
Diss. ETHNo. 8283

STABLE ISOTOPE INVESTIGATIONS OF FLUID - ROCK

INTERACTIONDURING METAMORPHISM AND EXHUMATION

OF ECLOGITE-FACIESROCKS: CASE STUDIESFROM THE

SWISS AND ITALIAN ALPS

A dissertationsubmittedto the

SWISSFEDERAL INSTITUTEOFTECHNOLOGYZÜRICH

for the degree of
DoctorofNaturalSciences

presentedby
Gretchen Lieuana Früh-Green

Dipl. Petrogr. Univ. Zürich

born June 5, 1956

Citizenof MogeisbergSG and

California,USA

acceptedon the recommendationof

Prof. A.B. Thompson, examiner

Dr. CM. Graham, co-examiner

Prof. S.M. Schmid, co-examiner

1987



TABLEOF CONTENTS

Summary
Zusammenfassung
Acknowledgements

CHAPTER1: GENERALINTRODUCTION

1.1. Purpose and Scope of the Work 1

1.2. Stable Isotope Geochemistry 3

1.2.1. General Theoryand Terminology 3

1.2.2. OxygenIsotope EquilibrationDuringMetamorphism 6

1.2.2.1. Large-scale Equilibrium: PervasiveIsotopicExchange 7

1.2.2.2. Local Equilibrium 7

1.2.3. Mechanisms of Isotopic Exchange 9

1.2.4. Controls on OxygenIsotopic Compositions 11

1.2.5. Models of Huid-Rock InteractionUsing OxygenIsotope Data 13

1.2.5.1. Mass-BalanceCalculations of IsotopicExchange 13

1.3. Constraints on FluidFlow 15

CHAPTER2: ADULA-CIMALUNGANAPPE

2.1. GeologicalSetting 17

2.2. Cima di Gagnone: General Geology and Lithologic Units 17

2.2.1. Cima di Gagnone:MetamorphicEvolution 22

2.2.1.1. Eclogite-faciesMetamorphism 22

2.2.1.2. Amphibolite-facies Overprinting 22

2.3. OutcropRelations and Petrography:OutcropCH271 23

2.3.1. Mineralogy andPetrographyof MaficRocks 23

2.3.1.1. Deformation/RecrystaUizationRelations and Mechanisms
in the Mafic Rocks 25

2.3.1.2. Summary of Observationsand Interpretations
of the MaficRocks 28

2.3.2. Mineralogy and Petrography ofPelitic Rocks 29

2.3.2.1. Kyanite-freeSchists: EquilibriumTextures (Cl 12, CL 13, CL9) 29

2.3.2.2. Kyanite-free Schists:DisequilibriumTextures (Cl 4a) 31

2.3.2.3. Kyanite-bearingSchists:EquilibriumTextures(CH40, CH 99) 31



2.3.2.4. Kyanite-bearingSchists: DisequilibriumTextures
(CH278,CLlla) 31

2.3.2.5. Summary of Key Observationson the Pelitic Rocks 32

2.3. Veins 32

2.4. Mineral Chemistry andCation-Exchange Geothermometry 33

2.4.1. Garnets 33

2.4.2. Biotites 36

2.4.3. Garnet-biotiteMg-Fe ExchangeThermometry 39

2.4.4. Summary 41

CHAPTER3: STABLEISOTOPEDATAANDMODELSOF
FLUID-ROCKINTERACTION

3.0. Sample Preparation and Analytical Methods 43

3.1. OxygenIsotope Data 43

3.1.1. Metabasites 43

3.1.2. Metapelites 44

3.1.3. Discussion 44

3.2. Hydrogen Isotope Data 50

3.3. Eclogite-faciesFluid-Rock InteractionEvent(A1—>E) 51

3.3.1. A ModelofRayleigh Distillation and Dehydrationof Amphibolite 51

3.3.1.1. ComputationMethodfor Rayleigh Distillation 54

3.3.2. Results ofRayleigh Distillation Computations in Metabasites 56

3.3.2.1. InitialParameters 56

3.3.2.2. Fluid-Rock Ratios 56

3.3.2.3. ModalChanges and Isotopic Effects ofDehydration
and Rayleigh Distillation inMetabasites 57

3.3.2.4. Summary 59

3.3.2.5. Discussion 59

3.3.3. A Modelof Eclogite-Facies Fluid Infiltration in Metapelites 61

3.3.3.1. Initial Parameters 62

3.3.3.2. Upper Limit: Maximum Amount ofP2~>P1 which

can be Shifted 62

3.3.3.3. Lower Limit: MinimumAmountof P2—>P1 which

can be Shifted 63

3.3.3.4. Summary and Discussion 64

3.4. Amphibolite FaciesFluid-Rock InteractionEvent(E~>A2) 65

3.4.1. A ModelofRayleigh Distillation and DehydrationofMetapelites 66



3.4.1.1. InitialParameters 67

3.4.1.2. Fluid-Rock Ratios 67

3.4.1.3. ModalChanges andIsotopic Effects ofRayleigh Distillation

and DehydrationofMetapelites 68

3.4.2. A Modelof Amphibolite-FaciesFluid Infiltration into Metabasites 70

3.4.2.1. InitialParameters 71

3.4.2.2. Isotopic Effects of FluidInfiltration and Hydration ofEclogites 71

3.4.2.3. Summary 72

3.5. Attainmentof OxygenIsotopic Equilibriumin MetamorphicRocks 73

3.5.1. Equihbrium-DisequilibriumRelations in the Metabasites 75

3.5.2. Equilibrium-DisequilibriumRelations in the Metapelites 77

3.5.2.1. Local Equilibrium 77

3.5.2.2. Large-ScaleEquilibrium 80

3.6. Summary and Conclusions 82

3.6.1. A Philosophical Discussionof the Production and Consumption
of Hydrous Fluids in PolymetamorphicTerrains 84

CHAPTER4: MONTEMUCRONE(SESIA-LANZOZONE): GENERAL
GEOLOGY,PETROGRAPHYANDMICROFABRICS

4.1. Brief Description of the Sesia-Lanzo Zone 87

4.1.1. TectonicUnits 87

4.2. MonteMucrone Metagranitoids 88

4.2.1. General Overview 89

4.2.1.1. Nomenclature 90

4.2.2. PreviousWork: MetamorphicEvolutionof the Metagranitoids
at the MonteMucrone 93

4.3. MonteMucrone:Unfoliated Meta-Quartz Diorite 93

4.3.1. Mineralogy,Petrologyand Mineral Chemistry 94

4.3.1.1. Na-Pyroxene(PseudomorphingPlagioclase) 94

4.3.1.2. Biotite 97

4.3.1.3. Garnet 97

4.3.1.4. Phengitic WhiteMica 97

4.3.1.5. Quartz 101

4.3.1.6. K-feldspar 102

4.3.2. Deformation and RetrogradeOverprintingin the

Meta-Quartz Diorite 102

4.3.3. Summary andDiscussion 102



4.4. Eclogitic Mylonitesin Ductile Shear Zones

(samples Mul-1,1-2. 4-2. 17b, R185, R17/3 ) 103

4.4.1. Eclogitic Mylonites:Petrology, Mineral Chemistry
andMicrofabrics 105

4.4.1.1. Na-pyroxene 107

4.4.1.1.1. PyroxeneChemistry 109

4.4.1.1.2. TexturalEvolutionof Na-pyroxene 111

4.4.1.2. Garnet 115

4.4.1.2.1. Garnet Chemistry 117

4.4.1.2.2. ChemicalandTextural EvolutionofGarnet 119

4.4.1.3. WhiteMica 119

4.4.1.3.1. WhiteMicaChemistry 121

4.4.1.3.2. Textural Evolutionof theWhite Mica 121

4.4.1.4. Quartz 122

4.4.1.4.1. Quartz Microfabrics 124

4.4.2. Summary and Discussion 125

4.4.2.1. Jadeite-Garnet Mylonites 125

4.4.2.2. OverprintedMylonites 126

4.5. Veins AssociatedwithDuctile Shear Zones 127

4.5.1. VeinPetrology, Mineral Chemistry andMicrofabrics 128

4.5.1.1. Zoisite 128

4.5.1.2. Garnet 129

4.5.1.3. Quartz 129

4.5.1.4. Na-pyroxene 129

4.5.2. Wallrock Petrology, Mineral Chemistry andMicrofabric 132

4.5.2.1. Jadeite-Garnet Fels 132

4.5.2.1.1. Garnet Chemistry 132

4.5.2.1.2. PyroxeneChemistry 133

4.5.2.1.3. MicaChemistry 133

4.5.2.1.4. Discussion 133

4.5.2.2. OverprintedJadeite-Garnet Fels 134

4.5.3. Summary and Discussion 134

4.6. Completely Recrystallized Omphacite-Garnet Orthogneiss 135

4.6.1. Mineralogy, Petrologyand Phasechemistry
(Samples R 82/1, R 191) 135

4.6.2. Crystallization andReaction History 136

4.7. Greenschist-Facies Deformation and Recrystalhzation 139



CHAPTER5: MONTEMUCRONEMETAGRANITOIDS:
ECLOGITE-FACIESGEOCHEMICALAND

REACTIONHISTORY

5.1. Possible Reactionsin the Mte. Mucrone Metagranitoids 144

5.1.1. Possible Reactionsin the UnfoliatedMeta-Quartz Diorites 145

5.1.2. Possible Reactionsin the Mylonites 148

5.1.2.1. Jadeite-Garnet Mylonites 148

5.1.2.2. OverprintedMylonites 150

5.1.3. Possible Reactionsin the Omphacite-Garnet Orthogneisses 151

5.2. Bulk Rockand Stable Isotope Geochemistry of the

Mte. MucroneMetagranitoids 154

5.2.1. Bulk Rock and Stable Isotope Geochemistry of the

UnfoliatedMeta-Quartz Diorites 154

5.2.2. Bulk Rock and Stable Isotope Geochemistry of the

Jadeite-Garnet Mylonites 154

5.2.3. Bulk Rock and Stable Isotope Geochemistry of the

OverprintedMylonites 161

5.2.4. Bulk Rock and Stable Isotope Geochemistry of the

Omphacite-Garnet Orthogneisses 163

5.3. Pressure-TemperatureConsiderationsfor the Eclogite-Facies
Metamorphism of Mte. Mucrone Metagranitoids 166

5.3.1. PressureEstimates 166

5.3.2. Cation-Exchange Geothermometry 166

5.3.3. OxygenIsotope Fractionation Geothermometry 167

5.4. Mechanisms of OxygenIsotope Exchange 170

5.4.1. A Discussion 170

5.4.2. OxygenIsotope ExchangeMechanisms in the

Formation of the Mte. Mucrone Metagranitoids 172

5.5. Discussion: The Role of HydrousFluids in the Mineralogical
and DeformationalHistoryofthe Mte. Mucrone Metagranitoids 175

5.5.1. Stable Isotope Constraints 175

5.5.2. Meta-Quartz Diorite Formation 176

5.5.3. Fluid Infiltration andMylonite Formation 177

5.5.3.1. Jadeite-Garnet Mylonites 177

5.5.3.2. OverprintedMylonites 177

5.5.4. FluidInfiltration andVein Formation 178

5.5.5. FluidInfiltration andOmphacite-Garnet OrthogneissFormation 180



5.5.6. A Model ofFluid-Rock IntractionDuring The Eclogite-Facies
Evolutionofthe Mte. Mucrone Ductile Shear Zones 181

5.6. Source and Amount ofExternal Fluid 184

5.7. Summary and Discussion 190

CHAPTER6: GENERALSUMMARYANDCONCLUSIONS 193

References 194

Appendix
Curriculum Vitae



SUMMARY

Althoughstable isotope geochemistry has mainly been usedin the past to estimate

metamorphictemperatures, it is widely becoming a useful tool to determine the nature

and extentof fluid-rock interaction duringmetamorphism.In this study, stable isotope
geochemical methodshave been applied to determinethe scales and mechanismsoffluid

interaction and motion during metamorphism and uplift of eclogite-facies rocks. In

addtion, the relationship between fluids and deformation, and the extent to which

isotopic equilibriumis attained in high-grade metamorphicrocks is investigated. Two
areas have been chosen where petrologie and chemical evidence point to fluid

involvement during their evolution.

Cima di Gagnone

Chapters 2 and 3 concern the produetion and extent of fluid migration during
eclogite-faciesmetamorphism and subsequent amphibolite-facies overprinting ofpelitic
and mafic rocks at the Cima di Gagnone area of the Cima Lunga Nappe, the south-

western extention of the AdulaNappe. Thecentralalpine Adula-Cima Lunga Nappe is a

slice of pre-Mesozoic continental basementconsisting predominantly of metagranitic
and metapelitic gneiss and schist. Less abundant mafic and carbonaterocks, as well as

ultramafics in the southern Cima Lunga Nappe, oeeur as lenses and layers in the

polymetamorphicmetasediments. Twophases of alpine metamorphism,aecompanied
by varying degrees of deformation, have affected these rocks. High pressuremineral

assemblages (inferred to be Early Alpine by Van de Pias, 1959) are older than nappe

emplacement and are overprinted by an OligoceneBarrovian-styleregional meta¬
morphism. High-pressure mineral assemblages are mainlypreserved in mafic lenses

and recorda continuous increase in P-T conditions from 12-15 Kb / 500-600°C in the

north of the Adula nappe to morethan20Kb / 800 °C in the south (Heinrich, 1983). A

distinet decrease in pressurecharacterizes the Tertiary Barrovian-stylemetamorphism
which varies from greenschist facies in the north to upper amphibolite-facies (sillimanite
grade) in the south.

The Early Alpine eclogite-facies metamorphism is characterized by dehydrationof
amphibolite (A1->E), which producednearly anhydrous kyanite-eclogite containing
Omp+ Gar+ Qtz + Kyn + Hbl + Zoi ± lim ± Rut (Heinrich , 1986, see Table 1.1. for

abbreviations). Simultaneous hydration reactions in neighbouring pelitic rocks may

have acted as sinks for the hydrous fluid producedby the dehydrating amphibolites.
The subsequent Tertiary, amphibolite-facies metamorphic event is marked by



re-hydration of the kyanite-eclogites(E~>A2).Fluid infiltration-fronts are indicated by
a systematicmineralogicaltransitionfrom eclogite in the cores of competentlenses to

symplectite (Plg ± Bio ± Hbl) to fine-grained amphibolite, forming rims along contacts

to pelitic country rocks. Simultaneous deformationand grain coarseningresulted in the

formationof amphibolitetails parallel to the schistosityin the neighbouringmetapelites.
Based on relict Corona textures,Heinrich (1982, 1983) has suggested that the hydrous
fluidwas producedby dehydration reactions in the metapelites (nowcontainingQtz +
Plg + Bio + Gar ± Mus ± Kyn + Sta± Ksp).

Detailedsampling for isotopic analyses has been made at outcropCH271,which has
beendescribedby Heinrich (1979,1982,1983). Sample locations are shownin detail in

Fig 2.3., isotopic compositions are given in Table 3.1. and are shown graphically in

Figs. 3.1 and 3.3. The metapelites form two isotopically distinct groups. Those in the

immediate vicinityof the mafic lens represent an isotopically "light" group, classifiedas
Pl-pelites, in which S18Owrvaries between 6.0 %o and 7.0 %o. S180Qz in this group

ranges from 8.6%o to 9.4%o. In contrast,the metapelites which are located at least 30m

away from the mafic rock (classified as P2-pelite) have 818Owr and 818Oqz-
compositions which ränge from 8.4 %o to 10 %o and 10.4-11.8 %o, respectively.

8180qz from the eclogitic core of the mafic lense, Qtz segregation veins and

symplectitelie withina narrow ränge from 7.8%o to 8.2%o, with a relativelyconstant
518Owr of 5.5%o. The amphibolitesform two distinct groups. Thefine-grained amphi-
bolites along the rims of the lens have compositionssimilar to the eclogiticcore, where-
as coarse-grainedamphibolitelayers which form the tails have consistent 818Owr and

518Opig compositions of 6.5%o and 7.9-8.4%o,respectively.
Althoughthe isotopic compositions of the mafic rocks lie within the ränge of those

known for basalts and someeclogites,the values for the Pj-pelitic rocks are depletedin
180relative to known metasediments of similar metamorphicgrade (see Fig 3.2.). The
isotopic compositions of the P2-pelites are similar to those of isotopically constant

pre-Mesozoicrocks from the Central Alps reported by Hoernes and Friedrichson

(1980), who attribute the depletionin 180 and large-scale homogenization to pervasive
interactionwithmagmatic fluids duringa pre-Alpine(Hercynianor older) metamorphic
event. The possibility that these low-180 pelites were derived from igneous or

meta-igneous rocks is discussed in Section 3.3.2. Assuming that prior to Alpine
metamorphism,all the pelitic rocks in the Gagnone area had relativelysimilar chemical
and isotopic compositions, the depletion in 180 in the PI-metapelites, relative to the

P2-pelites, suggest that further fluid-rock interaction occurred during alpine
metamorphism and may be related to the dehydrationof amphiboliteduring the A1~>E

metamorphicevent



Based on a Rayleigh Distillation mechanism offluid-rock interactionas presentedby
Rumble (1979, 1982), isotopic fractionation during dehydration of amphibolite
(A1~>E)to form eclogite has been modelled for the simple reaction:

Hbl + Zoi + Par + Qtz = Omp+ Gar + Kyn +np (Sect 3.3.1., Rxn[l]).
The results of the model have shown that fluid production during eclogite-facies
dehydration would not be sufficient to cause the observed isotopic signatures in the

sourrounding PI-metapelitesby a mechanism of exchangeby fluidflow. Thus, the low

5180-values may representlow 180-source rocks, or may be the result of fluid-rock

interaction and isotopic exchange with other fluids not locally derived from the

dehydrationof the amphibolites. Therelative position of the 180depletedPl-pelites to

the mafic lens suggeststhat, if fluid fluid is considered as the mechanismof isotope
exchange, the contact between the relatively massive mafic rocks and the foliated

metapelites may have acted as a preferentialpathway for fluid flow. However, due to

the polymetamorphicnatureof these rocks, the timing of a possibleinfiltration event,

involvingan external fluid, remains uncertain.
In contrast to a model of isotopic exchange by fluid flow, the hydrous fluid

producedduring the A1->E dehydrationevent mayhaveremainedin the system (dueto
low permeabilities and/ora low P^q " Pressuregradient?) as a static, grain-boundary
film.In this case, the exchangemechanism mayhave beenby oxygen diffuion between
the two rock reservoirs,mafic rocks and pelites (i.e. rock-rockinteraction),resulting in
the 8180-compositions observed in the Pl-pelites.

Re-hydrationof the eclogitesand complete recrystallizationof the metapelites during
uplift and Tertiary regional metamorphism(E~>A2) is discussed in section 3.4. A

quantitative model of dehydration and Rayleigh Distillation in the metapelites is

presentedfor the simplified reaction
Par + Phe + Gar 1 = Mus + Bio + Plg + Qtz + Gar 2 +Up

(Sect. 3.4.1. Rxn [2]; see also Heinrich 1982). The predictedisotopic composition of

the hydrous fluid produced by the reaction above has beenused to model simultaneous
fluid infiltration and hydration of the mafic lense for the simplified reaction:

Omp+ Gar + Zoi + Qtz + Kyn +np= Hbl + Plg.
The results of these modeis have shown that the fine-grained amphiboliteswhich

comprise the rim of the mafic lens at outcrop CH271may represent limited fluid-rock

interaction(low fluid/rockratios, <0.1:1);whereby only enough hydrous fluid was able

to permeate the rock to cause completeamphibolitisationbut no isotopic shift. The

isotopic shift observed in the recrystallized tails of the mafic lens requires only local

interaction with fluids produced by dehydration reactions in the immediately



surroundingmetapelites.Amphibolite-faciesdeformationmayhave been instrumental in

increasing permeabilityof these otherwise impermeablemafic rocks allowing higher
F/R ratios and fluid flow. The increasedamount of fluid duringdeformation may have

enhancedthe growth rates of the hornbende and plagioclase aggregates in the tails of the

lens, resulting in the coarse-grainedamphibolitesand the strong foliationnowobserved

(see also Section2.3.1.1).
Comparison of the variations in mineral fractionations and isotopic temperature

estimatedfor the metapelites indicates that localequilibriumwithinSingle layers was in

generalnot achieved in these rocks. The temperature distributions suggestthat garnet,
ilmenite and rutile may haveretained their eclogite-faciesisotopic compositions.Lower
isotopic temperatures are indicated for the amphibolite-faciesmetamorphism (350 -

500°C) than those estimated by cation-exchange geothermometry (460-670°C).
Samplesof comparable grain sizes and mineralmodes exhibit variabilities which cannot
be explainedpurely by diffusion andredistribution of oxygen upon cooling. The data

may indicate the presence of differing, small amountsof an intergranular hydrous fluid,
resulting in local (on a mm-scale) oxygen isotope redistributionbetweenthose minerals

which are moreeasily reset to lower temperatures(e.g. plagioclase and mica). Thereis

no correlation between the degree of isotopic equilibrium and the degree of

recrystalhzation and/ordeformationobserved in these rocks.

Mte. Mucrone

Chapters 4 and 5 deal with the role of fluids in processes of metamorphism and

ductile deformation during the eclogite-facies evolutionof metagranitoidsfrom the

Monte Mucrone in the Sesia Zone. Previous geological and petrological work has

suggestedthat prior to deformation,restricted chemical communicationresulted in local

equilibriumdomains and then gradually, in the later stages of deformation,large-scale
equilibriumwas approached. Fluids may havebeen importantin the developmentof the

orthogneiss as well as acting as a catalystin the approach towards chemical equilibrium.
Detailed mineralogical, texturaland stable isotope studies have been made on ductile
shear zones in the relativelyundeformed rocks at the east face of the Mte. Mucronein

order to determine the role of fluids in deformation and recrystallizationduring the

eclogite-faciesmetamorphism ofthese rocks.

The petrological, geochemical and microstructuraldata presented in this study
indicate large variationsin the degreeofeclogite-faciesrecrystallization and deformation

recorded in the Mte. Mucrone metagranitoids. At least two main phases of
eclogite-faciesrecrystallizationare evidentin these rocks and can be directlyrelated to



the Urning anddegreeofdeformation. An initialpre-kinematicJadeite Phase resultedin
the formation of fine-grained aggregatesofJadeite + quartz+ zoisiteas pseudomorphs
after the primary igneous plagioclase. Plagioclase breakdown reactions may have

accompaniedor havebeen subsequent to biotite breakdown reactions which produced
garnet and phengiticwhite-mica. The progress of biotitebreakdown may have been
limited by the supply ofalumina and calcium from plagioclase domains, as is indicated

by chemicallydistinct Corona texturesof garnet and phengitic white-mica around biotite
in the meta-quartz diorites. Incomplete reaction, resulting in the corona textures, may
have beendue to slowdiffusum rates and/ora paucityof intergranular fluid during the

initialstages ofeclogite-faciesmetamorphism.
An inital high strain deformation event resulted in superplastically-deformed

pyroxene layers, grain coarseningand partial chemical homogenization.Enlargementof
equilibriumdomains may have resulted in the completion of the biotite reaction and

produced the assemblageJadeite + garnet + phengite + quartz, characteristic of the

myloniticrocks. Bulkrock geochemical and stableisotope data indicate that infiltration
of an external hydrous fluid phase is associated with deformationandrecrystallizationin
the jadeite-garnet mylonites. Local changes in the activities of sodium, potassium and

IL^O could have producedthe assemblages observed in the deformedrocks.
The duration and timing of fluid infiltrtaion relative to high strain deformation

appears to have been crucial to the mineralogical evolution of the Mte. Mucrone

granitoids, resulting in the chemical and microstructural differences recorded in these
rocks. A model has beenpresented for the formation of the ductile shear zones at the

Mte. Mucrone. It has been suggestedthat subsequent to the formation of fine-grained
aggregates of Jad + Zoi + Qtz, as pseudomorphs after igneous plagioclase, an initial

stage of fluid infiltration occurred along fractures or faults, catalysing diffusive mass
transferand grain growthrates and resulting in the formationof coarser-grained, 1-5 cm

wide, reaction zones. Fluid-inducedreaction and grain coarsening mayhave acted as a

hardening mechansimand resulted in the concentration of subsequent high strain

deformation,and the formationof the mylonites, along these zones.

Thejadeite-garnet mylonites, characterized by nearly homogeneous phase composi¬
tions and coarsergrain-sizes ofJadeite, garnetand phengite (relative to the unfoliated

meta-quartzdiorites), may represent syn-deformational recrystalhzation andlimited fluid

infiltration.Preservedchemical zoning in garnet,heterogeneousmica compositions,and
inclusion-rich pyroxenegrains in somemylonite samples (i.e. in overprinted mylonites)
indicate local anhydrousdeformation; whereby localized post-kinematicinfiltration

along these deformation zones resulted in new growthof omphacitic pyroxene and a

second generationof more grossular- rieh garnet. Limited permeabilities in some of



these mylonite zones may have resulted in an excess of fluid pressure during post-
kinematic infiltration and led to fracturing into the less deformed wallrocks and the

formationofthe zoisite-garnetveins.
Completerecrystallizationand formationof omphacite-garnetorthogneiss may have

resulted from progressivesyn-kinematic infiltration and longer deformation periods.
Thepresenceof omphacite andparagonite, characteristicof the orthogneiss, maybe due

to original variations in bulk rock chemistriesand/ormay be related to a decrease in

Na-,K- and L^O-acitvities duringdeformationand fluid infiltration.
The microfabrics of the deformedrocks, combined with stableisotope and bulk rock

geochemical data suggests thatfluid infiltration may not have beencontinuousbut rather

occurred in pulsesand was channelizedalong zones of increasedpermeabilities due to

high strain deformation.High-strain deformationcontinuedduringexhumationand may
have been accompaniedby furtherpulses of fluidactivity.

Rudimentary, isotopic mass-balance modelling of the infiltration event suggests that

the hydrous fluid was 160-richand may have beenproduced locally by dehydration
reactions in the neighbouring metapelitic and metabasic rocks. However, comparison
with the isotopic study of Desmons and ONeil (1978) indicates a lack of large-scale
isotopic exchangebetweenthe granitic rocks and the neighbouringeclogiticmica schist

complex.Minimum fluid to rock ratios, based on depletions in 180 in the deformed

rocks, have been estimatedto ränge from approximately 1.0 to 0.75 for equilibration
with fluids with isotopic compositions of 6.0 to 6.5%o and at a temperatureof 500 °C.

Stableisotopeprofiles perpendicularto the ductile shear zones indicate a decrease in

W/R-ratios to values of less than 0.1 at distances of approximately 30 cm from the

centers of these zones.

Theevidence for metasomatic alteration, associated withdeformationand formation
of the mylonites and Omp-Gar orthogneisses, suggeststhat isotopic exchangeoccurred
through a surface-controlled mechanism of chemical transformationand wasdrivenby
disequilibrium relationshipsbetweenmetagranitoidand the infiltrating fluid. Discordant
calculated isotopic temperatures, as well as apparentdiscrepancies betweena predicted
order of recorded temperature and that determined may reflect the presence of

intergranular, static fluid, resulting in diffusive oxygen exchange between quartz,
phengiteand Na- pyroxene upon cooling.

The results of this study suggestthat under eclogite-faciesmetamorphicconditions,
diffusion and growthrates may be extremely slow in nearly anhyrous rocks, and may

directly hindercomplete reaction and recrystallization. Both deformationand an external

fluid appear to be determiningfactors in the metamorphicevolution ofthe Mte. Mucrone

granitic body. However, an accessof limited amountsof hydrous fluid appears to have



been determinantto the attainment of chemical homogenization of garnet and pyroxene.
The rheological properties of the primary quartz dioritemay have been such that the

rock was highlyresistantto deformation during the early stages of metamorphism and
became more deformable after the formation of the fine-grained plagioclase
pseudomorphs (reaction enhanced ductility). At the onset of eclogite-facies
metamorphism, apaucity of grain boundaryfluid, and as a result slow intercrystalline
diffusion, caused local chemical and textural domains and an overall State of

disequilibrium. High strain deformation may haveenhancedintra- and intercrystalline
diffusion rates and may haveincreasedpermeabilities such as to allow infiltration of an

external hydrous fluidinto the previouslydry system.



ZUSAMMENFASSUNG

Diese Studie untersucht mit Hilfe stabiler Isotopen den Umfang und die
Mechanismender Gesteins-FluidWechselwirkungen während eclogitfazieller und
folgenderretrograder Metamorphosen.Zusätzlich wurde die Wechselwirkungzwischen
Fluiden und Deformation untersucht und der Umfang, in welchen Isotopengleich¬
gewicht in hochgradigmetamorphenGesteinen erreicht wurden. Dazu wurden zwei

Gebiete ausgewählt, in denen petrologischeund chemischeDaten auf einen Einfluss
von Fluiden während dermetamophenEntwicklung hindeuten.

In den Kapiteln2 und 3 wirdder Einfluss von Fluiden während der eclogitfaziellen
und darauffolgenden amphibolitfaziellen Metamorphose in pelitischen und mafischen
Gesteine der Cima-Lunga Decke diskutiert. Die Frühalpine eclogitfazielle Meta¬
morphose ist durch Entwässerungvon Amphibolit charakterisiert(A1->E), wodurch die

nahzu L^O-freie Paragenese Omp + Gar + Qtz + Dis + Hbl + Zoi ± Um ± Rut

produziert wird. Gleichzeitig ablaufendeHydratationsreacktionenin benachbartenpelit¬
ischenGesteinen können die bei der Dehydratation der Amphibolitefreigewordenen
I^O-reichen Fluideaufgenommen haben.Die darauffolgendetertiäre amphibolitfazielie
Metamorphose ist gekennzeichnet durch die Rehydratation der Disthen-Eclogite
(E->A2). Die Front der Fluidbewegungist markiertdurch die randlicheUmwandlung
der Eclogitlinsen in Symplektit(Dio + Plg± Hbl), gefolgt von feinkörnigem Amphibolit
(Plg + Hbl ± Gra± Qtz), der seinersits an den Enden der Linsen in grobkörnigen
Amphibolit(Plg + Hbl ± Bio ± Tit) übergeht. Aufgrund von reliktischen Corona-

Strukturen kann gezeigt werden, dass die wässerigen Fluide durch Dehydrations-
reaktionen der Peliteerzeugt sind.

Die Isotopenanalysen der Metapelite fallen in zwei Kategorien: Die in der

unmittelbarenUmgebung der mafischen Linsen (Pl-Pelite) sind 8160-reich, wobei das
818Owr (Gesamtgestein) zwischen 6.0 und 7.6%o variiert und das Quarz-6180
zwischen 8.6 und 9.4%o. Im Gegensatz dazu habendie Metapeliteca. 30m entferntvon
den mafischen Linsen (P2-Pelite) Gesamtgesteins-SlsO-werte zwischen 8.4 and

10.0%o; S180Qz liegt zwischen10.4 und 11.8%o. Die 8180Qz-werte der eclogitischen
Kerne, sowie der Quartzadern und der Symplektite liegen zwischen 7.8 und 8.2%o, mit
konstantemS^O^von 5.5%o. Die Amphibolite zerfallen ebenfalls in zwei Gruppen:
Die feinkörnigenRänder der Linsenhaben 8180WR-Werte ähnlich den eclogitschen
Kernen, während die grobkörnigen Enden jeweils S^O^-Werte von 6.5%o zeigen.

