of the S and l-types of
granitoid are summarised in table 7.4. Characteristics of A-type granitoids are summarized in the
following paragraph. Chemical variation diagrams from White and Chappell (1983) show that the
three types should be thought of as end members as intermediate compositions exist between the
three types. Workers in other granitoid suites, (e.g. Tulloch 1983, Rahu Suite), have noted that
the characteristics of the S and I type classifications can be ambiguous and therefore the scheme
may not be universally applicable. Consequently it may be interesting to compare anatectic
leucogranites with the classification scheme to see if the leucogranite compositions reflect both S
and J-type sources as would be expected from the orthogneiss and meta-sedimentary parents
which have undergone anatexis.

A-type granitoids described in detail by CoIlins et al (1982) have several distinguishing
features which separate them from I or S-type granitoids. A-type granitoids are generally the
youngest plutons in a particular plutonic terrane and often appear to be unrelated to any orogenic
event. Geochemically the A-type granitoids are distinct in that they are enriched in; Y, F, Cl, Nb,
Sn, Zr and REE, although Nb and Zr contents may drop to levels comparable with l-type
granitoids in some examples. Si02 and Na20 contents are generally high with A-type granitoids
often being peralkaline although this need not be the case, (White and Chappe1l1983). The ratio
ofGa (ppm) versus Al203 (wt%) is treated as being diagnostic of A-type granitoids by CoIlins et
al (1982) and White and Chappell (1983), see figure 7.36.

Comparison of Koettlitz Group anatectic leucogranite compositions with analyses of
granitoids from White and Chappell (1983) in terms of Ga versus Al203 ratio in figure 7.36
shows a large cluster of analyses of broadly S, I-type character. This group represents the
majority of the anatectic leucogranites described in this chapter and three of the granitic
leucosomes described in chapter 6 suspected of being anatectic melts. Four other analyses form a
distinctive group of A-type rocks. These four samples, (OU56867, OU56868, OU56869 and
OU56870), are from the fine grained, quartz-rich, leucogranite dikes which crosscut other
anatectic leucogranites east of the Dun Glacier. The La, Ce, Y and Nb contents of these four
samples are also distinct from those of the other anatectic leucogranites. The two relatively Si02and N~O rich samples OU56867 and OU56868 show extreme depletions in LREE La and Ce and
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only comparetively minor enrichment in Y, while the two relatively Si02 and N~O poor samples,

OU56869 and OU56870 show extreme enrichments in Y, La, Ce and Ga, see figure 7.37. All

four samples are extremely enriched in Nb relative to the other leucogranites. Comparisons with

the average composition of A-type and S, l-type granitoids from the Lachlan Fold Belt of eastern

Australia shows that the fine grained leucogranite dikes from east of the Dun Glacier bears

distinctive A-type features other than just Ga : Al203 ratios, although the extremely high Nb

contents are distinctive. The chemical characteristics of the A-type dikes are unlikely to be due to

sampling problems as two analyses of each sample were performed with separate and different

175





sample preparation procedures, on independent calibrations at Otago University and Victoria

University. Because of this, sample contamination from stray XRF flux is very unlikely to have

caused the enrichment in LREE. Similarly chance incorporation of accessory phase fragments rich

in REE etc in the surface of XRF pressed discs is also unlikely to cause the high REE, Nb, Y and

Oa enrichment.

This data and the comment by Collins et al (1982) that Zr and Nb contents in A-type

granitoids may show considerable variation shows that Ga, La, Ce, Y, Zr and Nb do not behave

in a chemically similar fashion as is often usually assumed.This suggests that the complex ion

structures containing Ga, La, Ce, y,.Zr and Nb in A-type melts are extremely dependent on

major element chemistry in particular alkali and Al203 contents and also the F and Cl contents of

the melt, (see comments of Collins et aI1982). The concentration of the above elements into

accessory phases, (see Gromet and Silver 1983), such as zircon and allanite suggests that the

stability of accessory phases during anatexis.is very strongly a function of the accompanying melt

composition. Zircon and allanite may be stable in the residue of some rocks undergoing anatexis

but if the composition of the melt is appropriate then zircon and a1lanite will be resorbed.

Field relations showing that the A-type, fine grained, leucogranite is younger than all the

other anatectic leucogranites and F2 folding are consistent with the observation that in other parts

of the world A-type granitoids are the youngest phase of granitoid intrusion and that they

post-date pervasive deformation. The suggestion by Collins et al (1982) and White and Chappell

(1983) that A-type granitoids represent partial melts of a felsic granulite which has already had a S

or l-type melt extracted from it is compatible with the presence of earlier generation(s) of Sand

I-type anatectic leucogranites.

Distinction between S and I-type granitoids of leucocratic composition is notoriously

difficult as chemical and petrographic distinctions between the two types tend to converge at high

Si02 contents or low degrees of fractional melting. It is apparent from figure 2.10 that both Sand

J-type leucogranites should be present as a result of partial melting of psammitic and

quartzofeldspathic schist and orthogneiss respectively. White and Chappell (1974, 1983)

distinguish S and J-type granitoids on the basis of the criteria outlined in table 7.4. The

characteristics of anatectic leucogranites other than the A-types discussed above are outlined in

Table 7.5. Table 7.5 shows that anatectic leucogranites display some conflicting characteristics.

High normative corundum contents of some samples and the peraluminous nature of all anatectic

leucogranites are generally characteristic of S-type granites while trace elements compositions and

N~O:K20 ratios are more characteristic of I-type granitoids. Note that the Ni, erand Rb content

are extremely low, while the Sr contents are relatively high even for l-type granitoids.

Petrographic characteristics of anatectic leucogranites are generally spurious as at the low degrees

of partial melting involved in anatectic leucogranite production only very small amounts of mafic

components enter the melt. The exception to this generalisation is the cordierite bearing

leucosomes found in pelitic schist discussed in chapter 4.

The conflicting S and I-type characteristics and the extreme trace element contents of the

anatectic leucogranites are probably due to differences in the generation mechanisms of the

anatectic leucogranites and the granitoids on which the classification scheme is based. Wickham

(1987b) outlines the mechanical differences between the formation of anatectic derived

leucogranites and larger, high melt fraction plutonic granitoids. Wickham (1987b) also describes
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the chemical characteristics of anatectic leucogranites seperated at low melt fraction and biotite

granitoids derived by high melt fraction melting of peltitic meta-sediments, noting similar

depletions of transition metals as in anatectic leucogranites derived at low melt fraction. Wickham

suggests that the distinctive, depleted compositions of anatectic leucogranites derived at low melt

fraction are the result of relatively efficient segregation of residual biotite and accessory phases.

Similar segregation of biotite is inferred in the development of Koettlitz Group anatectic

leucogranites, as evidenced by the sporadic development of melanosome described in chapter 6

and the leucocratic composition of melt in extensional fractures and shears described in chapter 7.

These arguments can be used to explain the discrepancy between the S-type granitoid

characteristics documented by White and Chappell (1974, 1983) and anatectic leucogranitoids

derived at low melt fraction from meta-sediment. Granitoids used by White and Chappell (1983)

Table 7.4: Characteristics of S and I-type granitoids.

Characteristic

aluminosilicates, cordierite

garnet

muscovite

normative corundum

normative diopside

S-type

present

primary common

<2%N~O at 3% ISO

<3%N~O at 5% K20

>1.1

>1%

absent

l-type

absent

generally absent

>2%N~O at 3% K20
>3%N~O at 5% K20

<1.1

<1%

present

er(ppm)

Ni (ppm)

Rb (ppm)

Sr (ppm)

high, 139ppm at 69% Si02 low, 27ppm at 68% Si02
65ppm at 74% Si02 5ppm at 75% Si02

high, 17ppm at 69% Si02 low, 9ppm at 68% Si02
5ppm at 74% Si02 <O.5ppm at 75% Si02

high, 180ppm at 69% Si02 low, 132ppm at 68% Si02
259ppm at 74% Si02 154ppm at 75% Si02

low, 139ppm at 69% Si02 high, 253ppm at 68% Si02
65ppm at 74% Si02 l l lppm at 75% Si02

After White and Chappell (1974, 1983) and Hine et al (1978).
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Table 7.5: Characteristics of Anatectic Leucogranites with respect to the S and I-type
Classification Scheme.

Samples
Characteristic OU56862 OU56866 OU56865 OU56859 OU56860 OU56861 OU56837

Si02 content 70.35 75.05 74.75 71.95 73.91 73.49 74.95

Muscovite absent=I absent=I 'absent=I absented absent=I absent=I absent=I
Aluminosilicates absent=I absent=I absent=I absent::::I absent=I absent=I absent=I
garnet absent=I absent=I absent=I absent=I absent=I absent=I absent=I
cordierite absent=I absent=I absent=I absent=I absent=I absent=I absent=I

N~O:Kz° 3.5:4.4=1 4.9:1.9=1 3.5:4.6=1 3.3:4.8=1 3.7:2.1=1 3.1:5.5=1 2.4:6.6=1

Al2°yrN~0+ 1.28 = S 1.21 = S 1.18 = S 1.21 = S 1.43 = S 1.20 = S 1.17 = S
Kz°+(CaO/2)]

norm.Al203 1.27 = S 0.71 = I 0.81 = I,S 0.00 = I 0.00 = I 2.2 = S 1.07 = S

er(ppm) 4.6 = I 0=1 0.5 = I 2.1 = I 3.6 = I 3.4 = I 4.9 = I

Ni (ppm) 2.4 = I 0.6 =1 2.0= I 1.5 = I 1.4 = I 0.2 = I 4.8 = I

Sr (ppm) 495.6 = I 263 = I 248 = I 543 = I 786 =1 350=1 159 =1

Rb (ppm) 131 = I 65 =1 106=1 163 =1 65 =1 402=1 157 = I

Chemical data used in table 7.5 is either the Victoria University analysis or an average of Victoria
University and Otago University analyses where both were available at the time of writing.

Note sample OU56837 is from chapter 6 and represents the slightly discordant leucosome in
figure 6.1, intruding OU56836.

to derive the classification scheme are true plutonic bodies of kilometre scale dimensions, which
were completely separated from their source area and subject to convective homogenisation in the
source area and possibly emplaced at higher levels in the crust.Wickham (1987 a&b) clearly
showed that at least some granitoids derived at high melt fractions, (within the uppercrust),
contained much of their residual, source material, unlike anatectic leucogranites which are
effectively segregated from their source material and this is the reason for the apparent
contradiction between the classification scheme outlined by White and Chappell and the
characteristics of anatectic leucogranites. (Note that the role and even the existence of residual
material in granitoids is still a debated isssue, see Vemon 1983, Clemens et al 1985,White and
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ChappeIl1977). High melt fraction granitoids derived from pelitic meta-sediment, described by

Wickham have classic S-type features largely because analyses contain large amounts of residual

material which has been segregated from the low melt fraction granitoids derived from the same

rocks at a slightly higher level. Trace elements; Cr, V, Ni, Rb and Sc are all fractionated strongly

into biotite compared with the surrounding melt whereas Sr behaves in the opposite manner and

fractionates into the melt relative to a biotite-rich residue. Low melt fraction granitoids analysed by

Sawyer (1987) also have this distinctive chemistry, even though they too were derived by partial

melting of meta-sediment. Therefore segregation processes during anatectic leucogranitoid

formation invalidate the S, l-type classification scheme with respect to these rocks.

It is interesting to speculate on the classification of a high melt fraction granitoid pluton

derived by partial melting of the suite of rocks on the southern side of the Taylor Glacier. Such a

granitoid would be a mixture of S and l-type granitoid, by definition. Generation of distinct suites

of S and l-type granitoids as observed by White and Chappell (1983) probably requires distinct

and homogeneous source materials. Mixed sources such as the southern side of the Taylor Glacier

would probably produce a spread in compositions from end member S and l-type granitoids.

Granitoid bodies such as the Manaslu Granite shown by Deniel et al (1987) to be isotopically

inhomogenous on a scale of a few metres may be the result of partial melting of an inhomogenous

source material similar to the southern side of the Taylor Glacier. The highly viscous nature of

granitoid melts presumably prevented the various components of the larger body from

homogenising. The relevance of these comments to the origin of basement granitoids adjacent to

the Koettlitz Group will presumably be discussed in Smillie (in prep).

7.12: SUMMARY AND DISCUSSION OF CHAPTER 7.

Examination of structural features of migmatites successfully shows that anatexis occurred

in many Koettlitz Group quartzofeldspathic, pelitic, semi-pelitic and psammitic rocks. This

conclusion could not be reached on the basis of a geochemical of concordant, structurally simple

migmatites in chapter 6. Segregation of anatectic leucogranite melts is strongly controlled by coeval

deformation in the source rocks. Segregation of anatectic melts is most successful when

extensional fracturing and tensional shearing occurs in locations controlled by the positions of large

scale folds. Repeated fracturing and shearing events allow the segregation of enough anatectic melt

to produce abundant dikes and sills within the remaining meta-sediments. Dikes and sills tend to

intrude towards fold hinge zones probably as a result of dilatancy in fold hinges due to folding of

layers of different competency such as amphibolite and quartzofeldspathic schist. Pools or

"microplutons" form in fold hinges, below impermeable layers of marble and amphibolite.

Continuing deformation results in fracturing of these fold hinges and further intrusion of anatectic

melts into strata above. Common zonation of anatectic leucogranite dikes implies both feldspar

fractionation in some dikes under relatively passive crystallisation conditions and repeated intrusion

of melt with flow differentiation of biotite in particular in other dikes. Expected partitioning of

anorthite in plagioclase and tschermak and MgO in biotite into the residue of partial melting is only

observed in the thickest leucosomes reflecting kinetic factors affecting melting reactions.

Mechanical, petrographic and geochemical arguments have conclusively shown that anatectic

leucogranites are unrelated to the adjacent basement granitoids and cannot be a source of these
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rocks. Classification of anatectic leucogranites in terms of the S, I-type scheme is not valid as the
generation mechanism of these rocks is very different to the generation mechanism of the plutonic
granitoids the scheme is based on.

Severalleucogranite dikes from the Dun Glacier have very distinct Avtype geochemistries.
These leucogranite dikes mayor may not be derived by local anatexis of Koettlitz Group rocks.
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CHAPTER 8: NON· MIGMATITIC
QUARTZOFELDSPATHIC AND
PSAMMITIC SCHISTS AND
ORTHOGNEISSES.

8.1: INTRODUCIlON.

This chapter is concerned with two principal groups of rocks. Psammitic and

quartzofeldspathic schists lacking migmatite development are found both on the eastern sideof the

Dun Glacier and on the southern side of the Taylor Glacier, to the west of the F2 antiform hinge.

Orthogneiss lithologies on the northern side of the Taylor Glacier and on both sides of the Dun

Glacier also lack migmatite development, (except in one locality, OU56839 in chapter 6). The

purpose of this chapter is initially to describe schists and orthogneisses lacking migmatite

development and characterise any differences between non-migmatitic quartzofeldspathic and

psammitic rocks and migmatised quartzofeldspathic and psammitic rocks. Any differences

observed will then be analysed with a view to determining why some quartzofeldspathic and

psammitic rocks have developed migmatites and others have not

8.2: PETROGRAPHY OF NON - MIGMATITlC QUARTZOFELDSPATInC AND

PSAMMmC SCmSTS.

Non-migmatitic quartzofeldspathic and psammitic rocks from the southern side of the Taylor

Glacier contain abundant; quartz, plagioclase and biotite with accessory amounts of K-feldspar

and pargasitic amphibole and traces of allanite, zircon, magnetite, apatite and manganoan

orthopyroxene, see analyses in appendix 8 and figure 8.4. Orthopyroxene was found as very

small grains less than 20 microns across in sample OU56879 and this represents the only

occurence of orthopyroxene in any of the Koettlitz Group rocks examined during this study.

Orthopyroxene described in amphibolites from Nussbaum Riegel by Williams et al (1971) is

discussed in chapter three.

Non-migmatitic psammitic schist from 550 metres east of the Dun Glacier, OU56890,

contains abundant; quartz with lesser biotite and plagioclase and accessory Kfeldspar, zircon and

magnetite. Amphibole and orthopyroxene found in the Taylor Glacier non-migmatitic

quartzofeldspathic schists are absent in psammitic samples from the Dun Glacier locality.

Examples of both non-migmatitic,psammitic and quartzofeldspathic schist are illustrated in figure

8.1.

8.3: PETROGRAPHY OF NON - MIGMATITIC ORTHOGNEISSES.

Two distinctly different, non-migmatitic, orthogneiss lithologies present on the northern

side of the Taylor Glacier are illustrated in figure 8.2. An equigranular, fine grained (0.5 - 2mm),

but foliated; amphibole, biotite, plagioclase and quartz-bearing orthogneiss containing accessory
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Figure 8.1: Samples ofnon-migmatitic, quartzofeldspathic, orthopyroxene-bearing schist from the

southern side of the Taylor Glacier, (on the left hand side), and quartz-rich psammitic schist from

east of the Dun Glacier, (on the right hand side).

Figure 8.2: Samples of the two orthogneiss lithologies exposed on the northern side of the Taylor

Glacier. The finer grained lithology above occurs as xenoliths in an intrusion breccia at the

western end of the meta-sedimentary belt. The coarser grained lithology, below forms xenoliths in

the same intrusion breccia and crops out to the east.
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Figure 8.3: F2 folds deforming the SI surface developed in orthogneiss on either side ofthe Dun

Glacier.

Figure 8.4: Ductile shears developed in orthogneiss from either side of the Dun Glacier. The

example on the left hand side is associated with a layer of anatectic melt segregated out on to the

shear surface, while the example on the right hand side lacks a layer of anatectic melt along it's

surface, see the text for discussion.
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Figure 8.3: F2 folds deforming the SI surface developed in orthogneiss on either side of the Dun

Glacier.

Figure 8.4: Ductile shears developed in orthogneiss from either side of the Dun Glacier. The

example on the left hand side is associated with a layer of anatectic melt segregated out on to the

shear surface, while the example on the right hand side lacks a layer of anatectic melt along it's

surface, see the text for discussion.
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apatite and ilmenite occurs as xenolithic blocks and rafts within an intrusion breccia of the adjacent

basement granitoid, see figure 2.14. Allthough strongly foliated this orthogneiss has not

undergone segregfltion during deformation.

Forming xenoliths in this intrusion breccia and cropping out to the east ofthe intrusion

breccia is a second, coarser grained (1-5mm) orthogneiss lithology. It is characterised by large,

relatively subhedral hornblende grains and relatively minor biotite content. Other phases include

abundant plagioc1ase with lesser amounts of quartz and accessory K-feldspar, apatite and titanite.

Orthogneiss cropping out on either side of the Dun Glacier lacks migmatite development

except for a minor incipient leucosome and melanosome development in OU56839, discussed in

chapter 6. Biotite is the dominant mafic phase but accessory, corroded, ferroan, salitic

clinopyroxene, (see figure 8.4) and amphibole also occur sporadically in some samples.

Plagioc1ase and to a lesser extent quartz are the dominant leucocratic phases while K-feldspar,

titanite, allanite, zircon, a carbonate phase and an opaque phase are present in accessory or trace

amounts. Biotite is strongly oriented, defining a pervasive foliation within the orthogneiss, but is

not segregated into mafic-rich and mafic-poor layers. F2 folds and ductile shears illustrated in

figures 8.3 and 8.4 deform this foliation. Deformation of the foliation during F2 folding indicates

that foliation development pre-dates F2 folding and is the~ore likely to be associated with

isoclinal F I folding. Rare, isoclinally folded aplite veins, illustrated in figure 8.5, with the

foliation in the adjacent orthogneiss and within the aplite band parallel to the axial surface of the

isoclinal folds confirms the relationship between foliation development and isoclinal folding. This

indicates that emplacement of orthogneiss on either side of the Dun Glacier pre-dates F I folding as

well as F2 folding.

West of the Dun Glacier sills and dikes of a more leucocratic orthogneiss lithology

discordantlycmsscut the main orthogneiss body. Biotite, in the leucocratic, orthogneiss dikes

defines a pervasive foliation. This foliation is only parallel to dike margins at dike edges. Nor is

the foliation in the dikes always parallel to the foliation in the surrounding orthogneiss.

Consequently foliation in the leucocratic orthogneiss dikes cannot be interpreted strictly as a flow

foliation parallel to the direction of magma movement during emplacement, or a tectonic fabric of

similar age and origin to that in the surrounding orthogneiss. Leucocratic orthogneiss dikes

crosscut the foliation in the enclosing orthogneiss and also F2 folds in the orthogneiss, (as shown

in figure 8.6), suggesting that dike emplacement post-dates F2 folding. Weak discordance

between dike margins and foliation in the orthogneiss dike cores may be due to post-emplacement

ductile deformation still associated with the later stages of the D2 deformation which has modified

the geometry of the dike margins relative to an original flow related foliation in the core of the

dike. Foliation development in the dikes doesn't appear to be directly related to F2 folds as the

foliation in the dikes bears no consistent relationship to F2 axial surfaces.

Dikes and sills of orthogneiss cropping out east of the Darkowski Glacier are very similar to

the older, extensive, orthogneiss lithology on either side of the Dun Glacier.

8.4: MINERALOGY.

A sample of orthopyroxene-bearing and orthopyroxene-free non-migmatitic quartzo

feldspathic schist from the southern side of the Taylor Glacier and a sample of non-migmatitic
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Figure 8.5: Isoclinally folded aplite band in orthogneiss from west of the Dun Glacier. Note that

the foliation both within the aplite band and the surrounding orthogneiss is parallel to the axial

surface of the isoclinal fold. Note also that the foliation and isoclinally folded aplite band have been

refolded during later deformation, possibly associated with F2 folding.

Figure 8.6: Sketch of a leucocratic orthogneiss dike crosscutting quartz-monzodioritic orthogneiss

from the west side of the Dun Glacier. Note foliation in the dike core is neither parallel to the dike

margins or the foliation in the surrounding orthogneiss. Note also that the dike crosscuts both the

foliation in the surrounding orthogneiss and F2 folds in the surrounding orthogneiss.
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orthogneiss from the eastern side of the Dun Glacier were selected for microprobe analysis,

(analyses in appendix 8). The results of these analyses are compared with analyses of minerals

from samples of migmatitic quartzofeldspathic schist and the migmatitic sample of orthogneiss

OU56875 also from the eastern side of the Dun Glacier.

Plagioclase analyses are plotted in figure 8.8 along with analyses from migmatitic samples.

Plagioclase in samples of non-migmatitic quartzofeldspathic schist contains between 24 and 28%

anorthite. Plagioclase in non-migmatitic quartzofeldspathic schists is identical to that in concordant

migmatite samples discussed in chapter 6. Plagioclase in some samples of anatectic leucogranite is

slightly more sodic, containing as little as 17.5% anorthite. Plagioclase in the non-migmatitic

sample of orthogneiss OU56875 contains approximately 10% less anorthite component than

plagioclase in the migmatitic sample from the same orthogneiss body, OU56839.

Biotite analyses from non-migmatitic rocks are plotted and compared with biotite

compositions of migmatitic samples in figure 8.8. Biotite in the non-migmatitic samples of

quartzofeldspathic schist is very similar in composition to that in the concordant migmatite

samples discussed in chapter 6. Likewise biotite in the non-migmatitic orthogneiss sample

OU56875 is essentially the same composition as biotite in the migmatitic orthogneiss sample

OU56839. Only biotite in anatectic leucogranite OU56883 discussed in chapter 7 contains biotite

which is richer in Fe relative to Mg and Si relative to Al than biotite in other migmatitic and

non-migmatitic quartzofeldspathic rocks.

Migmatitic rocks lack orthopyroxene, clinopyroxene and amphiboles, all of which are found

in non-migmatitic rocks. Amphibole is common and relatively abundant in many orthogneisses

and also in non-migmatitic quartzofeldspathic schist samples OU56879, OU56880 and OU56881

but orthopyroxene and clinopyroxene are rare in all rock types. Pyroxene compositions are plotted

in figure 8.9.

8.5: COMPARISON OF THE COMPOSITION OF NON - MIGMATITIC ROCKS AND

SIMILAR MIGMATITlC ROCKS.

Modal and chemical analyses of non-migmatitic orthogneisses and quartzofeldspathic schists

are listed in tables 8.1 and 8.2, while normative compositions calculated from the chemical

analyses are given in table 8.3. These data are plotted in figures 8.10 and 8.11. Non-migmatitic

orthogneisses plot in the monzodiorite and quartz-monzodiorite fields defined by Streckiesen

(1975). Mesosome sample OU56839 from orthogneiss east of the Dun Glacier has slightly more

quartz than non-migmatitic samples of the same orthogneiss body.

Modal analyses of non-migmatitic samples of quartzofeldspathic and psammitic schists are

also plotted in figure 8.10. These samples contain s 4% K-feldspar and are relatively quartz-rich

compared to migmatitic quartzofeldspathic samples, (including mesosomes and meta-arkoses in

chapter 6). Whole rock analyses of three non-migmatitic quartzofeldspathic samples show that

they have very similar compositions compared with those of migmatitic samples discussed in

chapter 6, although the potassium content of the non-migmatitic samples is slightly less due to the

smaller modal amounts of K-feldspar in these rocks. Non-migmatitic psammite OU56890 is

particularly notable in that it contains approximately 60% quartz and only accessory amounts of

biotite.
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0= non-migmatitic quartzofeldspathic

schist OU56879.

•=non-migmatitic orthogneiss OU56875.

-=non-migrnatitic quartzofeldspathic

schist OU56880.
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Figure 8.7: Comparison of plagioclase compositions from non

rnigmatitic and migmatitic samples of orthogneiss and

quartzofeldspathic schist.
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Figure 8.9: Pyroxene analyses from non-migmatitic orthogneiss OU56875

and non-migmatitic quartzofeldspathic schist OU56879.
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• = biotite from anatectic leucogranite OU56861
• = biotite from non-migmatitic orthogneiss OU56875
,,= biotite from migmatitic orthogneiss, (mesosome) OU56839
• =biotite from non-migmatitic quartzofeldspathic schists OU56879 and OU56880

annite

<>'

e-z

0·3

~

& 0''1

+
bl)

~ e-s-bl)

~ 0·'

-00
\0 0·7

0,,.

o·'!

000
e

5·7

00 o

-

s·s

, ,-/

-:
•

:5-3

-------,
-.."

)
,/

Bid,ih! 1("'0<'1\ pel,tiC ./
t>tvJ 5eMi- \1"-li+l , ,J,.;$t,S /

/
I
I
J

/
./..- -

5,(

siderophyllite

phlogopite

Figure 8.8: Compositions of biotite in non-migmatitic rocks compared with biotite in migmatitic
rocks, pelitic and semi-pelitic rocks and anatectic leucogranites.

eastonite



TABLE 8.1: NON-MIGMATITIC ORTHOGNEISSESAND SCHISTS

OU56878 OU56874 OU56873 OU56871 OU56872 OU56877 OU56877 OU56876 OU56876 OU56875 OU56875 OU56880 OU56881 OU56879
vu eo aJ aJ aJ vu aJ vu aJ VU eo VU vu vu

Si02 wt% 60.96 48.74 54.96 63.16 50.99 65.67 65.78 65.61 65.41 66.1 66.89 74.64 73.31 76.02
Ti02 wt% 0.79 1.53 1.23 1.01 1.18 0,49 0.51 0.5 0.52 0.49 0.5 0.27 0.13 0.17
AI203 wt% 17.01 20.48 17.58 17.32 19.12 18.1 18.23 18.49 18.8 17.65 17.98 13.21 15.14 13.35
Fe203 wt% 1.87 2.78 2.96 1.25 3.5 0.86 1.06 0.95 1.11 0.96 1.04 0.92 0.16 0.23
FeO wt"1o 4.58 6.95 6.64 3.06 6.57 1.75 1.75 1.81 1.81 1.71 1.71 2.18 0.69 0.79
MnO wt% 0.12 0.12 0.14 0 0.14 0.05 0.04 0.05 0.05 0.04 0.04 0.06 0.01 0.01
MgO wt"1o 2.2 3.36 2.7 1.24 2.18 0.91 0.91 0.98 0.93 0.88 0.8 0.81 0.24 0.23
CaO wt"1c 5.51 9.05 6.84 4.27 8 3.84 3.79 3.98 3.93 3.47 3.47 2.58 2.6 1.92
Na20 wt"1o 4.01 3.97 3.64 4.33 4.63 5.22 4.58 5.24 4.73 5.19 4.79 3.95 3.75 3.14
K20 wt"1o 2.37 1.76 1.78 2.52 1.89 2.45 2.48 2.35 2.37 2.33 2.3 1.23 3.32 3.66
P205 wt"1o 0.22 0.3 0.32 0.29 0.61 0.14 0.13 0.16 0.14 0.15 0.13 0.08 0.03 0.05
LOI wt"1c 0.5 0.83 0.74 0.51 0.47 0.31 0.21 0.29 0.22 0.32 0.32 0.64 0.67 0.67
TOTAL 100.15 99.87 99.51 98.97 99.28 99.79 99.48 100.39 100.03 99.3 99.98 100.57 99.98 100.26

Gappm 19.9 22 20 31 25 20.6 21 21 21 22.3 24 11.9 10.3 10.9
Rbppm 86.6 67 69 115 51 7,8.8 77 72.6 71 77.3 75 42.5 > 24.5 24.6
Sr ppm 599 711 504 764 738 934.6 955 953.5 987 775.9 790 306.3 168.6 169
Yppm 35.3 14 24 18 34 5.7 9 6 10 8.9 12 13.4 20.4 21
Zr ppm 252.5 76 169 353 365 146.8 158 148.3 163 161.6 170 55.4 61.3 58.4
Pbppm 10.8 12 15 22 19 18 22 15.9 20 20 24 10.8 5.3 5.4
Thppm 8.9 0 5 14 10 4.9 3 5.5 5 7.6 8 2.6 1.8 1.5
Uppm 1.6 2 3 2 3 1.1 1 0.7 2 1.9 2 0.5 0.3 1.4
Nippm 9.6 7 6 4 5 5.1 4.3 3.5 2.9 1.9 1.9

- .>

2.5Cuppm 1 14 17 0 13 1.2 2.1 0.8 0.6 0
Znppm 77.5 59 73 102 107 - 62.7 59.5 64.6 51.5 53.2 77.5
Nbppm 25.8 14 22 34 28 9.9 10 15.5 3.2 2 1.8
Ti wt % 1.5 1.27 0.97 1.08
Mn wt% 0.13 0.15 0.05 0.14
Vppm 87.2 108 101 25 69 24.5 24.8 21.4 44.3 37.7 34.7
Crppm 20.2 3 3 3 2 5.4 5.7 5.2 1.4 1 0.7
Bappm 1027.5 537 764 803 964 901.4 814.1 714.7 281.4 246.6 244.4
Lappm 39.1 16 31 62 47 25.1 30.7 37.7 8.6 7.5 6.3
Ceppm 82 26 46 116 87 38.2 48.3 60.3 14.7 9.3 10.8
Ndppm 13 26 48 38
As ppm 1.6 0.4 0.7 1.4 0.2 0 0
Scppm 10.6 5.6 5.2 5.5 17.2 14.8 14.2

OU - Analvsis oerformed at Otaqo University VU = Analvsis oerformed at Victoria University



Table 8.2: Modal analyses of non-migmatitic samples

OU56892 OU56875 OU56880 OU56879 OU56890
orthogneiss orthogneiss quartzofeld. quartzofeld. psammitic

schist schist schist
quartz 188 208 451 349 599
plagioclase 592 611 455 403 269
K-feldspar 138 78 14 39 32
biotite 80 95 32 70 99
amphibole 43 9
orthopyroxene - 2
clinopyroxene 1 6
accessory 2 5

1000 1000 1000 871 1000

Table 8.3 CIPW. Normative compositions of non-migmatitic orthogneisses.

OU56874 OU56873 OU56871 OU56872 OU56877 OU56876 OU56875
quartz 6.75 16.82 15.93 15.78 17.94
corundum - 0.40 0.21 0.47 0.64
orthoclase 10.40 10.52 14.89 11.17 14.48 13.89 13.77
albite 27.25 30.80 36.64 37.31 44.17 44.34 43.92
anorthite 32.86 26.37 19.29 25.81 J8.14 18.70 16.23
nepheline 3.44 1.01
Diop,woll 4.21 2.28 4.13
Diop.en 2.09 1.04 1.74
Diop,fs 2.03 1.23 2.40
Hyp,en 5.69 3.09 2.27 2.44 2.19
Hyp,fs 6.74 2.92 1.79 1.81 1.61
Ol,fo 4.40 2.58
01,fa 4.73 3.92
magnetite 4.03 4.29 1.81 5.07 1.25 1.38 1.39
ilmenite 2.91 2.34 1.92 2.24 0.93 0.95 0.93
apatite 0.70 0.74 0.67 1.41 0.32 0.37 0.35
LOI 0.83 0.74 0.51 0.47 0.31 0.29 0.32
total 99.87 99.53 98.96 99.26 99.79 100.42 99.29

Normative compositions calculated from analyses performed at Victoria University in Table 8.1.
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quartz

• = migmatitic samples including

meta-arkoses and orthogneiss.

n= non-migmatitic quartzo

feldspathic and psammitic

schists.

o = non-migmatitic

orthogneiss.

alkali feldspar plagioclase

Figure 8.10: Modal and normative compositions of non-migmatitic orthogneisses, quartzo

feldspathic and psammitic schists plotted in the system; quartz-alkali feldspar-plagioclase after

Streckeisen (1975).

8.6: SUMMARY OF THE DIFFERENCES BETWEEN NON -MIGMATITIC AND

MIGMATITIC ROCKS.

Both plagioclase and biotite compositions from non-migmatitic and migmatitic samples of

quartzofeldspathic schists are identical. Plagioclase in non-migmatitic orthogneiss actually

contains less anorthite component than plagioclase in the migmatitic sample of the same

orthogneiss intrusion. Biotite compositions in non-migmatitic schists are indistinguishable from

migmatitic samples of orthogneiss. Orthopyroxene, clinopyroxene and amphibole in more than

trace amounts are restricted to non-migmatitic rocks.

The majority of non-migmatitic orthogneiss are enriched in plagioclase and mafic minerals

relative to migmatitic varieties. However some samples of non-migmatitic orthogneiss from the

Dun Glacier. (OU56875 ->OU56877). area have essentially identical whole rock compositions to

the migmatitic sample. OU56839. (see tables 8.1 and 6.1 and figure 8.10).

Non-migmatitic quartzofeldspathic and psammitic schists contain only accessory amounts of

K-feldspar and are enriched in quartz relative to migmatitic samples. Biotite contents in non

migmatitic samples may be more or less than in migmatitic samples.

8.7: REASON(S) FOR THE LACK OF MIGMATITE DEVELOPMENT IN SOME

ORTHOGNEISSES AND QUARTZOFELDSPATHIC AND PSAMMITIC SCHISTS.

Structural evidence discussed in this chapter indicates that non-migmatitic orthogneiss

emplacement occured prior to the FI folding. except for minor. syn-F2• leucocratic orthogneiss
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dikes exposed on the western side of the Dun Glacier. Structural features discussed in chapter 7

indicate anatexis affected meta-sediments and migmatitic orthogneisses prior to, during and after

F2 folding indicating that non-migmatitic orthogneisses should also have suffered similar pressure

and temperature conditions. Lack of anatectic migmatite development is therefore not a result of

emplacement of orthogneisses after peak metamorphic temperatures have dropped. Even if this

was the case it would not explain the lack of migmatites in some quartzofeldspathic and psammitic

schists.

As well as the geochemical features discussed above, deformation accompanying anatexis

may also be important in controlling the segregation of an anatectic melt, (discussed in chapter 7).

If segregation of an anatectic melt does not occur then it is practically impossible to detect it's prior

presence in a rock which has subsequently cooled slowly. Segregation of anatectic melt on to the

surfaces of ductile shears and into extensional fractures was described in chapter 7. The

contrasting rheological properties of a melt phase and a deforming solid make it very unlikely that

a melt phaseif present will not segregate on to the surface of an extensional ductile shears or into

an extensional fracture, unless it is only present in very small amounts and not as an

interconnecting grain boundary phase. Thus if ductile shears could be found in apparently

non-migmatitic rocks lacking an anatectic leucogranite melt along their surfaces this would be

good evidence that an unsegregated, hitherto unobserved grain boundary melt had not been

present in this rock. In orthogneiss east of the Dun Glacier ductile shears both with and without an

anatectic leucosome segregated out on to their surfaces are observed. Examples of both of these

types of shears are illustrated in figure 8.4. Melt-bearing shears are restricted to within a few

metres of the migmatitic sample of orthogneiss, OU56839 while melt-lacking shears occur

throughout the orthogneiss body. This is good evidence that the non-migmatitic samples of this

orthogneiss lithology lack an unsegregated melt phase. In other rock types lacking these shears it

must be assumed that lack of migmatite development means that melting of this rock has not

occured.