Modellrechnungenzeigen, dass die Isotopenverhältnisse der Pl-Pelite nicht durch
lokalen Fluid-Austausch während A1->E erklärt werden können, sondern dass das

Systemfür externenFluideaustauschoffen gewesen sein muss. Ein quantitativesDehy-
dratationsmodellund Rayleigh-Fraktionierungin den Metapelitenwird vorgestellt für



die vereinfachte Reaktion

Par + Phe + Gar 1 --> Mus + Bio + Plg + Qtz + Gar 2 + Up.
Die vorausgesagte Isotopenzusammensetzungder durch diese Reaktion erzeugten
Fluidewird verwendetfür die Modellierung gleichzeitigerHuidinfiltration und Hydra¬
tation der mafischen Linsen.

Die Ergebnisse dieser Modelle zeigen, dass die feinkörnigenAmphibolitränder der
Eclogitlinsen eine begrenzteWechselwirkungzwishen Fluidund Gestein darstellen(bei
niedrigren Fluid/Gesteinsverhältnis= < 0.1). Die beobachtete Veränderung im

Isotopenverhältnisin den rekristallisiertenEnden der mafischen Linsen erfordert

lediglich eine lokaleWechselwirkung mit Fluiden, die durch Dehydratation in den

unmittelbarangrenzendenMetapeliten erzeugt werden. Der Vergleich der Isotopen-
fraktionierung zwischen Mineralpaaren mit den Isotopentemperatur-abschätzungen in

Metapeliten zeigt, dasslokales Gleichgewicht in einzelnenLagen im allgemeinen nicht
erreicht wird. Die Temperaturverteilung deutetdarauf hin, dass Granat, Ilmenitund

Rutil ihre eclogitfaziellenIsotopenzusammensetzungen beihalten können.
Für die amphibolitfazielle Metamorphose werden niedrigere Isotopentemperaturen

angezeigt(350 - 500 °C) als die mit Kationaustauschgeothermometrieerhaltenen (460 -

670 °C). Diese Diskrepanzen deuten auf die Anwesenheitlokal verschiedener, geringer
Mengen intergranularer Fluide hin, was eine lokale (im mm-Bereich) Sauerstoff-

isotopenunverteilungzwischensolchen Mineralen erzeugt, bei denen sich leicht eine

Verschiebung zu niedrigeren Temperaturisotopenverhältnisseneinstellt (z.B. Biotitund

Plagioklas). Es existiert keine Korrelation zwischen den Mass der Isotopen-
equilibrierung und dem Mass der Rekristallisation und/oder Deformation in diesen

Gesteinen.

Gegenstand der Kapitel 4 und 5 ist die Rolle der Fluide in Metagranitoiden des

MonteMucrone (Sesia Zone) währendder Metamorphose und der duktilen Deformation
bei der Entwicklung der Eklogitfazies. Frühere geologische und petrologische
Untersuchungen ließen vermuten, daß vor der Deformation in begrenzten
Gleichgewichtsdomänenbeschränkterchemischer Ausgleich erfolgte. In einer späteren
Phase der Deformationwurde dann graduell eine Annäherung zu einem umfassenden

Gleichgewicht erreicht, wobei Fluidevermutlichals Katalysatorwirkten.
Um die Wichtigkeit der Fluide bei der Deformation und der Rekristallisation

während der eklogitfaziellen Metamorphose zu ermitteln, wurden an der Ostseite des

Monte Mucrone an duktilen Scherzonen innerhalbrelativ undeformierter Gesteine
Proben entnommen, an welchen detaillierte mineralogische, textureile und

isotopengeologische(stabile Isotopen) Untersuchungendurchgeführtwurden.
Die in dieser Arbeit dargestellten petrologischen, geochemischen und

mikrostrukturellen Datendes Metagranitoidesdes MonteMucronespiegeln eine große



Variationsbreite des Rekristallisationsgradesund der Deformation unter eklogitfaziellen
Bedingungen wider. Dabei korrelieren mindestens 2 Phasen einer eklogitfaziellen
Rekristallisation zeitlichund intensitätsmäßig mit der Deformation. Während einer
initialen präkinematischenJadeit-Phase bildetesich ein feinkörniges Aggregat bestehend
aus Jadeit + Quarz + Zoisit pseudomorph nach primärem magmatischen Plagioklas.
Diese Zersetzungsreaktionwurde begleitet/oder gefolgtvon einem fortschreitenden

Zerfalldes Biotites zugunsten der Bildung von Granat und phengitischem Hellglimmer.
Corona-Texturen, bestehend aus Granat und phengitischem Hellglimmer, welche den
Biotit in den Metagranitoiden umgeben, deuten darauf hin, daß die Biotitzersetzungs-
reaktion möglicherweiseauf die Zufuhr von AI und Ca aus Plagioklasdomänen
beschränkt war. Die Corona-Texturensind Hinweise für unvollständigabgelaufene
Reaktionen,welcheFolge einer zu langsamenDiffusionsrate und/odereiner zu geringen
Menge von intergranularemFluid zu Beginndieser Metamorphose sein könnten.

Ein erstes Deformationsereignismit großen Verformungsbeträgen("high strain")
hatte superplastisch verformte Pyroxenlagen, Kornvergröberung und partielle
chemische Homogenisierung zur Folge. Eine Vergrößerung der Gleichgewichts¬
domänen ließ die Biotitreaktion unter Bildung der für die Mylonite charakteristischen

MineralparageneseJadeit + Granat + Phengit + Quarz vollständig ablaufen.

Geochemische Gesamtgesteinsanalysen und Werte stabilerIsotope zeigen, daß in

den Jadeit-Granat-Mylonitenmit der Deformation und der Rekristallisationeine Zufuhr

einer wässerigen fluiden Lösung verbunden ist. Lokale Änderungender Aktivitäten von

Na, K und H20 kann zu den beobachtetenParagenesen in den deformiertenGesteinen

geführt haben.

Dauer und Zeitpunkt des Eindringens der Fluide in bezug zur "High-Strain"
Deformationscheint für die mineralogische Entwicklung der Granitoide des Monte

Mucronevon entscheidender Bedeutung zu sein und äußert sich in chemischen und
mikrostrukturellenUnterschieden in diesen Gesteinen. Es wird ein Modell für die

Bildung der duktilen Scherzonen des Monte Mucrone vorgestellt. Dabei wird

angenommen, daß unmittelbar nach der Bildung des feinkörnigenAggregates von Jad +

Zoi + Qtz - als Pseudomorphose nach magmatischem Plagioklas- entlangvon Rissen
und Spaltenerste Fluidezugeführtwurden. Diese Fluidzufuhrhatte eine katalysierende
Wirkung auf den diffusiven Massentransportund die Kornwachstumsraten, welchedie

Bildung von gröberkörnigen, 1-5 cm breiten Reaktionssäumen zur Folge hatte.
Fluid-induzierteReaktionen und Kornvergröberung wirkten wahrscheinlich als

Verhärtungsmechanismusund bewirkten entlang dieser Zonen eine Konzentration

subsequenter"High-Strain"Deformation und die Bildung von Myloniten.
Die Jadeit-Granat-Mylonite, charakterisiertdurch fast homogenePhasenzusammen¬

setzung und gröbere Korngröße von Jadeit, Granat und Phengit (bezogen auf die



ungeschiefertenMetaquarzdiorite),deuten auf synkinematische Rekristallisationund
beschränkteFluidzufuhr hin. ErhaltenechemischeZonierungenin Granat, heterogene
Glimmerzusammensetzung und einschlußreichePyroxenkristalle in manchenMylonit-
proben (d.h. in überprägten Myloniten) zeigen lokal eine Deformation ohne
Wasserzufuhr. Lokale postkinematische Infiltration entlangdieser Scherzonenführte

hingegen zur Neubildungvon omphacitischemPyroxen und einer 2. Generation von

grossularreicheremGranat. Begrenzte Permeabilitätkönntenach der Bildungdieser
Mylonitzonen einen Überschuß an Fluid-P während dieser postkinematischen
Infiltrationsphasebewirkthaben und zu kleineren Brüchen in den weniger deformierten

umgebenden Gesteinenund zur Bildung von Zoi-Ga-Aderngeführt haben.
VollkommeneRekristallisationund Bildung von Omphacit-Granat-Orthogneissen

können das Ergebnis einer progressiven synkinematischen Infiltration und längerer
Deformationsperioden sein. Die Anwesenheit von Omphacit und Paragonit -

charakteristischin diesenOrthogneissen - läßt sich durch ursprünglicheSchwankungen
des Gesamtgesteinschemismus und/oder durch eine Abnahme der Na-, K- und

HjO-Aktivitätenwährend der Deformation und der Fluidzufuhrerklären.

Die Mikrostrukturen der deformierten Gesteine, Werte stabiler Isotopen und

geochemische Gesamtgesteinsanalysen lassenvermuten, daß die Fluidzufuhr nicht
kontinuierlich war, sondern daß sie pulsierend erfolgte und entlang von Zonen mit

wachsenderPermeabilität infolge von "High-Strain" Deformation kanalisiertwurde. Die

"High-Strain"Verformung dauerte während der Hebung des Gebirges an und wurde
wahrscheinhch von weiterenStößen fluiderAktivität begleitet

Rudimentäre Isotopenmassenbilanzmodelleder Infiltration zeigen, daß das

wässerige Fluid in 160 angereichert war und lokal durchEntwässerungsreaktionen in

dem Nebengestein (Metapelite und Metabasite)gebildet worden sein könnte. Vergleiche
aber mit Isotopenuntersuchungen von DESMONS und OTsTEIL (1975) zeigen einen
fehlenden großräumigenIsotopenaustauschzwischen granitischen Gesteinen und dem
benachbartenEklogit-Glimmerschieferkomplex.Beruhendauf 180-Abreicherung in den
deformiertenGesteinen wurde die Variationder minimalen"fluidto rock ratio" (W/R)
auf 1.0-0.75 geschätztfür die Equilibrierungder Fluide mit einer Isotopenzusammen-
setzung von 6.0-6.5 °/oo und bei Temperaturenvon 500°C. Daten stabilerIsotopen,
gemessen an Proben, welchesenkrechtzu der duktilen Scherzone entnommenwurden,
zeigen eine Abnahme des W/R-Verhältnisses zu Werten <0.1 bei einer Distanz von ca.

30 cm von der Mitte der Scherzone.
Der Beweis für metasomatischeVeränderung,Deformation und Bildung von

Mylonitenund Omp-Gra-Orthogneissenläßt vermuten, daß der Isotopenaus- tausch
durch chemische Veränderung - bedingtdurch oberflächenkontrolherendeMechanismen
- erfolgte und durch Ungleichgewichte zwischen Metagranitoiden und dem



infiltrierendenFluid gelenktwurde. Sowohl diskordanteberechnete Isotopentempera¬
turen als auch scheinbareUnterschiede zwischen einer vorhergesagtenGrößenordnung
überlieferterTemperaturenkönntendie Anwesenheitvon intergranularemstatischen
Fluid widerspiegeln, welches eventuell diffusiven O-Austausch zwischen Quarz,
Phengitund Na-Pyroxennach der Abkühlung bewirkte.

Diese Untersuchungergibt, daß untereklogitfaziellen metamorphen Bedingungen
die Diffusions- und Wachstumsratenin wasserfreienGesteinen sehr langsamsind und

möglicherweisedirekt eine vollkommene Reaktion und Rekristallisationverhindern. Sei

es Deformation wie auch externe Fluide scheinen entscheidende Faktoren in der

metamorphen Entwicklung des Granitkörpersdes Mte. Mucronezu sein. Jedochscheint
eine beschränkteMengevon wässerigerLösung (Fluid)entscheidendfür die chemische
Homogenisierungvon Granat und Pyroxenzu sein.

Die TheologischenEigenschaften des primären Quarzdioriteswaren vermutlich so,

daß das Gestein während der frühenPhase der Metamorphose sehr großen Widerstand

gegen Deformation leistete und nach der Bildung der feinkörnigen Plagioklas-
Pseudomorphosenbesser deformierbarwurde (die Reaktion förderte die Duktilität). Am
Beginn der eklogitfaziellen Metamorphose verursachte geringes Angebot an

Korngrenzfluid - und als dessen Ergebnis langsame interkristallineDiffusion - die

Bildung von lokal begrenztenchemischenund textureilenDomänen und ein generelles
Ungleichgewicht. "High-Strain" Deformation hat möglicherweise intra- und

interkristallineDiffusionsratenerhöht und die Permeabilitätgesteigert, so daß ein

Eindringen von externen wässerigen Fluiden in das ursprünglich trockene System
möglichwurde.
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CHAPTER1

GENERAL INTRODUCTION

1.1 PURPOSE AND SCOPE OF THE WORK

In contrast to someprocessessuch as Sedimentationand volcanism, many processes

includingmetamorphism,are not directly observable. However, it is the physicaland
the chemical changes that have takenplace in metamorphicrockswhich allow an insight
into the natural processeswhich have occurredduring the evolutionof the earth's crust.

Traditionally metamorphicpetrologyhas aimed at estimating the conditions ofpressure,

temperatureand the fluidcomposition by which mineralassemblages in a rock approach
or have achieved equilibrium. The application of experimental and thermodynamic
methods to the study of mineral-fluid phase equilibria (e.g. Kerrick, 1974; Greenwood,
1975; Ferry, 1976,1983,1986;Ferry and Burt, 1982), as well as structuraldataon the

controls of fluid flow (e.g. Etheridge et al., 1983a,b; Rutter and Brodie, 1985) have

greatly increased our understanding of compositions, origins and behaviour of

metamorphic fluids. In addition, fluid inclusion studies (e.g. Touret, 1977; Roedder,
1984; Crawford and Hollister, 1986) and the application of stable isotopetechniques
have provided further valuable Information about the compositions and origins of

metamorphic fluids and have put better constraints on the extentand mechanisms of

fluid-rock interaction duringmetamorphism (e.g. Garlick and Epstein, 1967; Rice et al,
1976; Rumble et al, 1982;Ferry, 1983; Graham et al., 1983).

Althoughstable isotope geochemistry was originallyused to determine temperature
at which mineral assemblages equilibrate (Urey, 1947), it has widely becomea useful

tool in many aspects of metamorphic petrology. Due to isotopic fractionations which

accompany many natural processes, stable isotope techniques, combined with

petrologie data, can be used in metamorphicstudies to:
- estimate temperaturesofformation;
- determinethe nature,extent and mechanism of

fluid-rock interaction, andto deducethe source

and direction offlow of metamorphicfluids;
- documentequilibrium/disequilibrium
relationshipsof mineralassemblages;and

- deducethe sourceof materials of metamorphic
rocks.



In recent years many stableisotope studieshave investigated fluid-rock interactionin

hydrothermally altered areas around igneous intrusions (e.g. Ferry, 1978; Norton and

Taylor, 1979; Lattanzi et al, 1980). Other studies have characterized fluid flow

associated with devolatilizationreactions in carbonateand mafic rocks (e.g. Rumbleet

al, 1982; Ferry, 1976b; Graham et al, 1983; Baumgartner, 1986). Fewerstudies deal

with fluid-rock interactionsin carbonate-free metamorphicterrains (Frey et al, 1976) or

are aimed at documenting isotopic equilibrium/disequilibriumrelationships during
metamorphism (e.g. Deines, 1977; Rumbleand Spear, 1983). Theintent of this study
is to use stable isotope geochemistry to determine the scales and mechanisms of fluid

interaction and motionin variousmetamorphicenvironments, as well as to investigate
the relationship between fluids and deformation and the extent to which isotopic
equilibrium is attained in metamorphic rocks. Two areas have been chosen where

petrologie and chemical evidence indicatesfluid involvement during their metamorphic
evolutions.

Chapters 2 and 3 are concerned with the extent of fluid migration during
eclogite-faciesdehydrationreactions and the subsequentamphibolite-facies overprinting
during Tertiary metamorphism of mafic and pelitic rocks from the Cima di Gagnone
area (Cima Lunga - Adula Nappe). This study is a continuationof investigations by
Ch. Heinrich (1982, 1983, 1986) who has studiedthe amphibolitisationof eclogite
lenses and layers enclosed in pelitic schists and has suggested that the fluid responsible
for the hydrationof the mafic eclogites was producedby dehydration reactions in the

metapelites and only travelled distances less than a metre.The hydrationof eclogite to

symplectite (Hbl + Di + Plag) and amphibolite occurred at the same time as the

dehydrationof muscovite in the enclosing metapelites (now containing Qtz + Plag + Bio

+ Gar). The petrological and chemical changes associated with the amphibolite-facies
overprinting on the eclogitec mafic andpelitic rocks is discussedin Chapter 2. Models

of Rayleigh distillation and fluid infiltration during the earlier eclogite-facies
metamorphic event and during subsequent amphibolite-faciesrecrystallization are

presentedin Chapter 3. In addition, stable isotope evidence for the scales of fluid-rock

interactionand isotopic exchangeand equilibrium are discussed.

Chapters 4 and 5 deal with the role of fluids in processes of metamorphism and

ductile deformation during the eclogite-facies evolutionof metagranitoidsfrom the

Monte Mucronein the Sesia Zone. Previous geological and petrological workhas been

carried out by P.O. Koons and D. Rubie, who have suggested that prior to

deformation,restrictedchemical communicationresulted in local equilibriumdomains
and then gradually, in the later stages of deformation, large-scale equilibriumwas
approached. Fluidsmay have beenimportantin the developmentof the orthogneiss as



well as acting as a catalystin the approach towards chemical equilibrium(Koons, Rubie
and Früh-Green, in review). Detailedmineralogical, textural and stable isotope studies
have been made on ductile shear zones in the relatively undeformed rocks at the east

face of the Mte. Mucrone in order to determine the role of fluids in deformation and

recrystallizationduringthe eclogite-faciesmetamorphism ofthese rocks.

1.2. STABLE ISOTOPE GEOCHEMISTRY

The following sections are intended as a general introductionand review of the

application of stable isotope geochemical methodsto problems of fluid-rock interaction

during metamorphism. Further and more detailed infomation may be obtain in the

recently published book "Stable Isotopes in High TemperatureGeological Processes",
edited by J.W. Valley , H.P. Taylor and J.R. O'Neil (1986).

12.1. GENERAL THEORY AND TERMINOLOGY

Modern stable isotope geochemistry began with a classic paper on the isotopic
fractionation between simple gaseous molecules by H. Urey in 1947, and was quickly
proven to be of valuable use to geologists (Craig, 1953; Epstein and Mayeda, 1953;
Emiliani, 1955). Stable isotope geology deals with the fractionation of the stable

isotopes by physical and chemical reactions occurringin nature.The groupof elements

whose isotopes are especially susceptible to natural isotope fractionation includes H, C,
N, O and S. These are among the most abundant elements in the earth and are intimately
associated with the biosphere, the hydrosphere and the lithosphere. Consequently, the

study of their isotopes provides information on a variety of geological processes
occurringin differentgeological environments.

Isotopeexchangereactions involvea redistributionof isotopes of an dementamong
different molecules which contain that dement. Such an exchange reaction can be

written in termsof general chemical equilibrium:
aAj+bB2= aA2+ bBj,

where:

1 = light isotope
of the species A and B

2 = heavy isotope

The equilibriumconstant of such a reaction is expressedas:

K = [A2/A1]a/[B2/B1]b



Concentrations are used rather than activities or fugacities because ratios of activity
coefficientsfor isotopicallysubstitutedmolecules are equal to unity. When there is more

than one atom of the isotopic dementin the chemical formula, for example Si 1802 or

CD4, all atoms in the substanceare the isotope indicated. Using methods of Statistical

mechanics, the isotope equilibriumconstantcan be expressed in terms of the partition
functionQ, betweenthe two molecules Aj + A2or Bj + B2. Thus,

k=Qa2/Qa1/qb2/Qb1.
Q is definedby the followingequation:

Q=Ign.e-VkT
n

where gn is the Statisticalweight of then* allowed energy level E^ k is the Boltzmann

constantandT is the temperaturein Kelvin.

It is thus seen that isotope exchange reactions are temperature dependent. At

differenttemperaturesdifferentisotope ratios will be present As temperaturesapproach
0 °K, the equilibriumconstant tends towards zero and corresponds to complete isotope
Separation (i.e. no isotope exchange).As temperatureincreases (approaching infinity),
there is less isotope exchange,and isotope fractionation approaches the valueof 1.

The evaluationof partition functionratios becomes quite complicated when solid

phases are considered. It is morecustomary to considerfractionationfactors rather than

equilibriumconstants. Fractionation factors may be determined from direct laboratory
measurements, from semi-empiricalcalculations,or from regularitiesin samples which
formed during well understood geologicalprocesses. The fractionation factor cc is

simply expressed in terms of the ratio R of the numbers of any two isotopes found in

the chemical Compounds involved:

aA-B= RA/RB
and oc is related to the equilibriumconstant in the followingway:

oc = (K)1/n
where n is the numberof atomsexchanged.

Isotope data are always given in terms of difference in absolute isotope ratios

betweentwo substances, and are expressedin 8-notation as definedbelow:

8 = ^sample'Standard - U x 1000 (%o)
where R is the ratio of the heavy (rare) isotope to the light (common) isotope, e.g.

180/160) 13C / 12C> D / Hj etc



simply signifiesthe enrichment or depletion of 180 in a sample relative to a Standard.

Absolute isotopic abundances are not used because they cannot be measured as

precisely as relative differences. There are two internationally accepted reference

Standardsfor oxygen: PDB (Pedee Belemnite) and SMOW (Standard Mean Ocean

Water). The PDB Standard is normally used in paleotemperaturestudies of carbonate

rocks; whereas SMOWis morecommon in isotopic studies of metamorphicrocks (see
Friedman and O1 Neil, 1977 for further discussionof the various Standardsused in

stable isotope analysis).
Themeasured5-valueis relatedto the fractionation factorcc by:

aA-B =l+A/100° / 1+ B /1000.

Usingthe mathematicalrelationship:
103ln(1.0X)«X,

a useful approximation can be obtainedby taking the natural logarithmof both sides of

the previousequationso that:

ln ocA_B = ln (1+ 8A/1000) - ln (1+ 8ß/1000)
since 8/1000 is always less than 1.0, the followingapproximation can be written:

ln (1+ 8A/1000) - 8A/1000 and ln (1+ 6g/1000) - 8^1000.

Thus, by Substitution:

5A" ^B " 100°ln aA-B *

The quantity 1000 ln aA.g is referred to as the "per mil fractionation" and will be

independent of the Standardused (Friedman and O' Neil, 1977). Thequantity (8A- 8g)
can be replaced by the A-value,so that a generalrelationship between oc, 8 and A can

be defined:

AA-B= 5A-8B«10001naA.B
For a discussion of the accuracy and limitationsof this approximation see Friedmanand
O' Neil (1977,p. KK2).

In stable isotope geochemistry,the logarithmfunction 1000 ln oc, has an important
significance. Early calculations by Bigeleisenand Mayer (1947) have shown that for

perfect gases ln oc varies as a function of 1/T2at high temperatures and 1/T at low

temperatures. In addition, theoreticalcalculations (Bottinga and Javoy, 1973,1975)and

laboratory experiments (see App. V) have shown that there is often a linearrelationship
between 1000 ln oc and temperature.Both theoretical and experimentallydetermined
fractionationfactorsof oxygen isotopicexchangecan be describedby the relationship:



fractionationfactors ofoxygen isotopicexchangecan be describedby the relationship:

10001nocA_B = a-106T"2 + b - 5A-8B = AA.B

where a and b are constants and A and B are any two species which attain isotopic
equilibrium. This relationship forms the basis for oxygen isotope geothermometry(for
comprensivereviews see Javoy, 1977; Clayton, 1981, O'Neil, 1986). An example of

empirical fractionationcurves, calculated by Kieffer (1982) for various common Silicate

minerals are shown in Fig. 1.1.
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Fig. 1.1: Fractionation factors between quartz and the minerals indicated.The mineral abbreviatians
are: Qtz (quartz), Calc (calcite), Albt (albite),Muse (muscovite), Enst (clinoenstatite), Anor

(anorthite), Diop (diopside), Pyrp (pyrope),Gros (grossular), Zrcn (zircon), Fors (forsterite),
j\ndr (andradite), Rut (rutile). From Kieffer(1982).

122. OXYGEN ISOTOPE EQUILIBRATIONDURING
METAMORPHISM

The applicationof oxygen isotope geochemistryto petrologicalproblems of

fluid-rock interactiongenerally assumes that isotopic equilibriumhas been achieved and



that it is frozen in at - or close to - the temperature of formation of the mineral

assemblages present. Any discussionof the attainmentof oxygen isotopic equilibrium
needs to include both the criteria used to test for equilibriumand the scale at which

equilibriumis thoughtto haveoccurred.

1.2.2.1. Large-scale equilibrium: pervasive isotopic exchange.

Some isotope studies of metamorphic rocks have shown that isotopic
homogenisation can occur over distances ofkilometersand withininterbeddedrocks of

varying original chemical and isotopic compositions (Tayloret al, 1963; Garlick and

Epstein, 1967; Rumbleet al, 1982;Rumble and Spear, 1983; Wickham1985).
Various mechanisms are thought to be responsible for such pervasive isotopic

exchange: (1) self-diffusionof oxygen-bearingmolecules through static pore fluids; (2)
infiltration and fluid flow through interconnectedpore space (Nagy and Parmentier,
1982; Rumble and Spear, 1983); (3) volume diffusion through solid grains (Taylor,
1974; Friedrichson and Hoernes, 1980; Matthews et al, 1983); or (4) Solution -

reprecipitation (i.e. recrystallization)of individual mineral grains. (See also discussion
in Section 1.2.3 and 5.4).

Large-scaleisotopic exchangeand homogenisation can be determined by measuring
similar minerals from various rock types, whose original isotopic compositions are

known to be different. If the mineralshave uniform isotopic compositions regardless of
their original difference prior to metamorphism,large-scale isotopic equilibriumcan be

assumed.

1.2.2.2. Local equilibrium

In contrast to equilibriumon an outcrop scale and in the presence of a pervasive
fluid, local grain-to-grain equilibriummay be attained betweenadjacent mineral grains
in a Single rock type or layer. Thus, isotope exchangeoccursover a distance equal to or

greater than the grain sizes in the rock but less than the thickness of the bedding or

layering. A test of local exchangeequilibriummay be made by analysingat leasttwo

mineral pairs from various rock types and determinewhether the isotopic fractionations

are consistent (Javoy et al., 1970; Deines, 1977). Since isotopic fractionation is

temperaturedependent, uniform fractionation betweenmineralpairs, despite variations

in bulk isotopic compositum,should yield concordant temperatureestimates and would

indicate attainment of local isotopic equilibrium.The identification of concordant

temperaturesas evidencefor isotopic equilibrium assumes that the calibrationfactorsare



absolutely accurate and that temperaturesrepresent peak metamorphicconditions with

no retrograde isotopic exchange. Concordanttemperaturesmay also resultfrom either

(a) similaritiesin grain-sizes and diffusional parameters of the coexisting (analyzed)
phases and/or (b) loss of hydrous fluid from the rock, yielding a concordant closure

temperature (see also Deines, 1977 and discussion in Giletti, 1986).

Table 1.1

Sequenceof mineralsin the order (bottom to top) of increasing tendency to concentrate
180 during equilibriumisotopic exchange (modified from Taylor, 1967, p. 128). The
d-values are fully hypothetical, but show reasonable variations between coexisting
minerals in low- to middle-grade pelitic schists. The relative order of the minerals in
parenthesesare not as well known as the other, more abundant minerals.

Minerals 8 Value

Quartz (tridymite) 15.0
Dolomite 14.2
K-feidspar, albite 13.0
Calcite 12.8
Na-richplagioclase 12.5
Ca-richplagioclase (kyanite) 11.5
Muscovite, paragonite, (Na-pyroxene) 11.3
Augite,orthopyroxene,diopside, (glaucophane) 10.5
Hornblende(sphene, lawsonite) 10.5
Olivine, garnet (zircon, apatite) 9.5
Biotite 8.5
Chlorite 8.0
Ilmenite 5.5
Magnetite,hematite 4.5

Another basic indication of isotopic equilibrium is the relative order of 180 -

enrichment in coexisting mineralphases. Quartz tends to concentrate 180relative to the

other common minerals, whereas mineralssuch as magnetite, ilmenite and rutile tendto

be the most 160-rich.A list of mineralsand their relative tendency to incorporate 180 is

shown in Table 1.1 (takenfrom Taylor, 1967, p.128; see also Garlick and Epstein,
1967, p. 197). This sequence of decreasing lsO-content is due to crystal-chemical
effects. Since the vibrational frequenciesare directly related to the bond strength and

cation mass, the minerals which have the most strongly bonded oxygen and/or have

oxygen bonded cations of low atomic weight will be more enrichedin 180. More highly



polymerizedSilicates and those with the highestvibrational frequencies (e.g. quartz)
tend to concentrate180. Althoughthe correct sequence of 180-concentrationsdoes not

guaranteeisotopic equilibrium, reversals in the orderof 180-enrichmentclearlyindicates
conditionsof disequilibriumor may be evidence for retrograde exchange or unusual

fluid-rock interactionduringmetamorphism.

123. MECHANISMS OF ISOTOPIC EXCHANGE

Therehave been few studiesin stableisotope geochemistry which have been directly
aimed at determining the mechanisms by which oxygen isotopes exchange and reach

equilibrium. In general, oxygen isotope exchangeis consideredto result from two basic

mechanisms:(1) surface reactions and (2) diffusion of oxygen-bearing species through
crystals, either along lattice planes or crystal defects. Surface reactions can include

dissolution/reprecipitation mechanisms,recrystallisationof a pre-existing mineral or

transformationof one mineral into another (e.g. Matthews et al, 1983; Cole et al,
1983).

Most experiments on isotopic exchange are aimed at determining fractionation

factors in mineral-fluidSystems. In their experimental study on the effect of cation

exchange on oxygen isotopic exchange in feldspars, O' Neil and Taylor (1967)
suggestedthat the oxygen exchangeoccurredby a fine-scaledissolution/reprecipitation-
front movingthrough the crystals. Based on these experiments as well as manyothers

which showed a similar phenomenonof solution-recrystallisation,Coleet al (1983,and
references therein) calculated rates of oxygen isotopic exchangefor many of the most

common rock-forming minerals. Their calculations showed that under the same

conditions(temperature, grain size, fluid/mineral ratios), diffusion-controlled rates of

isotopic exchangeare several Orders of magnitudeless thanthose accompaningsurface
reactions. They concludedthat oxygen isotopic exchange occurs primarily through
surface-controlledmechanisms when the minerals and fluids are out of chemical

equilibrium, and through diffusion once the mineralsand fluids havereached chemical

equilibrium(see also discussion in Section5.4).
The dominant mechansimof oxygen isotope exchangemay vary dependingon the

mineral species involved. Based on stereological and scanning electron microscopic
(SEM) analyses, combined with a three-isotopemethod of determining isotope
exchange (see also Matsuhisaet al., 1978), Matthews et al. (1983) have shown that

two different mechanisms of isotopic exchange dominate during mineral-water

interactions for the minerals quartz and plagioclase at elevated pressures and

temperatures.Quartz-water isotopic exchange(T = 250 °C to 600 °C; PH20= 1 to 22
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kbar) seems to be initially dominated by a recrystallization mechansimof 'Oswald

ripening',in which recrystallizedgrains of quartz form faceted overgrowths on original
grains that havebeen roundedby Solution processes. As recrystallizationproceeds (with
an increasing degree of exchange), the specific surface area of the quartz grains
decreases and thus reduces the amount of surface free energy as the thermodynamic
driving force for recrystallization.As a result, recrystallizationis retardedand further

isotopic exchange becomes more and more dominated by diffusional mechanisms.