The similarity of plagioclase compositions in non-migmatitic and migmatitic

quartzofeldspathic schists suggests that anorthite content of plagioclase is not important in

localising migmatite development. The 10% greater anorthite content of plagioclase in the

migmatitic sample of orthogneiss from the Dun Glacier locality is suprising in light of the

experimental evidence ofWinkler (1976) and Winkler and Briebart (1978) which suggested that

anorthite content of plagioclase has a marked affect on solidus temperatures in the granite system.

However later experimental work by Johannes (1984) has shown that anorthite contents up to

40% do not raise solidus temperatures by more than lOoc, (see the discussion of plagioclase

melting in chapter 6). This is compatible with the relatively anorthite-rich composition of

plagioclase in migmatitic orthogneiss OU56839 and the lower anorthite content of plagioclase in

the non-migmatitic orthogneiss OU56875, both from the same orthogneiss body on either side of

the Dun Glacier.

The similarity of biotite compositions in migmatitic and non-migmatitic samples suggests

that biotite composition is also not important in localising migmatite development.

While increasing amounts of mafic minerals, particularly amphiboles, pyroxenes and olivine

are widely known to significantly increase the liquidus temperatures of rocks, their effects and that

of micas on solidus temperatures are less well known. The experiments of Spear (1981b) show
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that rocks of olivine tholeiite composition do not begin melting until approximately 950°c under

water saturated conditions, unlike rocks in the mafio-free granite system which can begin melting

at temperatures as low as 670°c. Addition of Ca in the form of anorthite doesn't appear to effect

solidus temperatures significantly, at least when plagioc1ase contains less than 40% anorthite.

However addition of mafic minerals in significant amounts apparently does. It therefore appears

that the relatively high mafic content of non-migmatitic orthogneisses may be at least partially

responsible for the lack of migmatites in these rocks. However this explanation cannot apply to

the non-migmatitic orthogneiss from the Dun Glacier locality as the migmatitic sample

(OU56839) of this orthogneiss andnon-migmatitic samples (e.g.OU56875) have essentially

identical modal biotite contents, reflected in very similar FeO, Fe203 and MgO contents. Similarly

non-migmatitic samples of quartzofeldspathic and psammitic schists contain no more biotite than

some migmatitic examples, therefore high modal mafic content of non-migmatitic schists cannot

be responsible for their lack of migrnatite development.

The affect of differing modal amounts of quartz, K-feldspar and plagioclase depends on the

slope of the solidus surface in this system. While the shape of the liquidus in the system quartz

orthoclase-albite-Hyo is well known, the shape of the solidus is relatively poorly known,

although abundant data exists from which inferences can be made. Solid solution between quartz

and feldspars doesn't exist, (Bowen and Tuttle 1958), consequently in the binary systems

quartz- albite and quartz-orthoclase the solidus will be at a constant temperature regardless of the

initial composition of a particular sample. However Yoder et al (1957) show that solid solution

between albite and orthoclase will produce a curved solidus in this system, with higher

temperatures towards end member compositions. Solidus curves for the three binary systems are

sketched in figure 8.11. These curves along with the cotectic curves of Tuttle and Bowen (1958)

reproduced in figure 8.13 and the experimental data of Johannes (1984) determining the effect of.
anorthite in plagioc1ase are then used to construct a solidus surface in the system;

plagioclase-quartz-orthoclase-Hjo at PH20 =3kb and anorthite in plagioc1ase S; 40%. Figure 8.12

shows that solidus temperatures vary between approximately 670 and 740°c over the system

described above. In the important granodiorite, tonalite, diorite, monzodiorite area the solidus

temperatures vary by less than 30°c. Consequently variations in the modal amounts of quartz,

plagioclase and K-feldspar would appear unlikely to influence location of initial partial melting.

However the amount of melting possible at solidus temperatures will of course be dictated by the

liquidus surface illustrated in figure 8.13. Quartz and K-feldspar-poor orthogneisses will only be

able to evolve a relatively small amount of melt at solidus temperatures unlike rocks richer in

quartz and K-feldspar. Whether or not this small amount of melt can be segregated from the solid

residue depends on the structural aspects described previously. Lack ofmigmatite development in

many of the most plagioclase-rich orthogneisses and quartz-rich psammites is possibly due to only

very small amounts of melt forming and this melt being unable to segregate out into migmatite

leucosomes. However once again this explanation cannot be applied to the non-migmatitic and

migmatitic samples of orthogneiss from the Dun Glacier locality as they have essentially identical

compostions with solidus temperatures unlikely to vary by more than a few degrees. The presence

of extensional ductile shears in non-migmatitic orthogneisses lacking a melt phase on their surface

indicates that an unsegregated melt was not present in these rocks. Similarly non-migmatitic

quartzofeldspathic schists are unlikely to have solidus temperatures any greater than many of the
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(AnS40%)-orthoclase, after the data of Tuttle and Bowen (1958),
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migmatitic samples, see figures 8.10 and 8.12.

What is apparent from the above discussion is that chemical differences both in mineral

compositions and whole rock compositions are not solely responsible for localizing migmatite

development. Only in rocks of relatively mafic, plagioclase or quartz-rich compositions does the

whole rock composition affect the solidus temperature. The presence of migmatites in rocks of

identical composition to rocks lacking migmatites, both in terms of mineral compositions and

whole rock compositions suggests another explanation must be looked for to explain controls on

migmatite genesis.

The experimental work of Tuttle and Bowen (1958) among many other studies has shown

the important role of H20 in fluxing the melting of rocks. The progressively higher cotectic

temperatures produced by dropping aH20 are illustrated in figure 8.13. Lack of migmatite

development in many samples could be explained by relatively low aH20 in these rocks.

The presence of orthopyroxene in non-migmatitic quartzofeldspathic schists is indicative of

granulite facies metamorphism, (Turner 1981). Many workers interpret the amphibolite - granulite

boundary as a dehydration boundary, (e.g, Touret 1971, Stahle et al 1987, Allen et al 1985).

Orthopyroxene in OU56879 may therefore be reflecting low aH20 conditions, at least locally.

Four orthopyroxene producing reactions involving biotite-plagioclase-quartz and K-feldspar are

illustrated in Figure 7.19(a). At 70(rc only one of these reactions is likely to occur

Diquid] biotite + quartz = orthopyroxene + K-feldspar + Vapour

At a temperature of 700°c aH20 < 0.2 is required before the above reaction can occur. The

[K-feldspar] reaction in figure 7.19(a) requires a~o ~ 0.98 to occur at 700°c. If orthopyroxene

was forming via this reaction abundant melting would be expected resulting from reaction [ortho

pyroxene] at slightly lower temperature and extensive migmatite development ought to be visible,

similar to the other quartzofeldspathic rocks described in chapters 6 and 7. The presence of

orthopyroxene in non-migmatitic quartzofeldspathic schist OU56879 is therefore probably a result

of reaction [liquid] and at temperatures of approximately 700°c and indicates low aH20 < 0.2.

This confirms the idea that lack of migmatite development is a result aH20. It also confirms the

deduction in section 7.5 that dehydration melting reactions are not important in the genesis of

Koettlitz Group migmatites.

Low aH20 conditions may be due to high XC02 or lack of a fluid phase altogether. Similar

locally anhydrous conditions on scales of 10 to 100 metres are inferred from retrogressive

zonation characteristics of garnets in chapter 4, suggesting heterogeneous composition and

distribution of fluid is a common feature of high grade metamorphic rocks examined in this study.

Note also that the reaction [liquid] may only apply to specific whole rock compositions.

Addition of CaO in OU56879 may result in the formation of Ca-amphibole or clinopyroxene

rather than the FeO, MgO-rich orthopyroxene. The slightly higher CaO content of the adjacent

non-migmatitic quartzofeldspathic schists OU56880 and OU56881 both containing Ca-amphibole

but lacking orthopyroxene supports this suggestion.

Many workers have described quartzofe1dspathic rocks containing orthopyroxene as

charnockites, (Allen et aI1985). Chamockites described by Friend (1981), Allen et al (1985) and
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Figure 8.13: Liquidus surfaces and cotectic curves in the system; quartz-orthoclase-albite-HyO,

after Tuttle and Bowen (1958). showing the effect of increasing PH20 on the temperature

of the cotectic curve. Analyses of migmatitic and non-migmatitic samples are plotted

on these diagrams by substituting albite for modal or normative plagioc1ase content.

" = rnigmatitic schist or orthogneiss, includes meta-arkoses.

o = non-migmatitic orthogneiss.

o = non-migmatitic quartzofeldspathic or psammitic schist.
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Stahle et al (1987) are massive rocks with only sporadic remnants of their original textures and
structures remaining. Orthopyroxene-bearing, quartzofeldspathic rocks from the Koettlitz Group
differ from charnockites described by the above workers in that they still contain a well developed
schistosity and F2 fold structures. Koettlitz Group orthopyroxene-bearing rocks may be showing
the first incipient signs of charnockite development or the orthopyroxene within Koettlitz Group.,
rocks may have formed by a different dehydration process.

8.8: SUMMARY.

Many non-migmatitic and migmatitic rocks identical both in terms of petrography, mineral
compositions and whole rock chemistry. Three parameters appear to control whether of not
anatectic migrnatites evolve in silicate rocks. High contents of mafic minerals and low aH20 raise
the solidus temperature. This conclusion does not necessarily apply when anatexis is occuring by
dehydration melting reactions. The presence of biotite initiates dehydration melting at lower
temperatures than would be the case in a rock containing only quartz and feldspars. But for
anatexis at temperatures below approximately 750°c, high aH20 and low modal mafic mineral
content appear to be important. Note also that deformation accompanying anatexis is probably
required for an anatectic melt to segregate from it's residue and be recognised.
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CHAPTER 9: ORIGIN OF AUGEN GNEISSES AND
ORTHOGNEISSES.

9.1: INTRODUCTION:

Augen gneisses and in particular their origin has been a hotly debated topic both with respect

to Antarctic regional geology, (Murphy 1971, Smithson et al1971, 1972, McKelvey and Webb

1962 and Cox 1987), and on a worldwide scale, (review in Vernon 1983). Some workers have

suggested that augen gneisses are the products of regional scale K-metasomatism, (Murphy 1971,

Smithson et al 1971 and 1972), while others, (Vernon 1983), present abundant evidence

suggesting that augen gneisses are deformed megacrystic granitoids. Evidence from augeu

gneisses in the Taylor Valley will be discussed and assessed in light of this controversy.

, In chapter 8 it was established that orthogneisses were largely emplaced prior to FI folding

and associated transposition. Recent work by Pearce et al (1984) has suggested that granitoid

chemistry reflects the tectonic environment of magma generation. Analysis of orthogneiss

lithologies both in terms of the S, I and A-type classification scheme and the trace element

discrimination diagrams of Pearce et al (1984) may help to unravel the tectonic setting

accompanying orthogneiss generation and emplacement. Comparison with younger granitoids in

Smillie (in prep) may help to understand the evolving tectonic setting of the Koettlitz Group,

orthogneiss, granitoid basement complex during the Beardmore-Ross Orogeny(ies).

9.2: PETROGRAPHY AND STRUCTURE OF AUGEN GNEISS.

Augen gneisses are characterised by the presence of lensoid K-feldspar grains up to two

centimetres long, oriented with their long axis parallel to the pervasive foliation developed in

augen gneisses. Aspect ratios of augen are highly variable, ranging from almost 1:1 to greater than

50:1, (see examples illustrated in figure 9.1), in high strain zones. As well as K-feldspar augen,

augen gneisses contain abundant biotite, quartz and plagioclase with lesser amounts of hornblende

and accessory clinopyroxene, allanite, titanite, zircon and traces of opaque phase. Strong

preferred orientation of biotite flakes and amphibole prisms also contributes to the foliation

developed in augen gneisses.

Augen gneisses are found in two structurally distinct situations. Some augen gneiss occurs

as concordant, intercalated layers within Koettlitz Group meta-sediments. The foliation developed

in the intercalated, concordant layers of augen gneiss is parallel to the foliation in the enclosing

meta- sediment. F2 folds deform both meta-sediment and the enclosed layers of augen gneiss, (see

figure 2.9), indicating that the intercalated, concordant augen gneiss and the foliation within it

developed prior to F2 folding. It would seem very likely that foliation in the intercalated,

concordant augen gneiss layers developed during transposition associated with FI isoclinal

folding as in the surrounding meta-sediment.

Augen gneiss also occurs at the margins of the adjacent megacrystic granitoid plutons. This

variety of augen gneiss is generally highly deformed at pluton margins and grades into

undeformed megacrystic granitoid. The foliation in the augen gneiss developed at pluton margins
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of augen gneisses, if augen gneisses are the deformed equivalent of megacrystic granitoids.

K-feldspar augen can be expected to display different characteristics depending on whether they

originated as phenocrysts or porphyroblasts. Three origins for augen gneisses are therefore

possible;

1: Emplacement of megacrystic granitoid ->deformation ->development of augen gneiss.

2: Emplacement of granitoid -> growth of megacrysts under subsolidus conditions during

deformation ->development of augen gneiss.

3: Quartzofeldspathic meta-sediment protolith -> undergoes contempouraneous

metasomatism and deformation ->development of augen gneiss.

Arguments for and against a metasomatic origin of K-feldspar megacrysts are discussed in

detail in Vernon (1986) and only a brief discussion of the important characteristics of augen is

given here. In discussing a metasomatic origin for augen gneisses Vernon (1986) desribes a range

of "igneous characteristics" of megacrysts in granitoids, which are often preserved in augen from

augen gneisses. These characteristics include relict; normal, reverse and oscillatory zoning of Ba

and zonally arranged inclusion of other minerals, including euhedral idiomorphic and oscillatory

zoned plagioclase inclusions. Interpretation ofBa zoning profiles is complex. The Ba content in a

growing K-feldspar megacryst is governed by KD values and Ba diffusion rate within the melt,

both of which are effected by temperature, melt composition and the accompanying liquidus

phase(s). By changing these three variables simultaneously during megacryst crystallisation it is

possible to produce all three types of zonation. Mehnert and Busch (1985) note that Ba enrichment

at the rims of K-feldspar megacrysts can be produced during subsolidus alteration of a

megacrystic granitoid. Mineral inclusions arranged in crystallographically oriented zones implies

incorporation of inclusions parallel with euhedral growth surfaces during megacryst or augen

growth. Euhedral growth zones implies a euhedral crystal growing unimpeded in a melt rather

than surrounded by a solid matrix. Similarly euhedral, idiomorphically and oscillatory zoned

plagioclase inclusions are indicative of growth in a melt prior to incorporation in the megacryst or

augen.

904: CHARACTERISTICS OF AUGEN FROM AUGEN GNEISSES IN THE TAYLOR

VALLEY: DEFORMED PHENOCRYSTS OR PORPYHROBLASTS ?

Augen from both the older, intercalated, concordant augen gneiss and the younger augen

gneiss developed at the margin of megacrystic granitoid piu tons contain variable amounts of

plagioclase, biotite and quartz inclusions, although plagioclase inclusions dominate. Plagioclase

inclusions are euhedral to subhedral in shape and sometimes appear slightly resorbed against the

enclosing augen. Plagioclase inclusions occasionally show idiomorphic, oscillatory zonation.

Inclusions are also zonally arranged around euhedral growth planes in the enclosing augen.

Plagioclase inclusions from OU56883, a sample of the older, concordant, intercalated augen

gneiss are illustrated in figures 9.3 and 904.
Ba concentration profiles of two augen, both from samples of the older, concordant,

intercalated augen gneiss are presented in figure 9.5. Ba in the augen from OU56883 displays a
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Figure 9.5: Ba concentration profiles from the rim to the core of augen from OU56883 (top profile)

and OU56885 (bottom profile). Fluctuation in random count rate is also added to show that

zonation is not a product of fluctuation in the random count rate. While the augen from OU56883

shows weak oscillatory zonation the augen from OU56885 is essentially unzoned. Significance of

zonation in the augen from OU56883 is discussed in the text.
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Figure 9.6: XRD diffractograms of core and rim seperates from augen in OU56883 and OU56885.Both are samples of the older intercalated, concordant augen gneiss. The augen from OU56883shows four seperate peaks in the rim analysis representing the (131), (1~1), (130) and (I~O)reflections, while only two peaks are present in the core analysis representing the (131,131) and(130,I~O) reflections. This indicates that the core of the augen from OU56883 has a monoclinicstructure and the rim has a triclinic structure. The augen from OU56885 has a monoclinic structurein both the core and the rim, however a slight broadening of the (131,131) and (130, 130) peaksbetween the core and the rim suggests an increase in triclinicity between core and rim.
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weak oscillatory zonation with a prominent Ba enriched rim, while the augen from OU56885
appears to lack any Ba zonation. The extent of fluctuation due to the random counts has been
added to the Ba profile of both augen to show that 3 peaks in Ba content in the augen from
OU56883 exceed this detection limit indicating that Ba zonation is real and not due to fluctuations
in the random count rate.

XRD analyses of augen cores and rims from two samples of older, concordant, intercalated
augen gneiss are illustrated in figure 9.6. Single peaks representing the (131, 131) and (130, 130)
reflections for the core analyses of augen from both OU56885 and OU56883 indicate monoclinic
structures in the augen cores. The rim analysis ofthe augen from OU56883 shows two separate
peaks on the diffractogram representing the (131), (131), (130) and (130) reflections, indicating a
triclinic structure in the augen rim. A slight broadening of the (130, 130) and (131, 131) peaks in
the rim analysis of the augen from OU56885 suggests an increase in triclinicity towards the augen
rim.

The euhedral nature and idiomorphic, oscillatory zonation of plagioclase inclusions are all
indicative of inclusion growth in an unimpeded environment, Le. a melt. The zonal arangement of
inclusions around euhedral growth planes in the augen indicate augen protolith growth was also in
a melt.

Ba zonation characteristics are not as easy to interpret. The Ba-rich rim of the augen from
OU56883 may be the result of subsolidus alteration as suggested by Mehnert and Busch (1985).
However the weak, oscillatory zonation through the rest of the augen is unlikely to result from a
subsolidus process and is probably due to magmatic processes although post-crystallisation,
subsolidus diffusion may have effected the magnitude of oscillatory zonation. Lack of zonation in
the augen from OU56885 may be due to subsolidus diffusion destroying any earlier zonation
formed during crystallisation, or the augen protolith may have been unzoned similar to some
K-feldspar megacrysts described by Mehnert and Busch (1985).

XRD data is compatible with augen origin as a monoclinic, orthoclase phenocryst which
was subsequently deformed, resulting in the rim inverting to a triclinic, microcline structure. If the
augen grew during deformation under subsolidus conditions then a constant triclinicity from core
to rim might be expected. However if the K-feldspar grew prior to deformation and was
subsequently deformed the observed crystal structures are compatible with a subsolidus origin. At
the peak metamorphic temperatures experienced by the Koettlitz Group it is possible for orthoclase
rather than microcline to crystallize. Consequently the presence of orthoclase cores in augen is not
by itself unequivocal evidence of an igneous origin.

On the strength of the plagioclase inclusion characteristics the augen in augen gneisses are
interpreted as phenocrysts rather than porphyroblasts. Ba zonation and XRD data are compatible
with a magmatic origin but are not unequivocal. Concordant, intercalated augen gneisses within
the meta-sediment represent pre-P, megacrystic granitoid intrusives, while augen gneiss at the
margins of megacrystic granitoid plutons represent the deformed margins of syn to post-F2megacrystic granitoid plutons, produced by continuing emplacement of granitoid into the pluton
core after the margins have largely crystallized. Discussion of these granitoids is continued in
Smillie (in prep).
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9.4: COMMENT ON ORTHOGNEISS NOMENCLATURE.

Cox (1987) has shown the Olympus Granite Gneiss in it's type locality is in fact two
different gneisses, with different origins and possibly ages. Cox (1987) also indicates that the
later in~orrect correlations have resulted in several very different gneisses being included in the
Olympus Granite Gneiss. Very similar problems are encountered in the Taylor Valley. Various
workers, (e.g.Haskell et al 1965, Schmidt et al 1982), have placed all varieties of orthogneiss,
including both types of augen gneiss into the Olympus Granite Gneiss. Consequently the author
agrees with Cox (1987) that the name Olympus Granite Gneiss should be abandoned and
orthogneisses should be described and mapped on the basis of their structure and petrography.
Naming of different orthogneisses should be avoided until large areas of southern Victoria Land
have been mapped in detail and correct and appropriate correlations can be made. None of the
orthogneisses described in this thesis have been named but are descibed on the basis of their
location, structure and petrography, in order to avoid the present confusion.

9.5: CLASSIFICATION, ORIGIN AND TECTONIC ENVIRONMENT OF
ORTHOGNEISS EMPLACEMENT.

The S, I and A-type characteristics of orthogneisses are summarised in Table 9.1 below.
Orthogneiss lithologies lack any evidence of derivation from pelitic meta-sediment, The mafio-rich
nature of the two varieties of orthogneiss from the northern side of the Taylor Glacier, shown by
the low Si02 and high amphibole content, suggest it is unlikely to be derived by partial fusion of
mid to upper level crusta! rocks. Relatively high temperatures, in excess of those encountered by
meta-sedimentary rocks during an orogenic cycle would be required to produce melts with as little
as 48% Si02. None of the other characteristics listed in Table 9.1 suggest any meta-sedimentary
input to these lithologies.

Care is required in interpreting the data from other samples with higher Si02 contents.
Characteristics of S-type granitoids outlined by White and Chappell (1983) and briefly
summarized in table 7.4 are probably only applicable to S-type granitoids derived from pelitic
meta-sediments. S-type granitoids derived from quartzofeldspathic or psammitic meta-sediments
will have characteristics very similar to those of many I-type granitoids. White and Chappell
(1983) do not discuss this problem although the unique nature of Lachlan Fold Belt Svtype
granitoids is mentioned by Pitcher (1982), who suggests this may be related to particular
homogeneous source characteristics. Consequently many Svtype granitoids may be wrongly
interpreted as I-type granitoids, due to convergence of the characteristics of the two granitoid
types when S-type granitoids are derived from psammitic of quartzofeldspathic protoliths.

Of the three remaining orthogneiss lithologies the orthogneiss from the Dun Glacier locality
has the most I-type features, see table 9.1. In particular the >900ppm Sr content of this lithology
is unique, see table 8.1. Tulloch (1987) suggests extremely high Sr contents are only compatible
with mantle derived melts generated from a source lacking residual plagioclase. As shown by
figure 6.14, Sr will remain in plagioclase during partial melting if plagioclase is a residual mineral.
Consequently it will be impossible to generate a Sr enriched melt if plagioclase is a residual
mineral. Even if melt fractions are very high the melt can still not contain more Sr than the original
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Table 9.1: S, I and A-type characteristics of orthogneisses.

orthogneisses
S, I, A- type characteristics augen fine grained coarse grain- granodioritic quartz-

(chemical data from tables gneiss dioritic ed tonalitic migmatitic monzodiorite

6.1 and 8.1). xenoliths N.T.V. S.T.V. Dun Glacier

N.T.V.

Si02 content, :S63% = l-type lorS I I lorS lorS

65%? 48 - 63% 60 - 61% 70 -71% 65 - 66%

Rb: Srratio ? lorS lorS IorS I

S-type derived from pelite ~ 1 ? <1 «1 <1 <0·2

I-type or S-type derived

from psammitic schist :S 1

I-type <0-2

Ni and ercontents ? moderate low low low

S-type derived from petite high ? S orl S orl SorI S or I

l-type and S-type derived from

psammitic schist low.

N~O : K20 ratio ? high high =1 high

low = S-type, high =l-type, ? I I . lorS I

Normative corundum ? <1% <1% <1% <1%

< 1% = l-type or S-type ? I I I I

> 1% = S-type

Presence of clino- or cpx neither neither neither cpx

ortho-pyroxene. I lor S lorS lorS I

clino = I-type

ortho = S-type, pelite

derived.

Presence of titanite = l-type present present present present present

Presence of cordierite, absent absent absent absent absent

garnet and aluminosilicate, lorS lor S lorS I or S Ior S

indicates derived from petite

N.T.V. = northern side of the Taylor Valley.

S.T.V. = southern side of the Taylor Valley.
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source rock. Consequently extreme Sr content in a granitoid derived at shallow crustal levels
would imply segregation at low melt fraction, see the discusion at the end of chapter 7. However
the dimensions of the orthogneiss body on either side of the Dun Glacier indicate that this
granitoid is a plutonic scale body and must have formed by a different mechanism from
segregation at low melt fraction, at relatively shallow crustal depths. High melt fraction of any\

lithology exposed analysed during this study could still only produce a granitoid containing
approximately 600ppm Sr. Therefore orthogneiss from the Dun Glacier locality appears to be
derived at lower crustallevels perhaps with a mantle component, thus implying an l-type origin.

The origin of the augen gneisses and the migmatitic orthogneiss from the southern side of
the Taylor Glacier are less clear. While both rock types are not derived from pelitic or semi-pelitic
meta-sediment, high melt fraction melting of quartzofeldspathic or psammitic schist cannot be
excluded. The origin of megacrystic granite associated with the younger variety of augen gneiss is
discussed in detail by Smillie (in prep).

Recent workers, (summarised in Pitcher 1982), have attempted to interpret tectonic
environments of granitoid genesis and emplacement using the S, I and A-type classification
scheme. Pitcher subdivides granitoids into five varieties and suggests the presence of each
particular variety is indicative of a particular tectonic environment. Distinction between the
granitoid types discussed by Pitcher (1982) requires a detailed knowledge of granitoids over a
wide area. Knowledge of large scale features such as the width of orogenic belts, classification of
granitoids over a wide area in a particular orogenic belt and the style of metamorphism throughout
the belt are required in order to eliminate small scale features due to source heterogeneties in order
to distinquish between tectonic environments. This data is not yet available for southern Victoria
Land and consequently the approach of Pitcher (1982) cannot be used in this thesis.

A second approach to the problem has. been proposed by Pearce et al (1984) using trace
element discriminant diagrams to distinquish between granitoid tectonic environments. The
discrimination diagram presented in figure 9.7 aims to distiguish between a Cordilleran, active
continental margin setting and a syn-collisional environment resulting in crustal thickening. So
called "within plate granitoids" and "oceanic granitoid" fields are also included in figure 9.7.
Analyses of the various orthogneiss lithologies all plot in the active continental margin field on
both diagrams, suggesting that orthogneiss plutonism was in response to subduction under an
adjacent continental margin. It should be realised that this conclusion is based on a very small data
base and may not be valid due to small scale source heterogenieties, Incorrect, independent
interpretation of the tectonic environment associated with production of the granitoids used to
calibrate the discriminant diagrams may also invalidate the conclusion above.

Whether amphibolites should be included in the Koettlitz Group or recognised and mapped
as a separate orthogneiss lithology is a philosophical question. The intimate relationship with
meta- sediment and generally small thickness of amphibolite layers within the Koettlitz Group
means that it is impossible to map amphibolites separately except on the smallest of scales. This
contrasts with the other orthogneiss lithologies which form pluton scale bodies and can easily be
mapped at reasonable scales.

The ultramafic, alkaline affinities of the amphibolites suggests they were derived from a
different source than the apparently arc related, mafic orthogneisses. Plotting of the amphibolites
in the discriminant diagram of figure 9.7 shows that most amphibolites cluster at lower Rb
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contents and higher Nb+Y than mafic or other orthogneisses. The significance of this separation

in terms of inferred tectonic environment is uncertain as the discriminant diagram in figure 9.7
1:,

was "calibrated" using relaively high Si02 granitoids and not ultramafic, possibly volcanic rocks.
1\

However Nb and Y enrichment and Rb depletion in amphibolites is compatible with the alkaline

affinities described in chapter 3. Evidence suggests that ortho-amphibolites were probably derived
.\

from a different source to the mafic orthogneisses, although the trace element characteristics of

relatively high Si02 amphibolites may overlap with the characteristics of mafic orthogneisses.

Also problems associated with trace element mobility must be taken into consideration. More data

over a wider area must be aquired before any conclusions regarding the overall history and

tectonic environment of amphibolite and orthogneiss formation can be made.

Despite the problems associated with interpretation of granitoid tectonic environments this is

an important aspect of the study of deeply eroded orogenic belts. All higher level features such as

remains of volcanic arcs and mountain ranges have been eroded away. The only products of the

early stages of the orogenic process remaining, from which an understanding of this process can

be derived are highly deformed and metamorphosed sediments and granitoids. Combined

microstructural and geothermo- barometric studies have been useful in determining pressure,

temperature paths during orogenesis, e.g. see Bradshaw (1986). Granitoids may in the future be

able to provide further independent data on the causes of particular tectonic events detected by

geothermobarometric techniques and the evolving nature of orogenic belts over time. This is

particularly so where a sequence of granitoids ranging from highly deformed orthogneisses

through to post-deformation granitoids can be observed in one locality and any changes in tectonic

environment in granitoid genesis inferred, perhaps before and after particular deformation events.

In this way sytstematic changes in granitoid chemistry over wide areas may allow the causes of

folding events to be recognised.

Comparison of orthogneiss data with that from younger post-E, granitoids is discussed in

Smillie (in prep). It will be particularly interesting to find out whether granitoids that post-date

isoclinal folding and intense deformation have syn-post collisional chemistries unlike the older

pre- FI orthogneisses which have subduction related characteristics, suggesting isoclinal folding

is related to some form of collision event?!'
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Figure 9.7: Rb(ppm) versus Nb+Y(ppm) discriminant diagram for the
interpretation of granitoid tectonic environments, after Pearce et al (1984).

\Analyses of amphibolites described in chapter 3 have also been added to
this diagram for comparison with orthogneisses.

A = syn-collisional granitoids
B = Andean type volcanic arc
C = Oceanic plagio-granitoids
D = Intraplate, alkaline and A-type grantoids.

• = Mafic orthogneiss from the northern side of the Taylor Glacier
• = Orthogneiss from the either side of the Dun Glacier.
/:" = Migmatitic orthogneiss from the southern side of the Taylor Glacier.
o = Amphibolite from chapter 3.
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CHAPTER 10: CONCLUSIONS.

10.1: STRUCTURE, LITHOLOGIES AND METAMORPffiC GRADE.

Koettlitz Group meta-sediments, amphibolites and intercalated orthogneisses from the mid

Taylor Valley and Ferrar Glacier localities form a narrow, (1-4km wide), north northwest trending

elongate belt intruded on both sides by a variety of weakly or undeformed basement granitoids.

Two phases of deformation are recognised in both the Koettlitz Group and intercalated

orthogneisses. The earliest phase of deformation resulted in isoclinal folding, SI foliation

development and transposition of bedding in meta-sediments and orthogneiss-meta-sediment

.contacts, The second phase of deformation produced open to tight, upright, shallow plunging,

north northwest trending folds on all scales but only sporadic crenulation cleaveage development.

Detachment of the mid Taylor Valley, Ferrar Glacier belt from Koettlitz Group and orthogneiss to

the east during intrusion of adjacent granitoids post-dates F2 folding. The orientation oflarge scale

folds associated with the second phase of deformation in the Taylor Valley is incompatible with

their development as a result of diapiric rise of the adjacent granitoid piutons.

The Koettlitz Group contains a wide variety of lithologies. Amphibolite bands are numerous

ranging in thickness from a few centimetres to several metres. Amphibolite assemblages are

relatively simple with the essential phases plagioclase and amphibole often accompanied by

accessory biotite, quartz, ilmenite or titanite. Plagioclase, biotite and amphibole compositions in

amphibolites show wide variations as a result of differences in bulk rock chemistry. Comparison

of amphiboles analysed during this study with those synthesized by Spear (1981b) suggest that

the 1:2 ratio of edenite and tschermakite substitution for tremolite in amphiboles with increasing

metamorphic grade described by Spear is strongly affected by whole rock composition. The

restriction of both ortho- and clinopyroxene-bearing amphibolites to Nussbaum Riegel is the result

of inappropriate whole rock chemistries and probably aH2o, rather than differences in pressure,

temperature conditions between localities, during metamorphism. Amphibole compositions and

amphibolite assemblages are not good indicators of metamorphic grade because of the problems

caused by fluctuations in bulk rock chemistry.

Common, but volumetrically insignificant pelitic and semi-pelitic rocks found in all localities

except at the Dun Glacier are more useful in constraining metamorphic conditions. The sillimanite

cordierite-biotite-gamet-K-feldspar-quartz assemblage developed in OU56816 is indicative of

uppermost amphibolite facies conditions. Cordierite is also noted in millimetre scale leucosomes in

semi-pelitic schist from the Darkowski Glacier locality but true pelitic assemblages containing

sillimanite are restricted to OU56816. Muscovite-K-feldspar-quartz-plagioclase-biotite

assemblages developed in thin pelitic layers sandwiched within calc-silicate layers on the northern

side of the Taylor Glacier are stabi lised by the high K20 content of these rocks and do not indicate

a lower metamorphic grade than the sillimanite-quartz-Kfeldspar-bearing sample OU56816 from

Nussbaum Riegel. Geothermobarometry indicates peak metamorphic pressure, temperature

conditions of 700°c and 3.8kb S;; pressure S;; 5.8kb at Nussbaum Riegel. Assuming a pressure of
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4.8kb garnet-biotite geothermometry indicates peak metamorphic temperatures of between 690°c
and 720°c over the entire area of meta-sediment examined.

While assemblages in most amphibolites and all pelitic and semi-pelitic rocks are indicative
of uppermost amphibolite facies metamorphism the presence of orthopyroxene in some
non-migmatitic quartzofeldspathic schists from the southern side of the Taylor Glacier and
amphibolites from Nussbaum Riegel is indicative of granulite facies metamorphism. Granulite
facies assemblages are interpreted as being the result of dehydration. Interlayering of amphibolite
and granulite facies assemblages indicates that pressure and temperature fluctuations are not
responsible for the development of granulite facies rocks within the Koettlitz Group.

Marbles are one of the two most volumetrically significant lithologies in the Koettlitz Group,
comprising approximately 50% of the meta-sediments examined. Both calcite and calcite-dolomite
marbles were found. Marble assemblages are also characterised by accessory amounts of
forsterite, phlogopite, garnet, plagioclase and muscovite. Metasomatism at
marble-quartzofeldspathic and semi-peltic schist contacts resulted in the development of
clinopyroxene, wollastonite and clinopyroxene-wollastonite-garnet assemblages along these
contacts. Bulk rock chemistry of the marble and schist protoliths and probably the fluid
composition accompanying metasomatism controlled the development of the different calc-silicate
assemblages. Isoclinal folding of calc-silicate rocks indicates that initiation of metasomatism
pre-dates F1 folding.

Marbles and calc-silicate rocks are crosscut by a variety of younger veins containing
combination of: Na-rich scapolite, plagioclase, tremolite-actinolite amphibole, titanite, calcite,
muscovite, antigorite, chlorite, pyrrohotite, pyrite, chalcopyrite and sphalerite. Fluid inclusion
data and phase relations indicate that these veins formed from a weakly saline, hydrous fluid at
temperatures between 400°c and 500°c. Vein assemblages,and field relations are very similar to
gold-bearing skarns, although no visible gold was observed in veins from the Koettlitz Group.

A wide variety of orthogneisses are intercalated with the Koettlitz Group rocks. Equigranular
orthogneisses range in composition from gabbro to granite. Petrographic and chemical analysis of
augen from augen gneiss intercalated with meta-sediment indicates that augen gneiss is the
deformed equivelent of pre-Fj megacrystic granitoid intrusives and is therefore included as an
orthogneiss lithology. Augen gneiss intercalated with meta-sediment is crosscut by augen gneiss
developed at the margins of adjacent megacrystic grantoid piutons indicating that two petro
graphically identical augen gneiss lithologies of different ages exist. Field relations of
amphibolites described above as part of the Koettlitz Group indicate that these rocks formed from
a mafic igneous protolith, rather than via a metasomatic mechanism and could therefore also be
though of as an orthogneiss lithology.

Chemical analysis of amphibolites described above and other orthogneisses suggest that the
amphibolites are unrelated and may have formed under very different tectonic regimes.
Amphibolites have alkali basanitic compositions characteristic of alkali volcanic, intra-plate
settings where as all the orthogneisses, including those of gabbroic composition have calo-alkaline
or andean type affinities.
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10.2: MECHANISMS OF MIGMATITE FROMATION AND THE RELATIONSIllP OF

ANATECTIC MIGMATITES TO PLUTONIC GRANITOIDS.

Migmatitic quartzofeldspathic and psammitic schists are the second volumetrically

significant rock type in the Koettlitz Group. Migmatite development is also widespread in granitic

to granodioritic orthogneiss intercalcated with Koettlitz Group on the southern side of the Taylor

Glacier. Intensive geochemical, mineralogical and textural studies of millimetre to centimetre

thick, concordant (stromatic) migmatites were generally unable to differentiate between a

subsolidus, diffusion-related origin or an anatectic melting origin for these migmatites. However

studies of discordant, structurally complex migmatites from a mechanical perspective indicates that .

anatexis was the dominant migmatisation mechanism. Development of boudinage structures

within brittly deforming, fine grained amphibolite and psammitic schist layers surrounded by

coarse grained leucosome material indicates that the leucosome material was largely liquid during

'deformation.