Matthews et al envision the diffusional mechansimto be similar to that of 'hydraulic
weakening' described by Griggs (1967), in which oxygen in Si-O-Si bridges are

hydrolizedby migratingwater molecules.

In contrast to mechanismsof quartz-water intereactions, and contrary to the

interpretaion of ONeiland Taylor (1967) discussedabove, substantialrecrystallization
was not observed by Matthews et al (1983) in isotopic exchangeexperiments on albite-

and anorthite-water at T = 500 °C to 600 °C and PH20= 2 to 15 kbar. Matthews et al

propose that oxygen isotope exchange during plagioclase-water interactions is

dominatedby a diffusional mechanism in whichH^Openetrates the plagioclase grains
and reactively exchanges with oxygen atoms which share (AI, Si )04 - tetrahedra.

At high water pressures (above 4 Kbar) dissolution/reprecipitationmaybe the more

dominantmechanism of isotopic exchange(Matsuhisa et al, 1979; Yund andAnderson,
1978). However, Matthews et (1983) have emphasizedthe fact that their observations

are applicable to Systems ofmineral-waterexchange betweenloose grains and abundant
fluid (i.e. high fluid to mineral ratios). It may thus be unwise to directly apply the

observed results to processesin natural Systems in which fluid/rock ratios are low and
the fluidphase is mainly concentratedalong grain boundaries, crystaldefects, voidsetc.
Natural environmentsmay tend to inhibit recrystallization, except possibly during
processes of metamorphismwhich involve increases in permebility (i.e. through
devolatilizationreactions and/orduring brittle deformation). Evidencefor a diffusional
mechanismof oxygen isotopeexchangein plagioclase has been observed by Taylor,
1974) from the San Juan volcanic field, Coloradoand by Friedrichson and Hoernes

(1980) for plagioclasephenocrysts in hydrothermally altered ocean-floor basalts.

However, evidence for a similar mechanism of recrystallizationas that observed in the

experimentsof Matthews et al (1983)havenot been substantiated in natural Systems.
Theoretically, isotopic exchange can take place in fluid-absent Systems directly

through diffusion betweenmineralgrains in mutual contact. Therates of exchangewill
be controlled by temperature, grain dimensions,activationenergies and diffusivities and

will be ordereof magnitudeslower than diffusion in the presence of water (e.g. Yund
and Anderson, 1974,1978;Giletti et al, 1978; Graham 1981).
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Hydrogen diffusion studies by Grahamet al (1980)and Graham (1981)have shown
that rates and mechanisms of hydrogen isotopic exchange with minerals are greatly
dependenton the presence of a hydrousphase.Furthermore, Graham (1981) argues
that isotopic exchange of both hydrogen and oxygen will continue during cooling in

metamorphic and hydrothermal Systems if a hydrous fluid phase is present and will

directly affect the temperature at which isotopic exchange ceases. If hydrous
intergranular fluid is effectively lost from the systembefore cooling, isotope exchange
will slow downdrastically and possibly the maximumtemperature of metamorphism
will be recorded in the rock. These conclusionsof Graham's have direct implications
for the evaluation and determinationof isotopic equilibrium, for the Interpretationof the

coolinghistory in metamorphicrocks, and for correlationwith other thermometers (e.g.
cation exchange).

12.4. CONTROLSON OXYGEN ISOTOPIC COMPOSITIONS

Systems of oxygen isotopic exchangecan be regarded in the sameway as any other

mass-transferSystem. Oxygenisotopic fractionation betweenmineral phases in a rock

will occur as temperatureand mineralmodes change and/oras new mineralsare formed

during metamorphic reactions. In a closedsystem,in which the isotopic and chemical
compositions of the rocks are originally homogeneous, changes in temperature and

pressure during metamorphismwill influence mineral reactions and can result in

changes in the isotopic compositions of the coexisting mineral phases,but the overall

whole-rock lsO-budget will remainconstant. This is analogous to the behaviour of bulk

rock chemistry in a closed system. Cation-redistribution can take place and mineral

modesmaychangethrough mineralreactions duringmetamorphism,but the whole rock
chemical composition will remain the same.

If changes in the whole rock isotopic and chemical compoisitionsare observed,the

systemcan no longerbe regarded as closed: something must havebeen added or taken

away. In open Systems of fluid-rock or rock-rock interaction,shifts in 180 away from

the originalisotopic composition will be primarily controlled by:
- the relative difference betweenthe initial composition of the rock (81 ^O^)and

that offluid phase (81180R) which eitherenters or leaves the system;
- the relative difference between 81 18Owr of two rock reservoirs which are inter-

connected via a fluid phase;
- the total amount of oxygen in the initial fluid (X1^) relative to the total amountof

oxygen in the rock (X1^);
- the mechanism of fluid-rock interaction.
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The mechanisms of fluid-rock interaction,such as Rayleigh distillation (see below)
during devolatilizationreactions,and/orinfiltration of an externally-derived fluidphase,
will affect both the amount of oxygen and the isotopic composition of the systemand
will control the amount of shift in 18Owr (see Rumble, 1979, 1982; Rumble et al,
1982; Taylor, 1977,1979;Rye et al, 1976).

Rayleigh distillation is a process in which a fluid is derived internally during
devolatilization reactions. Once the fluid is producedit is expelled and does not react

with the rock again. Numericalmodelling by Rumble (1979, 1980, 1982) ofRayleigh
distillation duringsimultaneousdecarbonationand dehydrationreactions in calc-silicate

rocks has shown that only small shifts (l-2%o) in 180 of minerals and whole rock

result, whereas shifts in 13C are much larger. The difference in behaviour between

carbon and oxygen isotopes is explained by the fact that, compared to the amount of

oxygen lost from the rock as H20, much more, if not all, carbon atoms are strongly
partitioned into the fluid phase and thus leave the system, resulting in large
fractionationsof 13C in any residual carbonate-bearing mineral.

Rumble mentions that similar modelling by Lattanzi et al (1980) resulted in much

larger depletionsin 180. The difference between the two modeis is that the minerals

involved in the devolatilization reactions do not exchangeisotopically in the Lattanzi-

model, and moreoxygen atoms are lost from the systemthrough the fluidphase. This
model can be tested by measuringthe residual of the phase which produces volatiles

(e.g. calcite in a carbonate system or muscovite in a hydrous system) as well as all

coexisting mineral phases to determine whetheror not isotopic exchangeequilibrium
between any of all the phases has been attained. Applications of the Rumble-type
distillation model are presentedin Chapter 3.

In contrast to small shifts in 180duringRayleigh distillation, Rumble'smodelling of
infiltration and combinedinfiltration/Rayleighdistillation showthatgreater shifts in 180
can result His modeis and the resulting shifts in 180 depend greatly on F/R ratios and

on the chemical and isotopic composition of the infiltrating fluid. The greatest shifts in

180 will resultin Systems with high F/R (>1:1) andwith fluids which are extremely out
of isotopic equilibriumwith the rock being infiltrated (Rumble, 1982, p. 345-346). In

these modeis there is little difference in resultsbetweenpure infiltration, in which only
isotopic exhange with an external fluid occurs without accompanying devolatilization

reactions, and infiltration accompanied by devolatilization reactions and Rayleigh
distillation. This is to be expected since results of the Raleigh distillationmodel

producedonly minimal changes. Rumblehas also shown that for isothermal, isobaric

infiltration and reaction, oxygen isotopic equilibriumbetweenthe rock and the infiltra¬

ting fluid maynot be attained;whereas under isobaric,polythermal conditions, isotopic
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equilibriumis approached more closely andearlier in the progressof the reaction.

It is also importantto remember that a lack of shift in 180 does not necessarily mean
that no infiltration occurred during the metamorphic history of a rock. If an

externally-derived fluid is in isotopic equilibriumwith the rock it infiltrates,no isotopic
exchangewill result. In such a case, other methods of evaluating fluid-rock interaction

must be relied upon.

125 MODELS OF FLUID I ROCK INTERACTION USING
OXYGENISOTOPE DATA

Severalmodeis of isotopicexchangeas a result of fluid/rock interactionare found in

the literature. Examples of numericalmodelling of fluidtransport and isotopicexchange
in hydrothermal Systems,based on the principles of transport theory, are presentedby
Norton & Taylor (1982); Cathles (1983) and Baumgartner & Rumble (1986).
Alternative approaches in monitoring isotopic exchangeand fluid-rock interaction are

offered by mass balancecalculations as presentedby Taylor (1977), Rumble(1982) and
Blattner (1985).

Any model which usesstable isotopes as an indication for fluid-rock ratios will only
determine minimalvalues, since oncethe fluidis in isotopic equilibriumwith a rock, no
evidence of the amount of water which has subsequentlygone through the rock will be

left behind.

1.2.5.1. Mass-balance calculations of isotopic exchange

If a fluid phase is initially out of isotopic equilibrium with the solid phase, the

isotopes will be redistributed between all the phases in the system which the fluid

infiltrates, and is to an extentdependenton the exchange mechanism. Stableisotope
exchange can be considered the same as any mass transfer system. Water-rock

interactionin a closedsystem can be describedby the basic mass-balance equation:

W8iw+ R8iR = W8fw + R8fR, (1.1)
where W, R are the atomic per cent of oxygen in the water and rock, respectively,
relative to the total oxygen in the system, and 8W, 8R are the oxygen isotopic
compositions of water and rock before exchange (i = initial) and after exchange (f =

final). This isotopic relationship for water-rockinteraction is representedschematically
in the followingbar graph:
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water rock

O >o o< O

8V 8fw < A > 8fR #R

whereby A is simply definedas $R - 8^, and will be a function of the temperatureat
which exchangetakes place.

Equation (1.1) can be rearrangedto definea ratio of water oxygen to rock oxygen,

W/R,
W/R=8fR- 8V 8fw- 8V (1.2).

Using the abovedefinition of A, equation(1.2) becomes :

W/R=8fR- 8^/ 8\y- (8fR-A) (1.3)

(Taylor, 1977).
In an open-systemin which each increment of water makes only a Single pass

through the System,the integratedW/R ratio has been calculated by Taylor (1977) to be:

W/R =ln[(8fw + A- 8V)/ ( 8{w- (8fR- A))]
= ln [(W /R)closedsystem + l] (L4)

W/R ratios calculated by this equationare similar to those calculated by Rumble (1982)
for stepwise fluid infiltration and isotopic exchange. In Rumble's modeis, infinitesi-

mally small increments of fluid infiltration and isotopic re-equilibration producesmall
isotopic changes in the componentsof the system. Thesechanges are then summedover

all the increments and the overall fluid-rock interaction ( 8180-shift) is determined.

Modal compositions of the fluid and the rock, as well as porosity, temperature and

pressure, can be changed after each step of calculation. In all of these mass-balance

calculation modeis, no constraints are placedon the mechanisms by which the isotopes
exchange(i.e. diffusion-controlled or surface reactions),nor on the permeabilityof the

rock.

Baumgartner and Rumble (1986) point out the drawbacks in these types of

mass-balance, isotopic exchangemodeis. These modeis can essentially be regarded as

one-dimensional with no time constraints and no possibility to monitor the spatial
evolutionof the mass transport system.However, anyone familar with the complexities
of numerical modelling and transport theory will appreciate the simplicity and first

approximation that mass-balancecalculation modeisallow.
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1.3. CONSTRAINTS ON FLUID FLOW

The mechanismby which fluid escapes from a rock will be determinedby the

amount that fluid pressure(Pf) deviates from the stable lithostatic pressure(Pj). Such a

deviationwill be directly influencedby the permeabilityof the rock in which a fluid

phase is produced and the permeabilityof the surrounding rock pile which the fluid

must pass through. Rock permeability is controlledby a number of factors which

include: (1) number, distribution and orientation of fractures; (2) applied stress; (3)
porosity; (4) pore-fluid pressure; (5) precipitationof secondary mineralsby pore fluids;
(6) dissolution of minerals by pore fluids (e.g. Brace, 1968, 1972, 1980; Morrow et

al., 1981); and (7) reactions taking place in the rocks. Very little is actually known
about in-situ permeability of medium to high grade metamorphicrocks. In a comparison
of laboratory-determinedpermeabilities and in-situ permeabihtiesof various rock types,
Brace (1980)pointedout that permeabihtiescan vary greatly for any group ofrocks and

will depend greatly on the presence and spacing of fractures.In general, the ränge of

in-situ permeabilities appear to be consistent with those estimatedin laboratory studies

(Brace, 1980, 1984). Measured permeabilities of crystallinerocks in drill holesränge

from 10"18 to IO"13 m2, whereas the leastpermeablerocks in this groupare comparable
to those of argillaceous rocks (IO'21 to 10"17 m2). Brace (1984) concludedthat the

permeabilityof basalts may the most variable of any common rock type, covering a

ränge of nearly 9 ordere of magnitude(10"2° to 10"10m2).
As fluids are released during devolatilization reactions, both Pf and the rocks

permeability will initially increase (Brace, 1980). In addition, such metamorphic
reactions tend to increase the rock's porosity because the volume of the mineral

products in the rock after devolatilizationwill generally be less than thatof the reacting
phases (Fyfe et al., 1978; Rumble et al, 1982, see also Chapter 3). A steady State will

resultif permeabilityincreases such that the rate of fluidloss is equal to the rate of fluid

production. However, since tensile strength of a rock at metamorphicconditions is very

small, once fluid pressure exceeds lithostatic pressure, the rock will eventuallyfall,

resulting in fractures (hydraulic fracturing) and/or shear zones (shear failure) (e.g.
Brace, 1968; Secor, 1968; Fyfe et al., 1978; Etheridge et al., 1984; Rutterand Brodie,

1985).
The presence of extensiveveins in metamorphicrocks is commonly interpreted as

rock failure due to an excess of fluid pressurein which the resulting fractures act as

channelways for fluid flow (e.g. Walter and Orville, 1982; Rumble and Spear, 1983;
Yardley, 1982,1986; Wood and Walter, 1986; Heinrich,1986). In contrast, veining in

some metamorphicterrainsmay be completely absentor scarce. Larger scale isotopic
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exchange without apparent fracturing or veining is often interpreted as indicating
steady-state conditionsof fluid flow during metamorphism (e.g. Garlick and Epstein,
1967; Taylor et al.,1963; Rumble et al, 1963; Rumble and Spear, 1983; Ferry 1983b,
1984; Graham et al., 1983). The critical factors which will directly control fluid

pressureand determine whether or not a rock will fall, and veins will form, are the rates

of fluidproduction, or fluidinflux, and the pervasivepermeabilityof the rocks.
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CHAPTER2

ADULA - CIMALUNGANAPPE

2.1. GEOLOGICALSETTING

The central alpine Adula-Cima LungaNappe is a slice ofpre-Mesozoic Continental

basementconsisting predominantly of metagraniticand metapelitic gneiss and schist.

Less abundantmafic and carbonaterocks, as well as ultramafics in the southernCima

LungaNappe, occur as lenses and layers in the polymetamorphicmetasediments. Two
phases of alpine metamorphism,accompaniedby varyingdegrees of deformation,have
affected these rocks. Mesozoicor lower Tertiary high pressure mineralassemblages are

older than nappe emplacement and are overprintedby an OligoceneBarrovian-style
regional metamorphism. High-pressure mineral assemblages are mainly preserved in

mafic lenses and record a continuous increase in P-T conditions from 12-15 Kb /

500-600 °C in the north of the Adula nappe to morethan 20Kb / 800 °C in the south

(Heinrich, 1983). A distinct decrease in pressure characterizes the Tertiary
Barrovian-stylemetamorphism which varies from greenschistfacies in the north to

upper amphibolite-facies (sillimanite grade) in the south.

The rocksof the Adula-CimaLunga Nappehave undergonea complicated structural

and polymetamorphichistory. A pre-alpine, high temperature metamorphic event is

indicated by CarboniferousRb/SrandK/Arage determinationson somemicas from the

northern Adula nappe (Jäger et al, 1967; Jäger et al, 1969; Frey et al, 1974). In

addition, whole rock Rb/Srdata indicates a late Carboniferousage for migmatites in the

southern Adula nappe, with some local remobilisation during the Tertiary
amphibolite-facies metamorphism (Hänny et al, 1975).

2.2. CIMA DI GAGNONE : GENERAL GEOLOGYAND
LITHOLOGICUNITS

The Cima di Gagnone area, southeastof Frasco in Val Verzasca TI (Fig. 2.1),
occupies the northeasterncorner of the Cima Lunga Nappe, which is the southern

extensionof the Adulanappe.A metacarbonate zone of possibly Mesozoic age separates
the Cima Lunga Nappe from the underlying, rather monotonous metagraniticgneisses
of the SimanoNappe. The exact nappe boundary is difficult to trace in most areas

because it is isoclinally folded (Codoni, 1981). These folds have amplitudes up to

several hundredmetere. The axial planes are nearly horizontal at the Cima di Gagnone
area and become progressively steeper southwardstowards the narrow east-west

trending "WurzelZone" along the insubric line.
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Zones

Q eclogite with omphacite + garnet preserved
¦ completely amphibolitized eclogite

minerals in textural equilibrium with garnet+omphacite+quartz:
K kyanite G blue amphibole P albitic plagioclase

® garnet lherzolite

¦¥¦ completely chloritized garnet lherzolite

o location

Fig. 2.1
Tectonic map of the Eastern Central Alps of Switzerland, modified from Heinrich (1982, Figure 1 and
references there in). The Adula-Cima Lunga Nappe, which overlies the Simano Nappe and is overlain by
the Tambo Nappe, is a pre-Mesozoic Continental basement complex consisting predominantly of

metagranitic gneisses and schists with less abundant metacarbonates, metabasites and metaperidotites
(only in the south). Mineral assemblages in rocks of mafic and ultramafic compositions, occurring as

discontinuous layers and lenses, record early-Alpine eclogite-facies metamorphic conditions which are

older than nappe emplacement, a Tertiary Barrovian-styleregional metamorphism overprints the high
pressure mineral assemblages and ranges from greenschist-facies in the north to upper amphibolite-facies
(sllliraanit'e-grade)in the south. Nappe boundaries are cut by mineral isogrades surfaces of the syn- to

post-tectooit Tertiary metamorphism. Data shown are from Heinrich (1982) and references theie in
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TheCima di Gagnone area is one of the best studied areas in the Cima Lunga-Adula
Nappe. A detailed summary of the most pertinent studies in the area is given in

Heinrich,1983 p. 25. Extensive structural mapping (Heinrich, 1978; Stäuble, 1978;

Schläpfer, 1978; Zingg, 1978) has shown that intensive deformation and isoclinal

folding occurred simultaneously with the Tertiary Upper amphibolite-facies
metamorphism.This latest stage of metamorphism has essentiallyobliterated most of

the earlier structuresand mineralassemblages in the metapelitic to metagranitic gneisses
and schistswhich comprise most of the area. Relict eclogite-faciesmineralassemblages
have only been preservedin boudins and lenses in areas of low strain (Heinrich 1978,
1982). With the exception of one outcrop of garnet peridotite south of Passo Scaiee

(Trommsdorff,1980, Stop 28, p. 313; Evans and Trommsdorff, 1978) and Corona

textures in one sample of metapelite (CH 200, Heinrich 1982, 1983), these relict

eclogite-facies assemblages (Qtz + Omp + Gar + Kyn; see Table 2.1 for an expianation
of the abbreviations used in this study) occur exclusively in rocks of mafic composition.
Structures in the eclogite and garnet lherzoliterelicts are rotated and truncated by those

in the amphibolite-facies pelitic countryrocks.

Table 2,1
List of abbreviations ofmineralnames used throughoutthis study.

Alb
Alm
An
And
Bio
Chi
Dio
Gar
Gro
Hbl
Um
Jad
Ksp
Kyn

= albite
= almandine
= anorthite
= andradite
= biotite
= chlorite
= diopside
= garnet
= grossular
= Hornblende
= ilmenite
= Jadeite
= K-feldspar
= kyanite

Mus = muscovite
Omp = ompacite
Par = paragonite
Phe = phengite
Plg = plagioclase
Pyr = pyrope
Qtz = quartz
Rut = rutile
SU = silhmanite
Spe = spessartine
Sph = sphene
Sta = staurolite
Zoi = zoisite

Based on the most predominant rock-typepresent, Heinrich (1978)dividedthe Cima
di Gagnone-ValMotto area into three lithologicalzones (Fig. 2.2).

Biotite-Hornblende Gneiss forms the tectonically lowest lithologicalunit and lies

directly over the granitic gneiss of the SimanoNappe. This gneiss contains biotite,
hornblende, plagioclase, quartz, sphene and garnet and is intercalated with

coarse-grainedmassive amphibolite.The amphibolite occurs as several meters thick

boudins and discontinuous layers.In contrast to the rocks of similar composition and
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character in the tectonicallyhigher units, no textural relicts of eclogite-facies minerals
haveyet beenfoundin these amphibolites.

The biotite-hornblende zone is overlain by an approximately 100m thick Kyanite
Gneiss Zone of semi-pelitic to pelitic composition.The interlayered biotite gneiss and

kyanite-bearinggarnet gneisses and schists are well foliated and form a large-scale,
nearly flat-lying, isoclinal fold. These rocks contain varying amounts of biotite,
muscovite, kyanite, garnet, quartz and plagioclase with less abundant staurolite,
tourmaline, rutile andilmenite. 20 cm thick quartz lenses,with up to 10 cm long kyanite
crystals, are common in this zone. These lenses are nearlyalways oriented parallel to
foliation, and the kyanites are commonlybent and slightly altered to muscovite.

Nearly round, l-2min diameter mafic boudins, lenses and pods occur throughout
the kyanite-gneiss zone. These boudins and lenses have a characteristiczoning pattern
in which relict eclogite-facies mineral assemblages of kyanite+ omphacite+ garnet+

quartz are foundsolely in the centers and grade into fine-grained symplectite (Dio+Plg)
with fine-grainedamphibolite forming along the rims. The petrology, evolutionand

significance of these eclogites and meta-eclogiteshave been described in detail by
Heinrich (1979, 1982, 1983, 1986) and are the basis for the present study. Their

relationships will be discussedmore thoroughlyin a subsequent section.

A Biotite-Augengneiss Zone forms the tectonically highest unit in the Cima di

Gagnone area. These rocks are moregranitic in composition and are characterized by
porphyroblasticäugen (up to 1 cm long) ofplagioclase and quartz. Biotite, plagioclase
and quartz are the main constituents in the matrix with less abundant and varying
amounts of muscovite, K-feldspar and garnet. Kyanite is rare in this zone. As in the

kyanite-gneiss zone,mafic rocks with relict eclogite-faciesmineralogy occur in isolated

lenses. Im to 200m large lenses of ultramaficrocks are distributed throughout the

biotite-augengneiss zone. These rocks have undergonea complicated metamorphicand
metasomatichistory and have been the subject of many intensive petrological and

geochemicalstudies (eg. Trommsdorff et al, 1975; Evans and Trommsdorff, 1974,
1978; Evans et al, 1979, 1981; Pfeiffer, 1978, 1981). Spectacular occurrences of

eclogites, meta-eclogitesand metarodingitesare often associated with the ultramafic

lenses and are describedin detail by Evans et al (1979).
With the exception of one outcrop containing a relict garnet peridotite core, the

ultramafic rocks are composed of olivine + talc + chlorite+ tremolite ±Mg-amphibole
(Mg- cummingtonite or anthophyllite)orolivine + enstatite + tremolite + chlorite (Evans
and Trommsdorff,1978). Continuous fluid activity is indicated by variousgenerations
of veins, and metasomaticreactions which have produced talc- and magnesite-rich
alteration zones (Pfeiffer, 1978, 1981). On the basis of petrological and geochemical
data, the ultramafic and mafic rock association have been interpretedby Trommsdorffet
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al (1975) and Evans et al (1979,1981) as an oceaniccomplex of peridotiteand tholeiitic
basalt which underwentdiffering degreesof serpentinisationandrodingitisationprior to
an early-alpine eclogite-facies metamorphismwith subsequent amphibolite-facies
metamorphism and metasomatic alteration.

Silica-richmetacarbonatesand metadolomites are rare in the biotite-augengneiss and
kyanite-gneisszones. They occur as thin layers and are often associated with the

ultramafic lenses.

Passo Scaiaa
2415m

Cima dl Gagnona
2518m

Mq163„

Marble

(Mu B PI Gneiss
Qz PI Knotswi

Ky-Gneiss
>- - -^ -, ~> CH 271

£¦"*•Bi-Amp Gneiss
?'*fS/*»4 kjJNQ"O Ha meters"Pi

300
Granitic Bi-Mu-Gneiss

WSW

Fig. 2.2. Schematic profile of the Cima di Gagnonearea/ramHeinrich (1978,1983;
see referencesthere in). Ultramafic rocks (garnet peridotite,Mg 160, and
chlorite peridotite Mg 163, see Evans and Trommsdorff, 1978) as well as

eclogites occur as discontinuouslayers and lenses in distincthorizons in the
biotite augengneiss-andkyanitegneiss-zones.

ENE

Preliminary results from oxygen isotope analyses on the mafic rocks at outcrop
MG163 (see Evans and Trommsdorff,1974; 1978) indicate distinctly differentoxygen

isotopic values for mineral separates and wholerocks thanthose for the mafic lenses in

the kyanite gneisszone (see Chapter 3). Whole rock and quartzvalues for both fresh

eclogites and amphibolites at outcrop MG163 show constant 5180 of 3.0%o - 3.5%o

and 6.3%o - 6.4%o, respectively. These values are at least 2%o lower than those for

normal ultramafic rocks (e.g. Taylor, 1968; Javoy, 1978; Kyser et al., 1981, 1982; see

also Figs. 3.1 and 3.2), for normal basaltic rocks (e.g. Taylor and Epstein, 1962;
Garlick and Epstein, 1967; Gregory and Taylor, 1981) and for some eclogites (e.g.
Vogel and Garlick, 1970; Javoy, 1971; Arginier et al., 1985). These preliminary
oxygen isotope data indicate either unusually 180-depleted source materials for the

mafic rocks or large-scale isotopic exchange with 160-rich fluids. Without further
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oxygen dataand especially hydrogen isotope data, an Interpretationof these results or a

determination of possible sources for the interacting fluid cannot be conclusively
determined. However, comparison of these data with data from outcrop CH271

(discussedin detailin Chapter 3) suggeststhat all of the mafic rocks from the Cima di

Gagnonearea may not have been derivedfrom the same source material (e.g subducted

oceanic crust), or that outcrop MG163 experienced very local, lsO-depleted fluid

activity during its metamorphicevolution.

22.1. CIMA DI GAGNONE: METAMORPHICEVOLUTION

2.2.1.1. Eclogite-Facies Metamorphism

Based on detailed petrological and textural studies, Heinrich (1983, 1986) has

suggestedthat the kyanite-bearing eclogites from the Cima di Gagnoneareaevolved by
prograde dehydration reactions from hydrous pre-Alpine mafic precursors.The

presence of primary hydrous minerals (Hbl + Zoi) coexisting with, and as inclusions in,
the stable eclogite-facies assemblages of Omp + Kyn + Gar + Qtz, together with
theoreticalSchreinemakers analysis and thermobarometry, allowed Heinrich to propose
a generalized dehydration"isograd" reaction:

Par + Epi + Hbl + Qtz = Omp+ Kyn+ rip
(reaction 12, Heinrich,1986)

This reaction was interpreted as marking the regionaltransitionfrom fluid-absent

metamorphism in the north to fluid-presentmetamorphism in the south at pressures and

temperaturesover 12-15 Kb and 500-600°C. Numerousveins containingQtz + Kyn +
Ompstrongly suggestthat a free fluidphase locallycoexisted with the kyaniteeclogites
some time during prograde eclogite-facies metamorphism. Heinrich (1986, p. 150)
interprets these veins as a result of hydraulic fracturing and suggests that the E^O-
bearingfluid phase was local and temporary in occurrence.

2.2.1.2. Amphibolite-Facies overprinting

Despite a common metamorphic history, the rocks at the Cima di Gagnone area

exhibit contrastingdegrees of overprintingduring the Tertiary amphibolite-facies
metamorphism. The metapelitic to metagranitic country rocks have completely
recrystallized in the amphibolite facies and now contain assemblages of Qtz + Bio +

Plg + Mus + Gar. Some mica-poor, pelitic rocks contain relict kyanite and garnet
(eclogite-facies) which often have disequilibriumtextures. The mafic lenses show a

distinct mineralogicalzoning related to progressivehydrationin which eclogite-facies
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Omp + Gar + Kyn assemblages are preserved in the cores and are graduallyreplaced
by amphibolitealong the rims. An inclusion (CH200, Heinrich 1982,1983)of a pelitic
layer in a relatively undeformed mafic lens has preserved Corona and pseudomorphic
textures indicative of the earlier eclogite-facies metapelite assemblages. The

pseudomorphs containBio+ Plg + Mus + minor Ksp + Hbl, after the older assemblage
Phe + Par + Gar + Qtz + minor Omp (see Heinrich 1982, 1983, Chapter 5). This

paragenesisand the texturalrelationships in the inclusion allowed Heinrich to postulate
a generalizedwhole rock reaction involvingdehydrationduring recrystallizationin the

amphibolitefacies:
Par + Phe + Gar = Mus+ Bio + Plg+ Qtz + H20.

Heinrich furtherproposed that such dehydrationreactions were directlyresponsible
for the simultaneous hydration of the nearby eclogite lenses. The varying degrees of

overprintingare explained by differences in reaction rates during amphibolite-facies
P,T-conditions. The reactions in the metapelites were relativelyfast, possiblybecause
of the presence of intergranular fluid, allowing complete recrystallization;whereas the

practically anhydrous mafic rocks reacted slowly and incompletely,with the rates and

extentof reaction being dependentupon the supply of water (see also discussionin

Section 3.6.1).
Based on the petrologie modeis presented by Heinrich,a stable isotope study has

been carried out to determine the scales and mechanism of fluidinteraction and motion

as well to examine the relationship between fluid and deformation and the extent to

which isotopic equilibrium is attained in high grade metamorphicrock.

2.3. OUTCROP RELATIONS AND PETROGRAPHY: OUTCROP CH271

(Swiss Map Coordinates:707 960 /130750; see Heinrich 1979, 1982, 1983)

23.1. MINERALOGYAND PETROGRAPHYOF MAFIC ROCKS

This outcrop (Fig. 2.3) has been chosen for detailed isotopic studies because it

shows the characteristicrelationshipsbetweenthe metamorphicmafic and pelitic rocks
of the southernmost Adula Nappe. The 3x4 m large mafic lens is located in the kyanite
gneiss zone and contains fresh eclogite assemblages in the core and a pronounced
mineral banding.The lineationis discordant to the amphibolitizedreaction zones and to

the schistosityin the surrounding metapelites. Sample numbers of the rocks chosen for

isotopic analysis are given in parenthesis. Their relative positions at the outcrop are

shown in Fig. 2.3
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CH271
CH 265
CL17
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CL 5
CL I
CH35
CL IIb
CL8a
CL9a /

FreshEclogite CL4a |
Symplectite CL25 } Biotite Gneiss
Qtz-Kyn-Phe Vein CL30 J
Fine-grained Amphibolite CL12 ]

CL13 Biotite-Garnet Gneiss
RecrystallizedAmphibolite CL9 J

CH278
Mafic contactto CL IIa CLlla Biotite-Garnet Gneiss
Qtz-Kyn Veins in CH40 (with relict Kyanite)
Metapelite CH99

Fig. 2.3. Sample locations and schematic relations of the mafic lens and surrounding
metapelites at outcropCH 271.
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The eclogite core (CH 271) consists of equigranular Omp + Gar + Qtz with

poikiloblasts of kyanite and hornblende and minor amounts of ilmenite, rutile, green
hornblende and clinozoisite(see Fig. 2.4 a and Heinrich 1983, p. 41). Towards the rim

(CH 265) omphacite breaks down and is replaced by a fine-grainedsymplectiteof

plagioclase and diopside; garnet is rimmed by green hornblende; relict kyanite is

pseudomorphedby fine-grained, zoned aggregates of corundum, plagioclaseand
biotite. Along the immediaterim of the lens (CL 6) the symplectiteassemblages are

replacedby fine-grained poikilitic greenhornblende,plagioclase and ilmenite. Quartz is

minor, often occurringas isolated 1-2 mmelongatedpods (Fig. 2.4b), and relict garnet
form less than 1 vol % of the rock. A slight lineation is formed by the Hbl + PI

aggregates.The lens has been rotated and forms a more or less sharp contact with

completely recrystallized coarser-grainedamphibolite (CL 1, CL 5, CH 37). These

amphibolites form "tails" on both sides of the lens and are distinguishedfrom those

along the rims by their coarsergrain size, new growth of sphene, and by the presence

of a distinctlineation (Fig. 2.4c). Biotite has grown epitaxially,often discordantto the

lineation, as wellas together with sphene ± chloritein cross-cutting small veins.