Extensional fracturing and tensional shearing, as a result of high fluid pressure and

appropriately high strain rates on the limbs of some F2 folds during deformation promoted the

initial segregation of anatectic melt from the residual material. Melt infiltration into evolving

tensional shears and extensional fractures may have been aided by prior minor segregation of melt

into millimetre to centimetre thick concordant leucosomes by filter pressing or compaction

mechanisms. Continuing failure along tensional shears and extensional fractures, allowing

propogation of these structures promoted further segregation of anatectic melt. Propogation of

dikes and sills of melt along shears towards the hinges of F2 folds was probably caused by

dilatancy developed in fold hinges during deformation of layers of contrasting competency.

Towards F2 fold hinges dikes and sills of anatectic melt become thicker and more frequent,

often containing amphibolite xenoliths. Microplutons of xenolith-rich anatectic leucogranite, up to

50 metres across are common, beneath refractory layers of marble or amphibolite in F2 fold

hinges. Continuing deformation after the formation of fold hinge microplutons has resulted in the

fracturing of the overlying refractory "cap rock" and intrusion of melt across fold hinges,

sub-parallel to fold axial planes.

Not all anatectic leucogranite dikes and sills were segregated during F2 folding. Older,

folded leucogranites dikes and sills are common in some localities, indicating that anatexis was

occuring prior to the D2 deformation. Occasional, isoclinally folded, trondjemitic leucosomes may

be the products of pre-D; anatexis, although this is highly speculative.

Pluton formation during crustal anatexis requires melting of ~40% of the source region,

such that the source region's mechanical behaviour is dominated by a liquid rheology. Greater

than 40% partial melting in the source results in convective homogenisation and diapiric

tendencies within the pluton source region, allowing the magma to form and rise until it is

emplaced at higher levels in the crust. Anatecic leucogranites within the Koettlitz Group were

formed at low melt fractions and the residual material largely retained it's structural coherency.

Consequently only volumetrically minor "microplutons" were able to segregate from their residue.

Anatexis at the levels exposed in the Taylor Valley and Ferrar Glacier regions was not a

contributor to the formation of adjacent granitoid plutons.

The differences between the segregation mechanisms of anatectic leucogranite
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"microplutons" and the formation of plutonic granitoids derived during partial melting of crustal

rocks is reflected in the trace element geochemistries of the two rock types. Rb, Cr, V, Se and Ni

concentrations are relatively low, while Sr concentrations are relatively high in anatectic

leucogranites, when compared with both S and I-type granitoids analysed by White and Chappell

(1983). Segregation of anatectic leucogranites at low melt fractions has allowed the residue of

partial melting to be largely retained at the source and consequently trace element abundances in

anatectic leucogranites are largely governed by distribution coefficients between melt and residue.

Trace element abundances in high melt fraction plutonic granitoids more closely reflect their

source lithology due to the incorporation of much of the source material in these rocks along with

the melt.

A wide variety of orthogneisses and some psammitic and quartzofeldspathic schists lack

migmatite development. This is probably due to the relatively high solidus temperature of the more

mafic orthogneisses and quartz rich psammitic schists. Other non-migmatitic quartzofeld- spathic

schists and orthogneisses have essentially identical solidus temperatures as migmatitic samples.

The presence of orthopyroxene in some non-migmatitic quartzofeldspathic schists is probably

indicative of low aH20 in these rocks. Low aH20 is widely known to increase solidus

temperatures and this is probably the reason for the lack of migmatites in many of these rocks.

10.3: STRUCTURAL, ANATECTIC AND INTRUSIVE mSTORY.

Field relationships of the Koettlitz Group, orthogneisses, migmatites and various structures

indicate the following history of metamorphism, anatexis, deformation and orthogneiss

emplacement

(1): Deposition of a sequence of limestones, arkoses, greywackes and very minor argillites.

(2): Probable deposition or emplacement of amphibolite protoliths, prior to the emplacement of

the other orthogneiss lithologies. Amphibolites may represent a pre-metamorphic

lamprophyre dike swarm, alkali basanite flows, tuffs or dikes.

(3): Emplacement of a wide range of calc-alkaline, f-type orthogneisses including the protolith of

the older variety of augen gneiss. Trace element discriminant diagrams suggest plutonism

was in response to subduction under an adjacent continental margin.

(4): Tentative evidence of anatexis in the form of rare isoclinally folded trondjemitic leucosomes,

suggesting high grade metamorphism may have been occuring prior to D 1 deformation

although there is no evidence to suggest metamorphism was not occuring prior to

(3) amphibolite emplacement.

(5): Initiation of metasomatism associated with calc-silicate rock formation

(6): D 1 deformation event producing isoclinal folding, transposition of meta-sediment

-orthogneiss contacts and development of SI foliation in both meta-sediments and

intercalated orthogneisses.

(7): Anatexis and development of concordant, pre-E, anatectic leucogranite dikes and sills.

Emplacement of minor volumes of leucocratic orthogneiss dikes in the Dun Glacier locality.

(8): Initiation of F2 folding and large scale segregation of anatectic leucogranites into structurally

controlled sites. Emplacement of some of the megacrystic granitoids along the eastern
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margin of the meta-sedimentary belt was probably contemporaneous with D2 as evidenced by

folding of the flow foliation in some of these granitoids.

(9): Continuing emplacement of voluminous granitoids with isolation of the mid Taylor Glacier

and Ferrar Glacier belt of Koettlitz Group rocks from Koettlitz Group rocks and

o~hogneisses to the east. Retrogression of Koettltiz Group rocks may have been

contemporaneous with or post-dated the emplacement of the voluminous younger granitoids.
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APPENDIX 1: STRUCTURAL DATA.

ALl TAYLOR VALLEY DATA.

SI orientations
strike & dip

170/52w
160/90
170n5w
150n9w
146/21w
160/90
135/90
168/90
164/8Oe
144/85w
135/65e
128/84e
122/86e
120/46e
121/52e
125n8w
135/38w
142/82e
152/90
160n8e
198/23w
203/18w
130/31e
142/8Oe
245/12n
264/23n

L 1orientations
trend & plunge

156/12
161/13
157/36
174/40
210/55
138/08
132/00
126/12
144/30
134/20
208/55
174/42
176/60
236/17
056/60
200/51
121/27
146/24

F 1 orientations
trend & plunge

146/68

~ orientations
trend & plunge

130/15
316/01
296/10
288/08
308/02
176/10
320/07
170/42
134/03
128/00
306/10
120/00

F2 orientations
trend & plunge

120/15
112/18

F2 fold axial
prime attitude
dip & dip dir.

270/35
154n3

Al.2: DUN GLACIER LOCALITY DATA'

S 1 orientations
strike & dip

280/36w
288/36w
173/6ge
167/65e
161/35e
202/20s
196/55s
065/17n

~ orientations
trend & plunge

045/02
044/03
006/03
013/07
016/22
013/21
356/07
026/30
044/05
062/07
068/09
035/07
064/01
055/05
057/42
070/00

Lineation on catac1astic
shear surfaces

trend and plunge
186/15
234/16
253/21
229/09
233/20

Al



A.1.3: DARKOWSKI GLACIER LOCALITY DATA.

S1 orientations
strike & dip

155/59w
151/50w
072/28n
144/45w
155137w
233/lOn
070/39n
148/48w
159/40w
160/53w
135/24w
128/48w
308n1w
145/29w

L1 orientations
trend & plunge

304/36
303/43
302/33
152/05
308/12

~ orientations
trend & plunge

314/20
292/10
320/18
331/23
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MICROBROPE DATA.

The bulk of the microprobe analyses were performed using the EDS system at the.,
University of Otago. WDS analyses of garnet and plagioclase from pelitic rocks were aquired for

geothermobarometric purposes.

Two different programs were used to reduce the EDS spectral data to quantitative analyses.

The PillS, (Peak Intergration with Background Subtraction), system is generally considered to be

inferior to the Spectrum Stripping method for analysis of geologic samples due to problems with

peak overlaps in the PIBS system. However PIBS was the only system operating between

Febuary and July 1987 when much of the analytical work for this thesis was performed. A

detailed description of the software used to reduce the EDS spectral data is given in Ware (1985).

Prior to each session on the microprobe count rates on the relevant standards were checked.

The following standards were used:

Si

AI

TI

Fe

Mg

Mn

Ca

Na

K

wollastonite

A~03' Kakanui kaersutite for low concentrations

Kakanui kaersutite

F~03' Kakanui kaersutite

MgO, Kakanui kaersutite

Kakanui kaersutite

wollastonite, Kakanui kaersutite

albite, Kakanui kaersutite

adularia

Samples analysed in previous sessions were reanalysed at the beginning of each session

prior to the aquisition of new data to check for consistency between sessions.

Microprobe analyses of amphiboles from the Koettlitz Group were recalculated using the

Amph4 program running on the departments PDP-11 computer. The method used for the

recalculation is the third method of Laird and Albee (1981), copied below
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APPENDIX 2: MICROPROBE ANALYSES OF AMPHIBOLITE
SPECIMENS.

A. 2. 1: PLAGIOCLASE ANALYSES.

Note all analyses were performed using the EDS system operating at the University of Otago.
Operating conditions were; accelerating voltage = 15Kv, specimen current = 2nA and beam
diameter of approximately 6 microns. Recalculation on the basis of 32 oxygens.

Specimen =OU56798, data reduction by PIBS.

Si02 Al203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

56.3 28.5 9.7 5.7 100.1
10.07 6.00 1.86 1.97 19.92 48.5

55.8 28.5 10.0 5.6 99.8
10.03 6.04 1.93 1.94 19.93 50.0

55.3 29.0 10.1 5.6 0.1 100.1
9.93 6.14 1.95 1.93 0.02 19.97 50.0

54.5 29.2 10.9 4.9 99.5
9.84 6.23 2.11 1.72 19.91 55.1

56.1 28.3 9.7 5.8 0.1 100.0
10.06 5.99 1.87 2.03 0.01 19.97 47.7

55.9 28.7 10.3 5.7 100.8
9.97 6.08 1.97 1.95 19.97 50.2

55.5 29.1 10.3 5.4 100.3
9.94 6.14 1.98 1.86 19.92 51.6

54.8 29.4 10.6 5.1 99.8
9.86 6.23 2.04 1.79 19.92 53.2

53.4 30.3 11.5 4.7 100.0
9.66 6.43 2.22 1.63 19.94 57.7

52.1 31.2 12.8 3.8 100.0
9.43 6.66 2.49 1.33 19.91 65.1

53.7 30.3 11.7 4.4 100.1
9.67 6.43 2.25 1.55 19.90 59.2

53.6 30.2 11.6 4.7 0.1 100.1
9.65 6.42 2.23 1.64 0.02 19.96 57.4

53.4 30.2 11.8 4.5 100.0
9.64 6.43 2.28 1.58 19.93 59.1

53.7 30.1 11.4 4.6 99.8
9.69 6.40 2.21 1.62 19.92 57.7

51.8 31.1 13.0 3.9 99.9
9.40 6.65 2.53 1.37 19.95 64.9
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53.8 29.7 11.1 4.9 99.5
9.74 6.35 2.15 1.71 19.95 55.7

52.0 31.5 13.0 3.7 100.2
9.39 6.70 2.52 1.30 19.91 66.0

56.1 29.0 9.8 5.7 0.1 100.6
10.01 6.09 1.86 1.96 0.02 19.93 48.6

55.8 29.1 10.0 5.5 100.3
9.98 6.12 1.91 1.89 19.90 50.2

55.4 29.1 10.1 5.5 100.1
9.94 6.15 1.94 1.93 19.95 50.2

55.8 28.7 9.8 5.6 99.9
10.02 6.07 1.89 1.93 19.91 49.5

55.8 28.5 9.7 5.9 0.1 99.9
10.03 6.03 1.87 2.04 0.02 19.98 47.6

52.3 31.3 12.8 4.1 100.3
9.43 6.65 2.46 1.42 19.96 63.4

52.5 31.0 12.4 4.1 100.0
9.49 6.60 2.40 1.42 19.92 62.8

53.7 30.4 11.7 4.6 100.3
9.65 6.44 2.24 1.61 19.94 58.3

54.1 30.4 11.6 4.7 100.8
9.68 6.40 2.23 1.62 19.93 57.9

52.6 30.7 12.3 4.1 99.7
9.54 6.55 2.39 1.45 19.92 62.2

Specimen OU56797, data reduction by PIBS.

Si02 A1203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

60.1 25.9 6.6 7.4 0.1 100.0
10.66 5.42 1.25 2.54 0.02 19.91 32.8

60.4 26.1 6.7 7.7 100.9
10.64 5.42 1.27 2.63 19.96 32.5

60.0 25.8 6.6 7.6 0.1 100.0
10.66 5.40 1.26 2.63 0.02 19.97 32.2

59.4 25.6 6.8 7.4 99.2
10.65 5.42 1.30 2.56 19.92 33.7

60.3 25.8 6.5 7.5 100.1
10.7 5.39 1.23 2.58 19.90 32.4

59.6 26.2 6.8 7.4 0.1 100.0
10.59 5.49 1.30 2.54 0.02 19.94 33.7

59.1 26.1 7.0 7.1 99.4
10.58 5.50 1.34 2.47 19.90 35.2

60.4 26.0 6.6 7.6 100.6
10.7 5.40 1.25 2.61 19.93 32.3
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60.1 26.3 6.7 7.5 100.5
10.62 5.47 1.26 2.57 19.93 33.0

60.1 26.2 6.4 7.3 0.2 100.2
10.65 5.47 1.21 2.52 0.04 19.90 32.1

60.1 26.0 6.4 7.5 0.1 100.1
10.67 5.44 1.21 2.59 0.02 19.92 31.6

59.8 25.9 6.5 7.4 99.7
10.66 5.44 1.25 2.55 19.90 32.8

59.6 26.5 6.8 7.3 0.1 100.3
10.57 5.54 1.29 2.50 0.03 19.93 33.9

Specimen OU56802, data reduction by PillS.

Si02 A1203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

58.3 27.0 8.0 6.5 0.3 100.0
10.40 5.68 1.53 2.25 0.07 19.92 39.8

58.4 26.8 7.7 6.6 0.2 99.8
10.44 5.64 1.48 2.29 0.05 19.91 38.6

58.1 26.9 8.0 6.6 0.2 99.7
10.40 5.68 1.54 2.27 0.03 19.92 40.0

57.8 27.3 8.4 6.3 0.2 100.0
10.33 5.75 1.60 2.19 0.04 19.92 41.8

58.0 26.7 7.7 6.6 0.2 99.2
10.42 5.66 1.49 2.30 0.05 19.92 38.8

58.3 27.2 8.1 6.6 0.1 100.3
10.38 5.70 1.55 2.26 0.02 19.91 40.5

58.8 26.8 7.8 6.7 0.2 100.3
10.46 5.62 1.47 2.31 0.04 19.91 38.6

58.7 26.7 7.7 6.6 0.3 100.0
10.47 5.61 1.47 2.29 0.06 19.90 38.6

58.8 27.1 7.9 6.6 0.2 100.6
10.42 5.67 1.49 2.27 0.04 19.90 39.2

56.3 27.8 9.4 5.7 0.1 99.4
10.16 5.90 1.82 1.99 0.03 19.91 47.4

57.0 28.2 9.2 5.9 0.2 100.4
10.16 5.93 1.76 2.02 0.03 19.90 46.1

58.4 27.0 7.8 6.6 0.2 100.0
10.41 5.68 1.49 2.28 0.04 19.91 39.1

58.0 27.3 8.4 6.3 0.2 100.2
10.34 5.73 1.61 2.18 0.05 19.91 41.9

58.5 27.1 7.8 6.7 0.2 100.4
10.40 5.69 1.49 2.30 0.05 19.93 38.8

58.2 27.6 8.3 6.4 0.2 100.6
10.32 5.77 1.59 2.19 0.04 19.91 41.6
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57.9 27.8 8.7 6.2 0.2 100.7
10.28 5.81 1.65 2.13 0.04 19.90 43.2

·58.6 27.1 7.9 6.5 0.2 100.3
10.42 5.68 1.50 2.26 0.05 19.90 39.5

58.2 27.1 8.1 6.4 0.2 100.0
10.39 5.69 1.54 2.23 0.05 19.91 40.4

56.9 28.1 9.2 5.9 0.2 100.3
10.17 5.92 1.76 2.03 0.04 19.91 45.9

SpecimenOU56808, data reduction by spectrumstripping.

Si02 A1203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

60.6 24.8 6.2 7.9 0.3 99.7
10.80 5.20 1.19 2.74 0.06 20.00 29.7

60.7 24.7 6.2 7.9 0.2 99.8
10.82 5.19 1.18 2.74 0.05 19.98 29.7

61.2 24.5 6.0 8.2 0.2 100.1
10.86 5.13 1.15 2.82 0.04 20.00 28.6

60.9 24.4 6.0 8.3 0.2 99.9
10.85 5.13 1.15 2.87 0.04 20.04 28.3

Data reduction by PIBS.

60.0 25.5 6.6 7.5 0.2 99.9
10.69 5.35 1.27 2.60 0.04 19.96 32.4

61.2 25.3 6.0 7.9 0.1 100.4
10.8 5.26 1.14 2.69. 0.02 19.92 29.5

59.5 26.4 7.5 7.0 0.1 100.6
10.55 5.50 1.43 2.41 0.03 19.92 36.9

Specimen OU56807, data reduction by spectrumstripping.

Si02 A1203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

58.5 25.8 8.1 6.9 0.1 99.4
10.52 5.46 1.56 2.42 0.03 19.98 38.9

60.5 24.0 6.3 7.9 0.2 98.9
10.87 5.09 1.22 2.75 0.04 19.98 30.3

60.2 24.7 6.9 7.6 0.2 99.6
10.76 5.21 1.32 2.63 0.05 19.98 32.9

59.8 24.7 7.0 7.6 0.1 99.1
10.74 5.22 1.34 2.64 0.03 19.98 33.4

59.8 25.4 7.4 7.3 0.2 100.0
10.66 5.33 1.41 2.51 0.04 19.96

61.5 24.6 6.8 8.1 0.1 101.1
10.83 5.10 1.28 2.78 0.03 20.02 31.3

Data reductionby PIBS.
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61.5 25.2 6.3 7.7 0.3 101.0
10.82 5.21 1.19 2.64 0.06 19.92 30.6

61.2 25.0 6.0 7.9 0.2 100.2
10.84 5.21 1.14 2.71 0.05 19.94 29.2

61.5 25.1 5.9 8.0 0.2 100.7
10.83 5.22 1.12 2.73 0.05 19.94 28.7

61.0 24.8 6.1 7.7 0.2 99.8
10.84 5.20 1.15 2.66 0.05 19.91 29.8

61.1 25.1 5.9 7.9 0.1 100.0
10.84 5.24 1.11 2.71 0.02 19.91 29.0

Specimen OU56806, data reductionby spectrum stripping.

Si02 A1203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

56.4 27.5 9.7 6.2 0.1 99.9
10.14 5.84 1.88 2.15 0.02 20.02 46.4

56.7 27.7 9.7 6.2 0.1 100.3
10.15 5.85 1.85 2.14 0.02 20.00 46.1

57.9 27.0 8.1 6.4 0.6 100.0
10.37 5.69 1.56 2.21 0.15 19.97 39.9
Data reduction by PIBS.

58.2 27.4 8.5 6.4 0.1 100.6
10.33 5.74 1.61 2.21 0.03 19.92 41.8

58.0 27.3 8.7 6.4 0.1 100.6
10.32 5.72 1.66 2.21 0.03 19.94 42.6

56.7 27.3 9.1 6.0 0.1 99.1
10.24 5.80 1.75 2.11 0.03 19.93 45.1

56.4 27.8 9.4 6.0 0.2 99.8
10.14 5.89 1.82 2.07 0.04 19.96 46.3

57.4 27.6 9.5 6.2 0.1 100.8
10.22 5.79 1.80 2.15 0.03 19.98 45.2

56.6 27.9 9.7 5.8 0.2 100.0
10.14 5.89 1.86 2.01 0.04 19.94 47.6

55.5 28.6 10.5 5.4 0.2 100.2
9.97 6.04 2.01 1.90 0.04 19.97 51.0

55.8 28.1 10.3 5.5 0.1 99.7
10.07 5.97 1.99 1.90 0.02 19.93 50.9

55.8 28.4 10.3 5.5 0.1 100.2
10.01 6.01 1.98 1.91 0.02 19.94 50.6

56.5 28.0 10.1 5.8 0.1 100.5
10.10 5.90 1.92 2.01 0.03 19.97 50.7

Plagioclasevein in OU56806, data reduction by PIBS.

57.6 27.1 9.0 6.3 0.2 100.3
10.30 5.71 1.73 2.17 0.05 19.96 43.8
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55.4 28.7 10.5 5.5 0.1 100.1
9.95 6.08 2.01 1.91 0.02 19.98 51.0

·56.4 28.1 10.2 5.7 0.2 100.6
10.08 5.93 1.95 1.96 0.04 19.96 49.3

56.5 28.2 10.1 5.7 0.0 100.4
10.10 5.93 1.92 1.96 0.00 19.92 49.5

57.8 27.4 9.1 6.4 0.2 100.8
10.27 5.74 1.73 2.19 0.05 19.98 43.8

Specimen OU56801. data reduction by PIBS.

Si02 A1203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

58.2 27.6 8.6 6.4 0.2 100.8
10.31 5.76 1.62 2.18 0.03 19.91 42.3

58.0 27.6 8.6 6.3 0.1 100.6
10.30 5.77 1.64 2.18 0.02 19.91 42.8

58.4 27.5 8.1 6.6 0.1 100.7
10.35 5.74 1.53 2.27 0.02 19.92 40.0

Retrogressive vein in OU56801.data reduction by PillS.

57.5 28.0 8.8 6.1 0.1 100.5
10.22 5.88 1.68 2.12 0.02 19.91 44.0

57.7 27.5 8.6 6.3 0.0 100.1
10.30 5.78 1.64 2.18 0.0 19.90 43.0

57.3 27.5 8.7 6.2 0.1 99.7
10.26 5.82 1.67 2.15 0.01 19.91 43.7

Specimen OU56800. data reduction by PIBS.

Si02 A1203 Cao N~O K20 TOTAL
Si AI Ca Na K An%

59.2 26.3 7.2 7.1 0.1 99.8
10.55 5.52 1.38 2.44 0.02 19.91 36.0

59.4 26.2 7.0 7.4 0.1 100.0
10.58 5.49 1.33 2.54 0.02 19.96 34.2

58.9 26.5 7.6 6.9 0.1 100.0
10.50 5.57 1.45 2.40 0.01 19.92 37.5

59.3 26.6 7.4 7.0 0.1 100.5
10.51 5.56 1.41 2.41 0.03 19.93 36.6

59.2 26.7 7.7 6.9 0.0 100.6
10.49 5.58 1.47 2.37 0.0 19.91 38.3
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Specimen OU56796,data reductionby PillS.

Si02 A~03 Cao N~O K20 TOTAL
Si AI Ca Na K An%

59.3 26.6 7.2 7.0 0.1 100.2
10.53 5.57 1.37 2.41 0.03 19.91 35.8

58.4 26.8 7.5 6.8 0.2 99.7
10.45 5.64 1.43 2.35 0.04 19.92 37.3

57.9 27.2 7.9 6.6 0.2 99.7
10.36 5.73 1.51 2.28 0.05 19.93 39.3

58.2 27.2 8.1 6.6 0.1 100.2
10.37 5.71 1.54 2.26 0.03 19.92 40.1

59.8 26.2 6.7 7.3 0.2 100.2
10.62 5.48 1.27 2.52 0.04 19.93 33.2

A. 2. 2. BIOTITE ANALYSES.

Recalculationon the basis of 22 oxygens, all Fe calculated as Fe2+.

Specimen OU56796, data reduction by PIBS.

Si02 Al203 Ti02 FeO MgO K20 Total
Si AI Ti Fe Mg K

35.9 14.6 3.6 21.2 10.5' 9.2 95.1
5.53 2.66 0.43 2.73 2.42 1.80 15.57

35.3 14.8 3.6 21.5 10.3 9.1 94.6
5.49 2.72 0.42 2.79 2.39 1.79 15.60

35.6 14.8 3.3 20.9 10.6 9.1 94.4
5.54 2.72 0.39 2.71 2.46 1.80 15.62

35.2 14.7 4.1 21.0 9.9 9.1 94.0
5.49 2.71 0.48 2.74 2.31 1.81 15.53

35.8 14.8 3.5 20.2 11.2 9.3 95.1
5.52 2.69 0.40 2.60 2.57 1.82 15.61

35.2 15.0 3.0 21.5 11.1 8.6 94.4
5.48 2.74 0.35 2.80 2.58 1.70 15.65

Specimen OU56800, data reduction by PillS.

Si02 Al203 Ti02 FeO MgO K20 Total

Si AI Ti Fe Mg K

34.9 16.2 3.2 21.6 12.0 7.4 95.2
5.33 2.92 0.36 2.76 2.72 1.44 15.60
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SpecimenOU56808, data reduction by PIBS.

. Si02 Al203 Ti02 FeO MgO ~O Total
Si AI Ti Fe Mg K

37.1 14.6 4.4 19.0 11.0 8.9 95.1
5.64 2.62 0.50 2.42 2.51 1.72 15.41

36.2 14.3 4.2 19.2 11.1 8.8 93.8
5.60 2.61 0.48 2.48 2.56 1.73 15.47

36.2 15.0 4.4 19.3 11.0 8.2 94.1
5.55 2.71 0.51 2.48 2.52 1.61 15.38

35.8 15.2 3.7 19.7 11.2 8.3 94.0
5.53 2.76 0.43 2.55 2.58 1.63 15.48

36.8 14.7 3.9 20.1 11.1 8.8 95.4
5.61 2.64 0.45 2.55 2.52 1.71 15.48

SpecimenOU56797, data reduction by PIBS.

Si02 A1203 Ti02 FeO MgO K20 Total
Si AI Ti Fe Mg K

34.2 15.5 2.7 18.5 11.5 6.8 89.1
5.47 2.93 0.32 2.48 2.73 1.38 15.31

Specimen OU56802, data reduction by PIBS.

Si02 Al203 Ti02 FeO MgO ~O Total
Si AI Ti Fe Mg K

36.0 15.5 2.4 23.9' 9.9 9.3 96.9
5.50 2.79 0.28 3.05 2.25 1.81 15.68

34.8 14.8 3.8 22.0 9.2 9.0 93.5
5.48 2.75 0.44 2.90 2.16 1.82 15.55

34.8 14.7 3.6 21.7 9.3 8.9 93.0
5.51 2.73 0.42 2.88 2.20 1.80 15.56

34.5 14.5 3.5 22.2 9.0 9.1 92.7
5.51 2.72 0.43 2.97 2.13 1.84 15.60

34.6 14.4 4.5 22.5 8.6 8.9 93.4
5.48 2.69 0.53 2.97 2.02 1.79 15.48

34.5 14.7 3.2 21.9 9.3 8.9 92.5
5.51 2.76 0.39 2.92 2.21 1.81 15.60

34.7 14.9 4.2 21.6 8.9 9.0 93.1
5.48 2.77 0.50 2.86 2.09 1.81 15.50

34.3 14.4 3.2 22.8 8.9 8.8 92.4
5.51 2.71 0.38 3.06 2.12 1.80 15.59

34.7 14.5 3.5 21.8 9.1 9.0 92.6
5.53 2.73 0.42 2.91 2.16 1.84 15.60

34.8 14.5 4.5 22.4 8.7 9.2 93.9
5.48 2.69 0.54 2.95 2.01 1.86 15.53
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Specimen OU56808, data reduction by spectrum stripping.

Si02 Al203 TiO FeO MgO K20 Total2
Si AI Ti Fe Mg K
37.1 14.6 4.4 19.0 11.1 8.9 95.1
5.64 2.62 0.50 2.42 2.51 1.72 15.41

36.2 14.3 4.2 19.2 11.1 8.8 93.8
5.60 2.61 0.49 2.48 2.56 1.73 15.47

36.2 15.0 4.4 19.3 11.0 8.2 94.1
5.55 2.71 0.51 2.48 2.52 1.61 15.38

35.8 15.2 3.7 19.7 11.2 8.3 94.0
5.53 2.76 0.43 2.55 2.58 1.63 15.48

36.8 14.7 3.9 20.1 11.1 8.8 95.4
5.61 2.64 0.45 2.55 2.52 1.71 15.48

A. 2. 3. ILMENITE ANALYSES.

Recalculation on the basis of 6 oxygens, all Fe as Fe2+

Specimen OU56796, data reduction by PIBS.

Ti02 . FeO MnO MgO Total Ti02 FeO MnO MgO Total

Ti Fe Mn Mg Ti Fe Mn Mg

52.7 44.8 2.0 0.2 99.7 52.4 45.3 2.2 0.3 100.2
1.99 1.88 0.09 0.02 3.98 1.99 1.91 0.09 0.02 4.01

52.3 45.0 2.1 0.3 99.9 51.8 44.7 2.1 0.4 99.1
1.98 1.89 0.09 0.03 3.99 1.98 1.90 0.09 0.03 4.00

Specimen OU56807, data reduction by spectrum stripping.

Ti02 FeO MnO MgO Total Ti02 FeO MnO MgO Total

Ti Fe Mn Mg Ti Fe Mn Mg
52.5 44.4 2.4 0.4 99.7 51.8 46.0 2.3 ' 0.0 100.1
1.96 1.85 0.10 0.03 3.95 1.95 1.93 0.10 0.0 3.98

52.4 44.6 2.2 0.3 99.5
1.96 1.85 0.09 0.02 3.92

Specimen OU56797, data reduction by PIBS.

Ti02 FeO MnO MgO Total Ti02 FeO MnO MgO Total

Ti Fe Mn Mg Ti Fe Mn Mg

51.2 47.2 1.1 0.2 99.7 51.4 47.0 1.0 0.0 99.4
1.96 2.01 0.05 0.01 4.02 1.96 1.99 0.04 0.00 4.00

51.2 47.0 0.9 0.0 99.0 51.8 47.3 0.9 0.0 100.0
1.97 2.01 0.04 0.00 4.02 1.98 2.01 0.04 0.00 4.02
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Specimen OU56800,data reduction by PIBS.

. Ti02 FeO MuO MgO Total Ti02 FeO MuO MgO Total
11 Fe Mu Mg 11 Fe Mu Mg
52.3 45.1 1.6 0.3 99.3 52.8 46.1 1.5 0.0 99.41.98 1.90 0.07 0.02 3.97 1.99 1.93 0.06 0.00 3.98
52.9 45.4 1.5 0.0 99.8 52.7 45.3 1.5 0.2 99.72.00 1.91 0.06 0.00 3.97 1.99 1.90 0.07 0.01 3.97
Specimen OU56801, data reduction by PillS.

Ti02 FeO MuO MgO Total Ti02 FeO MuO MgO Total
11 Fe Mu Mg 11 Fe Mu Mg
53.2 44.5 1.7 0.6 100.0 53.1 45.3 1.7 0.2 100.32.01 1.87 0.07 0.04 3.99 2.00 1.90 0.07 0.01 3.99
52.6 45.3 1.9 0.4 100.2
1.99 1.90 0.08 0.03 4.00

Specimen OU56802, data reduction by PillS.

Ti02 FeO MuO MgO Total Ti02 FeO MuO MgO Total
11 Fe Mu Mg 11 Fe Mu Mg
50.5 46.1 3.0 0.2 99.8 50.8 45.8 3.0 0.0 99.61.92 1.95 0.13 0.02 4.02 1.95 1.96 0.13 0.00 4.04
51.8 43.6 4.1 0.2 99.7
1.97 1.85 0.18 0.01 4.01
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A.2. 4. AMPHIBOLE ANALYSES.

Amphlbole analyses recalculated on the basis of 23 oxygens.