2.3.1.1. Deformation/ Recrystallization Relations and Mechanism in the
Mafic Rocks

Thegeometric relationsof the mafic lens and its amphiboliterim and tails, described

in the previoussection, resemble porphyroclastic äugenstructuresin mylonitic gneisses
(see Simpsonand Schmid, 1983; Passchier and Simpson, 1985; Passchier, 1986)
although at contrasting scales. On the microstructuralscale, quartz porphyroclasts
represent rigid bodies in a more ductileenvironment.Along the rims or mantles of such

grains conditions of high stress, and therefore high strain, result in dynamic
rescrystallizationand a reduction in grain size. Thisreduction in grain size may lead to a

strain softening (White et al, 1980), which results in greater deformability and the

formation of the tail-structures. The weaker material comprising the tails has a higher
rotation rate than the less deformableporphyroclasts.As a result the dynamically
recrystallizedgrains withinthe tails tendto be oriented parallel to the over-allfoliation in

the rock, whereas the long axes of the porphyroclasts remain discordant to the foliation.

Fig. 2.4: Schematic deformationaland recrystallizationalhistory of a mafic lense at

outcropCH 271 (see text) at the Cima di Gagnone area (Cima Lunga Nappe
- Southern Adula).Evolutionhas beendeducedfrom textural, mineralogical
and chemical relations in zoned mafic rocks which occur as isolated lenses
and boudinaged layers in semi-peliticto pelitic schists and gneisses (see alse
Fig. 2.9).
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The outcrop relationsof the mafic rocks to the surrounding strongly foliated schists

are directly analogous to quartzporphyroclastswith dynamically recrystallized tails.

However, one majorinconsistency is immediately noticed, namely that ofthe grain size

of the recystallized tails. In porphyroclastswith recrystallized tails, there is always a

notablereduction in grain size in the tails, whereas the amphibolitetails of the mafic lens

at outcrop CH271 is distinctly coarser-grained than the amphibolitewhich mantles the

lens or than the symplectitetransitionzone towards the core of the lens (see Fig. 2.4).
This discrepancybetweenthe grain size predicted by a similar deformation mechanism

and the actual grain size suggests that a subsequent mechanism of grain-coarsening may

have acted on the the amphibolite tails, or that the strain softening mechanismis of a

differentnature, i.e. unrelated to grain-sizereduction by dynamic recrystallization.
An alternative mechanismof softeningcould be reaction-enhanced ductility as

discussed by Rubie (1983). Unlike dynamic recrystallization of porphyroclasts,in
which the mineral phase in the tails remains the same, the rims and tails of the mafic

lens show a change in mineralogy relative to the more rigid core. Heinrich (1978,
1983), has shownthat the amphibolitisation of eclogite occurred via a very fine-grained
symplectitetransitionphase.The rheological behaviour of the small grain-size of the

plagioclase- anddiopside-symplectite may be an analogue to that ofthe Jadeite + quartz
+ zoisite pseudomorphs after plagioclasediscussed by Rubie (1983) from the Mte.

Mucronemetagranitoids(see also Chapter 4).
The mechanismof reaction-enhancedductility, proposedby Rubie (1983), results

from the small grain-size of the productphases relative to that of the reacting phases. In

such a process of grain-size reduction, the dominantmechanisms of deformation may

change from dislocation creep to grain boundary deformation mechanisms of

superplasticity and resultin the weakeningof the material (see Rubie, 1983 p.333 and

references there in). A similar mechanismof grain softeningmay have lead to the

greaterdeformability of the symplectite zones along the rims of the mafic lens, resulting
in superplastic behaviourduringdeformation,andto the formationof the tail structures.

Recrystalhzation to amphiboliteand grain coarseningin the tail-areas may have occurred

during superplasticdeformation, which would eventually change the dominant

mechanismof deformation back to dislocation creep (see Rubie, 1982,1983). The
deformational behaviour of the core of the mafic boudin may be analogous to that of

quartz in the Mte. Mucronemetagranitoidsduring eclogite-facies metamorphism and

deformation (see Rubie 1982, 1983 p. 346, Fig. 7). Duringductile shearingthe quartz
grains remainedmorecompetent than the fine-grained Jadeite + quartz+ zoisite layers,
resulting in discontinuous coarser-grained lenses and layers of quartz between

superplastically-deformedlayers ofpyroxene, quartz andwhite mica.

Deformationcan enhancereaction kinetics in several ways (see Brodie and Rutter,
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1985). Permeabilitymay increase allowing fluid infiltration into the system (Rutter and
Brodie, 1985), which in turn can increase rates of reaction and grain growthby several

ordere of magnitude(Fyfeet al., 1958 pp. 84-85), Tullis and Yund, 1982). The miner-

alogicalchangefromrelatively anhydrous eclogite in the coreof the mafic lens to amph¬
ibolite along the rim clearly indicates a certaindegree of fluidinfiltration in these rocks.

It is conceivable that the recrystallizedtails could represent regionsof low mean stress

during deformation with larger Pjj20"8ra^entsresumng m localized areas of higher
fluid/rock ratios and an enhancementof grain growthof the hornblende and plagioclase
aggregates. This possibilityis discussedfurther in light of isotope data in Chapter 3.

2.3.1.2. Summary of observations and interpretations of the mafic
rocks.

At the Cima di Gagnone area (Cima LungaNappe), mafic rocks occur as isolated

lenses, or in some cases as boudinagedlayers, withinKyanite-bearing semi-pelitic to

pelitic schists and gneisses (Kyanite Gneiss Zone) and moregranitic gneisses(Biotite
AugengneissZone). Fresh eclogite assemblages of Omp + Gar + Qtz + Kyn ± Hbl ±

Zoi ± Phe are often preserved in the cores of the lenses, and grade into fine-grained
symplectite(Dio + Plg), with fine-grained amphibolite(Hbl + Plg) forming along the

rims. The fine-grainedamphibolite along the rims of the lenses often form sharp
contacts to completely recrystallized, coarsergrained amphibolites,which make up

pronounced "tails" extending up to 20 m into the sourrounding pelitic schists. The

eclogitic cores of the lenses display a pronounced mineral banding, which has been

rotated and is discordant to the lineationin the amphiboliterims and tails.

Heinrich (1983, 1986) has determined a polymetamorphichistory, based on petro¬

logical and textural studies, for the formation of the distinct mineralogical banding
found in these mafic rocks. Transformation during early-Alpinehigh-pressuremeta¬
morphism of pre-Alpine amphibolite,may have occurred by dehydration reactions

which produced the kyanite-bearingeclogite assemblages. These nearly anhydrous
assemblageswere re-hydrated to amphibolite during subsequent exhumation under

Tertiary amphibolite-faciesmetamorphic conditions. Recrystallization of eclogite to

amphiboliteappeare to have occurred through an ultrafine-grained transitionalstage of

symplectite formation.

In this study, the distinct mineralogicaland texturalrelationships of the mafic lenses

and the amphiboliterims and tails have been interpretedas the result of an initial greater
deformabilityand an increase in permeabilityoffered by the fine-grained natureof the

transitional stage (i.e. reaction-enhancedductility andpermeability). Duringthe Tertiary
amphibolite-facies deformationand recrystallizationevent, superplastic deformation of
the fine-grainedsymplectitezones resulted in the formation of the tail structures.
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Increasedpermeabilities allowed an accessof an external fluid which resulted in grain
coarsening and transformationto amphibolite.Greater rock permeabilities or lower

mean stress in the "structurally weak" tail regions may have lead to sites of fluid

concentrationduring deformation and enhancedgrain growth, resulting in the coarser-

grained, well-foliatedamphibolite. Post-kinematic fluid activity is evidenced by epitaxial
growthof biotite and by sphene ± chloriteveins in the amphibolitetail regions.

23.2. MINERALOGYAND PETROGRAPHYOF PELITIC ROCKS

The country rocks around the lens at outcrop CH 271 are predominantly pelitic
schists containing biotite, quartz, and plagioclasewith differing modal amounts of

garnet, muscovite, K-feldspar, kyaniteand staurolite. On the basis of mineralogicaland
textural criteria two main types of metapelites have been distinguished: kyanite-free
biotite schists and kyanite-bearing schists. Both types include rocks which exhibit either

equilibriumtextures and penetrative deformationor less commonlyhavedisequilibrium
textures and evidence for static crystal growth. As before, the sample numbers in

parenthesescorrespond to samples chosen for isotopic anlysis.

2.3.2.1. Kyanite-Free Scists: (Equilibrium textures CL 12, CL13, CL 9)

With the exceptionof irregularly-shaped garnet,the kyanite-free biotite schists show

a high degreeof textural equilibrium. Quartz and plagioclase (An10_20) occur as shghtly
elongated, equigranular grains with straight grain boundaries; unalteredred-brown
biotite forms a well-defined schistosity.Muscovite, when present, often occurs in

Clusters and has growneitherparallel to schistosityor only slightly discordantto it. In

general, the rocks are strain-free; however a weakcrenulation of the micagrains (mainly
biotite) and undulatoryextinction in quartz maybe present (e.g. CL 12).

Two size distributions of garnet are commonly observed: small, inclusion-free

grains (0.1-0.5 mm in diameter) and larger, cloudy grains (1-4 mm in diameter). The

larger grains contain numerous inclusions in the cores and are overgrown by clear,
inclusion-free rims (Fig. 2.5 a). The inclusions are mainly fine-grained mica (muscovite
and biotite) and quartz. These garnets have either rounded, isometric shapes and

occasionallyresorbed textures or are shghtlyelongatedand havegrownparallel to the

schistosity. The smallergarnetgrains are always clear and are similar in composition to

the rims of the larger garnets (almandine-rich, see below). Thesetextural and chemical
differences (discussedbelow)suggest that continuous garnet growth or at least two

differentphases ofgarnetgrowthtook place in these rocks. Accessory and ore minerals

in this rocks include ilmenite,rutile, apatite, zircon ± sphene ± clinozoisite.
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Fig. 2.5a.
Photomicrographof equilibrium-textured biotite
(Bio)- muscovite (Mus) schist (CL 12a) show-
ing inclusion-richcores of coarse-grained gar¬
nets (Grl) and clear inclusion-freefine-grained
garnets (Gr2).

0.2 mm

Fig. 2.5b.

Photomicrographof equilibrium-texturedkyani¬
te- (Kyn) bearing biotite-muscovite schist (CH
99) showing recrystallized quartz (Qtz) and
plagioclase (Plg) grains and parallelly oriented
biotite, muscoviteand kyanite grains.

0.2 mm

Fig. 2.5c.

Photomicrograph of disequilibrium-textured
kyanite-biotite schist. Skeleton-like grains of
kyanite represent eclogite-faciesrelicts and are

replaced by fine-grainedunoriented aggregates of
plagioclase and biotite. -,
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2.3.2.2. Kyanite-Free Schists: Disequilibrium Textures (CL 4A)

Disequilibrium textures are foundin plagioclase-rich rocks (approx 40-50 vol %)
that are characterizedby a lackof penetrative deformation and by randomly oriented,
fine-grained mica grains.Thequartz grains have undulatoryextinction and deformation
bands and often occur as alignedbroken pods in discontinuous, sub-parallel layers. The
grain boundaries are irregulär, and a large Variation in grain size is characteristic.

Garnets form less than 10 vol % of the rock and occur as small, nearly inclusion-free
rounded grains. They are more grossular-rich and slightly spessartine-richer than

garnets in the other metapelites in this area (see App.I).

2.3.2.3. Kyanite-Bearing Schists: Equilibrium Textures (CH 40, CH 99)

These rocks exhibit essentially the same equilibrium textures as those without

kyanite. They are characterized by an equigranular growthof plagioclase and quartz and

a well-developed schistosity defined by alligned mica grains (biotite±muscovite).
Kyanite forms up to 1cm long needles which are oriented parallel to schistosity.The
grains are always in contactwith biotite and plagioclase (see Fig. 2.5b). Whenpresent,
staurolite (CH 40) occurs as idiomorphic, lath-shaped grains and is nearly always
associatedwith garnet, biotite and plagioclase ± kyanite. As in the other metapelites,
two generations of garnetgrowthcan be distinguished in these rocks. Larger garnets are

irregularly shaped and have inclusion-rich cores, whereas the smaller grains are

idiomorphic and free from inclusions.The compositions are nearly identicalto those in

the kyanite-free metapelites, and the same zoning patterns from core to rim are found

(see below and Fig. 2.6)

2.3.2.4. Kyanite-Bearing Schists: Disequilibrium Textures
(CH 278, CL IIa)

Disequilibriumtextures in garnet-rich metapelitic rocks which have been described

by Heinrich (1983, p. 52), have only been foundat the contactto, or as inclusions in,
the mafic lens (see sampleCH278,Fig. 2.3). They are relatively mica-poor (5-10 vol %

biotite) and are characterized by a lack of penetrativedeformation (Fig. 2.5 c).
Skeleton-likekyanite poikiloblasts often form in Clusters with the garnet and are

replaced by fine-grainedbiotite and plagioclase (An20_3o) ± staurolite± quartz. The

garnets are often corroded and broken,with inclusions of fine-grained mica and quartz
in the cores. The grains show a similar, but less pronounced, chemical zoning as those

in the kyanite-freebiotite schists, but are slightly less almandine-rich (Fig. 2.6).
Staurolite is unoriented and forms lath-shaped, idiomorphic grains which are nearly
always associated with biotite at the contact to garnet grains.
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In kyanite-free textural domains, biotite andplagioclase formfine-grained aggregates
which have a similartexture to the skeleton-likekyanite domainsand resemble the pseu¬
domorphs afterwhite mica in sampleCH200 (see Heinrich,1982, p. 35; 1983,p. 31).
A secondgenerationof garnetis indicated by the presence of smallerisometric grains
which occur together with randomly oriented biotite and plagioclase. Thesegarnets are

undeformedand have few or no inclusions.Their compositions are slightly richer in Fe

than the rims of the larger garnets in the kyanite poikiloblast domains. Rutile and

ilmenite occur as accessorymineralsand are associated with garnet and biotite.

Twosize distributionsof quartz are observed in these rocks. Larger elongatedgrains
occur in lens-shapeddomainswhich havea subparallel orientationand showundulatory
extinction and weak deformation bands. Finer, undeformedquartzgrains have straight
boundaries with plagioclase and form the matrix of these rocks. At the contactto the

mafic lens (sample CL 11A/CL 11B), the disequilibriumtexture in the metapelites is

overprintedby epitactic, skeletal growths of green hornblende. Biotite becomes more

abundant and kyaniteis missing from the paragenesis.

2.3.2.5. Summary of key observations on the pelitic rocks

In contrast to the mafic rocks, the volumetricallymore abundantsemi-pelitic to

pelitic schists and gneisses at the Cima di Gagnone Area contain recrystallized
amphibolite-faciesmineral assemblages of Bio + Qtz + Plg + Gar ±Mus ± Kyn ± Sta

± Ksp. The schistsand gneisses at outcrop CH271 (see Fig. 3.2.) are distinguished by
varying degrees of textural equilibriumand by differing modal amounts of Kyn, Gar,
Mus, Ksp and Sta. In general, the rocks exhibit synkinematic recrystallization.
Disequilibriumtextures are foundin garnet-rich rocks, occurringas inclusions in, or at

the contact to the mafic lens (see Fig 2.3). In these rocks skeleton-like kyanite
poikiloblasts form in Clusters with garnetand are replaced by fine-grained biotite and

plagioclase ± quartz± staurolite.

23.3. VEINS

Twogenerations of veins can be identifiedat outcrop CH 271. Early»eclogite-facies
veins and segregations (CL 17) of quartz and phengite with relict kyanite and

omphacite(replacedby corundum) occur in the incompletely-overprintedcore of the

mafic lens (see Fig. 2.3).The quartz is coaree-grainedand has undulatoryextinction;the
phengite forms isometricgrains (3-5 mm long) and has macroscopically visible pink
alteration rims (made up of a mm-fine mixture of corundum, K-feldspar and biotite;
Heinrich, 1983, p. 31).
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Coarse-grained,up to 2 cm wide, veins and lenses of quartz(CL 8A, CL 9A) are

commonly associated with the kyanite-bearing biotite schists. These veins and

segregationscontain differing amounts of kyanite (up to 10 cm long), ilmenite and

biotite and have invariably beendeformed. The kyanitecrystals are often bent and are

slightly altered to white-mica.They are nearly always oriented parallel to the schistosity
in the neighbouring rocks.

Heinrich (1978, p. 7-9) has describedcomplicated,greenschist-facies overprinting
in similar veins, but no such relationships were observed at this outcrop. However,
late-stage, greenschist-facies veins in the amphibolite tails of the mafic lens are

commonly observed. These veins are 2-5 mm wide and cross-cut the well-defined

schistosity formed by hornblende and plagioclase. This veins contain fibrous chlorite

and sphene.

2.4. MINERAL CHEMISTRY AND CATION-EXCHANGE
GEOTHERMOMETRY

As discussed previously, the pelitic to semi-pelitic rocks comprising the

kyanite-gneiss zone at the Cima di Gagnonearea haverelativelyuniform mineralogies,
althoughmodal abundances of the coexisting phases vary across individual rock layers.
In general, kyanite and coarse-grained garnets represent relicts of the older

eclogite-facies assemblages. Amphibolite-facies overprintingof the pelitic rocks is

characterized by new growth of biotite and plagioclase± muscovite, and is often
associated withpenetrative deformationresultingin a well-defined mineralfoliation.

The compositions of the coexisting mineral phases from representative samples of

the various rock types have been determined by electron microprobe analysis.
Representative point analyses are given in App. I together with analytical and

recalculation procedures.

2.4.1. GARNETS

Two size distributionsof garnetare generally presentin these schists. Coarsegrains
contain numerous inclusions in the cores and have clear, inclusion-free rims. The

smaller garnet grains are inclusion-free and often occur as isometriccrystals. The
compositionsof garnets fromrepresentative samples from each of the mineralogicaland
textural pelitic groups are shown in Fig. 2.6 and are tabulated in App. I. In generala
slight depletion in the grossular-component and an enrichmentin the almandine

component is observed from core to rim in both size distributions. With the exceptionof
sampleCL IIa, the finer-grained garnets tend to have moreFe-enriched rims than the
rims of the coarse-grainedgarnets of the same sample (e.g. see samples CL 12, CH
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278; Fig. 2.6). Although the garnetcompositions vary considerablyfrom core to rim,
no systematic zoning patterns could be observed by microprobe point analysis of

profilesthrough the coarse-grained garnets. A general composition of:

(Gro + And)010 Pyr0 25 (Alm+ Spe)0 65

corresponds to the cores of the garnets (see App. I), whereas the rims can be

characterized by the composition:
(Gro + And)0^Pyr016 (Alm + Spe)0 75.

These compositions have been used for GR 1 and GR 2 respectively in the

isotope-fractionation modeis and the whole-rock reactions [3.1] and [3.3], which are

discussedin Chapter 3.
With the exception of samples CL IIa and CL 4a, no distinction can be seen

between the kyanite-bearing-and the kyanite-free schists, nor between samples of
similar mineralogies but varying textures (e.g see CH99 and CH 278). However, the

Ca-richgarnets of sampleCL 4amayreflectthe difference in whole rock composition
(i.e. moregranitic composition),as this sampleis mica poor and moreplagioclase rieh

than the others.The garnets in sampleCL 1 la are anomalousin that they are distinctly
moreMg- and Ca-rich. Furthermore, the smallergrains show a compositional zoning
becoming more Ca-richfrom coreto rim. This sample oecurs as a pelitic inclusion in the

mafic lens. The distinct garnet compositions and zoning may be a result of tectonic

mixingduring eclogite-faciesmetamorphism and deformationand/orchemical exchange
with the more Mg- and Ca-richmafic rocks.

These garnets are considerablymoreFe-rich thangarnets from the kyanite-eclogite
core of the mafic lens, as reported by Heinrich (1983, 1986). In addition, the garnets
from the mafic rocks showan opposite zoning pattern, whereby the rims are enriched

in Mg relative to the cores. This difference in zoning may reflect the differences in

prograde vs. retrograde crystallizationas discussedbelow. Similarzoning patterns have
been reported by Koons (1982) for garnets from Sesia Zone - type C eclogites (as
definedby Colemanet al., 1965).

Theincrease in Fe-contentfrom coreto rimcan be related to cation-exchangeduring
the retrogradeamphibolite-faciesmetamorphic event and subsequent cooling. Such

Fe-enrichment may be relatedto the continuousreaction:

Gar + Mus > Sta + Bio

as shown in Thompson (1976, p. 413). The textural relationships in the more

aluminous schistsmay correspond to such a reaction.
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Fig. 2.6. Core (solid Symbols) to rim (open Symbols) compositional variations (in
mole%) betweencoarse-grainedand fine-grained (circled Symbols) garnets
from the texturally and mineralogicallydistinct metapelitesat the Cima di

Gagnonearea. SamplesCL 4a, CH 278 and CL IIa exhibit disequilibrium
textures (see text and Figures2.5 a-c).
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2.4.2. BIOTITES

The biotite compositions of the meta-pelites showmoredistinct chemical variations

among the texturally different rock types. The variations in compositions among the
various rock types are shown in AFM-diagramsin Fig. 2.7a. This figure is simply a

plot of the molar amounts of AI, Mg andFe+Mn in biotite, garnet and, when present,
staurolite. The compositions are not projectedfrom K-feldsparor muscovite as these

minerals are not always presentin the rocks; however, these diagrams are not intended
for thermodynamicapplications.The chemical zoning of garnets coexisting with biotite
are easily seen in the analogous CFM-diagrams in Fig. 2.7 b.

Thebiotite-muscovite schists which haveequilibriumtextures,havenearly identical

garnet and biotite compositions (compare CL 12 and CH 99) despite their slight
mineralogical differences (i.e. CL 12 contains no kyanite or staurolite). The biotite

compositions from these completely recrystallized rocks are relatively homogeneous
with XM of approximately 0.50. These are distinctly more Fe- and Al-rich than the

fine-grained randomly-orientedbiotites in both the mica-poor kyanite schists(CL 1 la,b,
CH 278) and the plagioclase-richbiotite gneiss (CL 4a), all of which display
disequilibriumtextures (comparesamples CH 278, CL 4a, CL 12). In sampleCL 12,
biotites occurringas inclusions in the cores of the coarse-grainedgarnets have similar

compositions to those of the disequilibriumkyanite-schists (e.g. sampleCL 12 Bio 4,
App. I) The biotites in samples containing kyanite (e.g. CH 278, 99) tend to have

slightly higher fluorine-contents (up to 0.5 wt %) thanthe kyanite-free schists.
As with garnet, biotite tends to becomemore Fe-rich duringcontinuous,retrograde

reactions involving alumosilicates(Kyn, Sil, Sta) and muscovite (see Thompson,
1976). Thus, the more Mg-rich biotite andgarnetmay represent highertemperaturesof
crystallization. However, the temperature determined by cation exchange geo¬

thermometry for these rock show lower temperature of equilibrium than for the

equiilibrium texture rocks (see below). Alternatively, the differences in AI- and

Mg-contentsof the biotites could be a result of bulk compositional variations or of
chemical disequilibrium effects during the amphibolite-facies metamorphic and

deformationalevents.
Evidencefor chemical disequilibriumcan be seen in the AFM- and CFM-plots of

sampleCL lla,b (Fig. 2.7 a,b). This Kyn-bearing metapeliteoccure as an inclusion in

the core of the mafic lens at outcrop CH 271 (see Fig. 2.3). It has a similar texture to

sample CH 278, containing kyanite as relict skeleton-like poikiloblasts, which are

replacedby fine-grained unorientedaggregates of biotite andplagioclase.
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Fig. 2.7a. AI-, Mg- and Fe+Mn-contents (molar %) of coexisting biotite (Bio), Garnet (Gar) and
staurolite (Stau) from the Cima di Gagnone area. Compositions have not been projected
from any K-bearing phaseand are thereforenot thermodynamicallyvalid.
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The biotites of sample CLlla,b have heterogeneous compositions which can be

divided into three groups according to variations in AI, Si andXM (see also App. I).
However, a correlation between these chemical differences and textural or spatial
characteristics could not be found. The unusual zoning pattern of the garnets in this

sample and anomalously high temperature estimated by Fe-Mg-partitioning
geothermometry (see below} are further evidence for disequilibriumcrystallization
conditions.

2.4.3. GARNET-BIOTITEMg-Fe EXCHANGE THERMOMETRY

Temperatures of Mg-Fe equilibrationbetween garnet and biotite havebeen calculated
for a pressure of 6 Kbar(Adamset al, 1975; Evans and Trommsdorff,1974; Pfeiffer,
1978,1981), using the experimentallydetermined cation-exchangegeothermometerof
Ferry and Spear (equation7, 1978), and using the geothermometerof Goldman and

Albee (equation 9, 1977) calibrated against 180 /160-fractionationsfor quartz-
magnetite. These two differentgeothermometere have been chosen because one is based

on experimental calibrations (i.e Ferry and Spear) and the other is based on isotopic
fractionations. Values of ln KD, where KD = [(Mg / Fe)Gar / (Mg / Fe)Bio ], for

garnet-biotite pairs were obtained using coexisting garnet-rim and biotite-rim

compositions from representative samples from each of the texturally and

mineralogicallydistinct groups.Average valuesof ln KD are shown in Figure 2.8 and

are plotted against IO4 / T (°K) andT (°C) obtainedfrom the differentcalibrations.The
ln KD-values, which vary from -1.45 to -1.90, would correspond to temperatures
ranging from 740 °C (Ferry and Spear calibration) to 450 °C (Goldmanand Albee).
The "error bars" of Figure 2.8 represent the scatter in data withina Single rock sample
and simply represent high- and low-values of ln KD and temperature respectively. Ln
KD-valuesranging from -0.64 to -1.14, not shown in Figure 2.8, were obtained from

sampleCL lla,b (disequilibrium-textured Kyn-schist)and correspond to temperatures
as high as 1240 °C. These anomalous values substantiate the previous conclusion that

chemical equilibriumwas not obtainedin this sample.
As can be seen temperatureestimatedby the Goldmanand Albee-geothermometer,

which corrects for Ca- and Mn-contents in garnet as well as in biotite, are nearly 100°C

lower than those calculated for the pressure-dependent geothermometerof Ferry and
Spear. Thesediscrepancies in temperaturesestimatedby the differentgeothermometere
are discussedin the original studies (Goldman andAlbee, 1977; Ferry and Spear, 1978;
see also Thompson, 1976) and may be an effect of isotopic re-equilibration during
cooling or the inaccuracy of the quartz-magnetitecalibration of Bottinga and Javoy
(1973) (see Goldman and Albee, 1977, p. 762-3). Further problems of the use of
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Mg-Fepartitioning between garnetand biotite as a geothermometerare discussedby
Essene (1982).

There are many possible explanations for the large scatterin estimatedtemperatures
from the metapeliteat the Cima di Gagnone area: errors and uncertainities in the raw

microprobe data andthe corrected, normalizeddata; uncertaintiesin the geothermometric
calibrations; unknown effects of Fe3+ on the calibrations; and/or chemical

disequilibriumeffects in the rocks. The slightlyhigher ln KD- values obtained for the

kyanite-bearing schists may indicate lower temperaturesfor mineralreactions involving
kyanite and garnet to form staurolite (see Thompson, 1976). However, the large
variations in chemical compositions of the mineral phases together whith the large
scatter in calculated temperaturessuggests that chemical equilibriumwas not obtainedin

these rocks. Furthermore, local isotopic disequilibriumin these rocks is indicated by
large variations in mineralfractionations and discordant isotopic temperatureestimates,
which is discussedin detail in Chapter 3.
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Fig. 2.8. Variations in averagedvalues of ln [(Mg/Fe)Gar/(Mg/Fe)Bio]versus 10 4 / T (°K) between
the various metapelites at the Cima di Gagnone area. "Error bars" represent the scatter in
data within Single rock samples indicating high- and low-temperatureand ln KD-values,
respectively. The solid line representstemperatures corresponding to equation 7 of Ferry and
Spear (1978) for a pressure of 6 Kbars, and the dashed line represents temperatures
corresponding to the pressure-independent equation 9 of Goldman and -\lbee (1978).
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2.4.4. SUMMARY

The contrasting mineralogicaland textural characteristicsof the mafic and pelitic
rocks at the Cimadi Gagnone area indicate at least two stages of recrystallizationduring
an Alpine metamorphicevolution. An Early-Alpine, High pressure metamorphicevent
(Al~> E), possibly related to early Cretaceous subduction, is recorded by relict

eclogite-facies mineralassemblagesof Omp + Gar + Qtz + Kyn, occurringin the cores

of isolated mafic lenses and boudinagedlayers within semi-pelitic to pelitic scists and

gneisses. Mineral inclusions in the eclogite-faciesminerals and considerationof phase
relationsof the mafic rocks throughout the Adula Nappe suggestthat the mafic eclogite
assemblageswere produced by dehydration reactions in pre-Alpine amphibolites
(Heinrich1983,1986).Duringsubsequent Tertiary exhumation, deformation and fluid

infiltration under amphibolite-facies metamorphic conditions(E --> A2) resulted in

re-hydration and transformation (back) to amphibolite.
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Fig. 2.9. Schematicdiagramdepicting the metamorphic evolutionof the mafic and
pelitic rocks at the Cima di Gagnone area.

In contrast to mafic rocks, the semi-pelitic to peliticschists and gneisses exhibit

nearly complete recrystallization during the later Tertiary amphibolite-facies
metamorphic event (E --> A2). Based on relict Corona textures in an isolated pelitic
inclusion in a mafic lens, Heinrich (1982,1983)proposed that the transformationfrom

eclogite-facies mineral assemblages Qtz + Phe + Par + Gar ± Kyn to

amphibolite-facies assemblages Qtz + Bio + Plg + Mus involved dehydration
reactions. Dehydration reactions in metapelites may have producedand controlled the
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water responsiblefor this later amphibolisationevent. The metamorphic evolutionof
both the metapelites and metabasitesof the Cima di Gagnonearea of the Cima Lunga
Nappe (S. Adula) are summarized in Fig 2.9. On hand from oxygen isotope data,
quantitativemodeisand a discussion of fluid-rock evolution of these rocks are presented
in Chapter 3.