Sample OU56796
recal. method PIBS PIBS PIBS PIBS PIBS PIBS PIBS PIBS
SI02 42.47 43.19 43.25 43.29 42.92 42.86 42.69 42.9
TI02 1.6 1.66 1.61 1.59 1.59 1.6 1.77 1.77
AI203 10.81 10.79 10.38 10.43 10.63 10.5 11.07 11.18
FaO TOT 17.57 17.78 17.59 18.27 18.31 17.86 18.2 18.23
tvt10 0.12 0 0 0 0 0 0 0

~ 9.65 9.75 9.81 9.71 9.49 9.55 9.14 9.37
QO 10.35 10.31 10.21 10.12 10.23 10.39 10.72 10.77
Na20 1.87 1.74 1.67 1.55 1.58 1.7 1.48 1.43
K20 0.64 0.53 0.48 0.6 0.62 0.6 0.69 0.74
TOTAL 95.53 95.75 95 95.56 95.37 95.06 95.76 96.39

Fe3+ 0.726 0.817 0.828 0.964 0.897 0.743 0.662 0.726
Fe2+ 1.496 1.416 1.395 1.332 1.415 1.526 1.641 1.562
AL 6cord 0.384 0.396 0.384 0.35 0.371 0.387 0.433 0.415
AL 4cord 1.543 1.514 1.465 1.497 1.521 1.493 1.541 1.563
Na inA 0.224 1.166 0.142 0.08 0.117 0.191 0.172 0.148
Na In M4 0.324 0.341 0.347 0.371 0.345 0.31 0.262 0.268

EI:EN 0.348 0.267 0.235 0.195 0.237 0.307 0.305 0.289
GLAU 0.162 0.171 0.174 0.186 0.173 0.155 0.131 0.134
TSCH 0.495 0.53 0.524 0.561 0.552 0.501 0.517 0.537
]REM ·0.005 0.032 0.068 0.058 0.039 0.037 0.046 0.04

PIBS PIBS PIBS PIBS PIBS PIBS PIBS PIBS
42.6 42.32 42.48 42.99 43.72 43.62 42.69 42.34
1.94 1.99 1.89 1.91 2.05 1.33 2.05 1.76

11.57 11.3 11.2 11 11.46 11.34 11.04 10.92
18.37 18.15 18.27 18.4 19.03 18.65 18.5 18.08

0 0 0 0 0 0 0 0
9.21 8.67 9.12 9.17 9.21 9.04 9.15 9.16
10.65 11.05 10.99 11.13 11.18 11.64 10.96 10.93
1.59 1.78 1.42 1.12 1.32 1.2 1.5 1.18
0.88 0.89 0.87 0.93 0.99 0.8 0.91 0.88

96.81 96.15 96.24 96.65 98.96 97.62 96.8 95.25

0.711 0.294 0.584 0.599 0.621 0.456 0.577 0.644
1.59 2.021 1.726 1.715 1.72 1.874 1.752 0.661

0.423 0.485 0.419 0.414 0.414 0.509 0.385 0.413
1.62 1.547 1.578 1.536 1.572 1.487 1.574 1.549

0.171 0.332 0.197 0.12 0.131l 0.21 0.206 0.133
0.291 0.194 0.22 0.207 0.239 0.138 0.232 0.216

0.339 0.505 0.364 0.298 0.323 0.362 0.38 0.304
0.145 0.097 0.11 0.103 0.119 0.069 0.116 0.108
0.531 0.407 0.499 0.511 0.511 0.488 0.481 0.521

·0.016 -0.009 0.027 0.087 0.046 0.081 0.023 0.0(,>7

Sample OU56797

PIBS PIBS PIBS PIBS PIBS PIBS

42.47 42.3 43 43.21 43.1 42.98

1.8 1.94 1.51 1.62 1.44 1.68

10.92 11.2 12.11 12.08 11.94 11.82

18.5 18.15 19.34 19.57 18.93 19.37

0 0 0 0 0 0

8.94 8.98 9.62 9.65 9.59 9.79

10.99 10.97 9.41 9.44 9.92 9.39

1.38 1.49 1.79 1.79 1.69 1.85

0.82 0.77 1.45 0.45 0.3 0.31

95.82 95.8 97.23 97.81 96.61 97.19

0.57 0.53 1.471 1.484 1.269 1.514

1.783 1.777 0.894 0.896 0.06 0.853

0.415 0.436 0.373 0.352 0.409 0.315

1.543 1.571 1.715 1.719 1.661 1.721

0.197 0.226 0 0 0.045 0

0.21 0.214 0.507 0.505 0.437 0.524

0.356 0.375 0.084 0.083 0.102 0.058

0.105 0.107 0.254 0.252 0.218 0.262

0.49 0.487 0.751 0.754 0.7 0.745

0.048 0.031 -0.089 ·0.09 ·0.02 -0.065
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Sample OU56798
PIBS PIBS PIBS PIBS PIBS PIBS PIBS PIBS
44.3 44.08 44 44.1 45 45.2 45.2 45.4
1.7 1.8 1.62 1.7 1.5 1.5 1.6 1.6

10.9 11.2 11.55 11 10.95 10.9 11 10.9
16.5 16.6 16.8 16.4 16.4 16.9 16.5 16.5

0 0 0 0 0 0 0 0
10.7 10.6 10.54 10.5 10.8 10.8 10.8 10.7
10.9 10.9 10.96 10.9 11.1 10.9 10.8 11
1.43 1.43 1.5 1.28 1.5 1.5 1.43 1.5
0.5 0.7 0.6 0.55 0.6 0.6 0.6 0.6

96.93 97.29 97.57 96.43 97.85 98.3 97.93 98.2

0.721 0.707 0.748 0.695 0.297 0.731 0.712 0.574
1.313 1.337 1.314 1.338 1.41 1.324 1.298 1.437
0.425 0.43 0.454 0.457 0.472 0.44 0.47 0.488
1.47 1.514 1.544 1.465 1.417 1.324 1.418 1.384

0.131 0.128 0.15 0.099 0.166 0.121 0.089 0.141
0.278 0.281 0.277 0.269 0.26 0.302 0.315 0.282

0.225 0.259 0.262 0.203 0.278 0.232 0.2 0.253
0.139 0.14 0.138 0.135 0.13 0.151 0.157 0.141
0.528 0.528 0.552 0.536 0.487 0.516 0.521 0.478
0.108 0.073 0.048 0.126 0.105 0.101 0.121 0.128

PIBS PIBS PIBS PIBS PIBS PIBS PIBS PIBS
43.7 43.8 44.1 44.3 44.8 44.26 44.5 44.5
1.5 1.56 1.54 11. 1 1.55 1.54 1.7 1070

11.4 11.4 11.1 17.1 10.7 10.8 11.4 10.9
16.85 16.32 16.69 10.4 16.3 16.84 16.6 16.7

0 0 0 0 0 0 0 0
10.54 10.44 10.55 10.4 10.75 10.8 10.94 10.8

11 10.85 10.9 11 10.9 10.8 10.95 11
1.3 1.28 1.24 1.23 1.23 1.35 1.43 1.43

0.54 0.6 0.54 0.6 0.54 0.6 0.6 6
96.83 96.25 96.66 97.13 96.77 96.99 98.12 97.63

0.83 0.732 0.795 0.774 0.704 0.855 0.809 0.725
1.25 1.294 1.266 1.333 1.304 1.218 1.21 1.323

0.434 0.492 0.445 0.454 0.458 0.387 0.424 0.405
1.55 1.502 1.488 1.474 1.4 1.487 1.53 1.478

0.112 0.093 0.08 0.088· 0.072 0.088 0.109 0.134
0.26 0.275 0.275 0.264 0.279 0.297 0.294 0.273

0.213 0.206 0.181 0.2 0.173 0.201 0.22 0.246
0.13 0.138 0.138 0.132 0.14 0.149 0.147 0.136
0.585 0.561 0.568 0.559 0.528 0.558 0.562 0.522
0.071 0.095 0.113 0.108 0.159 0.093 0.071 0.095

PIBS PIBS PIBS PIBS PIBS PIBS PIBS PIBS
44.5 44.8 44.3 44.5 44.1 44.2 44.06 43.8
1.8 106 1.7 107 101 1.65 1.76 1.57

11.1 1"1.3 11 11 10.5 11.35 11.1 11.45
16.7 16.2 16.2 16.2 17.8 16.82 17.01 17.2

0 0 0 0 0 0 0 0
10.6 10.8 10.7 10.8 10.2 10.5 10.71 10.8
10.9 10.9 10.9 11 10.9 11.3 11.1 11
1.5 1.5 1.53 1.52 1.13 1.13 1.35 1.5
0.6 0.6 0.6 0.6 0.6 0.65 0.7 0.55

97.7 97.7 96.93 97.32 96.33 97.6 97.79 97.87

0.682 0.662 0.627 0.616 0.88 0.694 0.771 0.911
1.365 1.318 1.373 1.377 1.334 1.372 1.315 1.191
0.439 0.492 0.455 0.451 0.4 0.454 0.378 0.372
1.479 1.455 1.46 1.456 1.441 1.511 1.54 1.6
0.138 0.131 0.162 0.167 0.063 0.099 0.128 0.147
0.289 0.294 0.276 0.267 0.263 0.222 0.256 0.278

0.25 0.243 0.275 0.279 0.177 0.221 0.259 0.25
0.144 0.147 0.138 0.133 0.131 0.111 0.128 0.139
0.515 0.518 0.498 0.494 0.571 0.554 0.544 0.589
0.09 0.092 0.089 0.093 0.121 0.114 0.07 0.022
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Sample OU56800
Pies Pies Pies Pies Pies Pies Pies
44.5 44.3 44.4 44.2 41.79 42.08 42.29
1.7 1.7 1.8 1.7 1.76 1.85 1.54
10.9 10.9 11.3 11.2 12.85 12.98 12.7
16.8 16.75 16.9 16.9 18.92 18.77 18.17

0 0 0 0 0 0 0
10.9 10.6 10.6 10.6 9.16 9.17 9.28
10.9 10.9 10.95 10.95 10.1 10.5 10.73
1.35 1.28 1.58 1.28 1.52 1.53 1.55
0.6 0.6 0.6 0.6 0.55 0.54 0.44

97.65 97.03 98.13 97.43 96.65 97.42 96.7

0.829 0.758 0.705 0.802 1.234 1.063 0.91
1.225 1.306 1.36 1.271 1.111 1.252 1.35
0.383 0.419 0.43 0.42 0.436 0.463 0.512
1.495 1.474 1.516 1.517 1.809 1.794 1.714
0.09 0.086 0.161 0.085 0.04 0.097 0.156

0.293 0.279 0.287 0.279 0.397 0.341 0.291

0.202 0.199 0.273 0.197 0.144 0.198 0.239
0.146 0.14 0.143 0.139 0.198 0.17 0.146
0.553 0.543 0.523 0.566 0.734 0.695 0.651
0.099 0.118 0.061 0.097 -0.077 -0.064 -0.036

Pies Pies Pies Pies Pies Pies Pies Pies
42.17 41.9 42.31 42.38 42.3 42.3 42.5 42.9
1.86 1.8 1'.5 1.75 1.7 1.8 1.7 1.6
12.93 12.76 12.26 12.39 12.6 12.5 12.7 12.4
18.53 18.45 18.54 18.6 18.6 18.6 18.6 18.6

0 0 0 0 0 0 0 0
8.94 8.95 9.26 9.13 9.4 9.4 9.2 9.3
10.51 10.47 10.25 10.32 10.4 10.4 10.5 10.3
1.76 1.69 1.73 1.7 1.65 1.73 1.73 1.65
0.67 0.62 0.55 0.6 0.6 0.6 0.6 0.6
97.37 96.64 96.4 96.87 97.25 97.33 97.53 97.35

0.84 0.882 1.016 0.951 1.054 1.017 0.927 0.995
1.459 1.422 0.296 1.361 1.245 1.283 1.371 1.299
0.516 0.501 0.462 0.469 0.443 0.429 0.488 0.483
1.745 1.745 1.963 1.702 1.752 1.749 1.724 1.673

0.177 0.164 0.137 0.133 0.119 0.143 0.157 0.1
0.33 0.325 0.363 0.357 0.354 0.353 0.339 0.372

0.303 0.282 0.242 0.247 0.232 0.256 0.27 0.212
0.165 0.163 0.181 0.178 0.177 0.177 0.169 0.186
0.617 0.63 0.641 0.63 0.666 0.646 0.632 0.642

-0.085 -0.075 -0.065 -0.055 -0.074 -0.079 -0.072 -0.04

Sample OU56801
Pies Pies Pies Pies Pies Pies Pies Pies

46.11 45.58 49.87 49.75 49.62 46.79 46.59 46.61
1.33 2.28 0.4 0.29 0.21 1.29 2.26 101
8.31 8.7 4 4.92 5.64 8.08 8.3 8.9
15.41 15.69 16.76 15.57 19.29 16.51 15.6 14.75

0 0 0 0 0 0 0 0
11.95 11.38 11.18 12.19 9.99 11.64 1.55 11.95
11.07 11.3 11.72 11.88 12.27 11.05 11.5 11.11
0.81 0.86 0.38 0.61 0.56 0.97 0.74 0.79
0.3 0.34 0.14 0.82 0.41 0.32 0.35 0.35

93.29 96.11 94.45 96.03 97.99 96.65 96.89 95.06

'0.757 0.546 0.086 0.056 0.066 0.744 0.445 0.633
1.156 1.401 2.044 1.891 2.333 1.285 1.475 1.199
0.295 0.284 0.292 0.304 0.364 0.277 0.296 0.398
1.159 1.238 0.424 0.563 0.624 0.123 0.144 1.107

0 0.044 0.02 0.08 0.116 0.017 0.024 0
0.233 0.204 0.092 0.097 0.046 0.26 0.187 0.228

0.057 0.108 0.047 0.236 0.193 0.077 0.09 0.066
0.117 0.102 0.046 0.049 0.023 0.13 0.093 0.114
0.484 0.439 0.166 0.147 0.204 0.452 0.402 0.464
0.343 0.351 0.741 0.568 0.58 0.341 0.414 0.356
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Pies
Sample OU56802

Pies Pies Pies PIBS PIBS PIBS
47.04 41.82 42.2 42 42.5 41.9 42.4
1.33 1.7 1.7 1.7 1.7 1.7 1.65
7.6 11.1 11 10.5 10.4 10.85 10.35

15.73 20.5 20.3 20.5 20.2 20.4 20.2
0 0 0 0 0 0 0

11.83 8.2 8.2 8 8.5 8.1 8.45
10.76 11.95 11.4 11.4 11.5 11.4 11.55
1.03 1.16 1.2 0.98 1.2 1.16 1.13
0.37 1.3 1.2 1.2 1.2 1.2 1.2
95.69 97.73 97.2 96.28 97.2 96.71 96.93

0.667 0.43 2.037 0.547 0.515 0.547 0.508
1.281 2.176 1.595 2.084 2.051 2.059 2.066
0.292 0.343 0.373 0.343 0.315 0.354 0.318
1.035 1.646 1.595 1.556 1.547 1.6 1.541
0.003 0.287 0.207 0.166 0.224 209 0.219
0.293 0.055 0.146 0.126 0.129 0.134 0.115

0.073 0.539 0.439 0.4 0.457 0.443 0.452 '
0.146 0.027 0,073 0.063 0.064 0.67 0.057
0.407 0.456 0.481 0.48 0.448 0.481 0.45
0.374 -0.023 0.007 0.057 0.031 0.009 0.04

PIBS PIBS
SampleOU5680E

PIBS PIBS PIBS PIBS SPECSTRIP
42.4 41.6 41.9 42.3 41.9 42.2 46.4
1.7 1.65 1.7 1.6 1.7 1.6 1.44

10.2 10.7 10.5 10.3 10.3 11.3 9.97
20.4 20.15 20.6 20.3 19.8 20.5 14.5

0 0 0 0 0 0 0
8.5 7.95 8.1 8.4 8.5 8 12.59
11.7 11.35 11,2 11.5 11.3 11.4 11.81
1.05 1.2 1.13 0.98 1.13 1.13 1.46
1.1 1.3 1.25 1.1 1.1 1.2 0.77

97.05 95.9 96.38 96.48 95.73 97.33 99.01

0.541 0.445 0.619 0.596 0.581 0.564 0.421
2.056 2.159 2.021 1.998 1.965 2.034 1.336
0.281 0.374 0.315 0.312 0.309 0.412 0.382
1.549 1.575 1.582 1.542 1.558 1.606 1.313
0.217 0.238 0.174 0.171 • 0.198 0.183 0.232
0.093 0.122 0.162 0.119 0.139 0.149 0.176

0.431 0.494 0.418 0.386 0.414 0.415 0.374
0.046 0.061 0.081 0.059 0.069 0.075 0.088
0.462 0.444 0.484 0.486 0.474 0.505 0.391
0.061 0.001 0.017 0.069 0.043 0.006 0.147

SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRJP SPECSTRIP SPECSTRJP SPECSTRIP
46.52 46.17 46.23 49.74 46.52 45.81 47.45
1.52 1.37 1.42 1.4 1.21 1.43 1.4
9.91 9.91 9.95 9.61 10.24 9.92 9.71
14.48 13.73 13.28 13.68 14.3 13.71 13.97

0 0 0 0 0 0 0
12.58 12.41 12.5 12.61 12.44 12.59 13.02
11.81 4 11.82 12.21 12.22 12.35 11.93
1.46 12.43 0.98 1.6 1.76 0.98 1.01
0.77 0.77 0.76 0.76 0.77 0.74 0.75

99.05 97.58 97.34 98.61 99.46 97.53 99.24

0.384 0.224 0.374 0.049 0.14 0.274 0.449
1.362 1.456 1.295 1.616 1.588 1.405 1.22
0.387 0.463 0.456 0.447 0.462 0.417 0.409
1.297 1.247 1.256 1.201 1.282 1.295 1.225
0.231 0.198 0.125 0.354 0.384 0.215 0.105
0.177 0.083 0.152 0.097 0.109 0.063 0.175

0.373 0.341 0.266 0.496 0.526 0.353 0.241
0.088 0.042 0.076 0.048 0.054 0.032 0.087
0.379 0.377 0.417 0.276 0.312 0.392 0.417
0.159 0.24 0.241 0.18 0.108 0.223 0.254
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Sample OU56808 Sample OU56807
SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP

45.64 45.69 44.79 45.45 45.23 45.49 44.69
1.15 1.45 1.24 1.17 1.23 1.21 1.53
9.01 9.18 10.31 10.32 10.11 10.03 9.9
17.15 17.04 17.09 16.73 16.41 16.43 16.85

0 0 0 0 0 0 0
10.64 10.44 10.61 10.8 10.56 10.68 10.48
11.71 11.~2 11.13 11.53 11.05 11.29 11.35
0.78 '0.77 1.53 1.77 1.08 1.14 1.74
0.52 0.5 0.79 0.47 0.59 0.52 0.61
96.6 96.69 97.49 98.24 96.28 96.79 97.15

0.516 0.458 0.583 0.401 0.583 0.522 0.354
1.62 1.661 1.529 1.653 1.456 1.511 1.746
0.375 0.404 0.413 0.454 0.485 0.477 0.399
1.207 1.206 1.383 1.331 1.285 1.272 1.34
0.093 0.073 0.2 0.316 0.069 0.116 0.315
0.132 0.149 0.238 0.187 0.242 0.211 0.188

0.192 0.168 0.329 0.404 0.181 0.214 0.431
0.066 0.074 0.119 0.064 0.121 0.105 0.094
0.443 0.438 0.448 0.399 0.482 0.481 0.369
0.299 0.32 0.084 0.103 0.216 0.219 0.106

SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP SPECSTRIP
45.24 45.89 45.42 46.49 45.17
1.19 1.09 1.33 0.73 1.2
8.67 9.39 9.54 8.38 9.2
15.9 16.1 17 16.06 16.62
0.23 0 0 0 0

11.14 10.93 10.54 11.04 10.2
11.1 11.64 11.15 11.55 11.62
1.85 2.05 0.76 0.78 0.78
0.52 0.39 0.45 0.32 0.53

95.84 97.48 96.19 95.35 95.32

0.374 0.115 0.704 0.439 0.343
1.626 1.885 10406 1.573 1.757
0.339 0.458 0.409 0.441 0.465
1.198 1.885 10260 1.038 1.175
0.328 0.442 0 0.08 0.11
0.212 0.148 0.219 0.147 0.119

0.427 0.516 0.085 0.141 0.212
0.106 0.074 0.109 0.073 0.059
0.318 0.274 0.522 0.408 0.413
0.149 0.136 0.284 0.378 0.316

A18



APPENDIX 3: MICROPROBE ANALYSES OF MINERALS FROM
PELITIC AND GARNETIFEROUS SEMI· PELITIC
SCmSTS.

PART 1. EDS ANALYSES.

Note all analyses were performed using the EDS system operating at the University of Otago.Operating conditions were; accelerating voltage =15Kv, specimen current =2nA and beamdiameter of approximately 6 microns.

A. 3.1. 1. PLAGIOCLASE ANALYSES.

Recalculation on the basis of 32 oxygens, data reduction method as specified for each sample.
Sample OU56809 Data reduction by spectrum stripping.

Si02 Al203 Cao Na20 K20 Total An%
Si AI Ca Na K

64.7 23.1 2.5 9.8 0.6 100.711.32 4.77 0.47 3.32 0.14 20.02 11.9

62.0 24.7 3.9 8.9 0.6 100.110.97 5.15 0.75 3.06 0.13 20.05 19.0

62.8 23.7 3.3 9.4 0.4 99.711.12 4.94 0.63 3.23 0.08 20.00 16.0

63.7 23.7 3.1 9.1 0.3 99.811.23 4.92 0.58 3.11 0.07 19.90 15.4
63.5 23.7 3.3 9.3 0.4 100.211.18 4.92 0.62 3.17 0.10 19.99 15.9

Sample OU56819. Data reduction by spectrum stripping

Si02 Al203 Cao Na20 K20 Total An%
Si AI Ca Na K

60.2 25.3 6.8 7.7 0.2 100.210.71 5.29 1.29 2.64 0.04 19.99 32.5

59.9 25.2 6.8 7.8 0.2 99.910.69 5.30 1.30 2.69 0.04 20.03 32.3

59.7 25.3 7.0 7.4 0.3 99.710.67 5.34 1.34 2.56 0.06 19.97 33.8

60.7 25.2 6.4 7.9 0.1 100.310.76 5.26 1.21 2.72 0.03 19.98 30.6

59.5 25.6 7.3 7.4 0.1 99.910 .62 5.38 1.40 2.55 0.03 19.98 35.3

60.7 24.8 6.4 7.8 99.610.81 5.21 1.22 2.68 19.92 31.3
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Sample OU56814. Data reduction by PIBS

Si02 Al203 Cao Na20 K20 Total An%
Si AI Ca Na K

62.7 23.8 4.6 8.9 0.1 100.1
11.08 4.97 0.86 3.04 0.03 19.97 21.9

63.1 23.7 4.3 8.7 0.4 100.2
11.13 4.93 0.81 2.97 0.10 19.94 20.9

63.0 23.8 4.4 8.6 0.3 100.1
11.12 4.95 0.83 2.93 0.07 19.90 21.8

62.8 23.9 4.2 8.6 0.3 99.7
11.12 4.98 0.79 2.95 0.08 19.91 20.7

62.8 24.0 4.6 8.4 0.2 100.0
11.11 4.99 0.87 2.88 0.05 19.90 23.2

63.0 23.9 4.6 8.5 0.4 100.3
11.10 4.96 0.87 2.90 0.08 19.91 22.6

Sample OU56811, data reduction by spectrum stripping.

Si02 Al203 Cao Na20 K20 Total An%
Si AI Ca Na K

61.3 24.2 5.0 8.7 0.3 99.6
10.93 5.09 0.96 3.01 0.06 20.05 23.8

61.5 23.7 5.0 8.8 0.2 99.3
11.00 4.99 0.96 3.05 0,05 20.05 23.7

62.2 23.5 4.7 8.5 0.4 99.3
11.08 4.92 0.89 2.95 0.09 19.93 22.7

62.6 23.7 4.4 8.8 0.2 99.8
11.08 4.95 0.83 3.01 0.04 19.92 21.4

62.3 23.9 4.9 8.6 0.3 100.0
11.03 5.00 0.93 2.94 0.07 19.97 23.6

62.4 23.9 4.8 8.6 0.3 100.0
11.05 4.98 0.91 2.96 0.06 19.97 23.2

61.9 24.0 4.8 8.9 0.4 100.0
10.99 5.01 0.92 3.07 0.09 20.08 22.4

62.4 23.5 4.7 9.1 0.3 99.9
11.07 4.92 0.88 3.12 0.06 20.05 21.8

62.1 24.3 4.8 8.9 0.6 100.6
10.97 5.04 0.91 3.03 0.13 20.09 22.4

62.5 24.2 5.0 9.0 0.3 100.9
11.00 5.02 0.93 3.07 0.06 20.06 23.0

62.0 24.0 5.0 8.9 0.2 100.1
10.99 5.01 0.94 3.07 0.04 20.06 23.2
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Sample OU56816, data reduction by PIBS.

Si02 A1203 Cao Na20 K20 Total An%
Si AI Ca Na K

61.6 24.9 5.1 8.1 0.2 99.9
10.91 5.19 0.97 2.79 0.05 19.91 25.5

61.3 25.2 5.5 8.3 0.2 100.4
10.83 5.25 1.03 2.83 0.04 19.98 26.5

61.6 25.1 5.3 8.1 0.2 100.3
10.88 5.22 1.01 2.76 0.04 19.91 26.5

61.1 24.9 5.3 7.9 0.3 99.5
10.87 5.23 1.01 2.73 0.06 19.91 26.8

61.6 25.2 5.4 8.0 0.3 100.4
10 .86 5.24 1.01 2.75 0.07 19.92 26.5

61.6 24.8 5.3 8.1 0.2 100.1
10.90 5.18 1.01 2.80 0.04 19.93 26.3

Sample OU56817, data reduction by spectrum stripping.

Si02 A1203 Cao Na20 K20 Total An%
Si AI Ca Na K

59.3 25.6 7.3 7.7 100.0
10.59 5.40 1.43 2.59 20.01 35.6

58.8 25.8 7.6 7.7 , 99.9
10.52 5.44 1.45 2.66 20.08 35.2

59.2 25.3 6.9 7.3 0.2 98.8
10.67 5.37 1.32 2.53 0.04 19.94 33.9

60.4 25.3 6.8 7.7 0.2 100.4
10.72 5.28 1.30 2.65 0.04 19.98 32.6

60.3 25.9 7.0 7.7 0.1 101.0
10.64 5.38 1.32 2.65 0.03 20.01 33.1

58.9 26.4 7.3 7.3 0.2 100.1
10.50 5.54 1.40 2.53 0.05 20.02 35.1

59.09 25.5 6.5 7.9 0.2 99.9
10.67 5.35 1.25 2.73 0.04 20.03 31.1

59.8 25.4 7.1 7.7 0.1 100.0
10.65 5.33 1.35 2.65 0.03 20.02 33.6

58.4 26.3 7.7 7.0 0.1 99.4
10.48 5.55 1.48 2.43 0.02 19.97 37.6

58.6 26.4 7.7 7.4 100.2
10.45 5.56 1.47 2.56 20.05 36.5
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Sample OU56818, data reduction by PillS.

Si02 A1203 Cao Na20 K20 Total An%

Si AI Ca Na K

63.8 23.6 3.0 9.0 0.6 100.0
11.23 4.90 0.57 3.07 0.13 19.91 15.1

63.6 23.5 3.6 9.0 0.4 100.1
11.21 4.88 0.68 3.09 0.09 19.94 17.6

62.8 23.6 3.7 8.9 0.3 99.2
11.17 4.94 0.70 3.05 0.07 19.92 18.3

63.3 23.6 3.6 8.9 0.4 99.7
11.20 4.91 0.68 3.04 0.08 19.91 17.8

64.2 23.6 3.5 9.1 0.4 100.8
11.23 4:87 0.65 3.09 0.08 19.93 17.0

A. 3. 1. 2. BIOTITE ANALYSES.

Data reduction method as specified for each sample. Recalculation on the basis of 22 oxygens.

Sample OU56809, data reduction by spectrum stripping method.

Si02 A1203 Ti02 FeO MuO MgO K20 Total

Si AI 11 Fe Mu Mg K

35.8 22.3 2.6 18.9 7.3 9.2 96.0
5.34 3.91 0.29 2.35 1.63 1.76 15.29

35.9 21.1 2.3 20.0 8.2 9.1 96.5
5.36 3.71 0.26 2.50 1.83 1.73 15.39

36.4 19.6 2.9 21.1 7.4 9.4 96.9
5.47 3.47 0.33 2.65 1.66 1.80 15.37

35.7 21.7 2.7 20.4 6.8 9.4 96.7
5.34 3.83 0.30 2.55 1.52 1.80 15.34

35.8 20.6 3.1 21.0 7.7 9.6 97.7
5.33 3.61 0.35 2.61 1.70 1.82 15.43

35.4 21.3 3.0 19.4 0.4 6.5 9.1 95.1
5.37 3.81 0.34 2.46 0.05 1.48 1.77 15.28

35.6 21.2 2.8 20.4 6.7 9.5 96.1
5.37 3.76 0.31 2.57 1.50 1.83 15.35

36.3 21.2 2.5 19.3 7.6 9.4 96.6
5.41 3.72 0.28 2.41 1.69 1.80 15.35

34.0 22.2 3.2 20.0 0.3 6.6 9.6 96.0
5.16 3.97 0.37 2.54 0.04 1.50 1.85 15.42

35.0 23.3 2.5 19.6 6.6 10.0 96.8
5.22 4.09 0.28 2.45 1.46 1.90 15.40

34.8 21.9 2.8 20.3 6.3 10.2 96.1
5.27 3.91 0.31 2.57 1.42 1.98 15.45
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Sample OU56819, data reduction by spectrum stripping.

Si02 AI203 Ti02 PeO MnO MgO K20 Total
Si AI Ti Pe Mn Mg K

36.5 17.6 3.8 18.4 9.9 8.6 94.85.52 3.14 0.43 2.33 2.23 1.66 15.31
36.8 16.9 4.0 17.7 9.9 9.0 94.25.59 3.02 0.46 2.25 2.25 1.74 15.31
36.8 17.1 4.1 18.4 10.2 8.7 95.35.54 3.03 0.46 2.32 2.29 1.66 15.31
36.1 16.8 4.1 17.8 9.8 8.7 93.55.55 3.04 0.48 2.29 2.25 1.71 15.31
35.2 16.7 3.9 18.3 9.9 8.9 93.15.48 3.06 0.46 2.38 2.29 1.76 15.42
35.9 17.0 3.8 17.8 10.4 8.6 93.45.51 3.07 0.44 2.29 2.38 1.68 15.36
Representative analysis used in various projections and geothermometry

36.2 17.0 4.0 18.1 10.0 8.9 94.2
Sample OU56814, data reduction by spectrum stripping

Si02 AI203 Ti02 PeO MnO MgO K20 Total
Si AI Ti Pe Mn Mg K

35.2 18.4 3.2 19.5 9.6 9.5 95.45.36 3.31 0.37 2.48 2.17 1.85 15.54
35.4 19.1 2.3 19.0 9.7 9.5 94.95.39 3.42 0.27 2.42 2.20 1.84 15.54
35.5 18.6 2.5 20.1 9.8 9.5 96.05.38 3.32 0.29 2.55 2.22 1.83 15.59
35.9 19.3 2.4 19.8 0.3 9.3 9.5 96.45.41 3.42 0.27 2.49 0.03 2.08 1.82 15.52

35.4 19.0 2.4 18.4 9.0 9.1 93.25.46 3.46 0.28 2.36 2.07 1.79 15.43

35.7 18.7 2.5 19.1 9.9 9.0 94.95.43 3.35 0.29 2.42 2.25 1.74 15.48

35.0 18.6 2.7 19.0 9.0 9.4 93.75.41 3.40 0.31 2.46 2.08 1.85 15.51

36.1 19.2 2.6 19.3 9.1 9.3 95.65.45 3.41 0.30 2.44 2.06 1.79 15.44

35.6 18.9 2.6 19.6 9.2 9.3 95.35.42 3.39 0.30 2.49 2.09 1.81 15.49

Representitive analysis used in diagrams and for geothermometry.

35.5 18.9 2.6 19.3 9.4 9.3 95.0
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Sample OU56811 ,data reduction by spectrum stripping

Si02 Al203 Ti02 FeO MnO MgO K20 Total

Si AI 11 Fe Mn Mg K

34.2 16.6 2.8 21.9 0.2 7.8 9.0 92.4
5.46 3.13 0.33 2.92 0.03 1.85 1.84 15.57

34.4 17.5 2.8 22.1 0.3 8.0 9.0 94.0
5.40 3.23 0.33 2.90 0.03 1.86 1.80 15.56

34.3 17.6 2.6 22.7 0.3 7.7 8.7 93.8
5.39 3.26 0.31 2.98 0.03 1.81 1.75 15.54

34.3 18.0 3.0 21.9 8.2 9.2 94.6
5.34 3.30 0.35 2.85 1.90 1.83 15.57

34.6 17.5 3.2 22.1 0.25 8.4 9.1 95.1
5.37 3.20 0.37 2.86 0.03 1.93 1.79 15.55

34.5 17.8 3.0 22.1 8.2 9.1 94.7
5.37 3.26 0.35 2.87 1.89 1.80 15.55

35.1 18.1 2.7 22.2 0.2 8.0 9.1 95.3
5.42 3.28 0.31 2.87 0.03 1.83 1.78 15.52

34.5 17.7 2.2 21.6 8.1 9.1 93.1
5.44 3.30 0.26 2.85 1.91 1.82 15.57

34.6 17.5 2.9 22.8 7.3 9.3 94.4
5.42 3.24 0.34 2.99 1.71 1.85 15.55

34.5 17.6 3.0 22.4 0.3 7.3 9.3 94.4
5.40 3.25 0.36 2.93 0.04 1.71 1.87 15.55

Representative analysis used in geothermometry

34.5 17.5 2.8 22.2 7.9 9.1 ·93.9

Green biotite analyses from veins in garnets, low potassium indicates minor interlayering of
chlorite.

34.2 21.1 23.6 0.6 6.0 6.7 92.2
5.39 3.92 3.12 0.08 1.41 1.34 15.28

31.5 18.7 26.5 0.5 6.3 7.1 90.6
5.23 3.66 3.68 0.06 1.57 1.51 15.70

Sample OU56816, data reduction by PIBS method.

Si02 Al203 Ti02 FeO MnO MgO K20 Total

Si AI Ti Fe Mn Mg K

34.7 18.7 3.1 18.8 9.5 9.1 94.1
5.34 3.39 0.36 2.42 2.18 1.78 15.53

34.7 18.8 3.0 18.9 10.0 9.0 94.3
5.31 3.39 0.34 2.42 2.28 1.75 15.49
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34.7 18.8 3.1 18.9 9.5 9.0 93.95.34 3.40 0.35 2.44 2.18 1.76 15.48
tit.

34.3 18.9 2.8 19.7 9.3 9.0 94.05.30 3.45 0.33 2.54 2.13 1.78 15.4

34.7 18.8 3.2 19.4 9.4 9.0 94.45.32 3.40 0.37 2.49 2.16 1.76 15.49

34.2 18.9 3.2 19.8 9.4 9.2 94.85.25 3.42 0.37 2.54 2.16 1.80 15.52

34.7 19.1 2.2 19.0 10.1 9.0 94.05.33 3.46 0.25 2.45 2.31 1.77 15.57

36.5 19.6 2.4 17.5 9.1 8.1 93.05.52 3.49 0.27 2.21 2.05 1.56 15.11

35.1 19.4 2.4 19.5 10.0 9.0 95.45132 3.45 0.28 2.47 2.26 1.74 15.59

Representative analysis used in projections and geothermometry.

34.6 18.9 2.9 19.2 9.6 9.1 94.2

Biotite inclusions in garnet

35.1 18.3 4.1 12.0 13.5 8.6 91.6
5.33 3.27 0.47 1.53 3.06 1.67 15.34

34.9 19.2 3.7 11.6 14.0 8.6 92.0
5.26 3.42 0.42 1.46 3.15 1.65 15.51

35.2 18.4 3.3 13.6 13.8 8.1 92.3
5.34 3.28 0.37 1.72 3.11 1.57 15.39

33.2 16.7 3.5 14.0 12.9 8.0 88.2
5.31 3.15 0.42 1.87 3.08 1.64 15.48

Sample OU56817. data reduction by spectrum stripping.

Si02 Al203 Ti02 FeO MnO, MgO K20 Total
Si AI TI Fe Mn Mg K

35.7 17.7 2.3 19.2 10.6 8.2 93.7
5.48 3.20 0.27 2.46 2.43 1.61 15.46

35.5 17.5 2.3 19.1 10.4 8.5 93.4
5.49 3.19 0.26 2.47 2.41 1.68 15.49

35.4 17.4 2.2 18.6 10.8 8.0 92.4
5.50 3.18 0.26 2.41 2.51 1.58 15.44

35.8 17.5 2.8 18.6 10.3 8.5 93.4
5.51 3.17 0.32 2.38 2.36 1.67 15.40

35.4 18.0 2.3 18.5 10.2 8.7 92.9
5.48 3.28 0.26 2.39 2.34 1.71 15.47

34.7 17.3 2.3 18.8 10.9 8.4 92.4
5.43 3.18 0.27 2.45 2.55 1.67 15.55
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34.3 17.2 2.4 18.5 11.0 8.0 91.4
5.41 3.19 0.29 2.43 2.58 1.61 15.51

Representitive analysis used in projections and geothennometry

35.3 17.5 2.4 18.7 10.6 8.3 92.8

Sample OU56818, data reduction by PIBS method.

Si02 AI203 Ti02 FeO MnO MgO K20 Total

Si AI Ti Fe Mn Mg K

34.6 17.6 2.1 19.9 9.4 8.8 92.4
5.45 3.27 0.25 2.62 2.20 1.78 15.56

34.8 17.7 1.9 20.1 9.3 8.8 92.6
5.45 3.26 0.23 2.63 2.18 1.76 15.52

34.8 18~0 2.1 20.0 9.6 8.8 93.2
5.41 3.30 0.24 2.61 2.22 1.75 15.30

34.8 18.0 2.3 19.9 9.9 8.8 93.70
5.38 3.27 0.26 2.57 2.29 1.74 15.52

34.9 18.0 2.0 20.3 9.7 9.1 94.0
5.40 3.28 0.23 2.63 2.23 1.79 15.57

34.8 17.8 1.9 20.8 9.5 9.1 93.9
5.42 3.26 0.22 2.71 2.21 1.80 15.62

34.9 17.8 2.2 20.7 9.4 8.9 93.9
5.41 3.26 0.26 2.68 2.16 1.76 15.54

35.0 17.8 2.8 20.6 9.2 9.1 94.4
5.40 3.23 0.33 2.66 2.11 1.79 15.52

35.1 17.5 2.1 20.1 9.5 9.0 93.4
5.46 3.21 0.25 2.62 2.21 1.78 15.53

34.8 18.0 2.1 19.8 9.7 8.8 93.2
5.40 3.29 0.25 2.58 2.25 1.74 15.51

Representative analysis used for projections and geothennometry

34.8 18.1 2.2 20.2 9.6 8.9 93.8

Green biotite forming veins in garnet.

33.8 19.4 25.6 6.8 8.6 94.2
5.35 3.61 3.39 1.59 1.73 15.67

33.3 19.4 24.6 6.7 8.3 92.3
5.35 3.68 3.31 1.62 1.71 15.66

33.2 19.1 25.1 6.7 8.6 92.7
5.35 3.63 3.38 1.60 1.77 15.72

33.2 19.2 25.9 6.6 8.6 93.4
5.31 3.63 3.46 1.57 1.74 15.71
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A. 3. 1. 3. MUSCOVITE ANALYSES FROM OU56809.

Data reduction by the PIBS method. Recalculation on the basis of 22 oxygens.

Si02 A1203 Ti02 FeO Na20 K20 Total
Si AI 11 Fe Na K

43.9 38.3 1.7 0.6 10.8 95.25.84 6.00 0.17 0.06 1.84 13.91

45.1 39.0 0.6 1.1 0.6 10.5 96.85.90 6.01 0.06 0.12 0.16 1.75 14.0

45.3 36.2 0.2 11.2 93.06.16 5.79 0.06 1.94 13.95

44.3 36.8 0.4 0.4 10.8 92.66.04 5.91 0.05 0.10 1.88 13.99

45.1 36.3 0.2 11.0 92.66.14 5.83 0.06 1.90 13.93

44.3 35.3 1.2 0.4 10.7 92.06.12 5.75 0.14 0.12 1.89 14.01

45.1 37.0 0.2 0.3 11.0 93.56.09 5.88 0.02 0.07 1.88 13.95

44.7 37.3 0.4 10.9 93.36.04 5.95 0.09 1.88 13.97

A. 3. 1. 4. GARNET ANALYSES USED IN PLOTTING ZONATION PROFILES.

Recalculation on the basis of 24 oxygens.
Core analyses used for geothermometry calculations except in the cases of OU56816 and OU56814for which WDS data was gathered, see A. 2. 3. 5.

Sample OU56819, data reduction by spectrum stripping method.