Amphibolite-faciesdeformation and syn-kynematic recrystalhzation in the majority
of the metapelites is indicated by a uniform grain-size, straight grain boundaries

between quartz and plagioclase, and by a well pronounced schistosity, defined by
parallel-oriented mica flakes and kyanite crystals. Varying degrees of chemical

homogeneization is indicated by zonation in garnet and inhomogeneous biotite

compositions. Geothermometriccalculations of cation-exchange between garnetand

kyanite, at a pressure of 6 Kbar, yield a large Variation in temperatureestimates, ranging
from 550 to 660 °C for the amphibolite-facies metamorphicevent
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CHAPTER3

STABLEISOTOPE DATA AND MODELSOFFLUID-ROCK

INTERACTION

The major minerals from 16 representative samples and three veins have been

separatedand analyzed for 180. The 180 compositions relative to SMOW (Standard
mean ocean water)are listed in Table 1 and are representedgraphically in Fig. 3.1. The

relativeposition (to the mafic lens) ofthe samples are shownin Fig 2.3.

3.0. SAMPLE PREPARATION AND ANALYTICAL METHODS

Standard heavy liquid and magnetic techiqueswere used to separate the minerals

from crushed hand specimens (2-10 cm thick). All samples were purified by hand

picking. Quartz samples were further cleanedby treatmentwith coldhydrofluoric aeid.

All samples were ground to >125 um, with the exception of garnetand kyanite which
were groundto ultrafinepowders. The purity of the samples was at least 90%.

Extractionwas carried out at the Scottish Universities Research and Reactor Center

(SURRC)and at the USGS in Menlo Park, California.Oxygen was extracted from the

minerals and powders using C1F3. Theoxygen was converted to C02 by reaction with

heated carbon, as described by Taylor and Epstein (1962). Oxygen yields of the

samplesreported in this study were >90%. The isotopic ratios of the minerals and
whole rock powders were determined by mass spectrometricanalysis and are reported
as 5 lsO-values per mill relative to SMOW.The Overall reprodueibility of the 6180
analysesis approximately± 0.2 %o. The 8 value for the NBS-28 African sand Standard

in both laboratories was 9.64%o.

3.1. OXYGENISOTOPE DATA

3.1.1. METABASITES

8 18Oqz from the eclogiticcoreof the mafic lens (CH271), quartz segregation veins

(CL 17) and symplectite(CH 265) he in a narrowränge from 7.8 %o to 8.2 %o, with a

relativelyconstant8 180WR of 5.5 %o. Theamphibolitesform two distinct groups.The

amphibolitizedrim (CL 6) has an 8 180 ^composition similar to that of the eclogitic
core (5.4 %o ); whereas the amphibolite layers which form the tail of the mafic lens
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have relatively constant 8 180 WR and 8 180 pjg compositions of 6.5%o and 7.9 -

8.4%o, respectively.

3.1.2. METAPELITES

The metapelitesform two isotopically distinct groups. Those in the immediate

vicinity of the mafic lens (samples CL 4A, CL IIA, CL IIB, Cl 12, CL 13, CH 40,
CH278) represent an isotopically "light" group (PI), in which 8180WR varies between

6.0% and 7.6%o. 8 18Oqz in this groupranges from 8.6%o to 9.4%o. In contrast, the

metapelites(P2), which are located at least 30 m awayfrom the mafic rocks (samples
CL 9, CH 99, CL 25, CL 30) have 180WR and 18Oqzcompositions which ränge from

8.4%o to 10.2%o and 10.4% and 11.8%o, respectively. In the former group, the

isotopic compositions of comparable mineral phases (e.g. Qtz, Gar, Mus, Plg; see

Table 2.1 for mineral abbreviations), as well as whole rock lsO-values,only vary by
approximately2%o from those of the metabasites.

3.13. DISCUSSION

Althoughthe compositions of the mafic rocks lie within the ränge of thoseknown

for basalts (e.g. Taylor and Epstein, 1962; Garlick and Epstein, 1967; Gregory and
Taylor, 1981; Pineau et al, 1976) and some eclogites (e.g. Javoy, 1971; Vogel and

Garlick, 1970; Agrinieret al, 1985; Javoy and Allegre, 1967), the values for the pelitic
rocks are depletedin 180 relative to known metasediments of similarmetamorphicgrade
(e.g. Taylor and Epstein 1962a, b; Taylor et al 1963; Garlick and Epstein, 1967; Rye et

al, 1976). Early studies of regionally metamorphosed metasediments have shown that

lsO of the coexisting mineralphases, and subsequently8180WR, tend to decrease with

increasinggrade of metamorphism and approach igneous isotopic compositions (e.g.
Silverman, 1951; Taylor and Epstein, 1962a, b; Garlick and Epstein, 1967). For a

compilationof the ränge of 8180-values of various rock types see Grahamand Harmon

(1983).
The metapelites at the Cima di Gagnonearea showeven greater depletion in ^O^

and 8 18Oqzthan similar rock types in the above studies (see Fig. 3.2). However, the

isotopic compositions of the P2-Pelites (CL 9, CH 99, CL 25, PB) are similar to those

of isotopically constantpre-Mesozoic rocks from the CentralSwiss Alps reported by
Hoernes and Friedrichson(1980). In their study Hoernes and Friedrichson (1980, p.

21-22) attribute the depletionin 180 and the large-scale isotopic homogenisation to

pervasiveinteractionwith magmatic fluids duringapre-Alpine(Hercynian orolder)
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TABLE 3.1

Isotopic compositions of coexisting mineral phases and whole
rocks from the Cima di Gagnone area. Mineral modes determlned
either by point-counting or optical estimation (whole numbers).
Sample locations are shown in Fig. 2.3.

Textural and Mineralogical Distinctions:
(a) equilibrium textures - Kyn; (b) disequilibrium textures -

Kyn; (c) equilibrium textures + Kyn; (d) disequilibrium textures
+ Kyn, (e) disequilibrium textures, mafic contact to pelite
inclusion (sample Ch278); (f) fresh Kyn-eclogite; (g) symplec¬
tite; (b) fine-grained amphibolite; (i) coarse-grained amphibo¬
lite

SAMPLE MINERAL 6 ta0 (SHOW) 5D (smow) MODAL GRAIN-
PHASE °/oo °/oo % SIZE (mm)

Pi - METAPELITES

CL12 quartz 8.19 25.5 0.14-1.00
(a) plag. (A1120) 7.25 35.6 0.15-1.00

biotite 5.20 -62 23.7 0.15-2.00
muscovite 5.89 -68 6.0 1.00-5.00
garnet 5.50 10.0 0.10-3.00
rutile 1.48 1.0 0.50-0.15
ilmenite 0.1 0.05-0.25
whole rock 6.70

CL13 quartz 9.00 30.2 0.30-3.50
(a) biotite 4.44 21.5 0.20-5.00

garnet 5.25 9.8 0.10-3.00
whole rock 7.57

CL4a quartz 8.58 38.4 0.20-3.00
(b) plag. (An3o) 6.70 46.3 0.50-2.00

biotite 3.30 -78.5 12.3 0.20-1.50
garnet 3.34 0.9 0.10-0.50
rutile 0.2 0.10-0.20
ilmenite 1.90 1.9 0.10-1.00
whole rock 6.89

CH40 quartz 9.4 35.0 0.50-1.50
(c) whole rock 7.6

CH278 quartz 9.41 35.1 0.15-2.00
(d) plag. (A1120) 8.13 33.1 0.10-0.50

kyanite 7.71 1.0 1.00-3.00
biotite 4.33 -69 14.5 0.10-1.00
garnet 5.17 14.9 0.10-2.75
staurolite 0.2 0.05-0.20
rutile 1.93 0.3 0.05-0.15
ilmenite 1.66 0.8 0.05-0.20
whole rock 7.55

CLlla quartz 9.31 33.8 0.10-3.00
(d) biotite 3.03 -67 12.6 0.10-1.00

garnet 4.81 20.5 0.10-3.00
whole rock 5.92
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TABLE 3 1 (continued)

SAMPLE MINERAL 5180 (smow) 5D (smow) MODAL GRAIN
PHASE %>0 °/oo % SIZE (mm)

P-2 METAPELITES

CL9 quartz 11.76 35.0 0.10-2.00
(a) biotite 6.86 22.0 0.20-3.00

muscovite 8.56 5.0 0.50-3.50
garnet 8.24 9.0 0.10-3.50
whole rock 9.54

CL25 quartz 10.61 38.0 0.10-2.50
(a) biotite 8.0 0.10-2.00

muscovite 7.85 20.0 0.10-2.00
whole rock 9.28

CL30 quartz 11.35 37.0 0.15-2.20
(a) biotite 10.0 0.15-3.00

muscovite 8.50 14.0 0.50-5.00
whole rock 10.30

CH99 quartz 10.40 40.0 0.25-2.00
(c) whole rock 8.40

METABASITES

CH271 quartz 7.83 10.0 0.10-1.50
(f) omphacite 5.55 35.0 0.10-1.00

garnet 4.79 35.0 0.10-1.50
kyanite 6.76 10.0 0.50-2.50
whole rock

CH265 quartz 7.83 10.0 0.10-1.00
(g) garnet

whole rock
4.85
5.43

15.0 0.10-1.20

CL6 quartz 5.0 0.10-1.50
(h) plag (An-,o) 6.09 30.0 0.10-0.25

hornblende 5.08 -60 60.0 0.10-0.50
garnet 4.65 0.5 0.10-0.25
whole rock 5.33

CL5 plag (An3o) 8.0 40.0 0.50-2.50
(i) whole rock 6.5

CL1 plag (Anao) 7.85 30.0 0.10-1.50
(i) hornblende 5.73 -74 60.0 0.50-5.00

biotite 5.0 0.50-2.00
whole rock 6.56

CL37 plag (Anao) 8.40 35.0 0.50-2.50
(i) whole rock 6.50

CLllb quartz 8.98 20.8 0.10-3.00
(e) garnet 4.82 27.4 0.10-3.50

ilmenite 0.63 1.6 0.10-0.50
whole rock 5.95
whole rock 5.92
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TABLE 3.1 (continued)

SAMPLE MINERAL 5180 (SMOW) 5D (SMOW) MODAL GRAIN
PHASE o/oo o/oo % SIZE (mm)

ECLOGITE-FACIES VEINS

CL17 quartz
muscovite

8.17
5.85 -2

CL8a quartz 9.60

CL9a quartz
kyanite

9.61
7.48

28

metamorphic event, and suggest that the isotopic compositions of these rocks were

unaffectedby subsequent Alpine metamorphism. These conclusions assume that the

pre-metamorphic precursor rocks had isotopic compositionssimilarto marine Sediments

( 8180qz = 20%o ). However, if the detrital material in the original sedimentwere

mainly derived from igneous or meta-igneous rocks, their pre-metamorphicisotopic
compositions could conceivably have been significantly lower. Interaction with a

magmatic fluid phase may also have occurred, but less fluid would be required to

produce the homogeneousisotopic compositions of these rocks in the Central Alps.
Lower 8180 values for greywackesand some shales (avg 8180 = 13%o ) have been
reportedby Margaritz and Taylor (1976)from the FranciscanFormationof California.

Althoughno mentionis made of the actual sourcerocks for these Sediments,Margaritz
and Taylor (1976, p. 221-222) do mention that quartz appears to retain its original
isotopic composition and is only slightly more 180-rich than quartz in average igneous
rocks. If the isotopic composition of quartz in the Franciscan Formationrepresents
'old', unchanged values, their preservation may be indicative of a diffusion- controlled
mechanism of isotopicexchangeand incompletere-equilibrationduringmetamorphism.
The presence of such preservedvaluesmust be taken into consideration in the frequent
use of quartz as an isotopic geothermometer.

Large scale interaction with magmatic fluids and/or an igneous-dominated detrital

source for the original Sediments could be considered for the overall depletion of 180
in the metapelites. However, this would not explain the even greater 180-depletion
observed in the PI-pelitic rocks in direct contact with the mafic lens nor the near

isotopic homogenisation between the two different rock types. Assumingthat prior to

Alpine metamorphism,all the pelitic rocks in the Gagnone area had relatively similar
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5>.«0otz (°/oo SMOW)
0.0 5.0 10.0 15.0 20.0 25.0 30.0

IGNEOUS ROCKS

Granitoida
Tronjemites
Gabbros
Pyroxenites
Pegmatites
Migmatites
Rhyolitea & Dacites

METAMORPHICROCKS

Cherts k Metacherts
Metagreywackes
Quartzites

Semi-pelitic- pelitic schists

Slates
Greenshist faciea
Upper greenschist -

Amphibolite faciea
Upper amphibolite -

Granulite facies

BQndnerschiefer
Pelites of the Central Alps
Cima dl Gagnone-Pelites

Metagranitoids

Granitic gneiss &
Orthgneiss

Orthogneiss of the
Central Alps

Metabasites

Metabasalts
Hornfels
Amphibolites
Eclogites
Glaucophane -

metabasalts £ schists

Cima di Gagnone-Eclogltes
Eclogites from the Sesia Zone
Eclogitic Orthogneiss,

Mte. Mucrone

<-
<—>

<—>
<
<->
<—)

<—

<—

<--

<„., 1 1 1 1 1 1—>
0.0 5.0 10.0 15.0 20.0 25.0 30.0

6»«Ootz (%>o SMOW)

Reterencen

4,13,16,17
13,17
13,15
18
2,3,17,19
3
16

9,13
9,13
2,9,6

2
3
2,3,5,6,8,13
14,17,20
3,2,9,19

5
5
This study

1,2,3,4,5,17

5

9,13
17
2,3,5,12,17
6,7,10,18 •

3,5,7,9

This study
7
This study

Fig. 3.2: Variations in 5ieOgTz from various rock types.

Data Sources:

l.Frey et al,1976; 2.Garlick & Epstein, 1967; 3.Rye et al,1976; 4.Taylor,1977; 5.Hoernes &
Friedrichsen,1980; 6.Matthews& Schliestedt,1984; 7.Desmon & 0'Neil,1978; 8.Hoemes & iried-
richson,1978; 9.Taylor & Coleoan,1968; lO.Agrinier et al,1985; ll.Schwarz et al,1970;
12.Ruoble et al,1982; 13.Magaritz et al,1976; 14.Rumble & Spear,1983; 15.Taylor &

Epstein,1962; 16.Taylor,1968; 17.Shieh & Taylor,1970; 18.Vogel & Garlick,1970; 19.Wilson et
al,1970; 20.Taylor et al,1963.



50

chemical and isotopic composition, the subsequent shift in 5180 and the approach to

isotopic homogenisation indicates further fluid/rock interaction during Alpine meta¬

morphism. In lightof the petrological dataand conclusionsof Heinrich (1986), as well

as the spatialrelationsof the more depletedPl-metapelites, interaction with a locally-
derived fluid during dehydration of the mafic rocks under eclogite-facies conditions
must be investigated. This possibly is inspected in detail below.

Q
*0

20 -

-40

60 -

-80 -

¦100

O Muscovite
D Biotite
O Hornblende

OCL17

CL —D
11a

CL4.~D

/CL6
Cb- CL1Z

D <*
VCH OCL1
278

6 8

<5180

10

Fig. 3.3. Variation in SD with 8 °0 of coexisting hydrous mineralsof the metabasites
and metapelites at outcrop CH271 (see Figure 2.3 for samplelocations).

3.2. HYDROGEN ISOTOPEDATA

The hydrogenisotope compositions of biotite, muscovite and hornblende are shown

in Table 1 and are plotted against oxygen isotopic compositions in Fig. 3.3. 8d (Bio)
of the different samples fall within a narrow ränge from -62%o to -79%o. The two

muscovitesamples are considerably different: a 8d of -28%o was obtained for the
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phengite in the eclogite-faciesquartz segration vein (CL17) from the core of the mafic

lens, whereas the amphibolite-faciesmuscovitefrom sample CL12 shows a 8d of

-68%o. The muscovite from sample CL12 is anomolous in that it is more enriched in

deuterium than the coexisting biotite. However, as discussedbelow, this rock sample
also exhibits discrepancies in oxygen fractionations,which may indicate local isotopic
disequilibrium and/ora complex fluidhistory.

The 8d-values from these rocks fall within a ränge of hydrogen isotope
compositions reportedfrom metamorphicrocks from the WesternAlps (see e.g. Frey et

al. 1976), and are consistent with hydrogen isotope compositions of various hydrous
mineralsreported from other gneisses in the Central Alps and the Oetztal Alps (Hoernes
and Friedrichson, 1978; 1980). Hoernes and Friedrichson concluded that these

8D-values of -60 to -65 represent original,pre-Alpine isotopic compositions of biotite

and that these data confirm their interpretationthat large-scale fluid-rock interactiondid
not occur duringthe Alpine metamorphism.

3.3. ECLOGITE-FACIESFLUID-ROCKINTERACTIONEVENT
(A1~>E)

33J. AMODEL OFRAYLEIGHDISTILLATIONAND
DEHYDRATIONOFAMPHIBOLITE

Based on a Rayleigh distillation mechanism of fluid-rock interactionas presentedby
Rumble (1979, 1982), isotopic fractionation during dehydration of amphibolite has

beenmodelled.The dehydrationof amphiboliteto form Omp-Gar eclogite (A1~>E;see
Fig.3.4 ) can be described by a simplified reaction, using the mineral compositions
shownin Table 3.2:

[3.1] 7.20 (HBL) + 1.12 (ZOI) + 2.71 (PAR) + 0.55 (QTZ)=
6.31 (OMP) + 2.40 (GAR) + 2.28 (KYN)+ 0.57 (H20)

Oxygenunits have been used in this mass balancecalculation so that the amount of each

mineral is expressed by the number of oxygen atoms it contains, as described by
Thompson et al (1982). Since the volume of a Silicate is nearly proportionalto its

number of oxygen atoms, a direct comparison of the relative changes in modal

abundances during the reaction is made possible. Somewhat generalized mineral

compositions of the phases involved are given in Table 3.2, but these correspond well

with actual mineral compositions presentedin this study (see Chapter 2) as well as in

Heinrich (1983, 1986).
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TABLE 3.2

Mineral phase compositions, mineral densities and molecular weights
used in reaction [3.1]:

7.20 (HBL) + 1.12 (ZOI) + 2.71 (PAR) + 0.55 (QTZ) =

6.31 (OMP) + 2.40 (GAR) + 2.28 (KYN) + 0.57 (H20)

PHASE NCFMASH-Composition

QTZ Si02
KYN Al2Si03
OMP Nao. sCao. sAlo. sMgo. aSi2 06
GAR Cao.4sMgi.i2Fei.4Äl2Si30i2
ZOI Ca2Al3Si30i2(0H)
PAR NaAl3Si3Oio(0H)2
HBL NaCai.5Mg2.3FeAl3Si6.3022(0H)2 817.74 3.30

Omphacite, garnet and hornblende compositions have been idealized
from compositions reported by Heinrich (1983, 1986) for samples
from the Adula/Cima Lunga Nappe. Garnet represents a composition
similar to that of garnet rims from sample CH271 (Heinrich, 1986 p.
132). The hornblende composition has been generalized from the
composition of amphibole in sample Ad 42-9-14 (Heinrich, 1986

p.136).

Molecular Density
Weight
(g/mole) (g/cm3)

60.09 2.65
162.03 3.55
208.34 3.33
454.88 3.70
454.35 3.30
382.19 2.85

This reaction does notcontradict the petrologicalobservations presentedby Heinrich
(1983,Ch. 8.3; 1986), but differs from Heinrich's reaction (12) in that garnetoccurs in

reaction [3.1] above as a productphase. Heinrich (1986,p. 144) omitted garnetfrom the

Schreinemakers analysis in order to decrease the numberof components necessary to

describe the system (combining FeO + MgO), but argues that the main conclusions

should not be affected by its Omission.However, in order to quantitatively model the

modal and isotopic changes occurringduring the AI—>E event, all phases which are

formed or consumed must be considered.Although garnet may also have been a

product of pre-eclogite facies metamorphism, textural and chemicalrelationships
indicate that at least the rims where formed during the A1~>Edehydration event. The

actual pre-eclogiteevolution of these rocks is difficult to specify since textural

relationships have not been preservedand the precursormineralsoccur only as relicts in

the eclogite-facies minerals (see Heinrich,1986 p. 127-128).A reaction such as [3.1]
aboveis therefore still highly hypothetical, but serves the purpose of Illustration.
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PRE-ECLOGITE ECLOGITE AMPHIBOLITE
FACIES FACIES FACIES

(Ai ->E) (E—>A,j

6IBOw« S'J'OWR 6'"0w»

MAFIC ROCKS 5.5%. 5.5%o 5.5-6.5%.

Hbl Omp Hbl

Epi Gar Pis
Par - Qtz ± gar
Qtz Kyn + epi

± alb t hbl
± zoi
± par

± qtz
+ bio
± chl

DEHYDRATION HYDRATION >'

Rayleigh Disl illation Infiltration

5'"Owi> «'"Owii SJ'Ow«

PELITIC ROCKS ? - 9.4%. 6.5-9.4% 6.5-9.4%.

? Qtz Qtz Qtz
? Plg Phe Plg
? Bio Par Bio
? Mus Gar Mus
? Gar ± kyn

± stau ?
± kyn
± stau
± gar
± ksp

! DEHYDRATION >

Infiltration ? Rayleigh Distillation

Fig. 3.4: Summary ofmineral assemblages,8180^R-compositionsand mechanismsoffluid-rock interactionduring the pre-eclogite- to eclogite-facies(A1->E)
andeclogite-to amphibolite-facies metamorphism(E~>A2)

For simplicity and because of their internal consistency, fractionation factors from

Bottinga and Javoy (1973) and Javoy (1979) have been chosen for all the mineral

phases except for omphacite, which was taken from Matthews et al (1983). The

presence of kyanitein the reaction poses a problemin the Rayleigh distillation model as

no fractionationdata (neithertheoretical nor experimental) are available for the alumino-

silicates. Few isotopic studies include analyses of kyanite; however, data from this

study (see Fig. 3.1 and Table 3.1.), Hoernes and Friedrichsen(1980) and Garlick and

Epstein (1967), showthat next to quartz, kyanitetends to be more enrichedin 180 than
the otherphases occurringin these rocks (see Table 1.1). In the computations below,
the isotopic effectsof Rayleigh distillation on the phases in the rock havebeen calulated
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without kyanite. This Omission has the effect that the calculated isotopic compositions
of the participating phases will be slightly more 180 rieh than if kyanitewere included,
but should not affectthe main conclusions.

3.3.1.1. Computation method for Rayleigh Distillation

As mentionedin Chapter 1, Rayleigh distillation is a processby which a fluidphase
is internally derived during devolatilization reactions. Once the fluid is produced, it is

expelled and does not react with the rock again. The calculation of the isotopic
fractionation during the dehydration reaction [3.1] follows the computation scheme

presentedby Rumble (1982, p. 335-340) and is summarized here for clarity (see also

App. IIa). Using the general relationship presented by Craig (1953), Rumble has

shown that, to a close approximation, the isotopic composition of the rock is equal to

the product of the isotopic compositionofeach mineral (8180j)and the atomic fraction

of oxygen (X^) in the minerali relative to the total amount of oxygen in all the minerals,
summedover all of the mineralphases:

818Owr =Sxi818Oi (3.1)

Similarly, the isotopic composition of the bulk fluid ( 818Or) can be describedby the

product of the isotopic composition of each fluid species ( 818Of) and the atomic

fraction of oxygen (X f) in species, f, relative to the total amount of oxygen in all the

fluid species,summedover all of the fluid species:
6180F1=Xxf8180f (3.2)

Since reaction [3.1] involves pure HjO, equation (3.2) reduces to :

818On-S18OH2o-
Thus, at each increment of the reaction,and before the water is removed from the

system,the isotopic composition of the system ( 818Os ) will be expressedby:

Sl8°Sys - XH20 8180h20 +XW S^WR (3.3)
where X'H20 and X'^ are the atomic fraction of oxygen in the fluid (pure H^O) and

the whole rock, respectively, relative to the total oxygen in the System (fluidplus
minerals). Since the model reaction is given in O-units, the atomic fraction of oxygen
in each of the participating phases ( X'j, X'H20 ) is directly determined at each

incrementof the reaction:

0Sys=l0i+ 0H20 (3.4)
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where 04 and 0H20 are the amount of mineral and water (in O-units), respectively,
formedor consumed at each incrementof the reaction,thus:

x'i = <VOsys (3.5a),
and

X H20 = ^H20 ' ^Sys (3.5b),

where X'j is the atomic fractionof oxygen in minerali relative to the total oxygen in all

of the minerals and the fluid. Althoughö{ changes at each increment of the reaction,

OjßQ will remain constant because after each incrementof the reaction, the water which
formsis removed from the system.

Assumingthat quartz (Qtz) equilibrates with each of the phases present (Q-i), the

isotopic composition of the individual phases ( 8180j) in the reaction have been

determined using the relationship:

«"Oi = 8"0Qtz - Äq^ (3.6)
and recallingthat:

V-i - S^Qt*" 5l8°i " (100°ln «Qfc-i> <3J)

(see Chapter 1), this relationship can be substitutedinto equation (3.1) and (3.2) so that:

8"0WR=8"0Qtz-IxiÄQtz.. (3.8)

and

8"0H20 = 8"0Qtz - AQtz.H20 (3.9).

Similarly, using the relationshippresentedin equation (3.3) the isotopic composition of

quartz(8180Qtz)will be given by:

8"0Qtz - S"0Sys +1 XjÄq^+ X'H20Aq^hjo (3.10)

where X'H20 and XV are the atomic fraction of oxygen in HzO and mineral i,
respectively,relative to the total oxygen in the system (mineral plus fluid).
At this point in the calculation,the water is completely removed from the system and

newvalues for Xi and 8"©^ are computed using equation (3.1)

S1^ =Xxi818Oi (3.1)
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where Xj is now the atomic fraction of oxygen in mineral i relative to total oxygen in

the rock (total minerals only ). Thus, a füll increment of the reaction and isotopic
equilibrationbetweenthe phases is complete andthe same procedure is repeatedfor the
next reaction increment. Reiteration continues until one of the reacting phase is

exhausted.

3.3.2. RESULTS OF RAYLEIGH DISTILLATION COMPUTATIONS
IN METABASITES

In the model mass-balance calculationsof reaction [3.1], the progress of the reaction

is determined here by a specified amount of omphacite(OMP)formed at each reaction

increment,which by mass balance determines the amount of water liberated; both of

these will be limited by the porosity of the rock. For basaltic rocks, a porosity of <1%

will be assumed. At each incrementof the reaction,all phases are allowed to chemically
and isotopically equilibrate, after which the increment of Yip is removedfrom the

system. A large enough numberof increments are chosen so that the reaction goes to

completion and stops when one of the reacting phases is exhausted. The Computer
programused to calculate Rayleigh Distillation for reaction [3.1] is given in Appx. IIa.

3.3.2.1 Initial Parameters

The petrologicalstudies of Ch. Heinrich (1983, 1986) have shown that P-T

conditions of 600-700°C and 15-25 Kbar can be estimated for the eclogite-facies
metamorphism in the Southern Adula Nappe. In the model calculations, an isothermal

and isobaric case of 650 °C and 15 Kbar are considered.Inspectionof reaction [3.1]
shows that this reaction will not be sufficientto produceall the garnetpresent in the

final eclogite (35 vol%). Although garnetdoes not occur as a reactant as written, its

presence in the rock prior to the reaction must be assumed. Furthermore, it is assumed

that prior to the A1~>Eevent, reactions in the rock were essentiallywater-conserving,
as shown by Heinrich (1986). An initial composition of 45% HBL, 8% ZOI, 15%

PAR, 19%GARand 13% QTZ (equivalent to 100 O-unitsof model amphibolite), and

an initial 818Owrof 5.5 %o have been used.

3.3.2.2 Fluid-Rock Ratios

For every 0.5 O-units of OMP formed, 0.045 O-units (or moles) of H20 are

producedand correspond to 0.08 vol%of the rock (initialvolume of the amphiboliteis

approximately 1060 ccm) at a constant tempertureof 650 °C and a pressure of 15 Kbar,
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using the Equation of State of Kerrickand Jacobs (1981) to calculate the molarvolume

ofHp(see Appendix IIa). Thus, at each increment of the reaction, the instantaneous

Volumetrie fluid to rock ratio (VolFR) will be 7.5 x 10"4. If we take the mafic lens to

be a sphere with a diameter of 4 m, its volume will be 33.5 m3, and a total of 2.52 x

10~2 m^ of water will be produced per incrementof reaction.

With a starting composition as stated above, the reaction will stop upon exhaustion
of paragonite,whereby a total of 35.6 O-units of OMP will be produced and 3.16

moles of L^O(or 55.7 cem) will be released per 100 O-units ofrock. The final volume

of the rock is approximately 903 cem, which represents a 14.5% decrease in volume

during dehydration and corresponds to nearly a 5% increase in whole rock density
(from pi= 3.22 g/cem to pf = 3.38 g/cem). This means that between 0.92 and 1.03

moles ofH20 will be released per kilogram of amphibolite that is dehydrated.Thus, a

minimumof5.3 x IO"2 m3 rip / m3 rock, or a total of 1.8 m3 I^O, and a maximumof

6.2 x IO"2 m3 H^O / m3 rock, or a total of 2.1 m3 H^O are produced upon complete
dehyration of the 4 m in diameter lens. The mineral densities and molecular weights
used in these calculations are given in Table 3.2.

3.3.2.3 Modal Changes and Isotopic Effects of Dehydration and

Rayleigh Distillation

The effects of Rayleigh distillation on 8180 of the whole rock (WR) and the

minerals participating in reaction [3.1] are shown in Fig. 3.5 and are tabulated in

App.IIa. Thehorizontal axis represents the progressof the reaction, which is simply the

reaction increment, determined by a speeified number of O-unitsof OMPformedduring
the reaction (see above).The 8180 compositions of minerals, H^O andWR are shown

on the vertical axis on the top half of the diagram. The relative changes in the modal

amounts of the participating phases are .shown on the verticalaxis on the lowerhalf of

the diagram. It can be seen that 8180 of the coexisting phases andWR decreaseby less

than l%oduring the reaction. These results are similar to those describedby Rumble
(1979,1982) for devolatilization reactions in calc-silicate rocks, and Supports his

conclusions that devolatilization reactions alone (i.e. no simultaneous infiltration) are

not sufficientto producelarge shifts in 8180. This is to be expected as the numberof

O-atoms which leave the rock as Ftpper incrementare nearly negligible (only 0.1% of

the entire system) compared to the number of O-atoms which remain behind in the

mineral phases.
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RAYLEIGH DISTILLATION

Hbl + Zoi + Par + Qta —> Omp + Gar + Kyn + H20
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Fig. 3.5:
Results of Computer modelling (see App. IIa) of Rayleigh Distillation during
dehydration of amphibolite to produce eclogite (AI -> E) by reaction [3.1] (see text).
Mineral compositions, molecular weights and densities are given in Table 3.2. The
resultsare for isothermaland isobaric conditions of 650°C and 15 Kbar. Each reaction
increment corresponds to the formationof 0.50 O-unitsof omphacite and the release of
O.045 O-unitsof H20.See Table 2.1 for an expianationof the abbreviations used.
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It should be noted that the starting mineralogicalcomposition of the amphibolitewas
chosen such that the final calculated modescorresponded roughly to actual modes seen

in the rock. This allows a direct comparison between the calculated isotopic
compositions of the mineral phases and those measured (compareFig. 3.5 and Table

3.1, samples CH271, CH265, CL17). The predicted isotopic compositions of the

coexisting phases are slightly higherthan those measured, but as discussedearlier this

is most likely a result of the Omission ofkyanite in the model calculation.