Si02 A12~ FeO MnO MgO Cao Total Distance from the
Si AI Fe Mn Mg Ca garnet core

38.1 21.3 31.4 2.7 4.9 1.6 99.98
6.04 3.98 4.16 0.36 1.16 0.27 15.97 -1600

37.9 22.0 30.6 2.6 5.2 1.7 100.0
5.98 4.10 4.04 0.34 1.23 0.29 15.97 -1500

38.0 21.6 31.3 2.3 5.5 1.9 100.6
5.98 4.00 4.13 0.30 1.29 0.32 16.02 -1300

37.5 21.4 31.5 2.3 5.0 1.7 99.3
5.99 4.02 4.21 0.30 1.19 0.28 16.00 -1100

38.1 21.5 30.6 2.1 5.3 2.2 99.7
6.03 4.00 4.05 0.28 1.26 0.37 15.97 -800

38.0 21.8 31.5 1.9 5.0 1.8 100.0
6.01 4.06 4.16 0.25 1.17 0.31 15.96 -300

37.9 21.4 31.6 2.0 5.0 1.9 99.8
6.02 4.00 4.20 0.27 1.17 0.32 15.98 +200

A27



38.0 21.4 31.3 2.0 4.6 1.8 99.1
6.06 4.01 4.18 0.28 1.09 0.31 15.93 +600

38.5 21.1 30.7 1.8 4.9 2.1 99.1
6.11 3.96 4.08 0.24 1.17 0.35 15.91 +1000

Sample OU5681t,.,data reduction by PillS method

Si02 Al203 FeO MnO MgO Cao Total Distance from the
Si AI Fe Mn Mg Ca garnet core/microns

36.2 21.4 35.9 2.5 3.4 0.6 99.9
5.87 4.09 4.87 0.34 0.83 0.10 16.09 -1700

37.4 21.5 35.0 2.3 3.0 0.8 100.0
6.01 4.08 4.70 0.32 0.71 0.14 15.95 -1700

36.4 21.3 35.4 2.2 3.7 0.6 99.5
5.90 4.07 4.80 0.30 0.88 0.11 16.06 -1550

37.2 21.7 33.7 2.0 4.6 0.9 100.0
5.94 4.08 4.50 0.26 1.09 0.15 16.02 -1300

37.2 21.8 33.1 1.5 4.7 0.9 99.2
5.96 4.10 4.43 0.20 1.13 0.16 15.99 -800

37.3 22.2 34.5 1.7 4.9 1.0 101.5
5.88 4.11 4.54 0.22 1.15 0.17 16.07 -400

37.0 21.5 33.9 1.5 5.1 1.0 99.9
5.91 4.04 4.52 0.20 1.21 0.17 16.05 0

36.9 21.8 33.6 1.7 4.8 1.0 99.9
5.90 4.11 4.49 0.24 1.14 0.17. 16.05 +200

37.2 21.7 33.4 1.4 5.0 0.9 99.87
5.94 4.08 4.45 0.19 1.19 0.16 16.01 +600

37.2 21.4 32.8 1.3 4.8 1.0 98.5
5.99 4.07 4.41 0.18 1.14 0.17 15.97 +1200

36.6 21.9 33.7 1.7 5.0 0.9 99.8
5.86 4.13 4.51 0.24 1.18 0.15 16.07 +1400

36.9 21.7 33.6 1.6 4.6 0.9 99.3
5.92 4.10 4.51 0.22 1.11 0.16 16.02 +1600

Sample OU56811, data reduction by spectrum stripping.

Si02 Al203 FeO MnO MgO Cao Total Distance from the
Si AI Fe Mn Mg Ca garnet core/microns

37.4 21.2 33.9 4.6 3.1 0.8 100.9
5.99 3.99 4.53 0.62 0.74 0.13 16.01 -1730

37.1 21.5 33.1 4.9 2.8 1.0 100.4
5.96 4.07 4.45 0.67 0.68 0.16 16.00 -1700

36.4 21.1 33.5 4.0 3.1 0.9 98.9
5.94 4.06 4.58 0.55 0.75 0.15 16.03 -1600
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36.7 21.4 32.8 5.7 2.9 1.2 100.6
5.91 4.06 4.42 0.77 0.70 0.20 16.06 -1500

37.2 21.7 33.6 4.0 3.4 0.8 100.7
5.95 4.09 4.48 0.54 0.81 0.13 16.01 -1400

36.8 21.8 33.8 3.5 3.8 1.0 100.7
5.89 4.11 4.52 0.47 0.90 0.17 16.06 -1300

37.1 21.5 34.1 3.2 3.8 1.1 100.8
5.92 4.04 4.54 0.42 0.89 0.19 16.00 -800

37.6 21.8 34.1 3.4 3.0 0.9 100.7
6.00 4.09 4.55 0.46 0.70 0.15 15.95 -400

37.8 21.8 33.9 2.7 3.7 0.9 100.7
6.00 4.08 4.50 0.36 0.88 0.15 15.96 +400

37.3 21.3 34.1 2.7 3.6 0.9 99.8
6~00 4.03 4.59 0.37 0.85 0.15 15.99 +800

37.8 21.9 33.0 3.9 3.9 0.7 101.5
5.96 4.08 4.35 0.52 0.92 0.12 15.99 +1200

37.0 21.2 32.7 4.6 2.8 1.0 99.5
6.00 4.05 4.43 0.63 0.69 0.18 15.98 +1300

37.0 21.1 31.7 6.1 1.9 1.3 99.3
6.03 4.06 4.32 0.85 0.46 0.22 15.94 +1500

36.3 21.7 30.8 6.8 1.8 1.2 98.7
5.95 4.18 4.21 0.94 0.44 0.21 15.95 +1700

Sample OU56816, data reduction by the PillS method.

Si02 A1203 FeO MnO MgO Cao Total Distance from the
Si AI Fe Mn Mg Ca garnet core/microns

36.7 21.3 35.6 1.6 3.9 0.6 99.7
5.92 4.04 4.80 0.22 0.93 0.11 16.02 -1300

36.7 21.5 34.5 0.7 5.6 0.6 99.5
5.86 4.05 4.61 0.09 1.34 0.11 16.05 -1100

36.8 21.8 33.5 0.6 6.3 0.6 99.6
5.85 4.08 4.45 0.08 1.50 0.11 16.07 -900

37.3 21.8 32.8 0.6 6.9 0.6 100.0
5.89 4.06 4.33 0.08 1.61 0.11 16.08 -700

37.2 21.8 33.2 0.5 6.8 0.8 100.3
5.87 4.05 4.38 0.07 1.60 0.13 16.10 -500

37.5 21.6 33.0 0.5 7.1 0.7 100.4
5.89 4.01 4.34 0.07 1.66 0.12 16.10 -300

37.3 21.7 32.7 0.4 7.0 0.7 99.8
5.89 4.04 4.31 0.05 1.65 0.12 16.06 -100

37.3 21.8 32.9 0.5 7.0 0.8 100.3
5.87 4.06 4.33 0.07 1.64 0.13 16.10 +100

37.2 21.5 32.5 0.4 7.0 0.8 99.4
5.90 4.03 4.31 0.06 1.65 0.13 16.08 +300
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37.0 21.7 33.1 0.5 6.8 0.8 99.9
5.87 4.05 4.38 0.07 1.61 0.13 16.11 +500

36.7 21.7 32.9 0.4 6.9 0.8 99.3
5.84 4.07 4.39 0.05 1.65 0.13 16.12 +700

37.2 21.8 33.4 0.6 6.6 0.7 100.1
5.87 4.05 4.40 0.07 1.55 0.12 16.06 +900

37.1 21.9 32.6 0.7 6.7 0.6 99.6
5.87 4.08 4.32 0.09 1.59 0.10 16.05 +1100

37.6 22.1 32.9 0.8 6.5 0.7 100.5
5.89 4.08 4.31 0.11 1.52 0.12 16.02 +1300

Sample OU56817, data reduction by spectrum stripping method.

Si02 Al203 FeO MnO MgO Cao Total Distance from the

Si AI Fe Mn Mg Ca garnet core/microns

37.9 21.8 32.1 1.7 5.0 1.6 100.1
5.99 4.07 4.24 0.22 1.19 0.28 15.98 +300

37.4 21.2 32.2 1.7 5.2 1.5 99.2
5.98 3.99 4.30 0.23 1.24 0.26 16.01 +800

37.6 21.7 32.4 2.3 4.7 1.4 100.1
5.97 4.06 4.31 0.31 1.11 0.23 16.00 +1300

36.4 20.8 33.8 2.2 4.5 1.3 99.1
5.91 3.97 4.59 0.30 1.09 0.23 16.10 +1700

Sample OU56818, data reduction by PillS. Analyses used for geothermometry.

Si02 Al203 FeO MnO MgO Cao Total

Si AI Fe Mn Mg Ca

37.7 22.1 33.7 1.6 4.8 0.7 100.5
5.95 4.10 4.45 0.21 1.13 0.11 15.96

37.5 22.2 33.5 1.5 5.0 0.7 100.4
5.92 4.13 4.42 0.20 1.18 0.12 15.96

37.8 22.2 34.0 1.4 4.9 0.7 101.0
5.93 4.11 4.47 0.19 1.14 0.12 15.95

PART 2: WDS ANALYSES.

A. 3. 2. 5. WDS ANALYSES FROM OU56816.

Garnets

Si02 Al203 FeO MnO MgO Cao
Si AI Fe Mn Mg Ca

38.0 21.9 32.5 0.9 7.1 1.1
5.91 4.02 4.22 0.12 1.64 0.18
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38.3 20.4 35.2 1.8 4.1 0.9 100.7 rim ad to bio6.09 3.83 4.69 0.24 0.98 0.16 15.99

37.4 20.7 35.2 2.1 3.6 1.0 100.0 rim ad to bio6.02 3.93 4.74 0.28 0.86 0.17 16.00

Cordierite

Si02 A1203 FeO MnO MgO Cao Total
Si AI Fe Mn Mg Ca

46.2 33.3 7.5 0.1 8.9 95.94.86 4.13 0.66 0.01 1.39 11.05

50.3 32.9 7.5 0.1 8.9 99.35.07 3.91 0.64 0.01 1.34 10.96

49.5 32.3 7.2 0.1 8.9 98.45.07 3.90 0.62 0.01 1.36 10.96

Plagioclase

Si02 A120J Cao Na20 K20 Total
Si AI Ca Na K
62.2 24.2 6.0 8.4 0.2 101.0
10.94 5.02 1.13 2.85 0.05 19.99

62.7 22.5 5.5 8.7 0.2 99.6
11.17 4.11 1.05 3.00 0.04 19.97

A. 3.2.2 WDS garnet analysis from OU56814

Si02 A1203 FeO MnO MgO Cao Total
Si AI Fe Mn Mg Ca

37.4 22.0 33.6 2.0 5.0 0.9 100.8 core5.91 4.10 4.44 0.28 1.17 0.15 16.04
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APPENDIX 4: MICROPROBE ANALYSES OF MARBLE AND
CALC . SILICATE ROCK SAMPLES.

Note all analyses were performed using the EDS and system operating at the University of Otago.
Operating conditions were; accelerating voltage =15Kv, specimen current =2nA and beam
diameter of approximately 6 microns.

A.4. 1. CARBONATB ANALYSES.

PIBS data reduction, analyses recorded as weight percent of the various metal oxides.

Specimen =OU56827

CaO MgO FeO MnO Cao MgO FeO MnO

33.1 18.7 0.2 32.9 18.4
33.2 18:3 51.5 3.3
33.5 18.0 32.8 21.3
32.3 20.9 0.6 31.8 19.7 1.5 0.2
32.1 20.6 0.8 - 32.0 20.5 0.5 0.1
32.1 20.1 1.3 0.2 32.2 20.5 1.2 0.2
32.8 20.4 0.7 32.5 20.3 1.1
34.4 18.4 1.0 32.5 20.1 1.2
58.2 0.2 55.6 3.6 0.3 0.3
59.3 1.0 0.2 32.1 20.3 1.6

Chondrodite and pleonaste bearing vein in OU56827

Cao MgO FeO MnO Cao MgO FeO MnO
60.6 59.9
60.1 60.8
60.0 60.1
60.6 60.4

Sample OU56825

CaO MgO FeO MnO Cao MgO FeO MnO
32.8 20.1 32.5 19.9
32.4 20.1 33.2 20.1
32.8 20.0 55.6 1.3
57.1 1.2 57.1 1.6
55.9 1.6 0.2" 56.6 1.5
32.6 19.9 0.1 32.2 20.4
32.1 20.5 32.1 20.8
55.9 1.6 0.2

Sample OU56823

Cao MgO FeO MnO Cao MgO FeO MnO
62.1 1.1 61.4 1.7
62.1 2.3 0.2 60.0 2.4
36.0 22.7 62.3 1.7 0.2

Sample OU56824

CaO MgO FeO MnO Cao MgO FeO MnO
33.3 21.5 33.6 21.6
33.5 21.2 33.2 21.0
58.5 1.6 0.3 59.5 1.4 0.02
59.6 1.5 0.2 59.3 1.5
59.5 1.3 0.2 33.5 20.9
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33.6 21.5 33.5 21.1

Sample OU56826

CaO MgO FeO MuO Cao MgO FeO MuO59.0 0.3 59.5 0.358.8 0.3 59.3 0.3
Sample OU56820

CaO MgO FeO MuO Cao MgO FeO MuO57.6 0.8 56.2 0.857.2 1.1 0.2 57.1 1.3 0.156.7 1.6 0.1 57.6 0.7 0.157.8 0.9 0.1 57.9 0.7 0.1
A. 4. 2. OLIVINE ANALYSES FROM MARBLES.

Note all analyses performed using the EDS system and PillS data reduction.Note also that manyanalyses include upto 1wt%N~O which is an artifact of the PillS software and multi channel
analyser calibration problems, which probably account for the low cation totals, (totals not given).These analyses can therefore only be considered as semi quantitative although they still demonstratethe forsteritic composition of the olivine. Analyses lacking NazO performed during a different
session have totals included. Recalculation on the basis of four oxygens.

Sample OU56827

Si02 FeO MgO Si02 FeO MgO
Si Fe Mg Si Fe Mg

46.6 4.2 36.9 52.2 4.9 39.91.22 0.09 1.45 1.23 0.10 1.40

45.3 2.7 51.1
1.07 0.05 1.80

Pleonaste and chondradite bearing vein in Sample OU56827

Si02 FeO MgO Si02 FeO MgO
Si Fe Mg Si Fe Mg

45.7 3.2 51.0 45.7 2.8 51.01.07 0.06 1.78 1.07 0.05 1.79

45.7 3.6 51.0 45.4 2.9 51.31.07 0.07 1.78 1.07 0.06 1.80

Sample OU56825

Si02 FeO MgO Total Si02 FeO MgO Total
Si Fe Mg Si Fe Mg

43.0 1.4 54.4 98.8 43.4 1.8 54.5 99.71.02 0.03 1.92 2.98 1.02 0.03 1.91 2.97

43.4 1.3 55.1 99.8
1.02 0.03 1.93 2.97
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Sample OU56823

Si02 FeO MgO Total Si02 FeO MgO Total
Si Fe Mg Si Fe Mg

44.3 0.8 55.7 100.7 43.9 0.9 55.4 100.2
1.03 0.02 1.93 2.97 1.02 0.02 1.93 2.97

41.2 0.2 58.0 99.4 44.5 0.6 55.4 100.4
0.97 0.00 2.04 3.01 1.03 0.01 1.92 2.97

43.4 0.9 55.1 99.4
1.02 0.02 1.93 2.97

Sample OU56824

Si02 FeO MgO Total Si02 FeO MgO Total
Si Fe Mg Si Fe Mg

44.1 0.7 55.5 100.2 40.9 0.4 57.6 99.2
1.03 0.01 1.93 2.97 0.97 0.01 2.03 3.00

44.1 0.6 55.4 100.1 44.3 0.85 55.7 100.9
1.03 0.01 1.93 2.97 1.03 0.02 1.93 2.97

Sample OU56820

Si02 FeO MgO Si02 FeO MgO
Si Fe Mg Si Fe Mg

46.0 0.7 51.7 46.0 0.5 51.9
1.08 0.01 1.81 1.08 0.01 1.82

46.3 1.1 51.9 46.5 52.7
1.08 0.02 1.80 1.08 1.82

A. 4. 3. PHLOGOPITE ANALYSES FROM MARBLES.

Data reduction by PillS technique. Recalculation on the basis of 22 oxygens

Sample OU56825

Si02 A1203 Ti02 FeO MnO MgO K20 Total
Si AI Ti Fe Mn Mg K

39.6 16.4 0.4 24.0 10.7 91.0
5.75 2.80 0.04 5.18 1.98 15.75

Sample OU56824

Si02 A1203 Ti02 FeO MnO MgO K20 Total

Si AI n Fe Mn Mg K

41.3 16.4 0.8 25.8 10.0 94.4
5.73 2.68 0.08 5.34 1.77 15.0
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•

Sample OU56826

Si02 Al2~ Ti02 FeO MnO MgO K20 Total
Si AI Ti Fe Mn Mg K

38.7 16.1 1.0 6.2 19.0 10.6 91.5
5.75 2.82 0.11 0.77 4.21 2.01 15.67

39.3 16.2 1.0 6.4 19.3 11.2 93.2
5.76 2.80 0.11 0.78 4.21 2.09 15.75

39.7 16.3 0.9 6.3 19.0 10.9 93.1
5.82 2.81 0.09 0.78 4.15 2.05 15.70

39.0 16.4 1.0 6.4 18.9 10.9 92.4
5.75 2.84 0.11 0.78 4.16 2.05 15.70

Sample OU56820, tremolite-plagioclase-muscovite-calcite-phlogopite vein

Si02 Al203 Ti02 FeO MnO MgO K20 Total
Si AI Ti Fe Mn Mg K

38.9 18.8 0.36 22.9 9.9 91.0
5.62 3.20 0.04 4.93 1.83 15.62

38.7 18.7 0.27 23.9 9.6 91.1
5.58 3.17 0.03 5.12 1.77 15.66

A. 4. 4. CLINOPYROXENE ANALYSES FROM MARBLES.

Data reduction by PIBS method, recalculation on the basis of 6 oxygens

Sample OU56826

Si02 Al203 FeO MgO Cao Total
Si AI Fe Mg Ca

55.2 1.3 1.9 13.7 27.3 99.5
2.01 0.06 0.06 0.75 1.07 3.94

54.9 1.8 1.9 13.4 27.4 99.4
2.00 0.08 0.06 0.73 1.07 3.94 .

55.4 1.5 1.9 13.8 27.4 100.0
2.01 0.06 0.06 0.74 1.06 3.94

54.8 1.9 2.2 13.4 27.1 99.4
2.00 0.08 0.07 0.73 1.06 3.94

55.4 0.4 2.8 13.3 27.6 99.5
2.03 0.02 0.09 0.73 1.09 3.95

54.8 1.5 3.1 13.1 27.5 100.1
2.00 0.07 0.10 0.71 1.08 3.95

55.4 1.0 2.9 13.3 27.7 100.1
2.01 0.04 0.09 0.72 1.08 3.95
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A. 4. 5. CHONDRODITE ANALYSES FROM OU56827

Data reduction by PIBS method, recalculation on the basis of 4 oxygens.

Si02 FeO MgO Ti02 Total
Si Fe Mg Ti

40.7 2.2 50.6 3.5 97.7
0.99 0.05 1.83 0.06 2.93

40.6 2.2 50.5 3.5 98.0
0.99 0.04 1.84 0.06 2.93

41.1 2.2 50.2 3.6 97.1
0.99 0.05 1.82 0.06 2.92

41.2 2.4 50.4 3.7 97.7
1.00 0.05 1.82 0.07 2.94

41.3 2.3 51.0 3.7 98.3
0.99 0.05 1.83 0.07 2.94

41.0 2.5 50.3 3.5 97.3
1.00 0.05 1.82 0.06 2.93

40.8 2.4 50.3 3.7 97.2
0.99 0.05 1.82 0.07 2.93

A. 4. 6. PLEONASTE ANALYSES FROM OU56827

Data reduction by PIBS method.

Al203 FeO MgO Total AI203 FeO MgO Total

72.8 5.0 22.3 100.1 71.4 6.6 22.5 100.5
71.9 6.3 22.5 100.7 71.7 5.0 22.8 99.5

A. 4. 7. AMPHIBOLE ANALYSES FROM VEIN IN OU56820

Si02 Al203 Ti02 FeO MgO Cao Na20 K20 Total

43.0 34.2 2.3 17.8 0.3 97.5
43.1 18.0 0.2 16.2 14.1 1.6 1.2 95.4
43.2 18.3 0.4 16.6 14.5 1.5 1.2 96.7
43.2 18.4 0.2 16.1 14.1 1.7 1.1 95.9
46.3 18.1 0.3 13.3 14.6 1.8 1.0 96.5

A. 4. 7. MUSCOVITE ANALYSES FROM VEIN IN OU56820

Data reduction by PIBS method, recalculation on the basis of 22 oxygens.

Si02 Al203 Na20 K20 Total
Si AI Na K

46.8 38.2 11.8 96.9
6.11 5.87 1.97 13.95

47.1 37.6 11.4 96.2
6.17 5.80 1.91 13.88

47.3 37.4 11.4 96.1
6.19 5.77 1.90 13.86

48.6 35.6 11.8 96.0
6.38 5.50 1.97 13.85
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A. 4. 8. CLINOPYROXENE ANALYSES FROM CALC - SILICATE ROCKS

Data reduction by spectrum stripping, recalculation on the basis of 6 oxygens.

Sample OU56828

Si02 AI20J Ti02 FeO MnO MgO Cao Total

Si AI 11 Fe Mn Mg Ca

54.3 9.8 12.6 25.0 101.6
2.01 0.30 0.69 0.99 3.99

53.7 0.2 8.9 0.4 12.6 24.7 100.4
2.00 0.01 0.28 0.01 0.70 0.99 3.99

53.5 8.1 0.4 12.5 24.6 99.0
2.02 0.26 0.01 0.70 0.99 3.98

53.5 9.1 0.6 11.9 24.8 99.9
2.01 0.29 0.02 0.67 1.00 3.98

53.8 8.8 0.4 12.3 24.8 100.0
2.01 0.28 0.01 0.69 1.00 3.99

53.5 8.6 0.4 12.6 24.9 100.0
2.01 0.27 0.01 0.70 1.00 3.99

54.3 6.8 0.2 13.7 25.0 100.0
2.02 0.21 0.01 0.76 1.00 3.98

Sample OU56832

Si02 AI20J Ti02 FeO MnO MgO Cao Total

Si AI 11 Fe Mu Mg Ca

53.3 9.5 0.5 12.4 24.5 100.3
2.00 0.30 0.02 0.69 0.99 4.00

53.6 0.7 8.6 0.2 13.0 23.8 99.9
2.00 0.03 0.27 0.01 0.72 0.95 3.98

54.4 7.0 0.4 13.7 24.6 100.2
2.02 0.22 0.01 0.76 0.98 3.99

53.6 0.3 8.7 0.4 12.2 24.2 99.5
2.01 0.02 0.27 0.01 0.69 0.98 3.98

54.4 8.3 0.4 12.7 24.7 100.3
2.02 0.26 0.01 0.70 0.98 3.98

Sample OU56831, (associated with grossular, almandine, andradite garnet).

Si02 AI203 1102 FeO MnO MgO Cao Total

Si AI 11 Fe Mn Mg Ca

49.6 0.5 23.7 1.2 3.3 22.9 101.2
1.98 0.02 0.79 0.04 0.19 0.98 4.01

49.8 24.1 1.4 2.7 23.1 100.9
2.00 0.81 0.05 0.16 0.99 4.00
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49.3
1.98

0.3
0.01

23.7
0.80

1.3
0.05

2.8
0.17

23.3
1.00

100.7
4.01

A. 4. 9. GARNET ANALYSES FROM CALC - SILICATE OU56831 FROM THE
DARKOWSKI GLACIER LOCALITY.

Data reduction by spectrum stripping,recalculation on the basis of 24 oxygens. Estimation of
Fe203 was made on the assumption of 16 cations for 24 oxygens.

FeO

Fe2+

MnO

Mn

MgO

Mg

Cao
Ca

Total

39.3 19.1 7.5 0.8 33.7 100.4
6.07 3.48 0.43 0.33 0.10 5.57 15.98
= 10.9% andradite + 80.9% grossular + 1.9% spessartine + 6.2% almandine

39.3 18.9 7.4 0.9 34.0 100.5
6.06 3.44 0.47 0.26 0.18 5.63 16.04
= 11.9% andradite + 69.4% grossular + 12.7% almandine + 5.8% spessartine

A. 4. 10. MUSCOVITE ANALYSES FROM VEIN IN CALC - SILICATE OU56832

Data reduction by spectrum stripping method, recalculation on the basis of 22 oxygens.

Si02 Al203 Na20 K20
Si AI Na K

48.3 35.5 10.8
6.38 5.52 1.82

47.4 35.3 10.9
6.32 5.55 1.85

Total

94.6
13.72

93.6
13.78

,
Many other scapolite and plagioclase analyses from this vein contain significant amounts of
potassium indicating that potassic white mica rather than sodic white mica is the dominant type.
However the lack of muscovite analyses without significantFe or Mg reflects the very fine grainsize
of white micas in these veins.

A. 4. 11. SCAPOLITE ANALYSES FROM VEIN IN CALC - SILICATE OU56832

Data reduction by spectrum stripping.

Si02 A1203 Cao Na20 K20 Total

55.3 23.3 8.1 9.2 0.9 96.8
57.1 23.2 7.9 9.5 0.9 98.6
56.7 23.1 7.9 8.4 1.1 97.2
57.7 23.3 7.2 9.6 1.0 98.8
56.5 24 8.1 8.6 1.0 98.2
57.4 22.8 7.2 9.0 1.1 97.5
58.0 22.9 6.8 10.0 1.0 98.6
56.8 23.0 7.9 9.6 1.1 98.3
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APPENDIX 5: CONTINGENCY TABLES AND PROBABILITY DATA

FROM TEXTURAL ANALYSIS OF MIGMATITES.

OU56861
-> aTZ
-> PLAG
-> KSPAR
-> BlOT

aTZ -> I
68 / 55=1.23
34/41.6=0.82
43/44.0 =0.98
29/33.3 = 0.87

174

PLAG -> i
34/41.6=0.82
21/31.3=0.70
42/33 =1.27
34/25.1 = 1.35

131

KPSAR -> i
43/44=0.98
42/33=1.27
30/34.8 = 0.86
23/26.4 = 0.87

138

BlOT -> i
29/33.3 =0. 87
34/25.1=1.35
23/26.4 = 0.87
19/20.1 = 0.94

105

174
131
138
105
548

Phases No. of contacts
QZ,PL,KS,BI. 548

aTZ <-> aTZ
OBS / EXP = 1.23
chi square = 1.16
probability > 0.25

aTZ <-> PLAG
OBS / EXP = 0.82
chi square = 1.39
0.25 > prob > 0.1

aTZ -e-e- KSPAR
OBS / EXP = 0.98
chi square = 0.02
probability > 0.25

aTZ <-> BlOT
OBS / EXP = 0.87
chi square = 0.56
probability > 0.25

D. O. F.
9

PLAG <-> PLAG
OBS / EXP = 0.70
chi square = 3.39
0.10 > prob >0.05

PLAG <-> KSPAR
OBS / EXP = 1.27
chi square = 2.45
0.25> prob > 0.1

PLAG <-> BlOT
OBS / EXP = 1.35
chi square = 3.16
0.10 > prob >0.05

chi square total
13.19

KSPAR <-> KSPAR
OBS / EXP = 0.86
chi sqare = 0.13
probability > 0.25

BlOT <-> KSPAR
·OBS / EXp· = 0.87
chi square = 0.35
probabilty > 0.25

Total probability
0.25> prob > 0.1

BlOT <-> BlOT
OBS / EXP = 0.94
chi square = 0.05
probability >0.25

OU56854 aTZ -> i PLAG -> J KPSAR -> i BlOT -> i
-> aTZ 117 / 73 = 1.60 48 / 70.9 = 0.68 19 /33.1 = 0.57 15 / 22.6 = 0.67 199
-> PLAG 66 / 70 =0.94 52 / 68.4 = 0.76 30 / 22.2 = 1.35 196
-> KSPAR 10 / 15.1 = 0.66 10 / 10.3 = 0.97 91
-> BlOT 7 / 6.9 = 1.01 61

199 196 91 61 547
Phases No. of contacts D. O. F. Chi Square Total PrObabilit~

QZ,PL,KS,BI 547 9 51.2 <0.001

aTZ <-> aTZ
OBS / EXP = 1.60
chi square = 26.5
probability < 0.001

aTZ <-> PLAG
OBS / EXP =0.68
chi square = 7.4
0.005> prob>0.001

aTZ <-> KSPAR
OBS / EXP = 0.57
chi square =6.0
0.025>prob>0.001

aTZ -e-e- BlOT
OBS / EXP = 0.67
chi square = 2.6
0.10 > prob >0.05

PLAG <-> PLAG
OBS / EXP = 0.94
chi square = 0.23
probability > 0.25

PLAG <-> KSPAR
OBS / EXP = 0.76
chi square = 3.93
0.05 > prob > 0.01

PLAG <-> BlOT
OBS / EXP = 1.35
chi square = 2.74
0.1 > prob >0.05

KSPAR <-> KSPAR
OBS / EXP = 0.66
chi square = 1.72
0.25 > prob > 0.01

BlOT <-> KSPAR
OBS / EXP = 1.35
chi square = 0.91
probability > 0.025

BlOT <-> BlOT
OBS / EXP = 1.01
chi square = 0.10
probability > 0.25
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OU56849
j -> aTZ
j -> PL+KSP

PHASES
QZ,(PL+KS)

OU56850
j -> aTZ
j -> KSPAR
j -> PLAG

Phases
QT,PL,KSP

aU56848
j -> aTZ
j -> KSPAR
j -> PLAG

Phases
QZ,PL,KSP

aTZ -> I
30/55 = 0.55
88 / 63 = 1.4

118

No. of contacts
261

aTZ <-> aTZ
ass / EXP = 0.55
chi square = 11.36
probability <0.001

aTZ <-> PL+KSP
ass / EXP = 1.4
chi square = 11.36
probability <0.001

aTZ -> i
23 /36 = 0.63

No. of contacts
326

aTZ -c-e- aTZ
ass I EXP = 0.63
chi square = 4.69
0.05>prob>0.025

aTZ <-> KSPAR
ass / EXP = 1.40
chi square = 6.75
0.010>prob>0.005

aTZ <-> PLAG
ass I EXP = 1.04
chi square = 1.04
probability > 0.25

aTZ -> i
36 I 56 = 0.64
114 I 94 = 1.21
22 / 22.1 = 0.99

172

No. of contacts
443

aTZ -e-e- aTZ
ass / EXP = 0.64
chi square = 7.14
0.01< prob <0.005

aTZ <-> PLAG
ass / EXP = 1.00
chi square = 0.01
probability > 0.25

PLAG+KSP -> i
92 / 67 = 1.4
37 /76 = 0.75

143

D. O. F.
1

PL+KSP<->PL+KSP
ass / EXP = 0.75
chi square = 4.75
0.05>prob>0.025

KSPAR -> i
66/ 48 = 1.4
26 / 63 = 0.41

D. O. F.
4

KSPAR <-> KSPAR
ass / EXP = 0.41
chi square = 21.7
probability < 0.001

KSPAR <-> PLAG
ass I EXP = 1.61
chi square = 12.02
probablllty-en .001

KSPAR -> i
88 I 68 = 1.29
96 / 116 = 0.83
27 / 27.1 = 0.99

211

D. O. F.
4

PLAG -e-e- PLAG
ass / EXP = 1.04
chi square = 0.01
probability > 0.25

PLAG <-> KSPAR
ass / EXP = 0.99
chi square = 0.00
probability > 0.25

122
139
261

chi square total
38.83

PLAG -> i
19 I 24 =1.04
52 / 32.~ = 1.61
2 / 16.4 = 0.12

chi square total
58.8

PLAG -c-o- PLAG
ass I EXP = 0.12
chi square b= 12.6
probability < 0.001'

PLAG -> i
19/19=1.00
33 / 33 = 1.00
8 / 7.7 = 1.04

60

chi square total
16.48

KSPAR <-> KSPAR
ass / EXP = 0.83
chi square = 3.45
0.10> prob > 0.05

Total probability
< 0.001

108
144
73

325

Total probability
< 0.001

143
243
57

443

Total probability
0.25>prob>0.10

aTZ <-> KSPAR
ass / EXP = 1.29
chi square = 5.88
0.025<prob<0.001
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OU56839
-> aTZ
-> PLAG
-> KSPAR
-> BlOT

Phases
QZ,PL,KS,BI

OU56839
j -> aTZ
j -> PLAG
j -> KSPAR

Phases
QTZ,PL,KSP

aTZ -> i
53 / 47.8 = 1.11

160

No. of contacts
535

aTZ -c-e- aTZ
OBS / EXP =1.11
chi square = 0.56
probability >0.25

aTZ <-> PLAG
OBS / EXP = 1.06
chi square = 0.56
probability >0.25

aTZ <-> KSPAR
OBS / EXP = 1.08
chi square = 0.26
probability >0.25

aTZ <-> BlOT
OBS / EXP = 0.54
chi square = 5.04
0.025>prob>0.001

aTZ -> i
59 / 66 =0.89

152

No. of contacts
348

aTZ <-> aTZ
OBS /EXP = 0.89
chi square =0.74
probability >0.25

aTZ -e-e- PLAG
OBS / EXP =1.21
chi square = 2.88
0.10>prob>0.05

aTZ <-> KSPAR
OBS / EXP = 0.61
chi square = 2.72
0.01>prob>0.05

PLAG -> I
72 / 67.9 = 1.06
76/ 96 = 0.79

227

D. O. F.
9

PLAG <-> PLAG
OBS / EXP = 0.79
chi square = 4.17
0.05 »probs 0.025

PLAG <-> KSPAR
OBS / EXP = 1.21
chi square = 1.24
probability >0.25

PLAG <-> BlOT
OBS / EXP = 1.30
chi square = 2.9
0.10>prob>0.05

PLAG -> i
82 / 68 = 1.21
48/ 69 =,0.70

155

D. O. F.
4

PLAG <-> PLAG
OBS / EXP = 0.70
chi square = 6.39
0.025>prob>0.001

PLAG <-> KSPAR
OBS / EXP = 1.37
chi square = 2.45
0.25 > prob > 0.Q1

KSPAR -> I
22 / 20.3 = 1.08
35 / 29 =1.21
6 /8.6 = 0.69

68

Chi square total
20.51

KSPAR <-> KSPAR
OBS I EXP = 0.69
chi square = 0.79
probability >0.25

KSPAR <-> BlOT
OBS / EXP = 0.49
chi square = 0.49
0.25 > prob >0.10

KSPAR -> I
11 / 18 = 0.61
25 / 18.3 =1.37
5 /5 =1.00

41

Chi square total
15.18

KSPAR <-> KSPAR
OBS / EXP = 0.61
chi square = 0
probability >0.25

BlOT -> I
13 / 24 =0.54
44/ 34 = 1.30
5 / 10.2 = 0.49
5 / 10.2 = 0.49

80

Total probability
0.025>p>0.001

BlOT <-> BlOT
OBS / EXP =2.65
chi square = 0.49
0.25 > prob >0.10

152
155
41

348

Total probability
0.005>p>0.001

160
227
68
80

535
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APPENDIX 6: MICROPROBE ANALYSES OF CONCORDANT MIGMATITES.

Note all analyses were performed on the EDS system operating at the University of
Otago. Operating conditions were; accelerating voltage = 15Kv, specimen current
is 2nA and beam diameter of approximately six microns.

A. 6. 1. : PLJ\GIOCLJ\SE ANALYSES

All analyses recalculation on the basis of 32 oxygens by spectrum stripping method.

Sample OU56840 leucosome.

Si02 AI203 OD Na20 K20 TOTAL An%
Si AI Ch Na K

61.6 24.7 6.1 7.6 0.5 100.5
10.89 5.14 1.16 2.59 0.12 19.9 30

61.2 25.3 6.4 7.6 0.3 100.7
10.79 5.26 1.2 2.6 0.07 19.92 31.1

60.5 25 6.1 7.8 0.3 99.7
10.8 5.24 1.17 2.71 0.06 19.97 29.7

59.8 24.9 6.2 7.7 0.4 98.95
10.75 5.28 1.2 2.67 0.08 19.98 30.4

59.9 25.1 6.7 7.7 0.5 99.8
10.7 5.28 1.28 2.67 0.11 20.04 31.5

60.7 24.5 5.9 7.9 • 0.3 99.3
10.85 5.17 1.13 2.73 0.07 19.94 28.7

59.5 25.7 7.5 7.1 0.3 100.1
10.58 5.38 1.42 2.44 0.08 19.91 36.1

59.6 25.6 7.1 7.4 0.4 100
10.63 5.38 1.35 2.54 0.1 20 33.9

60 25.6 6.9 7.5 0.5 100.4
10.66 5.35 1.31 2.57 0.12 20.01 32.8

59 25.4 7.7 7.1 0.4 99.59
10.58 5.38 1.48 2.45 0.1 19.98 36.7

60.7 24.7 6.4 7.7 0.4 99.9
10.8 5.19 1.23 2.64 0.1 19.94 30.9

60.6 24.7 5.8 8 0.3 99.5
10.81 5.19 1.12 2.77 0.07 19.96 28.2
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Sample OU56838 melanosome.