3.3.2.4 Summary

The dehydration of amphibolite to form kyanite-bearingeclogite (Al-> E) can be

describedby the simplified reaction
[3.1] Hbl + Zoi + Par + Qtz -> Omp + Gar + Kyn + H20

(see also Heinrich,1986). Based on the incrementalcomputation scheme proposedby
Rumble (1979, 1982), the fluid released by this reaction has been modelled by a

mechanism of Rayleigh distillation.

Calculationsof dehydrationand Rayleigh distillation by reaction [3.1] at a pressure
of 15 Kbar and a temperature of 650°C have shown that approximately 3.2 moles of

H20 (or 56 cm3) will be released by 100 O-units of rock. This corresponds to

approximately 6.2 x 10"2 m3of H20 per m3 ofrock, or a total of 2.1 m3 of H20upon

completedehydrationof a 4 m in diameter lens of model amphibolite.The results of

these calculations have shown that Rayleigh distillation of amphibolite produces less

than a 0.2%o depletionin 8180WR, and is consistent with model computations by
Rumble (1979, 1982) for devolatilization reactions in calc-silicaterocks. The model

calculations for reaction [3.1] produceisotopic compositions for coexistingmineral
phases which are consistent with those measured (compareFigs. 3.1 and 3.5). For a

model amphibolite with an initial isotopic composition of 5.5%o, dehydration and

Rayleigh distillation will produce a fluid with an isotopic composition of approximately
7.00 - 7.50%o.

3.3.2.5 Discussion

The Rayleigh distillation model presentedabove only constrains the source of the

fluid phase and the mechanismby which the fluid is produced. The next step is to

investigate how this fluid interacts with the surroundingrocks and the scale at which

fluid-rock interaction takes place. As yet, no constraints have been put on the mechan¬

ism by which the fluid escapesfrom the rock nor the pathwhich it takes.
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At the Cima di Gagnonearea there may be evidence for two mechanisms of fluid

transport during high pressure metamorphism. If the isotopic compositions of the

metapelites adjacent to the mafic lens (PI pelites) were originally similar to those of the

pelites located furtheraway (P2 pelites), then at somepoint in their metamorphichistory
theyhad to have exchangedwith eitheran isotopicallylight fluidor with an isotopically
lighterrock reservoir to obtainthe isotopic composition now found. As has been seen

with the above exampleofdevolatilizationofamphibolite, Rayleigh distillation is not an

effective process by which a significantchange in isotopic composition in the rock can

be reached.Thus, it is reasonable to assume that the later Tertiary amphibolite-facies
overprinting of these rocks, which involved dehydration reactions in the pelites, could

not have producedthe shift from P2 --> PI. Furthermore, it must be assumed that the

mineralogicalevolutionof both PI andP2 peliteswere nearly identical; thus, the only
distinctionbetweenthe two remains their isotopic signatures.

Two contrastingprocesses of oxygen isotope exchange may be considered to

explain the depletion in "0observed in the pelitic rocks in the nearvicinity of the mafic

lens: (1) Fluid-rock isotopic exchangebetween a rock and a (flowing?)fluid phase,
whereby the fluid may be considered as an 'active' Controller of the rock's final isoto¬

pic composition; and (2) Rock-rock isotopic exchange in which a static pore fluid

merely acts as a medium for diffusional oxygen transport between two rocks with

initially different isotopic compositions.If the first mechanism is considered,there are

at least two possible sources for the fluid responsiblefor the isotopic shift observed:

isotopic exchangewith the fluidproduced locallyduringamphibolitedehydration;and/
or infiltration of a completelyexternal fluidat somestage in the metamorphichistory of
these rocks. If the isotopic shift resulted fully or in part by exchange with the fluid

producedduring eclogite formation, then fluid flow along grain boundaries (i.e. steady
State conditions) may be examined as a mechanismof fluid escape. In contrast, the

hydrous fluid producedduring the A1->E dehydrationevent may haveremainedin the

system (due to low permeabilities and/ora low PH20- pressuregradient ?) as a static,
grain-boundary film. In this case, the exchangemechanism may have been by oxygen
diffuion between the two rock reservoirs, mafic rocks and pelites (i.e. rock-rock

interaction),resulting in the 8"0-compositionsobserved in the Pl-pelites.
Thoughirregularlyspaced, and not abundant,quartz veins containingeclogite-facies

mineralogiesin both the metabasitesand metapelites suggeststhat at somepoint fluid

pressure exceeded lithostatic pressure, resulting in fractures and most likely channelized

flow (Heinrich, 1986; Walther and Orville, 1982; Wood and Walther, 1986). It is

conceivable that as the amphiboliteswere dehydrating,the permeabilities in both the

source rocks and the surrounding metapeliteswere sufficient to allow fluid flow,
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possiblyalong schistosity,before conditions for fracturing were reached (see Section
1.3 for a discussionof mechanisms of fluid flow).

As discussed by Heinrich (1986 p.150), the water produced by amphibolite
dehydrationreactions to form eclogite(A1->E)could havebeen consumed by hydration
reactions in the surrounding metapelites. However, nearlyall texturaland petrological
relationships indicative of the metamorphic history of the metapelites prior to the

eclogite~>amphibolite-faciestransition (E->A2) have been obliterated. Since the

volumeof mafic rocks in the Gagnone area is significantly less than the pelitic and

granitic rocks, it is unlikely that the amount of fluidproducedduring the A1~>Eevent

played a majorrole in the pre-eclogite to eclogite-faciesmineralogicalevolutionof the

pelitic and granitic rocks. The possibilitythat the amount and isotopic composition of

this fluid was sufficientto cause local isotopic exchange on the scale of a few meters

and the shift seen, is investigated below.

3.3.3. A MODEL OF ECLOGITE-FACIES FLUID INFILTRATION IN
METAPELITES

In order to test whether the A1->E dehydration event could have affected the

neighbouring metapelites it is first necessary to determine how much water would be

required to produce the observed shift in 8 "O from P2 --> PI. Various modeis of

isotopic exchange as a resultof fluid infiltration are discussedin Chapter 1. As a first

approximation, an open system, mass balance model of fluid-rock interaction and

exchange with a flowing fluid phase will be considered. In such a model the isotopic
composition of the infiltrating fluid (in this case pure H^O) is held constant. Each

increment of water makes a Single pass through the system and integrated W/R ratios

are determined by the equation:

W/R = ]n[(&w+A-$R)/( 8iw-(8fR-Ä)) ] (3.11)

(Taylor, 1977); where 8'w and &R represent the initial compositions of the water and

rock, respectively. A is the difference between the final isotopic composition of the

rock and the water ( 8fR - 8fw) and will be a functionof the temperature at which

isotopic exchangetakes place. Forrocks of granitic composition,Taylor (1977 p. 524)
has shownthat 8R at equilibriumis equal to the 8 180 value of plagioclase (An30), and
the 8^^ in equilibriumwith these rocks can be determined by using the feldspar-H20
geothermometer. However, since these rocks are morepelitic thanthose discussedby
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Taylor (1977), 8fw,and thus A, have been determined using estimatedmineral modes
and the relationships:

8"0WR = 8"0Qtz-IxiÄQt2.i (3.8),
i*Qtz

5 180Qtz= 8Sys + X (JC, Aq^) + XH20 A Qtz.H20 (3.10)
ä^ Qtz

and

8 180Qtz - 8 "0H20= 4.10 x IO6 / T 2
- 3.7 (Bottinga& Javoy, 1973) (3.12)

For a derivationof equations 3.8 and 3.10 see Chapter 1. Aq^ for each of the

mineralshas been determined using the theoreticallydetermined fractionationfactors of

Bottingaand Javoy (1973).

3.3.3.1. Initial Parameters

The modal composition of the final metapelite has beenestimatedto be 25% PAR,
25% PHE, 15%GARand 35% QTZ (see below). At a temperatureof 650 °C, A is -

0.39%o.
As discussedpreviously, the P2-pelites have 8180 compositions ranging from 8.4

to 10.2%o, and the Pl-pelites ränge from 6.7 to 7.6%o (excluding those found as

inclusionsin the core of the lens); which represents a maximum shift in 8 180 of

-3.5%o and a minimumshift of -0.8%o (i.e. enrichment in 160). Inspectionof Fig.
3.5 shows that the isotopic composition of H20 which is produced during reaction

[3.1] varies from approximately 7.5%o at the beginning of the reaction to 7.0%o upon
exhaustionof paragonite. Thus, the maximumamount of pelite which can be shifted by
the dehydrating lens can be determined by taking the minimumshift and the most "O
depleted water (7.0%o) produced by the reaction as an upper limit. In turn, the

minimum amountof pelite which can be shifted will be determinedby taking the

maximumshift and the most "Oenriched water (7.5%o) as a lowerlimit. The results

of such calculationsfor these limits are presentedbelow.

3.3.3.2 Upper Limit: Maximum amount of P2-->P1 which can be
shifted: ( &R = 8.4%o --> 8fR = 7.6%o ; 8H20 = 7.5%o )

Applyingequations 3.8 and 3.10 with the parameters stated above, the minimum

amountof water which has passed through the system to produce the -0.8%o shift

from P2->P1 is 3.4 m3 of H^Oper m3 of rock. As we have seen from the resultsof



63

the Rayleigh distillation model presented above, a maximum of 2.1 m3 of H^O are

produced by complete dehydration of a 2m in radius lens of AI—>E. Thus, the

exchangepotential of the water producedfrom a dehydratinglens of this size will only
be enough to produce a shift in 0.62 m3 of pelite.

If we model the lens as a sphere, this corresponds to a 1.2 cm thick rind around the

lens ( analogous to the peal around an orange). If, however,we assume that a fluid

phase tends to follow structural weaknesses, such as schistosity presentin the rocks,
and assume that the schistosity of the metapelites during eclogite-facies (and
deformation?) was roughly parallel to the present schistosity (which now records

amphibolite-facies deformation only), we can model the fluid escape path as a cylinder
with a radius of 2m, in which the samevolume of metabasiteoccupies the core. In this

case the lens will have an exchangepotential to shift 2.5 cm of pelite, which is double

the amount determined by the spherical model. However, the rocks which showthe "O
depletionare locatedup to 3 m awayfrom the lens. Analogously, in order to produce
the -0.8%o shift at the distances observed,a lens with a radius of 492 m (or 5.0 x 108
m3 of rock) or a cylinderwith a 2 m radius and 492 m long (or 6.2 x IO3 m3 ) must be

dehydrated!

3.3.3.3. Lower limit: minimum amount of P2-->P1 which can be

shifted: ( 8«R = 10.2 %o --> 8fR = 6.7 %o ; 8H20 = 7.0 %o )

At a temperatureof 650 °C, the water in equilibriumwith samples CL12 andCH278

will be 7.1, which lies completely within the ränge of the infiltrating fluid (7.5%o -

7.0%o)and would infer that the rock had exchanged, but not the water, and therefore,
defies mass balance assumptions.Inspection of eq. (3.11) above shows that in order to

produce the observed shift from P2->P1, the composition of the interactingfluid must
have been 6.3%o or less. Thus, the water producedby the dehydration reaction could

not havebeen responsible for the shift observed,at least not at a temperatureof 650 °C.

This relationship of mass transferis shownbelow in the form of the bar graph:

H20 < A > WR

I >p- F< 1

6.3%o 7.1%o 6.6%o 10.2%o

(max)
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3.3.3.4.Summaryand Discussion

The abovecalculations for both upper and lower limits of fluidrock interactionhave

shown that a mechanismof isotopic exchange by fluid flow during dehydration of

amphiboliteto produce eclogite (A1~>E)could not solely be responsible for the shift in

8 "Oseen in the Pl-Pelites. In this case, if exchangeoccurred by such a mechanism,a
further fluid phase must have been involved in the isotopic evolutionof these rocks.

Assuming that the PI isotopic compositionsdo not represent original compositions of

the source materials for these rocks, a fluid of 8 180 of 6.3%o or less must have

exchanged with these rocks in order to produce the isotopic compositions now

observed.Exchange with 160-rich waters is also suggested by the preliminaryoxygen
isotope data from outcropMg163 (see Chapter 2). However, it must be emphasizedthat
variousmodeis are possible to explain the 160-rich rocks at outcropMG163. The mafic

rocks at Mg163 may have exchangedwith an external fluid which was more160-rich
than that indicated for the Pl-pelites. Furthermore, there is insignificant evidence to

assume mat the pre-metamorphic basic rocks as well as the metamorphichistoriesof all

the mafic rocks at the Cima di Gagnone area are identical.

A source of isotopically light fluid could be heated marinewater which may have

been incorporatedinto the metamorphicpile during the subductionevent which caused

the high pressure metamorphism.Pervasiveinfiltration of sea water to depthsof at least

3.5 km has been suggestedto have occurredin high-grademetamorphicpelites from the

Pyrenees (Wickham and Taylor, 1985). However it has been also suggested that the

initial pelite starting compositions for the Pyreneen rocks should have been more

quartzofeldspathic than those used by Wickhamand Taylor,which would change the

need to identity the fluid source as sea water (discussion betweenRJ. Tracy and J. C.

Clemens, communicated to A.B. Thompson,Nov., 1986). Other sources of isotopi¬
cally light fluids are magmatic watersderivedfrom grantitic rocks (Taylor, 1977; 1979),
or metamorphic fluids derived from interaction with isotopically light rocks, such as

basalts or granites, or possiblyeven mantle-derivedfluids. Interaction with meteoric

water is not supported by the hydrogenisotope data on the hydrous minerals in these

rocks. The hydrogenisotope data indicate equilibriumwith waters which lie within the

compositions where the magmatic and metamorphic waters overlap (see e.g. Taylor,
1979 and discussionin Section5.6). However, the D-enriched muscovite samplefrom
CL17 strongly suggestsexchangewith marinewaters.

The relativeposition of these isotopically-depletedpelites to the mafic lens suggests
that fluid flow may have been enhanced by the structural weakness caused by the

contactbetween the relatively massive, impermeable eclogite and the foliated (more



65

permeable?) schists. However, unequivocal chemical,mineralogical, and/or structural

evidence to supportsuch possibilities has been obliteratedby the later amphibolite-facies
metamorphic and deformational event. The timing of this infiltration event is also

difficult to determine.Theresults of me modeis presentedbelow for amphibolite-facies
fluid-rock interaction do not indicate exchange with equivalentlylight fluids, which

suggeststhat fluid exchangeoccurredprior to the amphibolite-facies metamorphicand
deformationalevent, however, there is insignificantdata to substantiate this possibility.

An alternativemodel for the isotopic depletion observed in the Pl-pelites is isotopic
exchangeby a mechanism of oxygen diffusion through a static pore fluid (i.e. rock-rock
interaction). Although many isotopic studies present evidence for exchange by a

mechanismof fluid flow, in a recent study, Nagy and Parmentier (1982) have shown

that narrow equilibriumzones observed between igneus intrusions and metamorphic
host rocks in the Santa Rosa Range, Nevada can also be explained by a transport
mechanismof self-diffusion of H20through a water-rich fluid phase (see also Shieh

and Taylor, 1969). Similarily, if the hydrous fluid producedduring the A1->E event

remainedin the systemas a thin, static intergranular film, it may have beensufficientto

produce diffusive exchange betweenthe mafic andpelitic rocks.

3.4. AMPHIBOLITE FACIES FLUID ROCK INTERACTION EVENT
(E-->A2)

As discussedearlier, the eclogitic rocks of the Adula Nappe have beenoverprinted
by the Tertiary amphibolite-facies regional metamorphicevent (E->A2)which affected

a large part of the Central Alps ('Lepontine' Event). Petrographic studies of Heinrich

(1982, 1983), Evans and Trommsdorff (1974), and Pfeiffer (1978,1981) as well as

cation-exchange geothermometrycarried out in this study (see Chapter 2 ) have shown
that the Tertiary regional metamorphism in the Adula Nappe is distinguished from the

earliereclogite-facies metamorphism by a drasticdecrease in pressure (in the south of

the nappe, from 15-25 kbar (A1~>E) to 6-7 kbar (E~>A2)), with only a minimal

decrease in temperature(from >650 °C to 600-650°C). At the Cima di Gagnonearea,
this event may be characterizedby similar reactions to those of the earlier(prograde)
eclogite-facies metamorphism, but can essentiallybe considered opposite in sign (see
Fig. 3.4). Thus, the mechanisms consideredfor the eclogite-faciesevent can be applied.

The amphibolitesat outcrop CH271 form two isotopically distinctgroups (see Fig.
3.1 and Table 3.1). Thefine-grained amphibolite(CL6) which occurs along the rim of

the lens is isotopically identical to the fresh eclogites in the core. The coarser-grained
and moredeformed, completely recrystallizedamphibolites which make up the tail of
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the lens (CL1, CL5, CH37) show an 180 enrichmentrelative to these rocks. This

differencein 8 "O could be a result of (reaction?) enhanced permeability during
deformation allowing a greater amount of H^O to react with these rocks, which could

increase rates of recrystallization and grain growth (see Section 2.3.1.1). Other

possibilities are that the isotopic signatures in these rocks reflect original modal

variations of pre-amphibolite-facies minerals (such as mineral banding), or

contamination due to tectonic mixing with the surrounding pelites. However, the

texturalrelationshipsin the latter group of rocks indicate that hornblende and plagioclase
were completelyrecrystallizedduring the E~>A2metamorphicand deformationalevent.
In some of the coarser-grainedamphibolites,subsequent to recrystallization,further
fluid infiltration is indicated by epitaxialgrowthof biotite and sphene discordantto the

pronounced foliation.If the variations in 8 "0 are a result of tectonic mixing, the

deformation which caused the mixing as well as chemical homogenizationmust have
occurred prior to complete recrystallisationand grain-coarsening.Furthermore, the

isotopic composition of the coarser-grained amphibolitesare constant over a distance of

20 meters (comparesamples CH37 and CL1), which would require uniformmixing.
Althoughtectonic mixingmust be consideredas a possibilityfor the "0 enrichment in

the coarser-grained amphibolites, there is no substantialtexturalor chemical evidence to

support this.

3.4J. A MODEL OF RAYLEIGH DISTILLATION AND
DEHYDRATIONOF METAPELITES

Analogousto the amphibolitedehydrationpresentedabove,Rayleigh distillation and

oxygen isotope exchangein metapelites have beenmodelledusing the the quantitative
mass-balance dehydrationreaction (see Table 3.3 and abbreviations in Table 2.1):

[3.2] 3.91 (PAR) + 11.67 (PHE) + 6.35 (GR1) = 6.73 (MUS)+ 5.17 (BIO) +
3.08 (PLG) + 2.00 (QTZ) + 3.64 (GR2)+0.308 (H20)

As above, this reaction is presentedin O-units and is similar to Heinrich's reaction (5)
(1982, p.35) and corresponds to the replacement textures in metapelites from

Trescolmen(Middle Adula Nappe) and Gagnone. Heinrich's reaction (5) is a result of

linear combination of simple net transfer reactions in the Condensed six-component
KCMASH-system(Thompsonet al., 1982); whereas reaction [3.2] above has been

solvedusingactual mineralcompositionsin an eight-component system (KNCFMASH)
(see Table 3.3). GR1 and GR2 correspond to the rim-and core-compositions of the

garnets in these rocks.
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TABLE 3.3

Mineral phase compositions, mineral densities and molecular veights
used in reaction [3.2]:

3.91 (PAR) + 11.67 (PHE) + 6.35 (GR1) = 6.73 (MUS) +

5.17 (BIO) + 3.08 (PLG) + 2.00 (QTZ) + 3.64(GR2) + 0.31 (H20)

Molecular Density
Veight
(g/mole) <g/cm3)

60.09 2.65
265.43 2.66
469.38 4.06
580.31 4.13
382.19 2.85

H)2 400.70 2.85
396.02 2.80

PHASE KNCFMASH-Composition

QTZ Si02
PLG (A1120) Nao. sCao. 2AI1. 2Si2. eOs
GR1 Cao.3Mgo.7sFei.93Äl2Si30i2
GR2 Cao. 27MG0. 48Fe2.23Al2Si.3O12
PAR NaAl3Si3Oio(OH)2
PHE Ko.9Nao.iMgo.32Feo. 13AI2. oeSi3.47O10(<
MUS K0.87NA0.i3Mgo.i2Äl2.76Si3.12O10(OH)2

Garnet compositions represent averaged compositions of cores (GR1)
and of rims (GR2) of the metapelites at outcrop CH271. The phengite
composition has been generalized from the composition of sample
Ad85 (core) from Trescolmen, reported by Heinrich (1982 p.34).
Muscovite and Biotite represent average mica compositions from the
meta-pelites and are similar to those of sample CH200 (Heinrich,
1982 p. 34).

3.4.1.1. Initial Parameters
In the model calculations discussed below, an initial rock composition of 25%

paragonite (PAR), 25% phengite (PHE), 20% garnet (GR1) and 30% quartz (QTZ),
equivalent to 100 O-unitsof model pelite, has been chosen and is proportionally similar
to the modal composition of sampleAD 85-1-6 (Heinrich, 1982, p.32). Theprogressof
the reaction and thus the amount of water formedat each increment is determined by a

specified amount of muscovite (MUS) andwill be limited by the initial modal amount of

phengite (seeApp IIb).

3.4.1.2. Fluid-Rock Ratios
At a constant temperature of 600 °C and a pressure of 5 kbar, 0.05 O-units (or

moles) of H20 are produced for every 1 O-unit of MUS which are formed. This

corresponds to 0.09 vol% of the initial rock (initial volumeof the model pelite is

approximately 1100 cem) and an instantaneous fluid/rock ratio of 9. x IO"4- Upon
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completion of the reaction, the amount of phengite is exhausted and a total of 0.67

O-units (or 15 cem) ofH^O are produced per 100 O-unitsofrock. The changein modal
percent of the minerals corresponds to minimal changes in whole rock volumeand

density (see App. IIb). Thus, approximately 1.3 x 10"2m3 of HjOper m3 of rock, or

2.0 moles ofH^Oper Kg of rock, will be released during the reaction. This is similar to

the amount of t^O calculated by Heinrich (1982, p.36) for a slightly differentreaction
and starting whole rock composition. As stated by Heinrich, the amount of water

produced by such a reaction will be sufficient to hydrate all eclogites in the Cima di

Gagnonearea. He concludesthat the differingamount of overprinting in the mafic rocks

is a resultof slow reaction rates in the mafic rocks compared to relativelyfast reaction

rates in the metapelites.

3.4.1.3. Modal Changes and Isotopic Effects of Rayleigh Distillation
and Dehydreation of Metapelites

The mineralogicalchanges resulting from reaction [3.2] and the effectsof Rayleigh
distillation on 8 "O of the whole rock (WR) and the participating phases are shown in

Fig. 3.6 and tabulated in App. IIb ( 8 "O1^= 7.5%). The vertical axes are as in Fig.
3.5. The horizontal axis represents the numberof reaction increments, corresponding to
the progressofthe reaction, and have been determined by a speeified numberof O-units
of MUS formed during the reaction. As can be seen in Fig. 3.6, for most of the

minerals, the 8 "O valuespredictedfrom the model computations compare well with

the actual measured 8 "O-values of the minerals in the Pl-pelites (compare with

Fig.3.1 and Table 3.1). However, inspection of the modal amounts predictedby the

completion of reaction [3.2] show that this reaction will not be sufficientto produce the

relativeamounts of mica and feldspar now observed in these rocks (compareFig. 3.6

with Table 3.1). The largest discrepancy between the calculatedmodes and those

observed in the rocks, is in the amount of plagioclase produced (approximately7 vol%)
as compared to the actual amount present in the rocks (25-35vol%).

Although the model reaction [3.2] qualitatively corresponds to the replacement
textures observed in the rocks of the Adula Nappe, these quantitative results indicate

that further reaction(s) must have occurred to produce the modal amountsof minerals

now present. However, if we assume that the minerals in the amphibolite-facies
metapeliteswere at least partiallyproducedby a dehydration reaction similar to [3.2],
the amountof H^O producedcan be taken as a minimumand the isotopic effects of
infiltration into the neighbouringeclogite lens and tail can be investigated.
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RAYLEIGH DISTILLATION
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Fig. 3.6:
Results of Computer modelling (see App. IIb) of Rayleigh distillation during
dehydration of eclogitic metapelites (E -> A2) under amphibolite-facies
isothermal-isobaric conditions of 600°C and 5 Kbar. Mineral compositions,molecular
weights and densities are given in Table 3.3. Each increment ofreaction corresponds to
the formation of 0.10 O-units of muscovite and the release of 0.0016O-units of H2O.
Abbreviationsare definedTable 2.1.
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3.4.2. A MODEL OF AMPHIBOLITE-FACIES FLUID INFILTRATION
INTO METABASITES

The hydrationof kyanite-eclogite to form amphibolitecan be describedby the whole

rock reaction (see Table 3.4):

[3.3] 40.49 (OMP) + 12.60 (GAR) + 2.39 (ZOI) + 6.09 (QTZ) +

10.23 (KYN) + 1.66 (H20) = 42.00 (HBL) + 31.56 (PLG)

As in reaction [3.1] actual compositions in the seven-componentNCFMASHsystem
have beenused, and the reaction is presentedin O-units. Infiltration of water produced
by the metapelitesand isotopic exchange in the eclogites undergoing whole rock

reaction [3.3] have been modelled using a similar step-wise procedure as that for

Rayleigh distillation.

TABLE 3.4

Mineral phase compositions, mineral densities and molecular weights
used in reaction [3.3]:

40.49 (OMP) + 12.60 (GAR) + 2.39 (ZOI) + 6.09 (QTZ) +

10.23 (KYN) + 1.66 (H20) = 42.00 (HBL) + 31.56 (PLG)

PHASE NCFMASH-Composition

QTZ Si02
PLG Nao. 7Cao. 3AI1. 3Si2. 7Ü8
KYN Al2Si03
OMP Nao .sCao.sAlo.sMgo .3Si20e
GAR Cao.4sMgi.i2Fei.4Äl2Si30i2
ZOI Ca2Al3Si30i2(0H)
PAR NaAlaSisOio(OH)2
HBL Nao.3sCai.7sMg2.eFeo.9AI2.esSie . 63O22(OH)2 841.36

Molecular Density
Veight
(g/mole) (g/cm3)

60.09 2.65
276.02 2.70
162.03 3.55
208.34 3.33
459.02 3.70
454.35 3.30
382.19 2.85

)H)2 841.36 3.10

Omphacite, garnet, paragonite and zoisite compositions are as for
reaction [3.1]. Hornblende and plagioclase represent average composi¬
tions from sample CL6 along the rim of the mafic lense (see chapter
2).
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3.4.2.1 InitialParameters
An initial whole rock compositonof 5% Zoi, 10% Qtz, 35% Omp, 35% Gar, 10%

Kyn and 5% Hbl, corresponding to the modal percentage of minerals observed in the

kyanite eclogite sample CH271 (see Table 3.1), have been used in the model

computations of the amphibolite-faciesAI-event. Two cases have been considered:

isotopic re-equilibrationwith water produced by dehydrationof the Pl-pelites (8j[180H20
= 7.7%o), and re-equilibration with water produced by the P2-pelites ( S^O^o=
9.6%o). In both cases,just enough water is allowed to Infiltratethe rock so thatreaction

[3.3] goes to completion and stops as OMP is exhausted. The results of these

computations are shownin Fig. 3.7 and tabulated in App. IIc.

3.4.2.2. Isotopic Effects of Fluid Infiltration and Hydration of Eclogites

The difference in isotopic composition of the infiltrating fluid has no effect on the

final WR composition, which remains nearly constant( 8j"Owr= 5.5%o, Sf"0WR=
5.48 %o; see App. IIb). This is due to the fact that the total amount of O in the H20
requiredto hydrate the eclogite is very small compared to the amount of O in the rock

(F/R ratio = 1.42 x IO"2), and its isotopic composition will tend to be buffered by the

rock. In order to just hydrate the presentamount of amphibolite,1.1 m3 of H^O are

required, which corresponds to 78.5 m3 ofdehydrating pelite or a cubic slab with sides

4.3 m long.
Comparison of these results with the measured isotopic compositions of the

amphibolites at outcrop CH271 indicates that the fine-grainedamphibolites which

comprisethe rim of the lens representlimited fluid-rock interaction (low F/R ratios,
>0.1:1), whereby only enough water was able to permeate the rock to cause complete
amphibolisation but no isotopic shift. In contrast, the isotopic compositions of the

completely recrystallized amphiboliteswhich form the tails of the lens may indicate

conditionsof greater permeabilityand greater intergrated F/R ratios, resulting in the

l%o enrichment in 180 of the whole rock. Using equations 3.7, 3.8, 3.9, 3.10, 3.11

and 3.12 from Section3.3.3 above, for a temperatureof 600 °C, it can be shownthat a

Volumetrie fluid/rock ratio of 3.1 will be requiredto produce this shift in "O. This

corresponds to 5720 m3 of dehydratingpelite or a cubic slab with sides 18 m in length.
The possible mechanisms of deformation and recrystallizationin forming the rims and

tails of the mafic lens have been discussed in Chapter 2. The isotopic evidence

presentedhere is consistent with the Suggestionthat increased fluidinfiltration occurred

in the amphibolite tails during deformation (Früh-Green, 1985). The larger influx of

fluid may thus have beeneffective in enhancing the growthrate of the amphiboliteand
plagioclase aggregatesduringdeformation,resulting in coarser grain sizes.
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Fig. 3.7:
Results of Computer modelling(see App. IIc) of fluid infiltration and hydration of kyanite eclogite to

form amphibolite (E -> A2) by reaction [3.3] (see text). Mineral compositions, molecularweights, and
densitiesare given in Table 3.4. The results are for isothermal and isobaricconditions of600°C and 5
Kbar. Each reaction incrementcorresponds to 0.04 moles of H^O or an instantaneous fluid-rockratio of
8.6 x IO"4.

3.4.2.3. Summary

Quantitative modelling of step-wise fluid infiltration, hydration and isotopic
exchange during amphibolite-faciesmetamorphism has shown that the fine-grained
amphiboliteswhich comprise the rimof the mafic lens at outcropCH 271 may represent
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limited fluid-rock interaction(low F/R ratios, > 0.1:1), whereby only enough water was

able to permeate the rock to cause complete amphibolitisation but no isotopic shift
The isotopic shift observed in the recrystallizedtails of the mafic lens requires only

local interaction with fluids produced by dehydration reactions in the immediately
surroundingmetapelites. Amphibolite-faciesdeformationmayhave been instrumental in

increasing permeabilityof these otherwise impermeablemafic rocks allowing higher
F/R ratiosand fluid flow. The increasedamount of fluid during deformation may have

enhancedthe growthrates of the hornbende andplagioclase aggregatesin the tails of the

lens, resulting in the coarse-grainedamphibolitesand the strong foliationnow observed

(see also Section2.3.1.1).

3.5. ATTAINMENT OF OXYGEN ISOTOPE EQUILIBRIUM IN
METAMORPHIC ROCKS

Thedegree to which interlayered rocks have attained isotopic equilibriumhas often

been used as an indicator for the mechanismand degree of fluid-rock interaction in

metamorphicrocks. Rumble and Spear (1983) have also related the degree of oxygen

isotope equilibrium to the enhancement of permeability by mechanismssuch as

fracturing.Anydiscussion of the attainment of oxygen isotope equilibriummust include

both the criteria used to test for equilibrium and the scale at which equilibrium is

considered.
In this study, two relative scales of oxygen isotope equilibrium are considered.