Si02 AI203 OD Na20 K20 TOTAL An%
Si AI Ca Na K

59 26 7.2 7 0.4 99.6
10.57 5.48 1.39 2.43 0.09 19.95 35.6

59.6 25.3 6.8 7.2 0.4 99.3
10.69 5.35 1.31 2.5 0.08 19.93 33.6

60.1 24.5 6.3 7.8 0.5 99.1
10.8 5.19 1.21 2.71 0.11 20.02 29.9

61.2 24.6 6.2 7.9 0.4 100.2
10.86 5.14 1.17 2.72 0.08 19.97 29.5

60.3 24.7 6.4 7.8 0.3 99.5
10.79 5.21 1.23 2.7 0.06 19.99 30.8

61.5 24.7 6 7.9 0.3 100.4
10.87 5.15 1.14 2.7 0.08 19.94 29.1

Sample OU56839 mesosome.

Si02 AI203 OD Na20 K20 TOTAL An%
Si AI ca Na K

61.2 24.8 6.3 7.8 0.6 100.6
10.82 5.17 1.19 2.68 0.13 20 29.7

60.2 25.2 7.3 . 7.2 0.5 100.3
10.69 5.29 1.39 2.48 0.11 19.96 34.9

60.3 24.8 6.3 7.9 0.5 99.7
10.77 5.22 1.21 2.72 0.11 20.03 29.9

60.8 24.8 6.4 7.5 0.4 99.8
10.82 5.2 1.21 2.58 0.1 19.92 31.1

59.2 26 7.9 6.8 0.5 100.4
10.53 5.46 1.51 2.34 0.11 19.94 38.2

59.5 25.1 6.7 7.5 0.5 99.4
10.67 5.3 1.28 2.62 0.11 19.97 31.9

61.1 24.6 6.1 7.8 0.5 100.1
10.86 5.15 1.16 2.68 0.11 19.96 29.2

60.1 25.2 6.2 7.8 0.6 99.9
10.72 5.3 1.18 2.71 0.14 20.05 29.2
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Sample OU56841.

Si02 AI203 CO Na20 K20 TOTAL An%
Si AI ca Na K

63 23.3 4.5 9 0.2 100
11.16 4.85 0.85 3.08 0.05 19.98 21.3

61.8 23.6 4.6 9.2 0.2 99.6
1 1 4.96 0.88 3.19 0.05 20.08 21.5

62.8 23.6 5.1 8.7 0.5 100.6
11.1 4.9 0.96 2.97 0.11 20 23.8

62.5 23.6 4.8 8.8 0.5 100.2
11.08 4.92 0.91 3.01 0.12 20.03 22.4

63.3 23.1 4.8 9.1 0.5 100.7
11.15 4.8 0.9 3.11 0.1 20.05 21.9

Sample OU56843.

Si02 AI203 CO Na20 K20 TOTAL An%
Si AI ca Na K

61.9 23.7 4.7 8.8 0.3 99.4
1 1 4.97 0.9 3.04 0.08 20

62.6 23.2 5.1 8.8 0.5 100.1
11.09 4.85 0.96 3.03 0.1 20.05 23.5

62.7 23.5 4.8 9.3 . 0.5 100.6
11.05 4.89 0.9 3.16 0.1 20.08 21.7

62.2 23.4 4.7 8.7 0.5 99.5
11.09 4.91 0.9 2.99 0.11 20 22.5

62.4 23.1 4.7 9 0.4 99.62
11 .1 4.84 0.9 3.09 0.09 20.01 22

62.2 23.3 5.1 8.5 0.3 99.5
11.09 4.9 0.98 2.92 0.08 19.96 24.6

61.7 23.4 5.4 8.6 0.3 99.2
11.03 4.93 1.02 2.98 0.06 20.02 25.3

Sample OU56836, leucosome.

Si02 AI203 CO Na20 K20 TOTAL An%
Si AI Ca Na K

61.1 25.1 4.9 8.8 0.1 100.1
10.84 5.24 0.93 3.03 0.03 20.07 23.3

62 24.9 4.9 8.3 0.4 100.4
10.92 5.18 0.92 2.85 0.08 19.95 23.9



62.2 25.4 5.1 8.1 0.5 101.2
10.88 5.23 0.96 2.73 0.11 19.92 25.3

60.7 25.5 5.5 8.1 0.4 100.3
10.76 5.33 1.05 2.8 0.09 20.02 26.6

61.7 23.9 4.1 9 0.1 98.8
11.04 5.03 0.79 3.11 0.03 20.01 20

62.2 25.2 5 8.3 0.5 101.1
10.9 5.2 0.93 2.83 0.11 19.96 24.1

62 24.9 4.9 8.5 0.2 100.6
10.91 5.18 0.93 2.91 0.05 19.98 23.8

62.5 25 5 8.3 0.3 101.1
10.94 5.16 0.93 2.83 0.07 19.93 24.3

61.2 25.4 5.2 8.2 0.3 100.3
10.82 5.28 0.99 2.79 0.08 19.97 25.6

Sample OU56836 melanosome.

Si02 AI203 00 Na20 K20 TOTAL An%
Si AI ca Na K

61.5 24.7 5.3 8.1 0.5 100
10.91 5.16 1 2.77 0.11 19.95 25.8

61.5 25.5 5.5 ' 8.1 0.3 100.9
10.81 5.28 1.03 2.76 0.08 19.97 26.7

60.8 24.9 5.3 8.1 0.3 99.3
10.85 5.24 1.01 2.79 0.07 19.96 26.2

Sample OU56836 mesosome.

Si02 AI203 00 Na20 K20 TOTAL An%
Si AI Ca Na K

61 25.4 5 8.3 0.4 100.1
10.81 5.3 0.95 2.87 0.08 20.01 24.4

60.5 24.5 5.4 8 0.4 99.8
10.77 5.34 1.03 2.77 0.09 19.99 26.5

61 24.7 5.4 8.2 0.2 99.5
10.87 5.19 1.02 2.85 0.05 19.98 26.2

62.2 24.4 4.3 9 0.4 100.6
1 1 5.07 0.82 3.06 0.09 20.04 20.6

62.2 25.3 5 8.4 0.3 101.2
10.89 5.22 0.94 2.86 0.07 19.97 24.2

A45



62.2 24 4.8 8.4 0.3 99.7
11.04 5.03 0.91 2.88 0.07 19.92 23.5

60.8 25.2 5.7 8 0.4 99.99
10.79 5.28 1.08 2.74 0.08 19.98 27.6

61.5 25.6 5.6 8 0.3 100.8
10.81 5.3 1.05 2.71 0.06 19.92 27.5

62.2 25.7 5.4 8.2 0.2 101.6
10.84 5.27 1 2.77 0.05 19.94 26.1

60.9 25.3 5.3 8.1 0.2 99.8
10.82 5.29 1.01 2.78 0.05 19.95 26.2

61.3 24.8 4.9 8.4 0.3 99.7
10.89 5.2 0.94 2.89 0.07 19.98 24.1

60.7 25 4.8 8.4 0.4 99.2
10.85 5.26 0.93 2.91 0.08 20.02 23.7

60.7 25.1 5.6 7.8 0.3 99.4
10.83 5.26 1.06 2.7 0.06 19.92 27.8

61.4 24.8 5.3 8 0.3 99.7
10.9 5.19 1.01 2.75 0.07 19.91 26.3

62 23.8 4.2 8.6 0.4 99
11.07 5.01 0.8 2.98 0.09 19.96 20.7

60.9 25.4 5.2 8.7 0.1 100.3
10.79 5.3 0.98 2.97 0.03 20.06 24.6

61.2 25 5 8.8 0.3 100.2
10.84 5.21 0.95 3.03 0.06 20.1 23.5

61.6 25 5 8.4 0.4 100.2
10.89 5.2 0.94 2.86 0.08 19.98 24.3

60.1 25.5 5.4 8.2 0.2 99.4
10.74 5.36 1.03 2.84 0.06 20.02 26.3

60.9 25.9 5.5 8.2 0.2 100.7
10.73 5.38 1.04 2.8 0.05 20 26.8

61.1 25.3 5.1 8.2 0.4 100.1
10.82 5.29 0.97 2.82 0.08 19.99 25
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Sample OU56837 weakly discordant leucosome in OU56836.

Si02 AI203 QO Na20 K20 TOTAL An%
Si AI ca Na K

61.4 24.9 4.6 8.7 0.4 100
10.89 5.2 0.88 2.98 0.08 20.03 22.3

63 24.9 4.9 8.6 0.4 101.8
10.96 5.11 0.912 2.91 0.09 19.99 23.4

61.9 25.4 5 8.6 0.4 101.3
10.85 5.24 0.94 2.93 0.08 20.04 23.8

61.7 25.1 5 8.2 0.1 100
10.91 5.22 0.94 2.81 0.03 19.9 24.9

61.6 25.4 5.5 7.9 0.3 100.6
10.84 5.26 1.04 2.7 0.07 19.91 27.2

61.3 25.5 5.6 7.9 0.4 100.6
10.81 5.29 1.05 2.69 0.09 19.93 27.4

61.5 25.5 5.3 8.2 0.5 100.8
10.82 5.28 0.99 2.8 0.1 19.99 25.4

Sample OU56811 melanosome.

Si02 AI203 QO Na20 K20 TOTAL An%
Si AI Ca Na K

62 23.6 5
.

9 0.3 100.3
1 1 5.03 0.94 3.09 0.07 20.1 23

62 23.7 5 8.6 0.3 99.6
11.04 4.97 0.95 2.98 0.06 20 23.8

62 23.6 5 8.6 0.4 99.5
11.04 4.96 0.95 2.98 0.08 20.01 23.7

61.3 24.1 5.4 8.3 0.1 99.2
10.95 5.07 1.04 2.89 0.03 19.97 26.2

62.1 23.9 5.1 8.5 0.1 99.7
11.02 5.01 0.97 2.92 0.03 19.95 24.8

61.8 23.7 5.1 8.9 0.2 99.8
1 1 4.98 0.96 3.08 0.05 20.07 23.6

60.8 24.3 5.3 8.4 0.2 99
10.9 5.14 1.02 2.9 0.04 20 25.6

62 23.7 4.8 8.8 0.4 99.6
11.04 4.97 0.91 3.02 0.08 20.03 22.7
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Sample OU56844 leucosome.

Si02 AI203 QO Na20 K20 TOTAL An%
Si AI ca Na K

63.5 23.8 5 8.7 0.5 101.6
11.09 5 0.94 2.95 0.12 20 23.4

62.5 23.6 5.1 8.2 0.6 100
11.08 4.93 0.96 2.82 0.13 19.93 24.6

62.2 23.7 5.3 8.4 0.4 99.9
11.04 4.95 1.01 2.89 0.08 19.97 25.4

62.7 24.2 5.3 8.33 0.38 100.8
11.02 5 0.99 2.84 0.09 19.94 25.3

62.5 23.8 5 8.3 0.6 100.2
11.06 4.97 0.95 2.84 0.13 19.95 24.1

61.8 24 5 8.5 0.5 99.78
1 1 5.03 0.94 2.94 0.11 20.02 23.6

62.3 23.8 5.2 8.5 0.3 100.1
11.03 5 0.98 2.93 0.07 19.98 24.6

62.6 23.9 5.2 8.7 0.2 100.6
11.04 4.96 0.99 2.96 0.05 19.99 24.7

62.4 24.3 5 8.6 0.5 100.6
10.99 5.04 0.94 2.93 '0.11 20.01 23.6

61.5 23.9 4.9 8.4 0.5 99.2
10.99 5.04 0.94 2.9 0.12 20 23.8

62.2 23.9 5.2 8.6 0.3 100.2
11.01 4.99 0.99 2.95 0.06 20 24.7
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A.6.2: BIOTITE ANALYSES
All analyses recalculated on the basis of 22 oxygens by spectrum stripping method

Sample OU56836 melanosome

Si02 AI203 Ti02 RC MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

36.6 15.1 2.7 1 8 12 8.9 93.3
5.65 2.74 0.32 2.33 2.75 1.75 15.54

36.5 15.1 2.6 1 8 11.5 9 92.7
5.68 2.76 0.3 2.34 2.68 1.78 15.54

36.9 15.6 2.9 18.5 11.3 9.3 94.3
5.64 2.81 0.33 2.36 2.57 1.81 15.53

36.8 14.9 2.7 1 8 12.1 9 93.5
5.66 2.7 0.32 2.32 2.78 1.77 15.55

37 15.5 2.8 17.4 11.7 9.1 93.4
5.69 2.8 0.32 2.23 2.67 1.78 15.48

36.2 15.2 2.7 17.8 11.3 9.2 92.2
5.66 2.8 0.31 2.32 2.62 1.83 15.55

37 15.7 2.7 16.9 11.5 9 92.8
5.7 2.85 0.31 2.81 2.64 1.77 15.45

Sample OU56836 leucosome

Si02 AI203 Ti02 RC' MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

36.5 15.3 2.7 18.2 11.3 9 92.9
5.66 2.8 0.31 2.36 2.62 1.78 15.52

37 15.2 2.8 17.8 1 1 9.2 92.9
5.73 2.77 0.32 2.3 2.55 1.82 15.48

37.6 15.4 2.2 16.3 10.8 7.6 89.9
5.9 2.84 0.26 2.14 2.52 1.51 15.18

37.3 15.5 2.7 17.7 11.3 9.2 93.6
5.72 2.8 0.31 2.26 2.58 1.79 15.46

37 15.4 2.4 18.1 10.9 9 92.8
5.74 2.81 0.28 2.35 2.52 1.78 15.47

Sample OU56836 mesosome

Si02 AI203 Ti02 RC MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

37.1 15.1 2.5 17.5 11.9 9 93.1
5.71 2.75 0.29 2.26 2.73 1.78 15.5
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36.6 15.6 2.4 17.6 11.4 9 92.6
5.67 2.86 0.28 2.89 2.64 1.77 15.51

36.9 15.9 1.4 17.2 11.7 8.9 91.9
5.74 2.91 0.16 2.23 2.7 1.77 15.52

37.2 15.4 2.7 17.9 11.6 9.1 93.9
5.69 2.78 0.31 2.29 2.64 1.77 15.49

37.2 16.2 2.8 17.6 11.1 9.1 93.8
5.68 2.91 0.31 2.24 2.51 1.77 15.43

37.7 15.9 2.5 18.4 12.1 9 95.6
5.67 2.81 0.28 2.31 2.71 1.73 15.51

37.3 16.3 2.3 17.5 11.5 9.1 94
5.68 2.93 0.26 2.23 2.62 1.77 15.49

36.9 16.1 1.9 18.9 10.9 9.1 93.9
5.67 2.92 0.22 2.44 2.5 1.79 15.54

37.6 16.4 2.3 18.3 11.4 9.2 95.2
5.67 2.92 0.26 2.31 2.56 1.76 15.48

36 15.5 2.3 17.7 10.8 8.7 90.9
5.69 2.88 0.27 2.33 2.55 1.75 15.48

37.8 15.9 2 17.6 11.6 9 93.8
5.76 2.86 0.23 2.24 2.62 1.75 15.46

37.2 1 6 2.7 1 8 11.2 9.2 94.3
5.67 2.87 0.31 2.3 2.55 1.78 15.48

36.9 1 6 2.5 17.9 11.2 9.1 93.5
5.67 2.89 0.29 2.3 2.57 1.77 15.49

36.3 15.8 2.5 17.7 10.7 8.5 91.5
5.69 2.91 0.3 2.31 2.51 1.7 15.41

36.5 15.3 2.8 18.4 11.6 8.9 93.4
5.64 2.78 0.32 2.37 2.66 1.76 15.53

36.5 15.4 2.6 17.5 11.2 9.1 92.3
5.69 2.83 0.3 2.28 2.6 1.8 15.5

37.5 15.7 2.6 18.3 11.4 8.5 94
5.71 2.81 0.3 2.34 2.6 1.65 15.41

36.7 15.3 2.5 17.7 11.3 9.1 92.7
5.7 2.79 0.3 2.3 2.62 1.81 15.51

36.4 15.4 2.5 1 8 11.2 9.1 92.6
5.67 2.83 0.29 2.34 2.6 1.8 15.53
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36.9 15.7 2.3 18.4 11.4 9 93.8
5.67 2.84 0.27 2.36 2.62 1.76 15.52

Sample OU56843 mesosome

Si02 AI203 Ti02 Fa> MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

35.1 14.4 4.8 24.8 7.5 9.1 95.7
5.52 2.63 0.56 3.22 1.74 1.81 15.5

35.2 14.3 5 24.5 7.4 9.3 95.5
5.49 2.62 0.59 3.2 1.72 1.84 15.46

34.7 14.1 4.4 23.8 0.3 7.9 9.2 94.2
5.47 2.62 0.52 3.14 0.03 1.85 1.84 15.47

34.9 14.2 4.4 24.6 0.3 7.5 9.1 94.9
5.48 2.63 0.52 3.23 0.03 1.77 1.82 15.49

34.8 14.1 4~3 24.5 7.7 9 94.3
5.52 2.62 0.52 3.25 1.82 1.83 15.56

33.1 13.8 4.2 23.7 0.4 7 8.7 90.9
5.47 2.69 0.53 3.28 0.06 1.72 1.83 15.57

35.3 14.3 3.8 24.5 7.9 9.3 95.2
5.55 2.65 0.45 3.22 1.84 1.87 15.57

34.9 14.5 3.6 24.2 8.1 8.6 93.9
5.53 2.71 0.43 3.21 1.91 1.73 15.55

35.3 13.9 3.9 24.4 7.4 9 93.8
5.61 2.61 0.47 3.24 1.76 1.81 15.49

35.3 14.1 4.5 25.6 0.3 7.2 9.2 96
5.54 2.6 0.53 3.34 0.04 1.67 1.95 15.56

34.9 1 4 4.2 24.2 0.3 7.2 9 93.9
5.56 2.63 0.51 3.24 0.04 1.72 1.84 15.53

Sample OU56841 leucosome

Si02 AI203 Ti02 Fa> MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

36 14.9 3.3 24.5 8.5 9.6 96.6
5.56 2.71 0.39 3.17 1.92 1.88 15.64

34.1 15.2 2.9 24.2 0.3 8.5 7.7 92.7
5.45 2.85 0.35 3.24 0.03 2.02 1.57 15.51

36.1 14.4 4.1 24.2 0.2 7.8 9.6 96.4
5.59 2.62 0.47 3.14 0.03 1.81 1.9 15.57
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36 14.2 3.5 24.7 0.2 7.9 9.2 95.6
5.63 2.61 0.42 3.22 0.02 1.83 1.83 15.56

34.2 14.4 3.3 24.8 0.3 7.5 8.3 92.8
5.52 2.73 0.4 3.35 0.05 1.82 1.71 15.57

Sample OU56838 melanosome

Si02 AI203 Ti02 RC MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

37.1 14.3 4.6 23.1 0.4 8.7 8.7 96.9
5.65 2.56 0.53 2.94 0.05 1.97 1.69 15.39

36.3 14.3 4.4 22.2 0.2 8.7 8.3 94.5
5.64 2.62 0.51 2.89 0.03 2.02 1.65 15.36

37.1 14.5 4.5 22.6 0.2 9.2 9.1 97.2
5.62 2.59 0.51 2.86 0.03 2.08 1.77 15.46

37.1 14.3 4.3 22.2 0.3 9 8.6 95.7
5.68 2.58 0.5 2.84 0.04 2.05 1.68 15.37

36.3 14.3 4.3 22.3 9.1 8.5 94.8
5.62 2.61 0.5 2.89 2.11 1.68 15.41

36.3 14.3 4.5 22.7 0.4 9.1 8.9 96.3
5.57 2.59 0.52 2.92 0.05 2.09 1.74 15.48

37.1 14.6 4.5 21.6 0.5 9.1 8.7 96
5.66 2.62 0.52 2.76 0.07 2.06 1.68 15.36

36.2 14.5 4.3 22.6 0.4 9 8.3 95.4
5.59 2.64 0.5 2.91 0.05 2.06 1.63 15.41

36.6 14.5 4.7 22.1 0.4 9.1 9 96.4
5.6 2.61 0.54 2.82 0.06 2.06 1.75 15.44

36.5 14.5 4.8 22.3 0.4 9.1 8.6 96.3
5.58 2.61 0.55 2.85 0.05 2.08 1.67 15.4

Sample OU56836 mesosome

Si02 AI203 Ti02 RC MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

36.5 13.7 4.2 22.1 0.4 8.9 8.7 94.4
5.69 2.52 0.49 2.88 0.05 2.06 1.73 15.42

36.6 14.2 4.2 21.9 0.4 9.7 8.7 95.7
5.62 2.57 0.48 2.81 0.05 2.22 1.69 15.45

36.7 14.2 4.4 22.3 8.4 8.7 94.8
5.69 2.59 0.51 2.9 1.94 1.72 15.36
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36.3 14.5 4.4 22 0.5 9.3 8.5 95.4
5.58 2.62 0.51 2.83 0.06 2.13 1.68 15.41

36.4 14.2 3.6 21.3 0.5 9.5 9.1 94.4
5.64 2.61 0.42 2.78 0.07 2.21 1.81 15.54

37.2 15 3.9 21.2 0.5 9.3 8.6 95.6
5.68 2.69 0.44 2.7 0.06 2.11 1.68 15.37

Sample OU56837 slightly discordant leucosome in OU56836

Si02 AI203 Ti02 FEO MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

37.9 15.7 2.6 18.4 ~ 11.8 8.86 95.2
5.71 2.79 0.29 2.32 ~ 2.64 1.7 15.46

37.6 16.1 2.5 18.2 ~ 11.8 8.8 94.9
5.68 2.86 0.28 2.3 - 2.66 1.69 15.46

Sample OU56811 melanosome. Note mesosome analyses are included in appendix 4
as sample OU56811

Si02 AI203 Ti02 FEO MnO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

33.7 16.8 2.6 21.1 8.4 9 91.6
5.42 3.18 0.31 2.84 2.01 1.85 15.61

34.3 16.8 2.7 21.3 8.6 9 92.6
5.44 3.14 0.32 2.83 2.03 1.83 15.59

34.4 16.9 3.3 22.2 8.3 9.3 1.86
5.38 3.11 0.39 2.91 1.94 1.86 15.6

35 17 3.4 22.4 8.2 9.3 95.2
5.42 3.1 0.4 2.91 1.89 1.84 15.55

35.7 17.3 3.5 22.2 0.2 8.5 9 96.4
5.44 3.11 0.4 2.83 0.03 1.93 1.75 15.49

35.4 17.5 3.1 22.1 8.2 9.1 95.4
5.45 3.18 0.36 2.84 1.89 1.78 15.5

35.1 17.2 2.5 21.6 8.2 9 93.6
5.5 3.18 0.29 2.82 1.91 1.79 15.51

36 17.5 2.4 22.1 8.4 8.9 95.2
5.53 3.16 0.27 2.85 1.93 1.75 15.49
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APPENDIX 7: MICROPROBE ANALYSES OF STRUCTURALLY
COMPLEX MIGMATITE SPECIMENS.

Note all analyses were performed using the EDS system operating at the University of Otago.
Operating conditions were; acceleratingvoltage =15Kv,specimen current =2nA and beam
diameter of approximately 6 microns.

A.2. 1: PLAGIOCLASE ANALYSES.

Recalculation on the basis of 32 oxygens.

Specimen =OU568611 data reduction by spectrum stripping.

Si02 A1203 CaD Na20 K20 TOTAL
Si AI Ca Na K An%

64.0 22.8 3.8 9.4 0.2 100.5
11.26 4.72 0.72 3.21 0.03 20.00 18.2

64.3 22.9 4.0 9.1 0.2 100.5
11.829 4.74 0.75 3.10 0.04 19.91 19.2

63.9 23.3 4.0 8.8 0.4 100.4
11.22 4.83 0.75 3.01 0.08 19.89 19.5

64.4 23.8 4.3 9.1 0.4 101.9
11.17 4.86 0.79 3.05 0.09 19.97 20.2

63.6 23.4 4.3 9.2 0.3 100.8
11.17 4.84 0.81 3.12 0.07 20.00 20.1

63.2 23.2 3.9 9.5 0.3 . 100.1
11.17 4.83 0.75 3.26 0.64 20.07 18.3

63.8 22.9 4.0 8.9 0.4 100.0
11.26 4.77 0.75 3.05 0.09 19.92 19.4

Specimen =OU56884, data reduction by spectrum stripping.

Si02 Al203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

62.6 23.3 4.1 9.1 0.4 99.5
11.14 4.88 0.79 3.15 0.08 20.04 19.6

62.7 23.6 4.3 8.5 0.3 99.4
11.13 4.94 0.82 2.94 0.06 19.90 21.3

62.7 22.8 4.2 8.9 0.3 98.9
11.20 4.81 0.81 3.10 0.06 19.97 20.4

62.5 23.4 4.4 9.1 0.4 99.6
11.11 4.90 0.83 3.12 0.08 20.04 20.6

63.3 23.1 4.3 9.2 0.3 100.2
11.18 4.80 0.81 3.14 0.77 20.01 20.2

63.7 23.0 4.2 9.2 0.3 100.5
11.22 4.78 0.80 3.14 0.06 20.00 20.0
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64.5 22.7 4.0 9.0 0.4 100.5
11.32 4.69 0.75 3.05 0.09 19.90 19.3

64.1 22.5 3.7 9.3 0.4 100.0
11.31 4.69 0.71 3.17 0.09 19.97 17.8

Specimen=OU56884, folded pre-Fj leucosome, data reductionby spectrumstripping.

Si02 A1203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

63.1 23.5 4.4 8.6 0.4 99.9
11.16 4.89 0.83 2.95 0.08 19.91 21.6

63.8 23.3 4.4 8.8 0.4 100.6
11.21 4.81 0.83 2.99 0.08 19.92 21.2

63.4 23.8 4.3 8.7 0.5 100.6
11.12 4.92 0.81 2.97 0.11 19.93 20.8

63.0 22.9 4.4 8.8 0.2 99.2
11.21 4.80 0.83 3.05 0.04 19.93 21.2

63.1 23.2 4.3 8.8 0.2 99.6
11.18 4.85 0.82 3.02 0.05 19.93 21.1

63.9 23.1 4.1 9.2 0.5 100.7
11.22 4.78 0.76 3.12 0.10 19.99 19.1

63.1 23.5 4.8 8.8 0.3 100.5
11.11 4.88 0.90 3.01 0.07 19.97 22.5

64.0 23.5 4.8 8.6 0.4 101.2
11.17 4.83 0.89 2.93 0.09 19.90 22.9

64.1 23.1 4.5 9.0 100.6
11.24 4.77 0.85 3.05 19.90 21.7

61.7 25.0 3.9 8.6 0.3 99.6
10.95 5.23 0.74 2.96 0.06 19.95 19.7

62.0 24.1 4.3 8.6 0.3 99.2
11.05 5.05 0.82 2.96 0.06 19.94 21.3

Specimen=OU56865, data reductionby spectrumstripping.

Si02 Al203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

63.5 23.4 4.2 9.0 0.4 100.4
11.17 4.84 0.79 3.07 0.09 19.96 20.0

64.2 23.8 4.3 9.1 0.4 101.7
11.16 4.87 0.79 3.08 0.08 19.98 20.0

63.4 23.6 4.4 9.8 0.2 101.4
11.10 4.86 0.83 3.32 0.05 20.16 20.0

64.7 23.5 4.5 8.9 0.2 101.9
11.22 4.80 0.84 2.99 0.05 19.90 21.5

63.1 23.4 4.3 9.2 0.4 100.4
11.13 4.87 0.81 3.15 0.09 20.05 20.0
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63.2 23.6 4.4 9.1 0.3 100.6
11.12 4.90 0.83 3.10 0.06 20.00 20.8

62.4 23.8 4.6 8.7 0.4 99.7
11.06 4.96 0.87 2.98 0.08 19.96 22.1

63.3 23.3 4.3 8.9 0.5 100.3
11.17 4.84 0.81 3.05 0.11 19.98 20.5

64.1 22.8 4.2 9.3 0.6 101.0
11.24 4.72 0.80 3.15 0.14 20.04 19.5

63.4 23.2 4.4 9.3 0.3 100.6
11.16 4.18 0.83 3.17 0.70 20.05 20.4

62.4 23.5 4.5 8.8 0.3 99.5
11.10 4.92 0.86 3.03 0.07 19.99 21.6

62.8 23.5 4.3 8.9 0.3 99.8
11.11 .4.91 0.81 3.06 0.07 20.01 20.6

63.1 23.2 4.6 8.7 0.4 100.0
11.17 4.84 0.87 2.98 0.08 19.95 22.2

Specimen=OU56866, data reductionby spectrumstripping.

Si02 Al203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

63.1 23.7 4.8 8.7 100.4
11.11 4.92 0.91 2.97 19.91 23.5

64.3 23.1 4.4 9.2 101.0
11.24 4.76 0.83 3.11 19.94 21.1

63.2 23.3 4.3 8.9 0.3 . 99.8
11.17 4.85 0.81 3.06 0.06 19.96 20.7

62.4 23.0 4.4 8.8 0.3 98.9
11.15 4.85 0.84 3.03 0.06 19.94 21.5

62.7 23.2 4.4 8.8 0.2 99.3
11.16 4.86 0.84 3.03 0.05 19.95 21.5

62.8 23.2 4.6 9.2 0.5 100.2
11.12 4.84 0.87 3.16 0.10 20.09 21.0

Specimen=quartzofeldspathic schist adjacentto OU56866, data reductionby spectrum stripping.

Si02 Al203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

63.5 23.4 4.2 9.3 0.3 100.6
11.17 4.85 0.78 3.17 0.06 20.02 19.5

63.6 23.1 4.2 8.6 0.4 99.9
11.24 4.82 0.80 2.93 0.08 19.86 21.0

62.9 23.0 4.3 9.2 0.3 99.6
11.16 4.81 0.81 3.15 0.08 20.04 20.1

63.7 23.2 4.3 9.3 0.2 100.7
11.17 4.80 0.80 3.16 0.05 19.98 20.0
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63.2 22.9 3.6 9.1 0.4 99.3
11.24 4.81 0.70 3.13 0.09 19.97 17.7

Specimen=OU56857, data reduction by spectrumstripping.

Si02 A1203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

59.7 25.1 6.9 7.4 0.3 99.2
10.69 5.29 1.32 2.56 0.07 19.93 33.5

59.4 25.8 6.8 7.7 0.2 99.94
10.60 5.43 1.30 2.68 0.04 20.04 32.4

60.1 25.0 7.1 7.2 0.3 99.7
10.73 5.25 1.36 2.49 0.07 19.90 34.5

59.3 25.0 6.9 7.8 0.1 99.0
10.66 5.29 1.34 2.71 0.03 20.01 32.8

'59.1 25.4 7.3 7.4 0.3 99.4
10.57 5.35 1.39 2.55 0.08 19.95 34.6

58.9 24.9 7.3 7.0 0.3 98.4
10.67 5.32 1.43 2.45 0.06 19.92 36.2

Specimen=OU56864, data reduction by spectrumstripping.

Si02 A1203 Cao Na20 K20 TOTAL
Si AI Ca Na K An%

59.1 26.0 5.5 8.1 0.3 99.2
10.59 5.50 1.05 2.82 0.07 20.04 26.8

60.1 26.1 6.1 7.6 0.3 100.1
10.66 5.46 1.16 2.60 0.06 19.94 30.3

60.7 26.1 6.1 7.5 0.4 100.7
10.70 5.43 1.15 2.56 0.08 19.91 30.3

60.0 24.9 5.8 8.0 0.6 99.4
10.76 5.26 1.12 2.79 0.13 20.07 27.8

61.2 25.4 5.9 8.2 0.3 101.0
10.77 5.28 1.11 2.81 0.06 20.03 27.8

58.1 27.0 7.4 7.1 0.2 99.8
10.40 5.69 1.41 2.47 0.04 20.02 36.0

57.6 27.7 7.8 7.0 0.4 100.3
10.27 5.81 1.49 2.42 0.08 20.07 37.3

57.9 27.0 7.4 7.0 0.2 99.5
10.39 5.70 1.42 2.44 0.05 20.00 36.4

58.1 27.9 7.4 7.2 0.4 101.1
10.29 5.82 1.41 2.47 0.09 20.08 35.4

58.2 27.0 7.3 6.6 0.5 99.7
10.42 5.70 1.40 2.30 0.12 19.94 36.6
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A. 2. 2: BIOTITE ANALYSES.

Recalculation on the basis of 23 oxygens, anhydrous.

Si02 AI203 Ti02 FeO MnO MgO K20 TarAL

Si AI n Fe Mn Mg K

(Note all Fe calculated as Fe2+).

Specimen = OU56884, pre-E, folded leucosome, data reduction by spectrum stripping.

34.9 14.7 3.2 26.0 004 5.9 9.1 94.1
5.60 2.77 0.39 3048 0.05 1.41 1.85 15.55

34.6 15.0 3.2 27.5 0.6 6.2 8.2 95.3
5.50 2.81 0.38 3.65 0.07 1.47 1.65 15.54

35.1 14.'3 304 2604 004 6.0 8.8 9404
5.61 2.70 0.41 3.52 0.06 1.44 1.79 15.52

34.0 1404 4.3 27.2 0.33 5.67 8.1 94.0
5.45 2.73 0.51 3.65 0.05 1.36 1.66 15.50

35.2 14.3 3.6 2604 0.3 6.5 9.3 95.5
5.57 2.67 0.43 3.49 0.04 1.52 1.87 15.6

3404 14.7 3.5 26.5 0.3 7.0 8.9 9504
5.46 2.76 0041 3.52 0.04 1.65 1.81 15.7

35.3 14.9 3.6 2504 004 6.2 8.6 9404
5.60 2.79 0043 3.37 0.06 1.46 1.75 15.45

34.2 15.0 3.9 26.8 6.3 ,8.6 94.8
5045 2.82 0046 3.58 1.49 1.74 15.54

35.3 1404 3.7 25.5 004 604 8.9 94.5
5.60 2.69 0.45 3.39 0.05 1.52 1.81 15.51

34.8 14.5 3.7 26.2 0.3 6.2 8.8 94.7
5.54 2.72 0045 3.49 0.05 1.47 1.79 15.53

3504 14.5 3.6 25.86 004 6.1 9.0 94.9
5.62 2.71 0042 3.43 0.05 1.45 1.82 15.51

Specimen = OU56884, quartzofeldspathic schist, data reduction by spectrum stripping.

Si02 AI203 Ti02 FeO MnO MgO K20 TarAL

Si AI n Fe Mn Mg K·

(Note all Fe calculated as Fe2+).

35.2 14.5 3.1 26.8 0.3 5.9 9.0 94.8
5.61 2.72 0.38 3.58 0.04 1040 1.83 15.57

35.7 1404 3.3 26.8 0.3 6.0 8.8 95.3
5.65 2.68 0.39 3.55 0.04 1.42 1.77 15.50

35.6 14.2 4.4 25.9 0.5 5.3 8.9 94.7
5.65 2.65 0.53 3.44 0.06 1.26 1.81 15.40
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34.9 14.7 2.9 26.3 0.5 6.0 8.4 93.8
5.60 2.79 0.35 3.54 0.07 1.44 1.73 15.52

35.3 15.5 3.0 25.8 0.2 6.2 8.9 94.8
5.59 2.88 0.35 3.41 0.03 1.45 1.80 15.52

36.4 14.9 3.6 26.2 0.2 6.0 9.2 96.7
5.65 2.73 0.42 3.41 0.03 1.40 1.82· 15.47

36.1 15.0 3.0 27.6 0.5 6.0 9.0 97.1
5.62 2.76 0.35 3.59 0.06 1.38 1.79 15.54

35.4 15.3 2.8 28.6 0.3 6.2 7.7 96.3
5.55 2.82 0.33 3.75 0.04 1.44 1.54 15.48

Specimen= OU56861, data reductionby spectrumstripping.

Si02 Al203 Ti02 FeO MnO MgO K20 TCITAL
Si AI 11 Fe Mn Mg K
(Note all Fe calculatedas Fe2+).