Large-scale equilibrium is used to describe oxygen isotope exchange between

heterogeneousrock layers at a distance equal to or greater than the thickness of the layer
(cm- to meter scale). On such a scale, equilibrium is assumed if the mineral phases
show uniform isotopic compositions despite their original differences prior to

metamorphism and deformation.Large scale isotopicexchangeand homogeneization is

often thought to result from pervasive fluid-rock interaction with either a static,
intergranular fluid or a fluid flowing through intergranular pores (e.g. Taylor et al,1963;
Garlick and Epstein, 1967; Rumble et al,1982; Wickham 1985; Hoernes and

Friedrichson, 1980; Nagy and Parmentier,1982).
Local equilibrium is used to describeisotopic exchange and equilibriumbetween

coexistingmineral phases on a millimeterto centimeterscale. Local equilibrium is

independent of mineralogical and isotopic heterogeneities in rock types (bulk
composition),but will be influencedby diffusional properties of the minerals involved

and by changes in temperature. In this study, the principle criteria for determining local
isotopic equilibrium are two-fold: 1. Consistencies in temperatures estimated by
oxygen isotope fractionationbetweencoexisting mineral pairs; and 2. Constant oxygen

isotopic fractionation of mineral pairs from the variousrock types, regardless of their
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bulk isotopic compositions.Oxygen isotope temperatureestimates will depend greatly
on the calibration used, and their use as indicators for isotopic equilibrium presents
some problems. Use of the existing experimentally-determined fractionation curves

between variousminerals and water (e.g. Matushisa et al, 1979; Matthews et al,1980;
O'Neil and Taylor, 1967) yield notable variations (see discussion in Graham, 1981) and

differconsiderablyfrom the theoretically-determined calibrationof Bottinga and Javoy
(1973) (see Table 3.6).

In earlier studies, isotopic temperatureswere thought torepresent peak metamorphic
conditions, after which all minerals ceased to exchange isotopes. However, Deines

(1977) has shown that there is often evidence for retrograde isotopic exchangeduring
coolingof metamorphicrocks, and that evidence of oxygen isotope equilibriumamong
three or moreminerals in metamorphicrocks is rarely found (see also Javoy,1977). In

addition, based on diffusional studies, Graham (1981) has concluded that isotopic
equilibriumamongstcoexisting mineralsin metamorphicrockswill rarely be preserved,
except for mineralpairs or triplets with similardiffusionalproperties,as forexamplefor
muscovite and biotite. Furthermore, since oxygen diffusion rates are greatly enhanced
by the presence of water, Graham argues that discordanttemperature relationsmay be

direct evidence for the presence of a hydrous fluid during cooling of a metamorphic
pile. In light of new kinetic data, the effects of diffusion on the oxygen isotope
composition of some Silicates have been investigated by Giletti (1985). For slowly
cooled igneous and metamorphicrocks Giletti concludes that the temperaturesaquired
by oxygen isotope geothermometry may representneither maximum metamorphic
temperaturesnor a Single closure temperatureat which diffusionalexchangeceases, but
rather will be a function of grain size, mineral modes,coolingrate of the rock, and will

depend on the diffusional properties of the coexisting minerals. Furthermore, Giletti

concludesthat oxygen isotope fractionationscombined with kineticdata may be a useful
indicator of the cooling rate of metamorphic rocks. Thus, the use of constant oxygen
fractionation temperatures may not be a valid indicator of isotopic equilibrium.
However, if constant oxygen isotopic fractionations are observedbetween similar

mineral pairs in rocks with comparablemodes and grain sizes, which have experienced
identicalP-T conditions of metamorphism and coolingrates, it should be reasonableto

assume that isotopic equilibriumwas preserved. With the same argument, if the cooling
rate of a metamorphic pile is known and kinetic data are available for the coexisting
mineral pairs, agreementbetween predicted 180 concentrationsand those measured

would indicate isotopic equilibrium.
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TABLE 3.5

OXYGEN ISOTOPE FRACTIONATIONS

A: Biotite-muscovite schists (kyanite-free) with equilibrium textures
B: Fine-grained, mica schists (ikyanite) with disequilibrium textures
C: Metabasites
D: Eclogite-facies veins

SAMPLE aQ-PL aQ-MU aQ-BI aQ-GR aQ-RU aQ-IL aQ-KY aQ-OM aPL-HB

6.71A. CL12
CL13

2.30 2.30 2.99
4.56

2.69

CL9 3.20 4.90 3.52
CL26 2.76
CL30 2.85

B. CH278 1.28 5.08 4.24
CLlla 6.28 4.50
CLllb 4.16
CL4a 1.89 5.29 5.25

C. CH271
CLl
CL6

3.05

D. CL17
CL9a

2.32

7.48 7.75 1.70

8.35
6.45

1.08 2.29
2.12
1.01

2.13

351. EQUILIBRIUMI DISEQUILIBRIUMRELATIONSIN THE
METABASITES

The greaterplagioclase-hornblende fractionationsin the coarser-grained amphibolites
(A= 2.12%o, see Tables 3.5 and 3.6.) indicate a lower temperature of reequilibration
(605°C) than for the fine-grained amphibolites (A = 1.01; T = 887°C). A lower tem¬

perature of crystallization in the amphibolitetails is consistent with textural evidence and

the arguments presentedabove for either continual infiltration or a subsequent distinct

infiltration event upon cooling (Früh-Green, 1985). The unrealistically high tem¬

perature for sampleCL 6 may be explainedby oxygen diffusional effects as discussed

by Giletti(1985). Giletti has shownthat for slowly cooled amphibolite,temperatures
estimated by Plg-Hbl isotopic fractionations represent neither a Single closure

temperaturenor equilibriumtemperatures. Due to slower diffusion rates in hornblende,
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TABLE3.6

Canpariscn of fractionation temperatures (°C) deternined by experimental fractionation data
and by theoretical calibrations.

A. Experimental Fractionation Data

SAMPLE 1\)~rL li-iw T»-bi Ib-xv Tb-iL 1b-on TVl-hu T^l-bi Tt-l-ro 2>wl Ter-it* Tsr-Bib

METAPELnES

393CU2 546 474 690 586
013 441
CH278 421 393 554 539
CL9 332 409
CL4a 326 376 621
CUla 311
CLllb 508
CL25 390
CL30 377

METABASITES

CH271
CL17 470

794 560 663 535

381 544 537 551 463

412 692 610
1098
843

491
848
656

559

B. Theoretical Calibrations of Bottinga & Javoy (1973) and Javoy (1977)

SAMPLE Tfr-w. Ib-Hü Tb-ai Jb-e* Tb-u T^l-mo D-l-bi Tri,-«* H>l-u IVl-bb Tbr-bi

METAPELITES

CL12 846 600 741 762 450 700 713 676
CL13 572
CH278 686 533 551 553 482 485 551 477
cl9 488 546 631 493
CL4a 550 518 468 632 503 416 700 852
CLlla 459 527 310
CUlb 559 523
CL25 536
CL30

METABASITES

CH271 699
CU7 595
CL6 745 887
Ol 605

Tenperatures (T°C) calculated using the equations:
lOOOlna 9-B20 = 3.34 (10»r2) - 3.31 (Hatsuhisa et al, 1979), (T°k)
lOOOlna pi-g2o = (2.91-0.76ß)(106T-2) - (3.41-0.14»3), where ß = able fraction of ta (O'Neil and Taylor, 1967)
lOOOlna M.-120 (= lOOOln »h-120) = 2.38 (10»T-*) - 3.89 (O'Neil and Taylor, 1969)
To-ii has been calculated using £q-mU = 0.54 £o-bi Garlick and Epstein, 1967)
lOOOlna o-*« = 7.23 (lCT-*) - 3.08 (Matthews et al., 1979)
To-u has been calculated using Lg-u = 0.95 Ao-m (O'Neil and Ghent, 1975) and lOOOlna Mt-120 =

-1.60(106T-2) - 3.61 (taderscn et al., 1971)
lOOOlna o-o« = (2.08-0.996) (10»T-*), where B » jad-«xnpcnentin pyroxene (Matthews et al., 1983)
Ter-Bi«: average values of ln Kb (Mg/Fe)e.r-»i. calculatedfrom equation (7) in Ferry and Spear (1978) for
a pressureof 6 Kbar.
Tcr-Bib: average values of ln Kb calculated from equation (9) in Goldman and Albee (1977).
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compared to quartzand plagioclase, Plg-Hbl apparenttemperatureswill be greater than

Qtz-Plg apparent temperatures.A temperature of 600°C for plagioclase-hornblende-
recrystallisationlies within the upper limit of the ränge of temperaturesestimatedfrom
fractionations between other mineral phases in the metapelites(see below) and from

Mg-Fe-exchange between garnet and biotite (Table 3.6). Again, this relatively high
temperature of equilibration may be a result of the oxygen-diffusion properties of

hornblende andcould reflect the difference in closure temperaturesbetweenplagioclase,
hornblende and the other phases present in the rocks.

A ränge of temperaturesfrom 470 °C (experimentalcalibrations)to 700 °C has been

determined by oxygen-isotopegeothermometryfor the coexisting Qtz-Gar-Ompin the

fresh eclogite (CH271) and Qtz-Mus in the eclogiticsegregation vein (CL 17) fromthe
centerof the mafic lens. This large ränge in temperature could record a continuous

history or be a combined effect of: (1) uncertainities in fractionation calibrations; (2)
isotopic disequilibriumand/or diffusional exchange during cooling; and/or (3) retro¬

grade exchangeenhancedby a hydrous grain-boundaryfluid film upon cooling.

3.5.2. EQUILIBRIUM I DISEQUILIBRIUM RELATIONS IN THE
METAPELITES

3.5.2.1. Local Equilibrium

Local equilibrium within Single pelitic layers has been evaluated by analysing
mineral separates from hand specimens l-10cm thick. These rocks have been divided

into two groups according to their mineralogies and textures. Group A (Table 3.5)
represents kyanite-free, biotite-muscovite schistswhich exhibit 'equilibrium' textures,
i.e. the rocks have uniform, recrystallized grain sizes and showpronouncedalignment
of the micas (see also Chapter 2). GroupB represents fine-grained, more aluminous,
biotite schistswhich are distinguished from group A by a lack of muscovite,a presence
of kyanite± staurolite(exceptCL 4a) and by 'disequilibrium'textures. The disequili¬
briumtextures are characterized by heterogeneousgrain sizes and skeleton-like replace-
mentof kyanite and garnetby unorientedbiotite and plagioclase grains. The isotopic
fractionations betweenthe various mineralsin these rocks showconsiderableirregular-
ities among the rock types and over distances of less than 10 cm. (see Table 3.5).

In the group B disequilibriumschists, the quartz-ilmenite fractionations (1000 ln

aotz-iim) vary by nearly 2%o, from 6.45%o to 8.35%o; whereas 1000 ln aQtzGar and

1000 ln otQtz.Bio show slightly less variations of 1.0%o and 1.2%o, respectively. These
large variations (l-2%o) are also observed in the group A schists. Estimates of

metamorphic temperatures based on the measured a-values and using both

experimentallydetermined fractionation factors and the calibrations of Bottinga and
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Javoy (1973) and Javoy (1977) are presentedin Table 3.6 (see references therein). The

isotopic temperaturesdetermined by experimentalcalibrationsare in general 100-200 °C

lower than thosecalculated by the calibrationsof Bottinga and Javoy (1973) and Javoy
(1977) (with the exception of Qtz-Ilm temperatures which are similar). As with the

mineralfractionations,there is a large Variation in temperatures, ranging from as low as

326 °C for Qtz-Plg (CL4a)to a maximumof 800 °C for Plg-Bio (sample CL12).These
large variations are seen among the different rock-typesas well as within Single rock

samples, as forexampleCL 4a andCL 12.

In generalexperimentally-calibrated thermometers yield consistently highertemp¬
eratures (470 °C to 700 °C) for the relict eclogite-faciesmineralpairs (Qtz-Gar,Qtz-Rut
and Qtz-Ilm) than for the amphibolite-facies mineralpairs (Qtz-Mus, Qtz-Bio,Qtz-Plg,
Plg-Mus,and Plg-Bio), which ränge from 311°C to 475 °C. Temperatures determined
for quartz-rutile and quartz-ilmenitepairs (experimental calibrations) fall within a

narrow ränge of 540 °C to 620 °C (excludingsampleCL 1 lb). Sample CH 278 is the

only one which shows consistent temperature-estimatesfor more than three mineral

pairs; Qtz-Rut, Qtz-Ilm, Plg-Rutand Plg-Ilm fractionations all yield temperatures
between 537 °C and 554 °C for both experimental and theoreticalcalibrations and are

consistent with temperaturesestimatedfrom Mg-Fe exchangegeothermometry(Ferry
and Spear- calibration). Thedistinctionbetweeneclogite-facies-and amphibolite-facies
mineral pairs is not as evident from temperatures determined by the calibrations of

Bottinga and Javoy (1973) and Javoy (1977). Qtz-Garand Qtz-Ilm temperaturesränge
from 470 °C to 762 °C , whereas Qtz-Plg,Qtz-Bio, Plg-Mus and Plg-Bio temperatures
ränge from 450 °C to 850 °C .Temperatures based on Gar-Bioisotopic fractionations

also showinconsistencies with those determined by cation-exchange geothermometry.
TGar-Biofrom samPles CH278 and CL 9 are nearly identical with thosedetermined by
the Goldmanand AlbeeGarnet-Biotite Mg-Fe exchange thermometers,whereas TGar.Bio
from sampleCL 12 is similar to that determined by the Ferry and Spear experimental
calibration. These variationsand temperaturetrends are easily seen in Figure 3.8, which

employs the graphical representation suggestedby Javoy et al, 1970.

This graphicalmethod uses 180/160-fractionationdata to plot temperatures as a

function of 0W_Min) - b and a; whereby a and b are constants obtained from the

relationship:
AQtz-Min = aQtz-Min (10 T " ) + bQtz-Min

(see also Chapter 1). If the quartz-mineralpairs cease to exchangeoxygen isotopes at

the sametemperature,a plot of (&Qti-Min ) ' ^ versus a should define a straight line
passing through the origin, the slope of which represents the average temperature of

equilibration. In Figure 3.8, the constants a and/3 have been determined from the
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DISEQUILIBRIUM IN METAPELITES
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anda; whereby a and b are constants obtained from the relationship:

AQtz-Min= aQtz-Min<10 T" > + bQtz-Min
and the slope of the line is equal to 10 " T "2. Discordanttemperature estimates for the metapelites at
the Cima di Gagnone area suggest isotopic disequilibrium on a mm- to cm-scale. Lines connecting
solidSymbols indicatethe possible rängeof isotopic temperatures for the AI -> E event; whereas those
connecting open Symbols show the possible ränge of isotopic temperatures for the later E -> A2 event

(see text).
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experimental calibrations listed in Table 3.6. As discussed previously, as well as in

Javoy et al (1970), this graphical method of representing isotopic equilibriumrelations
depends greatly on the accuracyof the calibrationsused.

Comparison of variations in mineral fractionations and isotopic-temperature
estimates of the metapelites indicates that local equilibriumwithin Single layers was in

generalnot achieved in these rocks. The temperature distributions suggestthat garnet,
ilmenite and rutile mayhave retained their eclogite-faciesisotopic compositions (AI ->

E), and that significantlylower isotopic temperatures(350-500°C) are indicated for the

amphibolite-facies metamorphism than those estimated by cation-exchange
geothermometry (460-670°C; see also Evans and Trommsdorff, 1974; Pfeiffer,
1978,1981).Without sufficientkinetic data, it is impossible to determine how much

these apparentisotopic temperaturesand disequilibrium relationsare diffusional effects

during cooling. However, samples of comparablegrain sizes and mineral modes (e.g.
CH 278-CL IIa and CL 12-CL 13) exhibit variabilities which cannot be explained
purely by oxygen diffusion upon cooling. These data, however, may indicate the

presence of differing, small amounts of an intergranularhydrousfluid, allowing local
(on a mm-scale) 180/ 160-redistribuion betweenthose minerals which are moreeasily
reset to lowertemperatures (e.g. plagioclase and mica). These data do not indicate a

correlationbetween the degreeof isotopic equilibrium and the degreeof recrystalhzation
or deformationobserved in these rocks.

3.5.2.2. Large-scale Equilibrium

Large-scaleoxygen-isotopeequilibrium betweenthe interlayered metapelites and the

metabasitescan be evaluatedby comparison of the isotopic compositions of quartzand

plagioclase(see Fig. 3.9). Quartz in the rocks at outcrop CH271 vary from 7.8%o to

9.4%o; whereas, with the exception of sample CLl2, the metapelitesshow a smaller

Variation from 8.6%o to 9.4%o. The eclogite-facies veins in the pelitic rocks show

constant 8180-values of 9.6, which indicates near equilibrium with a number of the

pelitic samples (compare CH278, CLl3, CH40). The quartz segregationvein in the

core of the mafic lens also shows near equilibriumvalues to those in the fresh eclogite
and symplectite. As mentionedpreviously, the rocks in the near vicinity of the mafic

lens are isotopically distinct from those located further away, which indicates a lack of

equilibrium over distances greater than 30 metres. The data from outcrop CH271,
however, indicate that an approach to isotopic homogenization occurred, but complete
equilibrium was not achieved. As discussed earlier, this approach to isotopic
equilibrium, as well as the relative depletion in 180 observed in the PI-metapelites, may
be evidence for fluid-rock interaction on a meter-scale prior to or during the
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eclogite-facies metamorphic event (see also Hoernes and Friedrichson, 1980).
Alternatively, the near equlibration of the two rock types mayprovide further evidence

for a model of diffusive oxygen isotope exchangebetweenthe two oxygen reservoirs,
the mafic lens and Pl-pelites,in which a static, intergranular fluidphase merely acted as

the exchangemedium.

10.4*
—- >100m

?11.4*
?10.6*
A11.8V9.6 (vein)

t >30r
? 9.4 . A8.4

? 9.6

? 8.6

¦**¦

7.8*•»
. V>

^
A 6.7

;A'6 A8 =A7.9f

^¦i •
i ^

. ::J

•-^^'j:;~J
Z'-T'm^Z-

? 8.2Im
A 7.3 _

9.0-

? P-2 Metapelites ? c518OQTZ Ac518OPLG
5MSMOW)

FiS'3'9: .18 .1»Comparison of 5 Oq1z- and o Opjgof the various rock types at outcrop CH271
indicates a general lack of large-scale (> 20 m) oxygen isotopic equilibrium. Small
variations between Pl-pelites (without*) and the mafic rocks suggestan approach to
isotopic equilibriumon a meter-scale.
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3.6 SUMMARYAND CONCLUSIONS

Theisotopic data from the various rocks at the Cima di Gagnonearea and the results of

the modeispresentedabovehave shownthat:

1. A Rayleigh distillation mechanism offluid productionduring dehydrationreactions
is not sufficient to cause large isotopic shifts in high grade metamorphic rocks.

These results are consistent with model computations carried out by Rumble

(1979,1982) for devolatilization reactions in calc-silicaterocks. Furthermore, the

modeis of a Rayleigh distillation mechanismof fluid escape during dehydration
reactions in both metabasites(eclogite-facies)and metapelites (amphibolite-facies)
produce isotopic compositions which are consistent with thosemeasured.

2. Fluid production during eclogite-facies dehydration of amphibolite would not be

sufficient to cause the observed isotopic signatures in the surrounding Pl-

metapelites by a mechanism of fluid flow. This conclusion is based on the

assumption that the PI-metapelites were derivedfrom similar source materials as the

P2-pelites and experienced identical metamorphic and deformational histories. If

such an evolutionis assumed, the isotopic compositions of the Pl-pelites indicates

that prior to the Tertiary amphibolite-facies event (E~>A2),interactionand exchange
with isotopically light fluids could have occurred. Sources of such isotopically light
fluids could be heated marine water which may have been incorporated into the

metamorphic pile during the subduction event which caused the high pressure

metamorphism. A further source could be interaction with magmatic,or mantle-

derived fluids, possibly during the Hercynian metamorphism. Interaction with

meteoric waters is not supportedby hydrogenisotope data from mineralseparates in

the rocks. Therelativeposition ofthese 180 -depleted pelites to the mafic inclusions

suggests that fluid flow and interaction may have been enhanced by a structural

weakness caused by the contactbetween relativelymassive, impermeableeclogite
and the foliated(more permeable?) metapelites. However, unequivocable chemical,
mineralogicalor structural evidence to supportsuch possibilities has been obliterated

by the later amphibolite-facies metamorphicand deformationalevent. Furthermore,
the timingof a possible infiltration eventcannot be determined with the present data.

3. A mechanismof self-diffusion of HjO molecules through a static, intergranular
hydrous fluid can be considered as an alternative model of oxygen transport and

isotopic exchange, producing the observed depletion in 180of the Pl-Pelites. These

two modeis of oxygen isotope exchangemay be betterconstrained if the areal extent

of the depletedpelites could be determined more precisely.
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4. The various dehydrationeventswhich occurred during the metamorphicevolution of

the rocks at the Cima di Gagnonearea could produce small quantities of water-rich

fluid resulting in instantaneousF-R ratios of < 0.001. Upon füll completion of the

variousreactions less than0.1 m3 of water would be producedper m3 of rock which

is dehydrated.Theseresults are consistent with the argumenta of Woodand Walther

(1986) thatphase equilibriaand isotopicratios in pelitic rocks are generally not good
indicators of high fluid-rock ratios.

5. Quantitative modellingof step-wise fluid infiltration,hydrationand isotopic exchange
during amphibolite-faciesmetamorphism has shown that the fine-grained amphi¬
boliteswhich comprise the rim of the mafic lens at outcropCH 271 represent limited

fluid-rock interaction (low F/R ratios, > 0.1:1), whereby only enough water was

able to permeate the rock to causecomplete amphibolitisation but no isotopic shift.

6. The isotopic shift observed in the recrystallized tails of the mafic lens requires only
local interaction with fluids producedby dehydration reactions in the immediately
surrounding metapelites. Amphibolite-facies deformation may have been

instrumentalin increasing permeabilityof these otherwiseimpermeablemafic rocks

allowing higher F/R ratios and fluid flow. The increased amount of fluid during
deformation may have enhancedthe growthrates of the hornbendeand plagioclase
aggregates in the tails of the lens, resulting in the coarse-grainedamphibolitesand
the strong foliation now observed. Hbl-Plg fractionations in the recrystallized
amphibolitetails of the lens indicate lower temperaturesof isotopic exchange, which
together with local biotite and sphene, andin somecases chlorite, grown epitactially
and in discordant veins, suggest that fluid infiltration may occurred under

greenscists-facies P-T conditionsduring cooling of the metamorphic pile. These

local biotite veins indicate the mechanismof escape of this subsequent fluid may
have been moreby hydraulicfracturing (Woodand Walther, 1982, 1986), rather

thanby steady State fluidflow.

7. Comparison of the variations in mineral fractionations and isotopic temperatures
estimatedfor the metapelites indicates that local equilibriumwithinSingle layers was
in generalnot achieved in these rocks. The temperature distributions suggest that

garnet, ilmenite and rutile may have retained their eclogite-facies isotopic
compositions.Lower isotopic temperaturesare indicated for the amphibolite-facies
metamorphism (350-500°C) than those estimated by cation-exchange geo¬

thermometry (460-670°C). Samples of comparablegrain sizes and mineral modes
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exhibit variabilities which cannot be explainedpurelyby diffusion and redistribution

of oxygen uponcooling. The data may indicate the presence of differing, small
amountsof an intergranular hydrous fluid, resultingin local (on a mm-scale) oxygen
isotoperedistribuion betweenthose minerals which are more easily reset to lower

temperatures(e.g. plagioclase and mica). Thereis no correlation betweenthe degree
of isotopic equilibrium and the degree of recrystallization and/or deformation
observed in the metapelitic rocks.

3.6.1. A PHILOSOPHICAL DISCUSSION OF THE PRODUCTION
AND CONSUMPTION OF HYDROUS FLUIDS IN POLY¬
METAMORPHIC TERRAINS

There is no doubt that the presence of hydrous fluids plays an important role in

processes of mass transfer, grain growth and mineral transformation during
metamorphism.The literature aboundswith examples, packedwith key words, such as

devolatilization reactions,pervasivefluidflow, the influence of rock permeabilites on

fluid flow, deformation-enhanced fluid flow, etc. etc. The processes or mechanisms

associated with such 'key words' are all interdependent. It is the result of the

combination of such processeswhich lead to the end product: mineral assemblages -

which is the petrologistsonly clue to what might have happened. The transformation
of one mineral into another is influenced by the kinetics of the various mechanisms

involved, let it be diffusive mass transfer by grain boundary sliding or dissolution/

precipitation. In turn, the kinetics of nearly all processes of mineral growth and

transformationwill be greatly influencedby temperature,pressure, deformation and

fluid access. But, howmuch fluid is actually necessaryto catalyse mineral reactions or

enhance diffusion rates? What quantities of a free fluid phase can a polymetamorphic
rock sequenceactually produce - and lose (leading to fluid flow)? Is fluid flow as

ubiquitous as the numerousexamples from the literature lead oneto believe?

The presentstudy has shown that during the variousstages in the polymetamorphic
history of the pelitic and mafic rocks at the Cima di Gagnonearea, either haydrationor
dehydrationmineralreactions may have takenplace. The calculated modeishaveshown

that regardless of pressure-temperatureconditions and bulk rock chemistries, a total of

less than 0.1 m^ of H2O may be producedper m^ of rock that is dehydrated(seealso
Wood and Walter, 1986). It has also been suggested that as the mafic rocks were

dehydratingduring eclogite-faciesmetamorphicconditions, the pelitic rocks may have

acted as sinks in which the fluid was consumedlocally in hydration reactions. The

reverse Situation is indicated during the subsequent uplift history under

amphibolite-facies metamorphicconditions: the metapelites provided the sourceof fluid

production and the mafic rocks acted as sinks. Thus, the metamorphic evolution of
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these rocks can be considered to involve local redistribution of small quantities of

hydrous fluid on a scale of afew (tens of) meters.

The preservation of eclogite-mineral assemblages in the mafic rocks appearsto have

been directly dependenton a lackof penetrativedeformation and limited fluid pene-
trationduring the subsequent uplift history.Although'enough' water would have been

provided by even partial dehydration reactions in the neighbouring metapelites, lesser

degrees of deformability and permeability,offered by the coarser-grained crystal
aggregatesof omphaciteand garnet, may have been determinantto the accessibilityof
the hydrous fluid. At the Cima di Gagnonearea, the texturaland structuralevidence to

indicate what factors controlledthe formation of veins or what factors determined

localized fluid flow havebeen obliteratedby the latest amphibolite-facies metamorphic
and deformationalevent. Vein-formationis associated with the eclogite-faciesevent and
may indicate limited permeabilities and short-lived excess fluid pressures. However,
deformation controls on such events are no longer recorded in these rocks. Field

relations and isotopic data suggest that local steady-state flow may have been more

dominant during the subsequent amphibolite-faciesevent, with only minimal vein

formation or renewed local fluid activity along pre-existing veins (as evidenced by
retrograde recystallizationof andalusite and biotite in someeclogite-facieskyanite veins.

The contrasting degrees of amphibolite-facies overprinting observed in these rocks

may directly reflectthe nucleation rates and diffusionalproperties of the dominant

minerals (see also Heinrich 1982, 1983). The formation of the amphibolite-facies
assemblages in the metapelites essentialyinvolvedNa-K cation exchange betweenmicas

and diffusion of FeandMg from garnet; whereas the formationof amphibolitefrom the

nearlyanhydrousassemblages of Omp+ Gar + Kyn not only involved the addition of

water into the system, but would require complete phase transformation and

redistributionof most of the majorelements. In addition,the presence of an internally-
derived fluidphase and the abundanceof mica in the metapelites may have contributed

to an overall greater deformabilityduring the amphibolite-faciesmetamorphic and

deformation event, enhancing diffusive mass transferand grain growth.
Althoughthe metapelites exhibitrecrystallizedtextures, chemical and isotopic equili¬

brium was not achieved and/orpreserved. Furthermore,there is no direct evidence for

pervasive, large-scale chemical or isotopic communication via a fluid phase. The
isotopic and mineralogicaldata indicates localized and limited fluid flow across rock

layers during the uplift and cooling history. The isotopic fractionations between some

minerals,such as plagioclase and biotite, suggest that small quantites of fluid were

present during cooling and may have acted as a diffusion medium for retrograde
isotopic exchange. However, the presence of a fluidphase does not necessarily have to

mean that fluid flow tookplace duringcooling.
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In general, stable isotope geochemistry may not be a good indicator for fluid-rock

interactionin polymetamorphic pelitic terrains because:
- the dominantfluid species producedduring metamorphism are close to chemical and

isotopic equilibriumwith the metapelites. As the producedfluidpassesthrough over-

lying pelitic rocks, its chemical and isotopic composition may be buffered and the

effects offluidinteractionwill be difficult to document.
- The oxygen diffusion rates of the dominantminerals in pelitic rocks, such as plagio¬
clase and biotite, may be greatly influencedby the presence of minutequantities of
static intergranular pore fluids, resultingin retrograde exchangeupon cooling.

- Minimal isotopic shifts in isotopic compositionswill accompany dehydrationreactions
in pelitic rocks during successive metamorphicevents.

- Isotopic mass-balance calculations of fluid-rock ratios giveminimumvaluesand are

often considerablylower thanthose calculated on the basis of solubilitydata (see also

Woodand Walther, 1986).
- Chemical, textural and isotopic Information and details of previous metamorphic
events are often masked by recrystallization and re-equilibration during the last-

occurringmetamorphicevent.
- Althoughpelitic rocks may produce large volumesof fluidby devolatilizationreactions

during initial prograde metamorphism,there will be afinitepotential to producea
free fluidphase duringsubsequent metamorphicevents.

High fluid-rock ratios have mainly been well documented in meta-carbonate units

(e.g Ferry, 1983; Rumble et al., 1982). This should not be surprising, as interaction

with an external hydrous fluid, for example one generated in an underlying pelitic
sequence,would have a substantialeffecton the composition of the fluid in equilibrium
with the carbonate (see also Wood and Walther, 1986). In such cases, chemical and

isotopic signatures as evidence of fluid-rock interactionare more likely to be recorded in

the rocks. In contrast to carbonatereactions, fluid-rock interaction in pelitic rocks are

often difficult to document.Wood and Walter (1986) have argued that even though
pelitic sequences produce smallvolumesof fluid, as each increment offluid produced in

one rock volume sequentially passesthrough and reequilibrateswith the overlyingrock
volumes,the actual time-intergrated fluid-rock ratios, though not recorded, would

approach infinity.
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CHAPTER4

MONTEMUCRONE(SESIA-LANZOZONE):GENERAL

GEOLOGY,PETROGRAPHYAND MICROFABRICS

4.1 BRIEF DESCRIPTIONOF THE SESIA-LANZO ZONE.

The Sesia-Lanzo Zone is considered to be a slice of Austroalpinepolymetamorphic
Continental crust (Dal Piaz et al, 1973; Compagnoni, 1977; Compagnoniet al, 1977;
Gosso, 1977; Lardeaux, 1981) and is one of the main structural units of the internal

western alps. It is bordered along the northwest by the penninic Piemont Zone and is

separatedfrom the CanaveseZone and the Ivrea Zone to the southeast by the Canavese

Line (Fig. 4.1). The Sesia-Lanzo Zone consists primarily of paraschists,orthogneisses,
metacarbonates and minor ultramafics which show varying degrees of Alpine
metamorphism and deformation.