37.9 16.7 3.9 24.1 0.5 4.6 8.8 96.7
5.76 3.05 0.45 3.06 0.06 1.04 1.72 15.13

37.9 16.5 4.0 24.2 4.4 9.1 96.1
5.79 2.97 0.46 3.10 1.01 1.77 15.11

37.8 16.7 4.0 23.7 0.4 4.6 8.7 95.8
5.79 3.02 0.46 3.03 0.05 1.04 1.69 15.09

37.4 15.3 4.1 25.1 0.4 4.7 9.1 96.1
5.79 2.78 0.47 3.24 0.06 1.09 1.80 15.24

36.3 14.0 3.6 26.6 0.4 5.4 8.8 95.0
5.74 2.62 0.43 3.53 0.05 . 1.27 1.78 15.41

36.6 15.5 3.7 24.8 0.4 4.7 8.8 94.4
5.75 2.87 0.44 3.27 0.05 1.09 1.76 15.22

37.2 15.4 3.9 24.5 0.4 4.7 9.1 95.1
5.81 2.83 0.46 3.19 0.05 1.08 1.81 15.23

36.5 17.0 3.0 24.6 0.2 4.6 8.9 94.8
5.70 3.13 0.35 3.22 0.03 1.08 1.78 15.28

37.3 16.5 3.2 24.6 5.2 8.8 95.6
5.76 3.01 0.37 3.18 1.18 1.76 15.23

36.9 17.9 3.5 24.5 5.0 9.0 96.9
5.62 3.22 0.41 3.12 1.13 1.76 15.25

36.6 17.1 3.5 23.7 4.4 9.0 94.2
5.71 3.16 0.41 3.10 1.03 1.79 15.19

Specimen= OU56865, data reductionby spectrumstripping.

Si02 Al203 Ti02 FeO MnO MgO K20 TCITAL
Si AI 11 Fe Mn Mg K
(Note all Fe calculatedas Fe2+).
36.1 15.2 3.4 24.0 0.4 7.8 9.3 96.1
5.59 2.77 0.39 0.05 3.11 1.81 1.84 15.55
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36.1 14.9 3.4 25.0 0.2 7.7 9.5 96.7
5.58 2.71 0.39 3.24 0.03 1.78 1.87 15.60

35.6 14.8 2.7 24.9 7.3 9.2 94.6
5.63 2.76 0.32 3.29 1.72 1.86 15.60

36.2 14.6 2.6 25.1 0.4 8.0 9.1 96.1
5.64 2.68 0.30 3.27 0.05 1.86 1.81 15.62

33.8 13.5 3.3 24.3 0.4 6.5 8.2 89.9
5.63 2.65 0.41 3.39 0.05 1.63 1.75 15.51

35.0 14.2 3.5 24.4 0.6 7.4 9.2 94.3
5.57 2.66 0.42 3.24 0.08 1.76 1.88 15.62

35.1 14.1 3.7 25.0 0.4 7.0 9.1 94.5
5.59 2.65 0.44 3.32 0.06 1.66 1.85 15.57

34.6 13.8 3.6 24.1 0.4 6.5 9.4 92.4
5.63 2.65 0.44 3.28 0.06 1.57 1.95 15.58

Specimen = OU56866,data reductionby spectrum stripping.

Si02 Al203 Ti02 FeO MnO MgO K20 TOTAL

Si AI n Fe Mn Mg K

(Note all Fe calculatedas Fe2+).

35.2 14.6 3.8 24.1 7.6 9.4 95.4
5.62 2.69 0.44 3.15 1.76 1.88 15.53

35.5 14.6 3.5 24.3 0.3 8.2 8.9 95.4
5.56 2.69 0.41 3.18 0.04 1.92 1.78 15.58

36.0 14.6 3.8 24.1 7.6 9.4 95.4
5.62 2.69 0.44 3.15 1.76 . 1.88 15.53

Specimen= quartzofeldspathic schist adjacent to OU56866, data reductionby spectrum stripping.

Si02 Al203 Ti02 FeO MnO MgO K20 TOTAL

Si AI n Fe Mn Mg K

(Note all Fe calculatedas Fe2+).

36.2 14.8 3.5 23.8 0.3 6.8 9.5 94.9
5.68 2.73 0.42 3.12 0.04 1.60 1.91 15.49

35.2 14.1 3.8 23.4 0.4 6.9 9.6 93.4
5.63 2.67 0.46 3.13 0.05 1.65 1.96 15.55

36.6 15.0 3.9 22.7 0.3 7.2 9.6 95.4
5.68 2.74 0.46 2.94 0.04 1.67 1.90 15.44

35.8 14.3 3.8 23.1 0.3 7.5 9.3 94.2
5.66 2.67 0.45 3.05 0.04 1.77 1.87 15.50

36.0 14.5 3.7 24.1 0.4 7.3 9.4 95.4
5.63 2.67 0.44 3.16 0.05 1.71 1.88 15.54

A60



Specimen =OU56857, data reduction by spectrum stripping.

Si02 AI203 Ti02 FeO MnO MgO K20 TOTAL

Si AI n Fe Mn Mg K

(Note all Fe calculated as Fe2+).

36.5 14.3 34.0 20.2 0.4 10.5 8.5 94.2
5.63 2.60 0.46 2.60 0.05 2.41 1.68 15.42

36.9 14.3 3.5 20.4 0.3 11.0 9.1 95.5
5.63 2.57 0.41 2.60 0.04 2.51 1.76 15.52

35.9 13.5 4.4 20.9 10.4 9.1 94.2
5.59 2.48 0.51 2.73 2.41 1.80 15.52

37.2 14.1 4.5 20.3 0.6 10.3 9.5 96.6
5.64 2.52 0.51 2.58 0.06 2.33 1.84 15.50

, 37.4 14.1 4.1 21.1 0.4 11.0 9.4 97.5
5.63 2.49 0.47 2.65 0.05 2.47 1.80 15.56

A. 7. 3. : CLINOPYROXENE ANALYSES.

Recalculation on the basis of 6 oxygens.

Specimen =OU56857, data reduction by spectrum stripping.

Si02 AI203 Ti02 FeO MnO MgO Cao TOTAL

Si AI n Fe Mn Mg Ca

52.6 0.2 11.7 0.8 10.9 23.6 99.8
2.00 0.01 0.37 0.03 0.62 0.96 3.99

52.3 1.5 11.1 0.6 . 11.0 22.6 98.9
1.99 0.07 0.35 0.02 0.62 0.92 3.97

52.8 0.4 11.4 0.8 11.0 24.6 100.8
1.99 0.02 0.36 0.03 0.62 0.99 4.00

Specimen =OU56864, data reduction by spectrum stripping.

Si02 AI203 Ti02 FeO MnO MgO Cao TOTAL

Si AI n Fe Mn Mg Ca

51.9 14.2 0.2 9.9 23.7 100.0
2.00 0.46 0.01 0.57 0.97 4.00

51.3 0.4 14.1 0.4 10.1 23.4 99.8
1.98 0.02 0.45 0.01 0.58 0.97 4.01

50.9 0.2 13.8 0.7 9.5 24.2 99.3
1.98 0.01 0.45 0.02 0.55 1.01 4.02

52.2 13.6 0.7 10.4 24.0 100.8
1.99 0.43 0.02 0.59 0.98 4.01

52.2 14.5 0.8 9.9 24.2 101.6
1.99 0.46 0.03 0.56 0.98 4.02

52.4 14.3 0.4 9.9 23.5 100.4
2.00 0.46 0.01 0.56 0.96 4.00
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51.9 13.9 0.5 9.9 24.4 100.61.99 0.45 0.02 0.57 1.00 4.01

52.2 0.8 12.5 0.6 11.4 23.2 100.71.98 0.03 0.40 0.02 0.64 0.94 4.01

52.1 12.8 0.5 10.9 23.6 99.91.99 0.41 0.02 0.62 0.97 4.01

51.1 0.5 15.7 0.5 8.4 23.3 99.51.99 0.02 0.51 0.02 0.49 0.97 4.00

51.3 0.6 15.4 0.7 9.4 23.5 100.91.97 0.03 0.49 0.02 0.54 0.97 4.02

51.8 14.2 0.6 9.5 23.7 99.72.00 0.46 0.02 0.55 0.98 4.00

A. 7. 4. : Prehnite analyses from OU 56864.

Recalculationby spectrumstripping.

Si02 A120 3 Ti02 FeO MnO MgO Cao TarAL
Si AI 11 Fe Mn Mg Ca

43.8 27.0 1.0 27.7 99.5
43.7 26.9 0.2 0.6 27.9 99.8

43.3 26.8 1.2 27.3 98.8
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APPENDIX 8: MICROPROBE ANALYSES OF NON-MIGMATITIC,
QUARTZOFELDSPATHIC SCHISTS AND ORTHOGNEISSES

Note all analyses were performed using the EDS system operating at the University of Otago.
Operating conditions were; accelerating voltage = 15Kv, specimen current = 2nA
and beam diameter of approximately six microns.

A.8.1: PLAGIOCLASE ANALYSES.

All analyses recalculated on the basis of 32 oxygens by the spectrum stripping method.

Sample OU56875

Si02 AI203 QC Na20 K20 TOTAL %An
Si AI 03 N:l K

60.3 25.3 5.3 8.2 0.4 99.4
10.77 5.33 1.01 2.84 0.08 20.02 25.6

60.3 25.2 5.2 8 0.4 99
10.8 5.31 1 2.76 0.09 19.96 26

60.2 25.4 5.5 7.9 0.4 99.4
10.76 5.34 1.06 2.72 0.1 19.98 27.2

61.7 25.5 5.2 8.8 0.3 101.5
10.81 5.26 0.98 2.98 0.06 20.08 24.4

61 25.9 5.8 8.2 0.2 101.1
10.72 5.35 1.1 2.81 0.05 20.03 27.8

61.4 25.3 5.3 8.2 '0.3 100.6
10.83 5.26 1.01 2.82 0.07 19.99 25.8

61.6 25.5 5.4 8.1 0.5 101
10.82 5.27 1.01 2.75 0.12 19.97 26

61.1 24.8 5.1 8.1 0.6 99.6
10.88 5.2 0.98 2.79 0.13 19.98 25.1

61.9 25.5 5.3 8 0.4 101.2
10.85 5.27 1 2.7 0.1 19.92 26.3

61.3 25.3 5 8.5 0.2 100.3
10.83 5.27 0.95 2.91 0.05 20.01 24.3

Sample OU56880

Si02 AI203 QC Na20 K20 TOTAL %An
Si AI 03 N:l K

61.3 24.2 5.7 8.1 0.4 99.8
10.91 5.08 1.09 2.8 0.09 19.97 27.4

61.2 23.4 5.7 7.8 0.5 98.6
11.01 4.96 1.09 2.72 0.11 19.89 27.9
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60.9 23.8 5.6 8.5 0.4 99.1
10.93 5.02 1.07 2.95 0.09 20.07 26.1

61 23.6 5.6 8.4 0.4 99.1
10.96 4.99 1.09 2.93 0.1 20.06 26.4

61.1 23.7 5.6 8.3 0.2 99
10.97 5.01 1.07 2.89 0.06 20 26.7

61.4 23.7 5.5 8.4 0.3 99.4
10.97 5 1.06 2.92 0.07 20.03 26.2

61.2 24 5.4 8.4 0.3 99.3
10.92 5.04 1.04 2.89 0.07 19.95 25.9

61.4 ' 24.1 5.6 8.3 0.2 99.6
10.93 5.05 1.06 2.88 0.05 19.95 26.7

61 24.6 5.9 8.2 0.2 99.9
10.85 5.15 1.12 2.84 0.04 20.01 28.1

Sample OU56879

Si02 AI203 OD Na20 K20 TOTAL %An
Si AI ca f\B K

61.9 23.5 5 8.5 0.4 99.2
11.06 4.94 0.95 2.94 0.09 19.98 23.9

61.8 23.7 4.9 8.2 0.4 99.1
11.04 4.99 0.94 2.83 0.09 19:89 24.4

63.2 23.9 4.9 8.5 0.2 100.6
11.11 4.94 0.92 2.89 0.04 19.89 23.8

62.4 23.2 5 8.6 0.3 99.4
11.11 4.87 0.95 2.97 0.07 19.97 23.7

62 23.1 5.1 8.4 0.5 99.1
11.09 4.88 0.98 2.93 0.1 19.98 24.5

62.4 23.3 5.1 8.5 0.7 99.9
11.05 4.87 0.98 2.9 0.15 19.95 24.3

62 23.7 5.1 8.6 0.5 99.9
11.02 4.96 0.97 2.98 0.11 20.05 23.9

62.6 23.1 5.2 8.4 0.3 99.6
11.13 484 0.99 2.91 0.07 19.94 24.9

A.8.2: BIOTITE ANALYSES

Recalculation on the basis of 22 oxygens, using spectrum stripping method
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Sample OU56875

Si02 AI203 Ti02 FeD MnO tvtP K20 TOTAL
Si AI Ti Fe Mn Mg K

35.7 15.5 4.3 23.5 0.5 7.9 9.2 96.5
5.49 2.81 0.49 3.02 0.06 1.82 1.81 15.51

37.4 15 4.4 22.5 0.2 7.8 9.3 96.5
5.69 2.7 0.51 2.86 0.03 1. 78 1.8 15.35

36 14.6 4.7 22.2 8.1 9.5 95.1
5.59 2.67 0.55 2.89 1.87 1.88 15.46

35.5 14.4 4 21.9 0.4 8.3 8.9 93.3
5.6 2.68 0.48 2.89 0.05 1.94 1.79 15.43

36 15.3 4.1 22.2 0.3 8.2 9 95.2
5.57 2.79 0.48 2.88 0.03 1.9 1.79 15.45

36 15.1 4.6 23.1 0.6 8.2 9.3 96.8
5.51 2.74 0.53 2.96 0.08 1.86 1.81 15.49

35.7 15.2 4.1 22.4 0.4 8.4 9 95.1
5.53 2.77 0.48 2.9 0.05 1.95 1.78 15.49

35.4 14.9 4.6 22.6 0.4 8.3 9.3 95.5
5.5 2.73 0.53 2.93 0.06 1.93 1.83 15.52

Sample OU56879

Si02 AI203 Ti02 FeD MnO tvtP K20 TOTAL
Si AI Ti Fe Mn Mg K

35.3 14 3.5 24.4 0.7 8.4 9.2 95.5
5.55 2.59 0.42 3.21 0.09 1.96 1.84 15.66

35.3 14.6 3.7 23.9 0.5 7.9 9.1 95
5.54 2.7 0.44 3.15 0.06 1.87 1.83 15.58

34.9 14.1 3.5 24.4 0.8 8.5 8.5 94.7
5.51 2.63 0.41 3.23 0.1 2 1. 72 15.59

34 14.9 2.9 24.1 0.7 8.3 8.9 93.8
5.43 2.81 0.35 3.22 0.1 1.98 1.81 15.72

36.1 14.7 2.5 24.7 0.8 8.9 9.1 96.7
5.58 2.68 0.28 3.19 0.1 2.05 1.8 15.69

35.4 1 5 2.1 24.5 0.7 8.4 9 95
5.56 2.77 0.25 3.22 0.1 1.97 1.8 15.67

35.3 14.8 2.1 24.6 1 8.4 9.1 95.2
5.56 2.74 0.25 3.24 0.14 1.98 1.83 15.74
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Sample OU56880

Si02 AI203 Ti02 FED MrO MP K20 TOTAL
Si AI Ti Fe Mn Mg K

35.8 15 3 21.8 0.5 9.7 9.2 95
5.56 2.73 0.35 2.83 0.06 2.24 1.81 15.29

35.1 14.2 2.9 21.6 0.6 9.7 8.9 93
5.56 2.65 0.35 2.87 0.08 2.29 1.82 15.67

36.5 15 3.5 21.1 0.8 9.5 8.6 94.9
5.58 2.71 0.4 2.7 0.1 2.16 1.67 15.42

36.3 14.5 3.3 22.4 0.7 9.6 9.2 96
5.59 2.64 0.38 2.89 0.1 2.21 1.8 15.61

36.1 14.5 3.3 23.5 0.4 9.4 8.9 96.2
5.56 2.63 0.38 3.03 0.06 2.17 1.76 15.59

A.8.3: PYROXENE ANALYSES.

Recalculation on the basis of 6 oxygens by spectrum stripping

Sample OU56875

Si02 AI203 Ti02 FED MrO MP QC) TOTAL
Si AI Ti Fe Mn Mg Ca

51.4 15.1 1.3 9.1 23.1 100
1.99 0.49 0.04 0.52 0.96 4.01

51.5 15.4 1.3 9.4 23.1 100.7
1.98 0.5 0.04 0.54 0.95 4.02

51.5 0.2 15.6 1.1 9.1 22.3 99.7
2 0.01 0.51 0.04 0.53 0.93 4

51.6 15.5 1.2 9.4 23.6 101.2
1.98 0.5 0.04 0.54 0.97 4.02

52 15.2 1.1 9 22.7 100
2.01 0.49 0.04 0.52 0.94 3.99

52.2 14.9 1.4 9.3 22.23 100
2.01 0.48 0.05 0.53 0.~2 3.98

52.1 14.8 1.2 9.2 23.6 101
2 0.48 0.04 0.52 0.97 4

51.7 14.6 1.3 9.3 23.6 100.5
1.99 0.47 0.04 0.53 0.97 4.01

52.2 14.9 1.2 9.2 23.3 100.7
2 0.48 0.04 0.53 0.96 4
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51.9 1.1 16.8 0.9 9 20.3 100
2 0.05 0.54 0.03 0.52 0.84 3.98

Sample OU56879

Si02 AI203 Ti02 FEO MnO "'tP 00 TOTAL
Si AI Ti Fe Mn Mg 0:1

53.5 0.6 24.1 5.4 14.5 1.9 100
2.05 0.03 0.77 0.17 0.83 0.08 3.93

53.1 0.1 22.6 5.9 14.5 2.2 99.2
2.04 0.04 0.73 0.19 0.83 0.09 3.93

51.9 0.8 28.8 5.2 11.6 1 99.2
2.05 0.04 0.95 0.17 0.68 0.04 3.93

51.9 1 27.7 5.5 11.5 1.7 99.3
2.04 0.05 0.91 0.18 0.67 0.07 3.93

53.3 0.6 24.6 5.3 13.4 1.5 98.7
2.07 0.03 0.8 0.18 0.78 0.06 3.92

52.9 0.8 24.9 5.7 12.7 1.5 98.5
2.07 0.04 0.81 0.19 0.74 0.06 3.91

A.8.4: AMPHIBOlE ANALYSES

Recalculation by spectrum stripping

Sample OU56879

Si02 AI203 Ti02 FEO MnO "'tP 00 Na20 K20 TOTAL

45 8.5 21.8 2 8.8 10.7 1.4 0.8 98.6

42.7 10.4 0.2 23.5 1.8 7.6 10.8 1 1 98.9

43.5 8.6 0.4 23.4 1.6 8.1 10.4 1 0.7 97.6

43.6 9 0.5 23.4 1.6 7.7 10.3 1.4 0.8 98.2

43.9 8.1 0.2 22.6 1.7 8 1 0 1.4 0.7 96.6

42 10.1 0.8 23.5 1.2 6.7 10.7 1.4 1.2 97.6

42.4 9.9 0.8 23.6 1.1 7 10.2 1 .1 1 97.1

Sample OU56880

Si02 AI203 Ti02 FEO MnO "'tP 00 Na20 K20 TOTAL

43.3 8.5 1 .1 20.2 1.3 9.2 1 1 0.7 0.9 96.2
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APPENDIX 9:

(a): LOGISTIC REPORT TO ANTARCTIC DIVISION, DSIR

, (b): KOETTLITZ GROUP META-SEDIMENTS AND ORTHOGNEISSES FROM

THE MID TAYLOR VALLEY AND FERRAR GLACIER AREAS.

Paper published in N. Z. Ant. Rec. Vol 8, No. 1, pp48-60.

Figure 1 = figure 2.10 in this thesis

Figure 2 = figure 2.15 in this thesis

Figure 3 =figure 2.16 in this thesis

Figure 4 =figure 2.17 in this thesis

Figure 5 = figure 7.4 in this thesis

Figure 6 = figure 7.11 in this thesis

Figure 7 = figure 7.8 in this thesis.
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K061 LOGISTIC REPORT TO DSIR ANTARCTIC DIVISION

EXPEDITION AIMS
(a) Andrew Allibone: Highly deformed Koellitz Group rocks in the mid Taylor

Valley,Dun Glacier and Cathedral Rocks areas contain migmatitic and non migmatitic gneisses
of unknown parentage. It is hoped that detailed studies of these localities will allow
differentiation between ortho- and para-gneisses within this part of the Koellitz Group. A

, simultaneous structural and geochemical study of migmatites within these gneisses will help
unravel chemical processes involved in migmatite formation and the interelationships of these
chemical processes to the structural evolution of the Koellitz Group. Petrologic studies of the
various mineral assemblages (e.g.sillimanite,biotite, cordierite), associated with the variety of
different lithologies present in the Koellitz Group will be of considerable inte~est to workers in
similar terranes elsewhere, (e.g. Fiordland).

(b) Robert Smillie: By the combination of field observations, petrographical and
geochemical work, it is hoped to distinguish between, and classify basement granitoids of the
Taylor Valley and Ferrar Glacier regions, with particular emphasis on the syn-tectonic Larsen
Granodiorite and post-tectonic Irizar Granite.

Specific points of interest include elucidating the origin of these granitoids. It is thought
that the Larsen Granodiorite may be derived from adjacent Koettlitz Group metasediments by
partial melting and that the younger Irizar Granite may be derived from a 'transitional'
granitoid, the Briggs Hill Phase, which has affinities to both Larsen and Irizar granitoids. It is
hoped that a systematic application of whole rock analysis data will provide valid petrogenetic
hypotheses as to the origin of these granitoids.

The compositional variability of the Larsen Granodiorite is a further point of interest;
previous workers have tended toward the concept of the Larsen Granodiorite as being highly
variable in composition, ranging from diorite to tonalite through granodiorite to monzonitic
diorite. Field observations however, reveal distinctly separate granitoids of the above
compositions, suggestive of several intrusive phases.

(c) Simon Cox: Olympus Granite Gneiss was defined by McKelvey and Webb (1962) to
describe strongly foliated gneisses of the Wright Valley, the type locality being on the south
side of the Olympus Range, immediately east of Bull Pass. They noted the difficulty in
interpreting Olympus Granite Gneiss, especially its relation to Dais Granite and Asgard
Formation, with which it is in contact, and concluded that it "may be interpreted as either
metasomatised Asgard Formation rocks or as the border phase of an intrusive pluton"
(McKelvey and Webb 1962 p160).
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Subsequent workers studied gneisses in the Wright Valley, and other areas of South

Victoria Land. and correlated them with Olympus Granite Gneiss proposing no less than five

different interpretations of its origin. Observations by R.H. Findlay and D.Craw during

reconnaisance mapping suggest that some combination of these interpretations may be more

realistic.

The objective of Simon Cox (K061B) was to undertake a detailed study of Olympus

Granite Gneiss at its type locality in an attempt to understand its origin. with emphasis placed

on foliation development and its relationship to deformation of Koettlitz Group (=Asgard

Formation) metasediments. Research during the field season followed up by detailed laboratory

work (in particular detailed structural analyses at all scales, petrographic studies and

geochemical analyses), should provide information necessary to clarify Olympus Granite

Gneiss' origin. Results will be submitted as a Master of Science thesis and. in a more brief

form. to scientific journals for publication.

Reference:

McKelvey, B.C., Webb, P.N.; (1962); Geological investigations in southern

Victoria Land. Antarctica. Part 3, Geology of the Wright Valley. NZJGG 5:

143-162.

EXPEDITION PLANNING

Because of Dave Crawls previous work in the area planning of the field programme was

relatively straight forward. Areas of good outcrop were selected from Dave Craw's slides and

field notes.

Available maps and .aerial photos plus other library materials requested were recieved

promptly on request from the librarian. This service was much appreciated.

The Tekapo training course allowed scientific members of the party and field assistants to

meet with each other and Scott Base personel. In this regard the Tekapo training course was

particularly valuable.the roundrobin sessions providing familiarisation with field equipment

and the "camp out" on Tekapo skifield were a great help to those members of the expedition

less familiar with field operations in Antarctica.

However event K061 learnt more about field conditions in one informal evening session

than in several rather poorly presented formal lectures. We strongly commend Peter Foster for

organizing this session and suggest Antarctic Division make more use of this approach. A large

proportion of material presented at Tekapo is given mainly for Scott Base personnel while

some important field party requirements are ignored. Information on weather conditions to be

expected is one important omission. Very little comment was made about katabatic winds.

Wright Valley easterlies, sea fog and its associated snow. All of these weather conditions were

encountered by various members of K061. After 25 years of observations some patterns must

be emerging from the data that would allow field parties to be pre-briefed on likely conditions
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and temperatures patterns. A question and answer session with either a Met.Office person or a
someone who has spent an extended amount of time in the area concerned would be useful.

Although some members of the expedition felt that the Tekapo training course could
be shortened by a couple of days particularly for those personnel who had already been to
Antarctica, others thought that this may not allow enough time for all personnel to get to know
each other prior to arrival on the ice. The party as a whole found several of the science talks
somewhat baffling. Rather than having a detailed discussion of what each science party was
doing one speaker could introduce the personel from each science event and say where, when
and briefly what they are doing. This would achieve the aim of introducing the various events
to all personnel without confusing everybody about what they are actually doing.

Event briefing sessions allowed final adjustments to the event schedule to be made and
gear requirements to be confirmed. These sessions are particularly valuable in that "face to
face" discussions with antarctic division staff allow changes to be made to schedules and gear
requirements much more easily than through a series of letters or telephone calls.

Pre-flight arrangements and the briefing prior to travel to Antarctica were all quite clear
and easy to follow. Likewise medical and dental examinations required for Antarctic Division
records were clearly outlined.

CARGO
No cargo was forwarded to Antarctic Division for transport to Scott Base. During planning

for the expedition the number of boxes required for transport of rocks from the field to Scott
Base and then New Zealand was underestimated. Consequently K061 had to make use of '
plastic woven sacks which do not protect the samples from crushing or grinding together.
Estimating the volume of samples to be collected by geological expeditions is difficult,
therefore it would be useful for Scott Base to have plenty of extra boxes available in the future.

PERSONNEL
The following personnel can be reached at the address below:
Andrew Allibone, Simon Cox, Robert Smillie, David Craw, Richard Norris:

Geology Department,
University of Otago,
P.O. Box 56,

Dunedin.

MaxWenden,

C/- Southern Alps Air Charter,
Makaroa West,

Via Wanaka.
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Adrian Daly,

291 Avonhead Road,

Christchurch 4.

Maxs' and Adrians' experience at living and working under Antarctic conditions made life
in the field considerably more pleasant. Their knowledge and experience of climbing and

. glacial travel was invaluable for covering large areas of ground which overwise would not have
been attempted. Both Adrian and Max provided detailed instruction on ice and rock climbing
techniques which were not covered during survival school training. All scientific members of
K061 had complete confidence in their abilities as field leaders.

In the case of K061A, more could have been achieved had two field assistants been
allocated to the party, to allow movement as parties of two. There were many days when the
the two geologists in K061A wished to visit different localities on the same day.

FIELD PREPARATIONS
Despite arriving a day late at Scott Base due to bad weather K061 was not delayed in

departing for the field. This was due largely to Adrian having organised all K061's gear prior
to our arrival at Scott Base. All that remained to be done was the fitting of crampons and the
collection of our fresh meat supply from the freezer.

All field equipment requested from Scott Base was available and in good condition. No
modifications were required to any equipment issued.

All three scientific members of the party found the survival training course valuable both
for the skills that were taught and as an aclimatisation period to Antarctic conditions. The more
inexperienced personnel found the crevasse awarness session particularly valuable. Likewise
going back over roping up techniques and other skills demonstrated at Tekapo was also
important. In the case of field parties such as K061 it would have been useful to be more
familiar with assisted hoist techniques such as the Z pulley system which was only briefly
demonstrated at survival school. Some members of the party also felt that some rock climbing
instruction would be usefull for geologic parties particularly in the Dry Valleys.

HELICOPTER OPERATIONS: K061ALPHA
15-Dec-86: Scott Base to Lake Bonney camp site. On board; Daly, Allibone, Smillie.

Total load 1200Ibs
29-Dec-86: Lake Bonney to Scott Base. Retro 650lbs of geologic samples on helo

dropping in K211.
5-Jan-87: Scott Base to the Mummy Pond (K061C). On board; Craw, Norris. Total
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load 900lbs, .,
5-Jan-87: Mummy Pond to Lake Bonney camp site. On board; Craw, Norris, Daly,

Allibone, Smillie.Totalload 1600lbs.
5-Jan-87: Fly approx. 15 km up valley from the Lake Bonney campsite and pick up

geologic samples from deposit point on the Taylor Glacier.
On board; Daly, Allibone, Smillie. Total load 840lbs.

10-Jan-87: Lake Bonney campsite to the helo crashsite.Wright Valley. On board; Craw,
Noms. Daly, Allibone, Smillie. Total load 1500lbs.

10-Jan-87: Helo crash site to Lake Bonney campsite. On board. Wenden, Allibone,
Smillie. Total load 650lbs.

10-Jan-87: Lake Bonney campsite to Dun Glacier. On board. Wenden, Allibone, Smillie.
Total load 1700lbs. Retro 600lbs of geologic samples to Scott Base.

16-Jan-87: Dun Glacier to Darkowski Glacier. On board; Wenden, Allibone, Smillie.
Total load 1800lbs. Retro 400lbs of gear plus geologic samples to Scott Base.

25-Jan-87: Darkowski Glacier to Scott Base. On board; Wenden, Allibone, Smillie, Total
load 1500lbs.

Helicopter operations were successful in that they moved K061A and their rock samples
according to the previously arranged schedule. Helicopter operations were also flexible enough
to allow a change in K061A's schedule. Instead of moving to the Descent Glacier on the 14th
January as originaly planned. K061A were able to change their movement to the Darkowski
Glacier on the 16th january. K061A also appreciated the efforts of the OIC to try to cordinate
the movements of American parties with their own movements in the Taylor Valley. Had this
been possible it would have saved K061A a days walk to and from our west camp and another
days walk to the Mummy Pond. K061A would imagine that to provide this type of close
support without coordination with other parties would be cost prohibitive although it would
save a considerable amount of time and strenuous effort.

HELICOPTER OPERATIONS: K061BRAVO
15-Dec-86: Scott Base to Vanda Station. On Board; Wenden, Cox. 2 Scott Base

Personnel. Total load 1500lbs.
29-Dec-86: Vanda Station to Mid Wright Valley (Crashed Helicopter Site near 211m spot

height). On Board; Wenden, Cox. Total load 1100lbs.
12-Jan-87: Mid Wright to Vanda Station. On Board; Daly, Cox. Norris, Craw. Total load

1800lbs.(410ads in Polar Sea Siqourskis)
12-Jan-87: Vanda Station to Scott Base. Retro 200lbs of geologic samples. human waiste

and garbage.
14-Jan-87: Vanda Station to Dais. On Board; Daly, Cox. Total load 1100Ibs.
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14-Jan-87~ Vanda Station to Scott Base. On board; Craw, Norris.Totalload 800lbs.
22-Jan-87: Dais to Vanda Station. On Board; Daly, Cox. Total load llOOlbs.
22-Jan-87: Vanda Station to Scott Base. Retro 70lbs of geologic samples, water bottles,

human waiste and garbage.
24-Jan-87: Vanda Station to Scott Base. (With 2 minutes downtime at the Bull Pass

drillsite to pick up large geologic samples from the drill core). On Board;
Daly, Cox. Total load lOOOlbs.

Some confusion and misunderstanding arose between K061B and Scott Base over
helicopter operations and schedule rearrangement. On the 12th of January K061B and K061C
requested permission for three members (Cox, Craw and Norris) to walk to Vanda Station (4
hours away) whilst leaving Daly to load the scheduled helicopter and fly to Vanda with the
equipment during that day. The purpose of this walk was to study in detail the transition from
Koettlitz Group into the Dais Phase (Olympus Granite Gneiss and Dais Granite) rocks - an
important section in the determination of the Olympus Granite Gneiss' origin. It also meant that
another day ofjoint K061B and K061C work could be done, rather than waiting around all day
for a short transit flight. Although this request was a change to the schedule, it was assumed
that there would not be any problems in removing 600lbs from the scheduled weight,
especially in light of the fact that nowhere on the schedule was there any mention of geologic
sample weights This request was denied because 48 hours notice had not been given and
because the helicopters were expecting 600lbs of personnel on board and had allocated so
much fuel for this which had to be burned off. The OIC told K061B and K061C in no
uncertain terms that "You will get on that helicopter and fly to Vandal". Consequently when
two Polar Sea Sikorskis turned up K061 moved to Vanda, taking four trips! The fourth one,
before lifting Craw and Daly, had to make a special unscheduled trip down to Marble Point for
more fuel.leaving Craw and Daly with no survival g~ar. Had K061 been more alert to the
situation, or communication a little better between K061 and Scott Base, 600lbs of sand could
have been loaded into the helicopter to replace the weight of those walking. As it was, a
valuable days joint work was wasted and the next day was spent walking back to the Mid
Wright to study what would have been studied the day before, had walking been allowed.

Another example of K061B/Scott base misunderstanding occurred towards the end of their
stay. On Monday the 19th of January, after 5 days work on the Dais, K061B made the
decision that instead of returning directly to Vanda Station on the 22nd Jan to spend a day
"tidying up loose ends" in the geology as scheduled, it would be more profitable to study the
north wall of the north branch of the Wright Valley, which had been previously mapped as
Vida Granite but which showed all the indications of being Koettlitz Group rocks. Also in this
area was a previously unmapped McMurdo Volcanics cinder cone which may have
considerable significance to the proposed geology programme of the 1987-88 season.
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A.. request was made (on the 19th) for the schedule to be changed such that on the 22nd
K061B would be dropped off above the North Wall of the North Branch with survival
equipment, whilst the rest of their equipment was retroed to Vanda - a change that involved 5
extra minutes of helicopter time. The plan was for K061B to work during the evening around
the cinder cone, and on the side of Mount Dido, and descend to Vanda station by foot on the
23rd studying the rocks and testing their hypothesis that the north branch comprised Koettlitz
Group rocks.

Prior to this request, K061C had been speaking with the OIC and had mentioned that
K061B~ wish to make a change to their schedule (to pre- warn the OIC) and back to the
Mid Wright instead of Vanda Station. This possible change, discussed within K061B and C,
was dependant on the importance of the rocks found on the Dais. When K061C asked K061B
if they wanted to go back to Mid Wright on the 15th of Jan they recieved the reply "We will let
the OIC know by Monday night" - leaving more than 48 hours notice. Somewhere here there
was a communication breakdown and the OIC rearranged the schedule such that K061B would
fly to the Mid Wright on the 22nd.

On the 20th the DOIC, in the absence of the OIC, conveyed the message that the request by
K061B to fly to the cinder cone was denied and that K061B would fly to the "Lower Wright
crashed helicopter site" (not the Mid Wright) as per the schedule. Somewhat confused, not
being aware that the schedule had already been changed once, K061B could not understand
what was happening and, under the belief that they had made their request for a change through
the correct channels with plenty of notice, a heated discussion on the radio ensued.

Eventually all was sorted out by the Antarctic climate. The Onyx river flooded thus making
crossing at Mid Wright impossible. The extra work that was to be completed could not be
done. (Clean drinking water would also need to be flown in specially). Thick cloud descended
to 4500ft making a helicopter landing impossible at the cinder cone and hence K061B's request
was not possible - though this had been denied anyway. So they went, as per the original
schedule, back to Vanda.

In general loading and unloading of helicopters went very smoothly and efficiently - quite
often with the helicopters shutting down for this time. However, on one or two occaisions, the
move to Vanda on the 22nd being a prime example. It took 26 minutes to load the helicopter
during which time the rotors kept turning and the load master packed and repacked the not
unusual load (cf: a typical 10 minutes loading). 6.5 minutes was then spent in the air to Vanda.

A misunderstanding also arose over the retro of geologic samples. During the initial brief
with Jim Barker in New Zealand, K061A and B were told to retro rocks to Scott Base as often
as possible. Hence when empty helicopters were returning to Scott Base and the pilots/crew
asked if there was anything that they could take back to Scott Base, rocks were sent back to
Scott Base. Unbeknown to K061B this retro of rocks was being charged for these hours.
Direct radio contact with a field coordinator at Scott Base could have helped to overcome this
problem.
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EVENT DIARY: K061ALPHA

15-Dec-86

Depart Scott Base for Lake Bonney campsite arriving at Lake Bonney at approx. 11.00am.

K061A spent the rest of the day setting up camp and having a brief look at the geology on the

western side of the Rhone Glacier.

16th to 22nd -Dec-86

The first week was spent examining outcrops on the northern side of the Taylor Glacier.

Travelling upvalley along the scree slopes proved to be rather arduous. Consequently travelling

along the Taylor Glacier was tried as an alternative. Crevasses were only found within a few

10s of metres of the snout of the glacier. However ice cliffs upto 25 metres high along the

northern side of the glacier had to be abseilled down to reach the outcrops.The steep

precipitous nature of the outcrops in this area required a moderate degree of confidence in rock

climbing skills to fully examine the outcrops. The weather during this period was

predominantly overcast with variable winds. Wind strength did not seriuosly hinder work

during this time. Likewise the relatively mild temperatures (_2° to +3°C) were no problem to

work in.

23rd to 29th-Dec-86

During this time outcrops on the southern side of the Taylor Glacier and Lake Bonney

were visited.Outcrops as far east as Bonney Riegel and as far west as a prominent cinder cone

of McMurdo Volcanics were examined. Access to the southern side of the valley was gained by

crossing the lake ice around the snout of the Taylor Glacier. Sunny weather predominated over

cloudy conditions during this part of the trip. The easterly wind was stronger on the southern

side of the valley compared with the northern side. On the 23rd and the 24th snow fell on the

mountain sides to within 500 metres of the valley floor. Temperatures were again in the _2° to

+3°Crange.

30th-31st-Dec-86

On the morning of the 30th K061A walked 15KM up the Taylor Glacier to their "west

camp". This camp was situated by the only break in the ice cliffs on the northern side of the

Taylor Glacier.During the afternoon and evening of the 30th and the following morning

K061A examined outcrops within the vicinity of this camp.During the afternoon of the 31st

K061A walked back to Lake Bonney along the glacier, leaving 300lbs of samples to be picked

up by helicopter on the 5th-Jan.
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EVENT MAP: FERRAR GLACIER LOCALITIES.

SCALE:1 :50,000
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1st to 4th-Jan-87

On the 1st K061A tramped down the Taylor Valley to the Mummy Pond.the trip taking just
over four hours.Water in the Mummy Pond is slightly saline but drinkable particularly if used
for brews. Both the 2nd and 3rd were spent on Nussbaum Riegel in brilliantly fine weather and
very little wind. These two days were unique for their lack of wind. On the 4th K061A climbed
an unamed peak to the northwest of the Mummy Pond, collecting a number of samples on the
way down.

5th to 10th-Jan-87

On the 5th Drs Craw and Noms arrived from Scott Base. All personnel then returned to
the Lake Bonney campsite. The afternoon of the 5th and all the following day were spent on
the northern side of the valley. the 7th, 8th and 9th were spent examining outcrops on the
southern side of the valley. Constantly above zero temperatures for the previous week meant
that the lake ice was no longer safe to walk across. Instead access was gained by climbing up
onto the glacier and walking across to a gap in the ice cliffs approximately 400 metres up from
the glacier snout on the southern side.

On the 10th Drs Craw and Noms plus A.Daly moved to the Wright Valley, while M.
Wenden, A.A1libone and R.Smillie moved to the Dun Glacier.

11th to 16th -Jan-87
During this time K061A camped on a wide moraine bank extending along the side of the

Ferrar Glacier. Water was easily obtained from melt pools present on this strip of moraine. The
weather was predominantly sunny with only minor overcast periods. Strong westerly winds of
upto 35knots made fieldwork rather unpleasant on four of the six days spent in this
locality.Temperatures were slightly colder than in the Taylor Valley ranging from _5° to +1°C.

Outcrops as far west as the Headley Glacier and upto 10km east of the Dun Glacier were
examined. Again the precipitous nature of some of the outcrops made rock climbing skills
essential.

On the 16th Jan. K061A moved to the Darkowski Glacier.

17th to 25th-Jan-87
A good campsite was found on a narrow strip of moraine just to the west of the junction of

the Ferrar and Darkowski Glaciers. Again water was taken from small iced over melt pools.
Three days fieldwork were lost because of dense fog and snow which blew up the Ferrar

from the east. On the afternoon of the 24th similar weather prevented us from returning to Scott
Base until the next day.Temperatures ranged from _8° to +4°C.

Fieldwork was completed as far west as the Emmanuel Glacier and as far east as the Bol
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Glacier. Access from the Ferrar Glacier to the outcrops along the base of Cathedral Rocks was
hindered by large partialy frozen melt pools.A large number of snow covered melt streams and
pools on the Ferrar Glacier in the vicinity of the Bol Glacier junction made travel in this area
hazardous.

On the morning of the 25th K061A returned to Scott Base.

EVENT DIARY: K061B
15th-Dec-86

Depart Scott Base for Vanda Station where K061B recieved a warm Welcome from the
VOIC and staff. After a brief on Vanda (fire regulations etc) the rest of the day was spent
having a familiarisation walk amongst the rocks around Vanda.

16th to 28th-Dec-86

This period was spent doing sortes around Vanda station studying the Dais Granite and its
relationship with the Olympus Granite Gneiss. There were no problems with route finding or
access, though for the first few days distances were very deceptive - what looked like a twenty
minute walk to an outcrop may take as long as two hours. Days were spent as follows:

16th: To the Bull Pass Drillsite;
17th: Eastward on the true right of the Valley to opposite the Bartley Glacier snout;
18th: Eastward in the centre of the Valley and onto the south wall below the Heimdall

Glacier;

19th: Westward on the south wall of the valley and then across and onto the eastern
end of the Dais;

20th: Onto the shelf on the south side of Mt Pelius and a traverse into Bull Pass;
21st: In the dykes between Lakes Vanda and Bull;
22nd: To the slopes above the Bull Pass drillsite;
23rd: Work in the Vanda Station Laboratory;
24th: To the eastern slopes ofMt Jason above Bull Pass, descend into Bull Pass then

climb onto the western slopes of Mt Pelius;
25th: Christmas Day - rest day;
26th: Onto the south wall of the Wright valley on the slopes of Odin;
27th: Eastward in the centre of the valley to level with the Bull Pass Drillsite;
28th: Onto the slopes of Mt Odin.

29th-Dec-86

Depart Vanda Station late afternoon for the Mid Wright valley where we set up camp at the
crashed helicopter site near spot height 210m. The crashed helicopter provided an excellent
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5th:

10th:

6th, 7th:

8th:

9th:

11

windbreak to put our toilet box into, thus making defacation more pleasant. During the
evenings the sun would pass behind mountains of the Asgard Range throwing the camp in
shade and lowering the temperature. This made sleeping rather easier than at the Dais (see
below). Water was taken from the Onyx river.

30th-Dec-86 to 12th-Jan-87
Working from their camp K061B studied detailed sections through the Olympus Granite

Gneiss and Koettlitz Group rocks. There were no hassles with route finding and only
ocaisional steep bluffs and scree slopes caused any problems. Days were spent as follows:

30th, 31st, 1st, 2nd:

Detailed work on the true right side of the valley between Mt Pelius
and Mt Theseus;

3rd,4th: On the north wall of the Wright Valley to the east of, and under, Mt Theseus.
Steep traversing on awkward loose scree and the occaisional snow gulley;
Between the Bartly and the Meserve Glaciers. Crossing the kneedeep Onyx river
was a little unpleasant requiring the removal of boots. A long day with a
demoralising two hour walk through soft ground in a forty knot headwind back
to camp at the end of it;
Between the Meserve and Hart glaciers;
To Lake Brownworth and the Lower wright Hut;
Between the Hart and Goodspeed Glaciers. The Onyx could now be crossed
without getting wet feet;
Dr's Norris and Craw, and A. Daly arrive. M. Wenden departs with K061A. A
brief look at rocks on the true right side of the valley between Mt Pelius and Mt
Theseus;

11th: Between the Meserve and Hart Glaciers;
12th: Move to Vanda Station.

13th and 14th-Jan-87
On the 13th a long day was spent covering the whole section of the Wright Valley between

Vanda Station and the Meserve Glacier. Strong headwinds (40 knots?) made the return
journey unpleasant. Though not particularly easy, walking in a line breaking the wind for each
other (like cyclists) worked suprisingly well.On the 14th K061B flew to the Dais and K061C
returned to Scott Base.

15th to 22-Jan-87
A camp was established on top of the Dais on a flat part between the eastern and western

summits (Lat,Long,161°11',77°33'). 100 litres of water was brought in from Scott Base. On
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top of the Dais (at 860 metres) was a fantastic place to camp with magnificent views of the'.Olympus and Asgard Ranges. Even more pleasant was that at that altitude K061B were out of
the persistant 20 - 30 knot wind that K061B had been in for the past month on the Wright
Valley floor. However at this altitude our camp had bright sunlight shining on it all night
making sleeping quite difficult (our polar tent was one with a red inner tent).

The week was spent working from the eastern end of the Dais towards the west and into
the head of both the North and South branches mapping the geology in detail. Small water
pools, in our opinion good enough for drinking though slightly tainted were found between
the Dais and the Labyrinth (Lat,long;161°3.5"77°33') and in the head of the South Branch
(Lat,Long; (a)160056',77°33.5' (b)160057',77°33' (c)160058.5',77°33.5'). Care was needed
working on loose ground at the top of cliffs up to 2000' high where the exposure (of the rocks)
is best. The route between the Dais western summit and the Labyrinth is not particularly
difficult, though quite a lot of height is lost. On the 22nd K061B flew back to Vanda and spent
the afternoon helping the Vanda Staff clean up the mess and remains of a toilet barrel that had
been dropped from beneath a helicopter.

23rd and 24th-Jan-86
The 23rd was spent around Vanda station having a final look at the Dais Granite and

collecting some samples. Some samples were collected for the personnel of the proposed
1987-88 geology programme. The evening, was spent sorting through field equipment,
washing the pots and plates etc before our return to Scott base on the 24th. During K061B's
return to Scott Base they collected four large samples of the more-mafic Olympus Granite
gneiss, the more leucocratic Olympus Granite Gneiss, the Vanda Porphyry and the Theseus
Granodiorite for geochemical analysis (each about 15 - 20lbs).

WEATHER: K061A
A daily weather log was recorded in the "Met Office Outstation Book" and reported to

Scott Base during radio sked.
The temperature was most favourable for field work, witha minimum temperature of only

_8° C. Maximum temperature was +5° C, while mostly it was in range _4° to +2°C.
Easterly winds of 5-10 knots, gusting up to 25 knots, prevailed in the Taylor Valley. The

wind blew constantly, except for 2 to 3 hours in the early morning.
At our Dun Glacier camp strong westerly winds up to 30 knots made fieldwork particularly

unpleasent along exposed ridges.
Low cloud and snow was rare in the Taylor Valley; only on one occasion did snow cover

outcrop, preventing fieldwork for half a day. Low cloud and snow was more of a problem
during our stay at the Darkowski Glacier, with visibility being limited to less than 50 metres
for much of the time over a three day period. No fieldwork was possible on these occasions.
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Similar weather delayed our move back to Scott Base by one day; this was the only move

affected by poor weather.

WEATHER: K061B
A daily weather log was recorded in the "Met Office Outstation Book" and was reported to

Scott Base during radio sked whilst we were not at Vanda Station.

The temperature was quite favourable for field work. Temperatures mostly ranged between

_5° and +5°C, with a minimum of -lOoe and a maximum of about 12°C.

During the first two weeks of K061B's stay easterly winds would begin about 9am

reaching a persistant 25 - 25 knots for the rest of the day. However these winds were only in

the bottom of the valley and it was pleasant to climb out of them as little as 500 feet up the

valley walls. They made walking in soft gravel at the end of the day hard work.

During the next two weeks whilst at the Mid Wright K061B experienced some winds from

the west, in between constant easterlies. Though the ambiant temperature was lower during the

westerlies, the air was much dryer and we remained warmer than in the easterlies which

brought damp air from the Ross sea and some cloud. One morning was calm and K061B

enjoyed walking around with jerseys off. Particularly demoralising were days when we walked

into a head wind for 5 hours only to have the wind change direction and become a head wind

for the 5 hour return home.

The weather during our stay at the Dais was particularly-pleasant - mostly calm and warm.

However this was presumably the reason for the flooding of the Onyx and would have been a

hinderance had we wished to cross the Onyx. It cooled down on our last evening there and it

snowed lightly.

FIELD EQUIPMENT
All clothing was supplied by either party members or the University of Otago. The

Otago University supplied Fairydown Polar Sleeping Bags which were more than adequate,

Fairydown Ramar and Thinsulate salopettes that were very good, and down jackets that were

rarely worn. Fairydown windmitts and Dachstein mittens, also supplied, were rarely worn due

to the difficulty of writing notes with them on. Instead woollen Norsewear gloves and

polypropylene liner gloves were worn but quickly developed holes from the handling ofcoarse

rocks. Perhaps leather ski gloves, which are windproof, would have been more suitable.

For K061B in the Wright Valley persistarit dry winds necessitated the use of glasses all the

time to stop eyes from drying out and getting sand in them. Fairydown Stratus jackets proved

to be particularly good in the wind and their large pockets great for geologists notebooks,

compasses etc. A homemade windsuit out of 400mm ripstop nylon was also a very good piece

of gear. Though not the usual equipment in the wet New Zealand climate, jeans worn over the

top of polypropylene longjohns were all that was needed on the lower half of one's body on
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most ocaissions - though did tend to chaffe a little. Headwanners (the woollen headbands)
were also very good. Koflach Nepal trekking boots, with a covering of Selleys spread sole to
reduce wear and tear, were very comfortable being lightweight yet providing plenty of
support. However, towards the end of the stay the stiching was wearing out and sand filled up
between the inner and outer leather necessitating "emptying" of this sand each morning.

K061A wore heavier Koflach Viva Soft climbing boots which provided good support on
rugged scree but which were totally worn out after seven weeks.

Equipment issued to us by Antarctic Division included tentage,climbing gear and kitchen
utensils. Allthe equipment supplied by antarctic division functioned very well except for the
Makalau crampons. These broke in several places while walking on the hard glacier ice. This
may have been due to the poorer quality of the metal or to metal fatique produced by several
seasons wear. Selewa crampons used during the latter part of the expedition did not break.
However problems were experienced with the allan screws coming loose while walking. This
problem could perhaps be rectified by adding a small locking nut to the end of the
allanscrew/bolt, All other equipment was returned in the condition it was received in.

Food boxes supplied by Antarctic Division were on the whole very good, particularly
when supplemented with some fresh meat and frozen vegetables. On a number of occasions
margarine was used for baking. This meant that both K061A and K061B ran out of margarine
prior to leaving the field. Perhaps more margarine could be included in the ration boxes.
Members of the expedition found that the number of "sledge biscuits" supplied in each box ran
out rather quickly and as a result we ran out of food for lunch. Perhaps Cabin Bread or more
sledge biscuits could be made available to parties with big midday appetites.This problem was
partially solved by asking Scott Base for a loaf of bread at resupplies. On the first occasion
when this was done the bread arrived in a blue rubbish bag along with various other items
including cans of beer and loose mail. The cans of beer ripped a big hole in the plastic bag
allowing mail and bread (by now crumbs) to spill over the helicopter floor. The explanation
given by the DOIC for the packaging was that he had "run out of time at the last
minute" ,despite the fact that two days notice of our request had been given. On the second
occasion the same method of packaging was employed for both the bread and flour.with
equally disastrous results. We were suprised to learn that the DOIC was involved in packing of
field party resupplies while also attending to the running of Scott Base. We suggest that the
task of organising, packing and delivering of field party resupplies be the sole responsibility of
a "field liason officer"(for further comment on this point refer to section "RADIO
COMMUNICATIONS").

During our short stay at Scott Base we found the food to be extremely good. Our
compliments to the chefs.
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The P.E.L. (HP) proved to be most effective as well as being both simple to operate and
easy to carry. The spare set of batteries did not need to be used, with the eight batteries lasting
six weeks. The aerial was quickly and easily deployed. There were no problems with aerial
breakages.

Communication with scou Base was not possible from the Taylor Valley, however comms
with Vanda Station were usually strength 5. For this reason radio skeds were done with
Vanda, twice daily at 0800 and 2000 hours. Whenever we anticipated a long working day we
would arrange a later evening sked at 2200 hours.

Communication with Scott Base was possible from both camps in the Ferrar, with
reception commonly at stength 4. Communication conditions were never less than strength 2.
It should be noted however that at this stage Scott Base was now using the enable switch on
channel five of the Mt Newall repeater to communicate on HF frequencies.

Communication between Scott Base and K061B in the Wright Valley was not possible on
HEuntil after they began to use the enable switch, at which reception was usually strength 3.
Prior to this communication was with Vanda station on HF (2773kHz) which was always
strength 5.

K061A could neither transmit nor recieve from any of our camps on the hand-held Tait
(VHF), due to the unfavourable location of the Mt. Newall repeater. Communication with
Scott Base and Vanda Station by K061B on the Tait was good throughout the Wright Valley on
channel 5 as long as the Mount Newall repeater position could be seen. Channel 6 "Chit Chat"
with Vanda was also possible from most places in the Wright Valley, and from on top of the
Dais. This proved quite useful for keeping Vanda staff informed of K061B movements.

Details of forthcoming field movements, changes to schedule and requests for items such
as extra food, film and batteries were easily conveyed to the radio operator. However,
confrrmation of requests prior to delivery were seldom given, even though at least two days
notice was given. This meant that any necessary changes to the list could not be made if certain
items were not available.

Mail delivery to K061A was a problem on one occasion. On Jan 14th mail for K061A was
sent to Vanda Station when in fact K061A was situated at the Dun Glacier and had no
scheduled move that day. By the time this mail was returned to Scott Base it was not able to be
delivered to K061A until we left the field on Jan 25. The confusion may have been due to the
change in our scheduled move from Jan 14 to Jan 16. Apparently not all Scott Base personnel
involved were aware of this change, thus K061A's mail was sent to the wrong place on the
wrong day.

K061B experienced similar problems with Scott Base. Beer ordered for Christmas arrived
at Vanda station, where there were 8 other NZARPs also expecting their Christmas orders,
without any marking to say who they were for. There was general confusion and nobody knew
who had paid (or was to be billed) for the beer, and whether or not the amount that had arrived
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was the amount that had left Scott base.
At other times various supplies were ordered, but there was never any confirmation as to

whether or not they were available. Hence when they did not arrive with the scheduled
helicopter move one was left wondering whether or not Scott Base had forgotten the order, or
whether the order was unavailable. Had it been unavailable and the party concerned informed
then some sort of alternative could have been arranged.

On the 10th of January a resupply of frozen food, a food box and water bottles were
supposed to be delivered to K061B with the arrival of K061C. The frozen food arrived but

. mail to K061B was sent to Vanda station and there was no sign of the new food box or the
water containers. Scott base was told of their mistake and K061B was told that the resupply
would be on the helicopter that shifted them on the12th to Vanda. On the 12th the helicopters
shifted K061B but there was no sign of the food box or the water containers. That night Scott
Base was informed of the absent resupply, and someone was quoted in the book of Vanda
quotes - "Listening to the radio is like listening to the goon show". On the 13th a helicopter
arrived at Vanda station from Scott Base but there was no sign of the resupply. Scott Base
were told by K061B that if the water bottles and resupply were not on the helicopter that was to
move them to the Dais the next day, then they would not, and could not, move from Vanda 
there is no water on the Dais. Finally, on the 14th, 100 litres (=100 kg) of water arrived from
Scott Base (had the water bottles arrived earlier they could have been filled at Vanda) along
with the food box, a second large box of frozen food, and Max Wenden's mail (who was part
of K061A camped at the Dun Glacier at the time). K061B moved from Vanda Station to the
Dais and their mail arrived at Vanda Station on a different helicopter an hour after they had left
along with that of K061A's. This sort of shambles often left one with the suspicion that
nobody at Scott base knew just who was out in the field, or where abouts they were.

It seems that these suspicions were probably quite founded. During our last day at Scott
Base the board in the radio room said that K061A (comprising Smillie, Allibone and Daly)
were in the Ferrar Glacier, and that K061B (comprising Cox and Wenden) were at the Lower
Wright. This couldn't have been further from the truth - both parties were in Scott Base, and
prior to that K061A (comprising Allibone, Smillie and Wenden) were in the Ferrar (at the
Darkowski Glacier to be more precise in such a huge valley), and K061B (comprising Cox and
Daly) had been on the Dais and then at Vanda. What would have happened if there had been a
SAR callout from one of our parties? Where would the SAR team go? What would have
happened if there had been a fire at Scott Base? Would we have been accounted for?

We must also compliment the crew of KZ? for their performance and for making people at
Scott Base realise that the field parties do actually like to hear the odd bit of outside news. It
took until about the 14th of January for Scott Base to start reading out small outside world
news items to field parties after their scheds (thanks Wayne). However it was still a rare
occasion for anyone to have the insight to bundle up a couple of old newspapers and a copy of
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the Scott Base Gazette and send them out to the field parties.

For this reason, we suggest that one person at Scott Base be solely responsible for liason

with field parties. This person could sit in on, or perform the radio skeds so that she/he would

be directly linked with the field parties.This person could then package and deliver the

requested items to the helicopter on the appropriate day. If requested items were not available at

Scott Base she/he could inform the field party concerned at the following sked. We suggest

that this person have spent some time in the field.

REFUGE HUTS

While tramping down the Taylor Valley K061A noticed pieces ofplywood scattered around

the shores of Lake Bonney. These pieces of plywood are assumed to be the remains of the

Lake Bonney Hut as the hut is no longer present. A red box was seen from the southern side of

Lake Bonney at the hut site which presumably contains food and survival equipement.

K061B visited the Meserve Glacier Hut (USARP) and the Lower Wright Hut, but did not

stay in either. Meserve Glacier Hut was dark and somewhat drafty, was tidy, contained few

provisions (approx. 10 man days food) but was a welcome escape from the wind. A survival

box is situated up the hill to the rear of the building. Lower Wright Hut (at Lake Brownworth)

was a delight. Freshly painted last season, it was absolutely spotless and well supplied with

food (approx. 20 man days food), sleeping bags and cooking equipment. A survival box is

located to the west of the hut. Apart from the odd piece of timber in the near vicinity, the areas

around the huts were very clean.

GARBAGE DISPOSAL

Rubbish and human wastes were packed into two plastic bags which were then securely

tied. The blue bags of waste were then placed inside a meat and bone sack which was also

securely tied prior to being sent back to Scott Base.
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Andrew A1libone,

Department of Geology,

University of Otago,

P.O. Box 56, Dunedin.

INTRODUCTION

The oldest rocks in southern Victoria Land are the Koettlitz Group meta-sediments. These consist of

marbles, pelitic, quartzofeldspathic and amphibolitic schists and quartzofeldspathic paragneiss.

Pre-kinematic orthogneisses are interlayered with the Koettlitz Group meta-sediments. Both these rock

units are intruded by a wide variety of granitoids.

Previous studies of basement rocks in Southern Victoria Land; (Mckelvey and Webb, 1962,Gunn

and Warren, 1962, Grindlay and Warren, 1964) have concentrated on describing and establishing the

field relationships of the various rock types. Basic petrographic data is provided by Lopatin (1972) and

Williams ~ al (1971). Findlay st al (1984) combine structural, stratigraphic and chronological data of

previous workers with their own fieldwork to produce a structural and lithostratigraphicframework of the.

Koettlitz Group.

Six weeks were spent in the Taylor Valley and Ferrar Glacier areas studying various aspects of the

Koettlitz Group and its associated intercalated orthogneisses. The origin and development of the wide

variety of migmatites and their relationship to the structures within the Koettlitz Group were of particular

interest. Prior to this, no detailed study of these migmatites had been attempted. On the basis of field

relations a structural and anatectic history has been derived.

The migmatite study has been combined with a petrologic study of the wide variety of

meta-sedimentary lithologies to compare the Koettlitz Group with other more extensively studied suites of

similar metamorphic rocks. The discovery of garnetiferous and pelitic rocks in the mid Taylor Valley and

Darkowski Glacier localities has made possible a much closer and more definitive comparison of Koettlitz

Group assemblages with those of other metamorphic terranes.

STRUCTURE

Two generations of folds are recognised in the mid Taylor Valley and Ferrar Glacier areas.

Rootless, isoclinal folds comprise the older generation, F l, while tight, upright, shallow plunging

folds comprise the younger generation, F2 . The pervasive foliation, S l, developed throughout the

meta-sediments and intercalated orthogneisses is parallel to the axial plane of the earlier isoclinal F1



folds. Lithologic layering within the meta-sediments is also parallel to S1 .

The lithologic layering, S1 foliation and an early lineation Ll associated with the isoclinal F1

folds are all folded by the later tight upright F2 folds. A prominent, shallow plunging,

north-north-west trending F2 antiform approximately 4 kilometres across was mapped on both sides

of the Taylor Glacier, (see figure 1). Parasitic, mesoscopic F2 folds become more common towards

the hinge of the macroscopic F2 antiform sketched in figure 1, but are absent on the limbs of this

structure. Deformation along the limbs of the macroscopic F2 antiform is restricted to a conjugate set

of extensional ductile shears. In outcrop nearer the core of the F2 antiform these ductile shears

crosscut mesoscopic F2 folds, parallel to their axial planes, indicating that at least some of the shears

post-date the F2 folding.

In the Cathedral Rocks area the meta-sediments dip moderately to the northwest and F2 folds are

rare. In the Dun Glacier area strongly deformed meta-sediments contain abundant mesoscopic F2

folds but the relationship of these folds to the macrostructure is unknown. Outcrops of meta-sediment

and orthogneiss on either side of the Dun Glacier are sketched in figures; 2, 3 and 4.

LITHOLOGIES

(a) QUARTZOFELDSPATIDC META-SEDIMENTS, ORTHOGNEISSES AND

MIGMATITES

The Koettlitz Group contains a wide variety of quartzofeldspathic rocks. These include well

segregated biotite-plagioclase-quartz-potassium feldspar schists; xenoblastic, unsegregated

quartz-potassium feldspar-plagioclase gneiss with a very minor biotite content and a weakly segregated

schist containing prominent plagioclase porphyroblasts. Within the Koettlitz Group three distinct foliated

bodies of orthogneiss exhibiting varying degrees of segregation were found. Unmigmatised

orthogneisses are found on the northern side of the Taylor Glacier and to the west of the belt of

meta-sediments and also on either side of the Dun Glacier. The orthogneiss on the north side of Taylor

glacier is a coarse grained hornblende-plagioclase-quartz gneiss, possibly a deformed tonalite. XenoIiths

of amphibolite are common, being oriented parallel to the foliation within the orthogneiss. Orthogneiss 01 i

either side of the Dun Glacier consists ofaxenoblastic aggregate of quartz, plagioclase and potassium

feldspar with abundant subidiomorphic biotite. In one sample minor segregation of biotite was noticed

and this may be related to a subsolidus metamorphic segregation process or minor anatexis.

Migmatites are found only in association with quartzofeldspathic schists, paragneisses and one of the

orthogneisses, Migmatites differ widely in composition, thickness and also possibly age. Crosscutting



potassium feldspar-plagioclase-quartz veins sometimes containing minor biotite and concordant potassiurr

feldspar-plagioclase-quartz veins with a coarser grainsize than the host quartzofe1dspathic schist are

tentatively assumed to have been molten and hence are described here as melts. The lack of mafic

selvedges associated with most of these veins suggests that movement of melt was a relatively common

process, rather than insitu melt generation and emplacement.

Quartzofeldspathic schist and orthogneiss exposed along the southern side of Taylor Valley are

particularly interesting in that they contain a variety of structurally controlled migmatites associated with

the macroscopic F2 antiform described in the structure section above. Along the limbs of the antiform

layers of melt intrude along a conjugate set of extensional ductile shears. A gradual increase in the

thickness of melt layers occurs in a traverse towards the core of the antiform. Isoclinally folded

trondhjemitic veins found on the limbs of the F2 antiform may represent pre F1 melts. However the

trondhjemitic veins may be the result of pre Fl subsolidusmetamorphic segregation.

Nearer the core of the antiform pre-F2 melts are folded by F2 mesoscopic folds. Three generations

of melts are visible in figure 5. An early concordant pre-F2 melt is crosscut by a discordant younger

pre- F2 melt. Younger post-Fj melts crosscut both earlier pre-F2 melts along ductile shears parallel to the

axial plane of the F2 folds. A progressive increase in the melt to "rock" ratio can be observed traversing

towards the hinge of the antiform. In the hinge zone wispy biotite segregations in partially assimilated

schist blocks are all that remains of the original quartzofeldspathic rocks, see figure 6. Amphibolite block

appear relatively unaltered even within the hinge zone and still deform in a brittle manner, see figure 7.

Also present in the hinge zone are two distinctive coarse grained melt lithologies: a hornblende

bearing tonalite and a rarer megacrystic granite. These crosscut the common finer grained

biotite-plagioclase-quartz-potassium feldspar, granodiorite melt. The relationship of the two coarser

grained lithologies to the adjacent basement granitoids is difficult to ascertain because of their similarities

in texture and mineralogy. Very similar megacrystic granite and tonalite form much of the adjacent

basement intrusives. The crosscutting veins of these lithologies observed within the meta-sediments may

be "fingers" of the adjacent basement intrusives rather than locally generated anatectic melts.

Similar relationships between different generations of folds and migmatite are observed on an

outcrop scale in the Dun Glacier area. Crosscutting relationships between melts are complicated at both

the Dun and Darkowski Glacier areas by the intrusion of abundant dikes and sills of the adjacent

non-megacrystic granite, not present in the southern Taylor VaIIey localities.



(b) AMPHIBOLITE

Concordant layers of amphibolite up to three metres thick are common throughout the meta-sediment

of the Taylor Valley and Ferrar Glacier areas. Several different assemblages are developed within the

amphibolites, these are listed below:

1 plagioclase-amphibole-ilmenite

2 plagioclase-amphibole-ilmenite-biotite

3 plagioclase-amphibole-ilmenite-quartz

4 plagioclase-amphibole-ilmenite-quartz-biotite

5 plagioclase-amphibole-titanite-quartz-biotite

6 plagioclase-amphibole-titanite-quartz-biotite-diopside.

Both apatite and pyrite are ubiquitous accessories.

Assemblages 1 to 4 are all found in different amphibolite layers from the same outcrop on the north

side of the Taylor Valley, within 200 metres of each other. Assuming that all the amphibolite layers in this

particular outcrop have undergone metamorphism at the same temperatures and pressures, variations in

assemblages and phase compositions must be functions of differences in whole rock composition and

oxygen and water activities.

Concordant plagioclase rich, relatively leucocratic veins a few millimetres thick are commonly found

within amphibolites. These veins contain the transitional greenschist-amphibolite fades assemblage;

plagioclase-actinolite-muscovite-chlorite. This assemblage is probably related to post-metamorphic

retrogression.

(c) PELITICAND GARNETIFEROUS SCmSTS.

Small amounts of garnetiferous and pelitic schists were found in the mid Taylor Valley, Nussbaum

Riegel and Darkowski Glacier localities. These schists contain a variety of assemblages, listed below:

1 plagioclase-biotite-garnet-quartz-sillimanite-cordierite ± potassium feldspar.

2 plagioclase-potassium feldspar-biotite-quartz-muscovite-sillimanite-accessory tourmaline.

Accessory amounts of apatite are ubiquitous in all samples.

Staurolite, kyanite and andalusite, phases commonly associated with pelitic rocks have not been

found in any Koettlitz Group samples either as individual crystals or as inclusions in garnet

porphyroblasts. Garnets do, however, contain abundant inclusions of ilmenite, (absent from the host roe K

except for trace amounts), biotite, quartz and sillimanite. Inclusions are typically concentrated about the

cores of the garnets.



Multiple microprobeanalyses across garnet porphyroblastsindicate that compositional zoningis
restricted to within 100 microns of the garnet rims and fractures associated with retrogression to biotite
and chlorite. Zonation is in the opposite sense to that produced by prograde metamorphism and is
therefore inferred to be the result of retrogressive alteration. Lack of zoning throughout most of the garnet
reflects temperatures high enough for volume diffusion to occur during prograde metamorphism.

In some cases garnets are retrogressed to green biotite and chlorite. The more retrogressed garnetsare
crosscut by veins and fractures filled with green biotite. Microprobe analyses of this green biotite
associatedwith garnet retrogression indicate it contains no Ti02 unlike the host rock biotite which
contains up to four weightpercent Ti02'

(d) MARBLES

Marbles were found in all localitiesvisited and make up about half of the outcrops in the Taylor
Valley and Nussbaum Riegel areas, but are volumetricallyless significant in the Dun and Darkowski
Glacier areas. A variety of different assemblages were found; these are listed below:

calcite or dolomite-phlogopite-olivine±diopside±plagioclase±opaque±titanite
dolomite-phlogopite -olivine-traceof grossular containing veins of phlogopite-chondrodite
pleonaste-calcite

calcite-phlogopite-olivine containingveins of diopside-opaque-tremolite-sericitised plagioclase
Pure marbles consistingof either calcite or dolomite with traces of phlogopite and olivine are brilliant.

white in colour. However marbles containing more than a few modal percent diopside-olivine-plagioclase
and phlogopite weather to an orange colour.

Chondrodite is common in the northern mid Taylor Valley outcrops occuring as scattered grains in a
pristine white marble and also with pleonaste as prominent veins. Other veins of tremolite, plagioclase,
diopside and phlogopitewere found in both the Dun Glacier and mid Taylor Valley areas. Green
antigorite veins surroundedby lemon yellow coloured marble were found in scree pebbles on the
northern side of the Taylor Valley.The yellow colour of the marble may be due to the crystallisation of a
sulphur compound during alterationof the marble associated with antigoritevein formation. Unaltered
marble contains appreciableH2S as evidenced by the strong smell when the rock is broken and this may
be the source of the yellow colouring in the altered marbles.



(e) CALC-SILICATE ROCKS

Concordant, green calc-silicate layers up to several tens of centimetres thick are commonly associated

with the margins of marble layers. A variety of pale green to cream coloured, twisting, discordant veins

up to a few centimetres thick cross cut the calc-silicate rocks. Thin sections reveal a variety of

assemblages and a complex history of veining possibly associated with syn-metamorphic metasomatism

and retrogression.

The oldest assemblage is dominated by diopside and wollastonite with minor plagioclase, phlogopite

and grossular. Two different vein assemblages crosscut the older assemblage. Cream coloured veins are

rich in scapolite and talc with minor titanite and cuspidine. Light green veins consist mainly of antigorite

with minor talc.

(f) AUGEN GNEISS

Concordant layers of augen gneiss up to 20 metres thick are common throughout the Taylor Valley

exposures. Augen gneiss along the margin of the meta-sediments on the west side of Nussbaum Riegel

grades into a porphyritic granitoid and appears to have formed at the margin of the granitiod pluton,

possibly as a result of strain induced by continuing intrusion of magma in the core of the pluton. In the

mid Taylor Valley localities augen gneiss is unrelated to any porphyritic granitoid. Instead augen gneiss

is enclosed as concordant layers in the meta-sediment, These concordant augen gneiss layers have been

deformed by F2 generation folds and later conjugate shears, (see structure section), hence their fomation

predates the F2 fold generation. Concordant layers of augen gneiss may represent deformed pre F2

porphrytic granite intrusives, or they may be the result of metasomatism of the associated meta-sedlments

as suggested by Murphy (1971).

Augen gneiss layers often contain millimetre scale leucocratic veins. At present it is uncertain if these

are the result of metamorphic segregation, anatexis or retrogression similar to that found in associated

amphibolites.

CONCLUSION

(a) STRUCTURAL AND ANATECTIC HISTORY.

A preliminary structural and anatectic history of the Koettlitz Group has been constructed from the

above observations. The present pervasive foliation and lithologic layering is parallel to the axial plane of

rootless, isoclinal folds which are the oldest folds recognised in the Taylor Valley and Ferrar Glacier



regions. The extension of this foliation surface into the concordant orthogneiss bodies shows that

emplacement of these rocks occured prior to the episode of isoclinal folding. Occasional isoclinally folde(

trondhjemitic veins within quartzofeldspathic paragneiss may be the result of anatexis prior to isoclinal

folding.

Following isoclinal folding both concordant and discordant melts were emplaced in the Koettlitz

Group. These melts were subsequently deformed by tight, upright folding on both a mesoscopic and a

macroscopic scale. Subsequent crosscutting melts intruded into the Koettlitz Group are structurally

controlled by a conjugate set of extensional shears on the limbs of the later tight, upright folds. Within the

hinge zone later melts intruded parallel to the axial plane of the tight upright folds. Where relatively large

volumes of melt have been present the melt has formed saddle shapped bodies in the hinge zones of the

later generation of folds.

(b) METAMORPIDC GRADE.

The approximate metamorphic grade of the Taylor Valley and Darkowski Glacier areas can be

established by comparing the pelitic and amphibolite assemblages present in these localities with those

found in similar metamorphic terranes elsewhere.

Comparison of pelitic assemblages with those described by Binns (1964) , McLellan (1985) and

Tracy et al (1977) suggest the above localities have been metamorphosed to the uppermost amphibolite

fades. The presence of assemblages containing sillimanite and potassium feldspar indicates that the well

known high temperature reaction:

muscovite + quartz sillimanite + potassium feldspar + vapour

has occurred. The extremely low concentration of grossular component in the associated garnets and the

presence of cordierite bearing assemblages is suggestive of metamorphism at relatively low pressures.

The lack of orthopyroxene in the amphibolites indicates that metamorphic conditions comparable with

the the granulite facies were not reached. WilIiams ~ al. (1971), however, note minor occurences of

orthopyroxene at Nussbaum Riegel suggesting that the amphibolite, granulite fades boundary was

reached in this locality at least.
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