Two Alpine metamorphiceventshavebeen recognized:an earlierEo-Alpineevent,
producing high pressure - relatively low temperature mineral assemblages, and a

subsequentTertiary greenschist-faciesmetamorphism.
Various Cretaceous ages have been obtained for the earlier Alpine event and is

attributed to underthrustingand subduction (Compagnoni et al, 1977; Koons, 1982;
Rubie, 1984; Oberhänsliet al, 1985), whereas the latter greenscist-faciesevent has been
dated at ~ 60my (Dal Piazet al, 1972;Hunziker, 1974; Oberhänsliet al, 1985). Based
on whole rock isocrons, Oberhänsliet al (1985) set a minimum age of 129 ±" 15 my for

eclogite-faciestransformation. Rb-Srwhite mica ages vary between92 and 69 my.
Peak metamorphicconditions for the eclogite/bluescist-faciesmetamorphism have

been estimated to be in a ränge of 500-620 °C at minimumpressuresof 14-16 Kbar,
(Compagnoni, 1977; Desmonsand Ghent, 1977; Koons, 1982; Hy, 1984).

4.1.1. TECTONIC UNITS

On the basis of lithology, degree of metamorphism and structuralposition, earlier

workers (e.g. Compagnoni, 1977; Dal Piaz, 1972) havedistingushedthree majorunits:

1) The Eclogitic MicaschistComplex; (EMS)
2) TheGneiss Minuti Complex; (GM) and

3) The H ZonaDiorito-Kinzigitica (II DK).
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The II DK formsan allochthonousUpper tectonic dementwhich consists of pre-Alpine
amphibohteto granulite facieskinzigites (sillimanite-biotite-garnetgneisses and schists)
interlayered with amphibolitesand marbles,and minor harzburgites. This unit owes its

name to its close lithologicalsimilarityto the high grade paragneissesassociated with

marbleand amphibolite(correspondingto "diorites" in the older literature) of the (first)
"Zona Diorito-Kinzigitica"of the Ivrea Zone. In general, the pre-Alpine mineral

assemblages are extensively preserved and have only locally been overprintedby the

Alpine metamorphicevents. A sharp myloniticcontactcontainingeclogite/bluescist-
facies assemblages separates the II DK from the underlying complexes (Carraroet al,
1970; Dal Piaz et al, 1971; Lardeaux, 1981; Gosso, 1977). In part of the SesiaZonean

upper tectonic slice ofEMS overlayesthe II DK (Lardeaux, 1981; Gosso, 1977).
Together,the EMS- andthe GM-complexes,comprise the tectonicallylower dement

of the Sesia-Lanzo-Zone. This dement is distinguished from the Upper dement by the

occurrence of abundant pre-Alpine (late Hercynian) granitic rocks and by more

extensiveAlpine metamorphism. Both complexes containsimilar lithologies and are

considered to have identical pre-Alpine metamorphic histories, belonging to a Single
heterogeneous basementcomplex. They are distinguished from each otheron the basis

of differing degreesof Alpine metamorphism.
The EMS-Complex is characterized by the widespread occurrenceofEo-Alpine high

pressure - relatively low temperaturemineral assemblages (Omp-Garassemblages) in

rocks of quartzofelspathic, carbonaceous, pelitic and basic compositions. Only rare

relics of pre-Alpine mineral assemblages are preserved in less deformed areas . The

internal part of the EMS-Complex shows only minor retrogression during the

subsequent Tertiary metamorphism, whereas towards the contact whith the

GM-Complexmorepervasiveoverprinting is found.The GM-Complex,as well as the

more overprinted portions of the EMS-Complex, are characterizedby a decrease in

grain size and stable greenschist-facies mineral parageneses.Evidencefor the previous
eclogite/blueschist facies metamorphism of the GM-Complexin many areas is either

lacking or has beenobliteratedby the later lower-pressure metamorphism.
For a more complete and detailed description of the Sesia-Lanzo zone see

Compagnoniet al, 1977; Compagnoni, 1977; Gosso, 1977; Dal Piaz et al, 1972.

4.2. MONTE MUCRONE METAGRANITOIDS

Intensively deformedomphacite- and garnet-bearing orthogneiss of quartz dioritic to

granitic compositions (Callegari et al, 1976) are typical of the EMS-Complexin the

central Sesia-Lanzo Zone. Sharp and discordantcontacts with the surrounding eclogitic
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micaschistsattest to the intrusive natureand pre-Alpineage of intrusion of these rocks.

Swarms of meta-aplite (in part deformed) and minorpegmatite dikes crosscut both the

eclogiticmicaschists and the omphacite-garnetgneisses.
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Fig. 4.1: Geologie map of the central Sesia-Lanzo Zone (Northern Italy), showing
the three main tectonic units: Seconda Zona Diorito Kinzigitica (HDK),
Eclogitic MicaschistComplex(EMS), and Geneiss Minuti (Campagnoni et
al. 1977). Lenses of unfoliated meta-quartz dioriteoccur within the EMS-
orthogneiss zones at MonteMucrone (1) and Colledella Vecchia (2). Figure
isfromKoonset al., in review - modifiedfromCompagnoniet al., 1977.

4.2.1. GENERAL OVERVIEW

One of the best studied and structurallybest-preservedmetagranitoidplutonsin the

central Sesia-Lanzo Zone is found at the Monte MucroneArea (upper Valle d'Oropa,
NWof Biella, Italy). The Mte. Mucronearea is madeup of a smallgranitic stockwhich
intruded into a pelitic sequence, now consisting of omphacite and/or glaueophane-
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bearingphengitic micaschists withlenses of glaucophanitic eclogites or glaucophanites.
The granitic stock composes the mountainof the Mte. Mucroneand outcrops over an

area of approximately 3 km2 (see Fig. 4.2). This stock consists of variably deformed

pyroxene-garnet orthogneisses, whereby massive portions of un- foliated metagranitic
rocks are locallypreserved.

Along the contact withthe neighbouringeclogiticmicaschists, directly southof Lago
di Mucrone (Fig. 4.2), the orthogneissesare more quartz-rich and contain less mica

than the omphacite-garnet gneisses occurringalong the eastern side of Mte. Mucrone.

The former rocks are slightly green in colourand are characterized by distinct pods and
lenses of quartz, 1mm - 1.2 cm in length, which form a well-definedlineation.These

quartz-rich,omphacite-garnetgneisses are cut by meta-aplite dikes.

Along the eastern face of Mte. Mucrone minor enclaves of metagraniticrocks,
ranging from quartz diorite to granodiorite compositions, up to 100 m across, have

escaped penetrative deformation.Theseunfoliated rocksare pale grey, medium-grained
and havemassive, well-preservedigneoustextures. In someplaces mafic inclusions can

be found.Primary igneousquartz and biotite are easily recognizedmacroscopically. The

original euhedral plagioclase grains are pseudomorphed by fine-grained aggregatesof

Jadeite + quartz + zoisite, which can only be distinguishedmicroscopically.These
breakdown products of plagioclase together with clear Corona textures of garnet and

phengitearound biotite artest to the eclogite/blueschistmetamorphismof these rocks.

4.2.1.1. Nomenclature

In previous literature there is some confusion in terminology of these rocks. As

mentioned above, the Monte Mucronemetagranitoid stock is not composedof one
compositionally,homogenousprotolith. Althoughexperiencing similar metamorphic
and deformationalhistories, original compositionalvariations (rangingfrom graniticto
quartz dioritic) are, in part, distinguishable on the basis of texture and feldspar content.

The texturally-preserved metagranitoidrocks occurringalong the eastern face of Mte.

Mucrone (see Fig. 4.2) have been described in general as metagranites s.l. by
Compagnoni& Maffeo (1973, p.363). Accordingto their original quartz, K-feldspar,
and (inferred) plagioclase contents, Compagnoni& Maffeo define these rocks more

explicitly as metagranodiorites in agreement with the terminology presented by
Streckeisen(1976).

The metagranodioritesof Compagnoni& Maffeo correspond to the meta-quartz
diorites of Koons (1982), Rubie (1984), and Koons et al. (in review), to the

'metagranitoids' or 'metagranites' of Oberhänsli et al. (1985;SamplesKAW 987, 988,
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1417,1421,1422),as well as to the 'metagranites' of Hy, (1984). The original amount
of K-feldsparis difficult to determine in these rocksbut appearsto makeup less than 5

vol % of the unfoliated samples. In the discussions to follow the term meta-quartz
dioritewill be used in accordance with Koons (1982), Rubie (1984) and Koonset al (in
review) for the least deformed, medium- to coarse-grainedrocks of approximately
quartz dioritic composition (see Chapter 5) which have a well-preservedigneous texture

and still containbiotite and minor K-feldspar. Such rocks are rare and can typically be
found along the eastern face ofMte. Mucrone(Fig. 4.2).

The deformed and completely transformed eclogite-facies equivalents of the meta-

quartz diorites shall be termedhere omphacite-garnet gneiss (see section 4.6). They
containfine- to medium-grainedquartzinterlayered with omphacite, garnet, phengite
and paragonite, and commonly exhibit a well-definedplanarfabric. The termjadeite-
garnet (Jad-Gar) mylonites is used todescribe the intensively deformedmetagranitoids
which occur in narrow shearzones (see section 4.4) or in distinctmyloniticbands (e.g.
sampleR81/185, see also Koonset al, in review). The Jad-Gar mylonites are in general
recrystallized, but showa lesserdegree of chemical homogenization than the omphacite-
garnet orthogneisses.Furthermore, the Jad-Gar mylonites contain more jadeitic
pyroxenes than the omphacite-garnet orthogneisses,as well as numerous mineral

inclusions indicative of earlier stages of transformation. The mylonites in this study are

equivalentto the "transitionorthogneisses"defined by Koons et al (in review). These

highly deformed rocks exhibit variable amounts of overprinting, whereby different

phases ofrecrystallizationcan be recognized(see section 4.4).
All the omphacite- and garnet-bearing orthogneisses in the Mte. Mucronearea have

been classified as orthogneissby Koons (1982), Rubie (1984), and Koons et al (in
review) and simply metagranitoidby Oberhänsli et al (1985), regardless of the slight
variations in protolith chemistries. This raises a slight problemin comparingrock types
and may lead to inconsistencies in Interpretation of the complex metamorphic and
deformation histories of these rocks.

In some shear zones, the highly deformed rocks exhibit minimal synkinematic
recrystallization(as is characteristic of the Jad-Gar mylonites), but rathercontainbroken

pyroxeneand garnet grains which are overgown by unorientedaggregatesof phengitic
white mica and quartz.Thesetexturallydistinct, deformedrocksare termed 'overprinted
eclogitic mylonites', and are further distinguishedfrom the recrystallized Jad-Gar

mylonites on the basis of mineral chemistries. Large variations in textures and mineral

chemistries can be observed over very short distances (< five meters), and may attest to

the hetereogeneous deformation and recrystallizationhistory of this granitic body. The
use of the tem 'overprinted'should not be confused with post-eclogite facies deforma-
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tion and recrystalhzation under greenschist facies conditions, which is observed in some

shear zones and some deformed rocks from the Mte. Mucrone area (see also

Compagnoniand Maffeo, 1973, and Oberhänsli et al, 1982, 1985). The greenschist-
facies myloniticrocks can be distinguished from the overprintedeclogitic myloniteson
the basis of quartz microfabrics and the nearly complete replacementof Na-pyroxeneby
white mica and albite (see Section4.7).

The presentstudy is concerned primarily with the eclogite-facies deformation and

metamorphic evolutionof these rocks of granodioritic to quartz dioritic compositions
occurringon the eastern face ofMte. Mucrone.

4.22. PREVIOUS WORK

The transition from relatively undeformed meta-quartz diorite to extensively
deformed and recrystallized Na-pyroxene-garnet gneiss which occur over a relatively
short distance allowsa reconstruction of the complex metamorphicevolution of this area

and has been the subject of many detailed studies (e.g. Compagnoniand Maffeo, 1973;
Koons, 1982; Oberhänsli et al 1982,1985;Hy, 1984).

The metamorphic and microstructural evolutionof the Mte. Mucrone meta-quartz
diorite, togetherwith a discussionof the effectsof deformation and disequilibriumon
the evolutionof these rocks, is presented in detail in Koons, 1982 and Koons et al, in

review.Additionalgeochemical,geochronologicaland petrographicdata is presentedin
Oberhänsli et al (1985). A detailed structuraland petrographicstudy of the entire Mte.

Mucronearea has been carried out by Ch. Hy (1984).
The following sections describe the mineralogical and textural evolution of the

meta-quartzdiorite during eclogite-facies deformationand subsequentrecrystallization.
As in Chapters 2 and 3, the numbers of the samples investigated in this study are given
in parentheses.

4.3. MTE. MUCRONE: UNFOLIATED META-QUARTZDIORITE.

Along the eastern face of the Mte. Mucrone, relicts of the original igneous
meta-quartz diorite are preserved as up to 100m long enclaves or pods within more

intensively deformedNa-pyroxene-garnet orthogneisses, which make up the main body
of the Mte. Mucrone. The meta-quartz diorites, which have escaped penetrative
deformation, exhibit well-preserved igneous textures and contain a relict mineral

assemblageof quartz (Qtz) + biotite (Bio) ± K-feldspar (Ksp) ± allanite (Aln). The

original plagioclase (Plg) is pseudomorphed by very fine-grained aggregates of
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Na-pyroxene + zoisite (Zoi) + quartz. The igneous protolith is thought to originally
have consistedof 30-40%Qtz + 40-50%Plg («An20.30) + 10-15% Bio ± Ksp ±Aln.

The following sections describethe eclogite-facies metamorphic and deformation
evolutionof the Mte. Mucronequartzdioritic to granodioritic stock. This evolutionis

characterized by heterogeneous mineraltransformation and high strain deformation.The

petrological, phase chemical and textural characteristicsassociated with this eclogite-
faciesmetamorphicand deformational evolution only are presentedin Sections4.3 to

4.6. The most pertinent characteristics of the subsequent greenschistfacies trans¬

formation are discussed in Section 4.7. This study concentrates primarily on the

eclogite-facies transformationand any detailsdiscussed here should not be confused

with the later lower pressure overprintingevent associatedwith exhumation of the

Sesia-Lanzo Zone.

43.1. MINERALOGY, PETROLOGYAND MINERAL CHEMISTRY

Based on mineralogical and textural differences, Koons (1982), Hy (1984) and

Koons et al (in review) have distinguished three distinct textural domains within the

meta-quartz diorite (Fig. 4.3). Detaileddescription of these domains are presented by
the above authors and are summarizedherefor clarity.

Domain I represents original plagioclasegrains which are pseudomorphosed by
fine-grainedNa-pyroxene + zoisite + quartz. Domain II is characterizedby corona-

replacementtextures of phengitic mica (Phe) and Garnet (gar) around primary,
incompletelyreactedbiotite grains.Domain III consists of a fine-grained white mica +

quartz± sphene,and mainly occursbetweenthe contacts ofPlg-pseudomorphs(domain
I) and corona-texturedbiotite (domain II). The remainder of the rock is made up of

medium-grainedquartz with minorK-feldspar± allanite.

4.3.1.1. Na-pyroxene (Pseudomorphing Plagioclase)

The original pseudomorphed grains of plagioclase(0.4-0.8mm in length) in the

meta-quartzdiorite are undeformedand retaina primary igneous fabricwith quartz (Fig.
4.4 a,b ). The fine-grained Na-Pyroxene,which pseudomorph the plagioclase, often

occur as radiating xenoblastic crystals (20-60 |i.m dia.) and are intergrown with fine

needles (~ 15 fim long) of zoisite and quartz (both undistinguishablein polarizing
microscope; see also Compagnoniand Maffeo, 1973; Rubie, 1983, Fig. 6b and Koons

et al, in review). Towards the contacts to biotite (domain II, Koons 1982), the

pseudomorphs ofplagioclase are often bordered by a 1-3 mmwide rimof fine-grained
white mica (domainIII, Koons 1982).
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Due to the fine-grainednature of Na-pyroxene aggregates,electron microprobe
analysis is often difficult (see also Koons, 1982; Koons et al, in review). The

jadeite-contentof these pyroxenes is relatively constant and ranges from XJad =

0.80-0.93, whereas the Ca-Tschermak component (CaAl2Si06)varies from 0.01 to

0.14 (see Table 4.1). In addition, Koons et al (in review,Tab. 1) report a Variation in

XM (= Mg/Mg +Fe2+) from 0.01 to 0.14. The excess aluminaand calcium in these

analyses may be a result of fine-grained zoisitecontamination.Electron microprobe
analyses of pyroxenes from this study show the following ränge in the structural

formula of Na-pyroxene(see Table 4.1, compare Koons, 1982):

Na0.79-0.92C^.OS-O.ll Fe 0.01-0.04 M8o.00-0.04 A10.90-0.97 ^1.95-1.99 ^6.0

dorn

// Gamet
//

te ®''f, *lrn 73 69yr>/, 17Gr 1610 59

29
/

//
Mu

Garnet

Garnet

domain III Wdomain
1

•
' ¦ r r\\ '
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Fig. 4.3: Schematic diagram of the textrural relationships between the relict igneous minerals and
their replacementproducts in the meta-quartzdiorites (From Koons et al., in review).
Domains I, II and III have been defined by Koons (1982) and are basedon mineralogical and
textural differences (see text). The garnets of Domain II are typically «50 um in diameter.
The characteristic zoning pattern of the garnets is shown as contours of percentage
almandine(/\lm), pyrope (Pyr) and grossular(Gro); see Table 4.3. Muscovite 1 (Mul)and
Muscovite 2 (Mu2) are as defined by Koons, (1982); see Table 4.2.
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4.3.1.2. Biotite

The biotite contentof the meta-quartzdiorites varies among individual samples,but
in general forms approximately 10 vol% of the rock. Single grains ränge from 1.0 to

3.5 mm in length and occur as up to 1 cm long aggregateswhichdefine a weakfoliation

in some samples. As mentioned previously, the biotite grains are rimmed by
fine-grained phengitic mica (0.2-0.5mm) and euhedralgarnet. Nochemical zoning has
been found in this study nor by previous workers (e.g Koons,1982; Hy, 1984;
Compagnoniand Maffeo, 1973). The biotites are characterizedby a high Ti-content,
which leads to a dark red colour in thin section, and containup to 1 wt % F. Electron

microprobe analyses of representative samples from this study show the following
ränge in the structural formula (see Table 4.2):

K0.90-0.99Fe2+1.0-1.4̂ ^0.21-0.33 Ti0.26-0.4 ^^.85-0.97 Si3.04-3.15 °10 (OH1.71-1.78

F0.15-0.25 C10.07-0.03)
This ränge in biotite compositionsis shghtly more Si-richand slightly less Mg-richthan
the averaged composition reported by Koons (1982)and Koonset al (in review).

4.3.1.3. Garnet

The garnets which rim the biotite grains form euhedral grains 0.01-0.25 mm in

diameter and have sharp grain boundaries against adjacentgrains. The garnets in the

leastdeformed meta-quartz dioritesare characterized by a distinctchemical zoning in

which an enrichment in Ca (Gro30) occurs towards the contacts with plagioclase (see
Koons, 1982; Hy, 1984 and Fig. 3, Table 3 in Koons et al, in review).

4.3.1.4. Phengitic White Mica

Two chemically distinctwhite micas (termed hereWMI and WMII, corresponding
to MuscoviteI and II of Koons, 1982 and Koons et al, in review) can be distinguished
in the meta-quartz diorites. The micas which form Coronas with garnet (Domain II,
Koons, 1982) aroundbiotite grains are high in Ti, whereasthose which border quartz
or plagioclasepseudomorphs (Domain III, Koons, 1982) are higher in alumina and

slightlylowerin Fe and Mg (Table 4.2, see also Koons, 1982; Hy, 1984; and Koonset

al, in review). In some samples, the low Ti-phengiticmicas (WM II) form isolate

Clusters withfine-grained quartz,and may represent replacementof original K-feldspar.
Occasionally the replacementof K-feldspar by phengitic white mica is directly
observable.
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4.3.1.5. Quartz

Two size distributions of quartz can be distinguished in the least-deformedmeta-

quartz diorites (Fig. 4.5a). Irregularly-shapedcores, up to 2 mm in length, are

surrounded by moreor less equigranulardynamically recrystallized grains, 0.05-0.5

mm in diameter, typicalof core-and-mantle-fabric described by White (1973). The cores

have distinct deformation bands and undulatory extinction, whereas the smaller

recrystallized grains forming the mantle are relativelystrain-freeand showno definite

preferred orientation of the C-axis. Late-stagecracking may be presentin the quartz
grains. (see section 4.4.1.4.1. for a further discussion).

0.2 mm 0.1 mm

«
r*>•

m>

:-*> » * /:,

\
* JjS#* 'W ' '

1':
r. m* A. '?
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?¦:•;.
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¦•-*
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w

•*#
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Fig. 4.5: (a) Photomicrographof quartz in the meta-quartz diorites. Irregularly
shaped cores are mantled by equigranular recrystallized, strain -free grains.
(b) Photomicrographof replacement of original igneous K-feldspar by
phengite (low Ti.variety,see Table 4.2).
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4.3.1.6. K-feldspar

The amount of K-feldsparin the original quartz diorite is difficult to estimate, due to

the uncertainamountof replacement by phengite and quartz. In the least deformed

meta-quartz diorites, K-feldspar occurs as isolated porphyroblasts,up to 2 mm in

length, or as small grains (0.5-1.0mm in length) located betweenquartz grains and the

plagioclase pseudomorphs. As stated above, in some cases, replacement by
fine-grained, radiating phengitic mica (low-Ti variety,Mus II of Koons, 1982) can be
observed along the edges of K-feldspar (Fig 4.5b, Mu 1-3B). Such replacement
textures are always associatedwith Clusters of phengitic mica + quartz defined as

Domain II by Koons (1982)and Koonset al (in review). In the samples investigated in

this study, relict K-feldspar constitutes less than 3% of the rocks. The grains nearly
always exhibitundulatoryextinction andoften contain a series of phengite-filledparallel
cracksthrough the crystals.

432. DEFORMATIONAND RETROGRADE OVERPRINTINGIN THE
META-QUARTZ DIORITES

Althoughthe meta-quartzdiorites haveescaped penetrative deformation and have a

preserved igneous fabric, deformation is evident by a slight alignment of biotite

Clusters,by pronouncedundulatory extinction and deformation bands in the cores of

quartz grains and in relict K-feldspar, and by discontinuous,semi-parallel zones of

fine-grained phengitic mica (~ 0.05-0.2 mmwide). Laterstage fractures (up to 0.1 mm

wide), oriented nearly perpendicular to the weak foliation, are observed in some

samples;and in somecases are filled with fine-grained quartz + albite.

In more deformed and recrystallized samples of meta-quartz diorite, retrograde
overprintingis characterizedby replacement of Jadeite by fine-grained, unoriented

aggregatesof phengiticmica + quartz. Recrystallization after high pressureformation
of Jadeite + quartz + zoisite after plagioclaseis minimal in the meta-quartz diorite

samples investigated in this study. However,an increase in the degreeof replacement of
Jadeite by phengite + quartz is observed in samples which are located less than 0.5

meters awayfrom myloniticshearzones (see below).

433. SUMMARY AND DISCUSSION

The meta-quartz diorites are only preserved as rare isolated pods or lenses in more

intensively-deformedNa-pyroxene-garnet orthogneisses. These rocks are characterized

by:
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- a well-preservedigneous fabric
- a large Variationin grain-size
- pseudomorph-texturesofJadeite + quartz + zoisite after plagioclase
- Corona textures of garnet + phengitic white mica around relict biotite
- a distinct chemical zoning in garnet
- two distinct white mica compositions
- a lack ofpenetrative Alpine deformation.

Thereaction behaviour of the meta-quartzdiorite and the effectsof non-equilibrium
diffusional processes are presented in detail by Koons et al (in review; see also Hy,
1984) and are discussedfurther in Ch. 5. The pseudomorph textures after plagioclase
togetherwith the Coronas around biotite represent incomplete breakdown reactions of

these two primary igneous mineral phases. The distinct mineralogical and textural

domains, as well as the chemical zoning patterns in the garnets and the two composi-
tionallydifferentwhite micas indicate limited chemical communicationand incomplete
recrystallizationduring the early stages of the metamorphicevolutionof these rocks.

The chemical compositions of these product phases seem to be a function of their

relativephysicalpositions to the reacting phases and reflect slow diffusion rates during
the biotite and plagioclase breakdown reactions.These incomplete reactions during the
initial phase of eclogite transformationdirectlyinfluencedthe rheological behaviour of

the meta-quartzdiorite duringsubsequenteclogite-faciesdeformation (see below).

4.4 ECLOGITIC MYLONITES IN DUCTILE SHEAR ZONES
(samples Mul-1, 1-2, 4-2, Mu 17b, R185, R13/7)

Although the meta-quartz dioriteshave escaped penetrative deformation,they are

commonly cut by numerous shear zones which have produced fine-grained, banded

mylonites containingeclogite-facies mineral assemblages (Fig. 4.6). The shear zones

vary in lengthand are up to 30cm in width. Thin pink veins, 2mmto 1.2 cm in width,
containingzoisite, garnetand quartz, are often associated with these zones. These veins

are nearlyparallelto the mylonite zones and in somecases have been foldedby further

deformation.A zone of medium-to coarse-grained, undeformedjadeite-garnet ortho¬

gneiss (1-5 cm in width)commonlyseparates the zoisite veins from the mylonite zones.
Macroscopically, the mylonites are characterizedby 1.5-4.0 mm thin bands of

pyroxene, garnetand white mica which are separatedby equallythin, semi-continuous

bands of quartz, locally forming cm-longpods and augen-shaped porphyroclasts. Late-

stage fractures, up to 3mm wide, occur perpendicularto the foliation formed in the

mylonites.
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In this study, a series of samples have been collected across a numberof eclogitic
mylonite zones which occur either as semi-parallel or conjugate shear zones along the

eastern face of the MonteMucrone(see Loc. 3, Fig. 4.2). This outcrop has been chosen
for detailed petrographic and oxygen-isotope analysis because the transition from

least-deformedmeta-quartzdiorite to mylonite occursover a small distance of less than

50 cm. The following discussion describes the transition from most-deformed

mylonitesin the center of these shear zones to unfoliated meta-quartzdiorite.

4.41 ECLOGITICMYLONITES: PETROLOGY,MINERAL
CHEMISTRYANDMICROFABRICS

The eclogiticmylonitesare easilydistinguished from the meta-quartzdiorites on the

basis of an overall smallergrain-size,a strong planar fabric and mineral banding and a

lack of biotite. These rocks contain quartz, Na-pyroxene, phengiticwhite mica and

garnetwith minor sphene,rutile, albite, zoisite and rarely relict K-feldspar, allanite and

biotite (analyses in Table 4.1, 4.2, 4.3 and App.III).
Microscopically, the mylonites indicate a complex multi-phase crystallization/

deformation history. The jadeitic pyroxene + quartz + zoisite aggregates,which

pseudomorphplagioclase in the meta-quartz diorites, have been highly strained,
producing mm-thin, discontinuous layers (Fig. 4.7). Individual garnet and Na-

pyroxene grains are distinctly coarser-grained than those in the less-deformed

meta-quartz diorites, and often exhibit post-shearing cracking and replacement by
phengite + albite. Phengiticwhite mica is pervasivethroughout most rocks, whereby
several texturallydifferentgenerations of mica growth may be distinguished.

In the following discussion, the intensively deformed samples which macroscopi-
cally exhibit myloniticfabricsand contain primary eclogite-faciesmineralassemblages
with little or no replacementofpyroxene are termedjadeite-garnet (Jad-Gar)mylonites.
Texturally the Jad-Gar mylonitesare similar to the transitionorthogneissesof Koons et

al (in review; e.g. sampleR185);however somevariations in mineral chemistries are

observed. Samples which containphengiticwhite mica as a replacement product of

sodic pyroxene are called overprinted eclogitic mylonites. The term "overprinted
mylonites" does not necessarily infer large changes in temperature and pressure
conditions(see Sect. 5.1.2), but rather describes subsequent recrystalli- zation of the

jadeite-garnet mylonite, most likely during eclogite-facies metamorphic conditions.

Furthermore, the use of the term 'overprinted' should not be confused with

post-eclogitic facies deformation and recrystallization (under greenschist-facies
conditions) observed in someshear zones and deformedrocks from the Mte. Mucrone

area. The greenschist-facies myloniticrocks can be distinguished from the overprinted
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eclogitic mylonitesdiscussedhere on the basis of microfabrics and mineralogies, and is

discussedin Sect. 4.7. It should also be emphasizedthat all of the myloniticrocks at the

Mte. Mucronearea are macroscopically nearly identical. The distintionbetweenthem

(i.e. Jad-Gar mylonite,overprintedeclogitic mylonite and greeschist-facies mylonite)
can solely be made on the basis of mineralconstituentsand phase chemistries.

In general, the mineralogical transition from eclogitic mylonite (EML)/o less-

deformed meta-quartzdiorite (MQD) takes place more or less gradually over a distance

of 3-10 cm; whereas the textural distinctionbetween the two rock types occurs abruptly
over distances of 1 cm or less. The transition EML->MQDis characterized by an overall

coarser grain-size, by a less pronounced parallel fabric of the pyroxene, garnet and
white mica grains, and by an increase in the amount ofrelict biotite and allanite.
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Fig. 4.7: Photomicrograph showing the result of deformation and eclogite-facies
recrystalhzation in the jadeite-garnet mylonites (sample Mu 17b). See Tables
4.1, 4.2, and 4.3 for mineral compositions
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4.4.1.1. Na-pyroxene

Although there is an overall grain-size reduction in the eclogitic mylonites
(compared to the less deformed MQD), the pyroxene grains in the shear zones are

distinctly coarser-grained than those in the meta-quartzdiorite (up to 0.5 mm) and form

mm-thin, highlydeformed, discontinuouslayers (Fig. 4.7). Replacementby white mica

+ quartz (± albite) is common,whereby the pyroxenes are preservedas isolated grains,
together with garnet, in the centers of unorientedwhite mica ± albite Clusters, in which

the individual grain boundaries are often difficult to distinguish. In the overprinted
eclogiticmylonites the pyroxene grains are often broken,exhibit undulatoryextinction,
and/oroccur as imbricated grains (Fig. 4.8). New growthof fibrous pyroxene (or less

commonlywhite mica + quartz) is found betweenthe cracks of the deformedgrains.
Fine-grained zoisite is often associatedwith the cracked and deformed pyroxene

layers. Individual zoisitegrains are rarely larger than 0.01 mmin lengthand occur in

bands of single-grain thickness, which are eitherparallel to the main foliationor follow

the pyroxenegrain boundaries.In areas of extensivereplacement of jadeiticpyroxene
by phengite, the fine-grained zoisite crystals often preservethe shapes of the original,
deformedpyroxenegrains (see also Fig. 4.9).

Application of SEM-backscattertechniques shows that in some pyroxenes, fine

needles (-10 (im long) of zoisite are randomly oriented throughout the grains and

resemble the textures formed by Jadeite+ zoisite + quartz as plagioclase-pseudomorphs
in the less deformed meta-quartz diorites. In other grains, zoisite occurs as stubby
crystals which are orientedin semi-parallel bands through the pyroxenegrains or as

bands around the outside of the pyroxenes (white grains in Fig. 4.9 a,b). Further

inclusions in pyroxenes include irregularly-shaped "blebs" of quartz and very rarely
white mica. Qualitative EDS-analyses indicate that the texturally-different zoisites

contain minor amounts of Fe; however a compositional distinction between the two

could not be made.

A secondgenerationof fine-grained, nearly idiomorphic,clear Na-pyroxeneoccurs
as 0,5-0.1 mm wide rims along contacts betweenquartz and garnetor between quartz
and phengite-replacedpyroxenedomains, as well as in isolated "pockets" within the

deformed and recrystallized quartzbands.These pyroxenes can be distinguished from

the coarser, deformed pyroxenes by their smaller grain-size, by their inclusion-free

natureand by a distinct grass-green weaklypleochroiccolour (Fig. 4.10).
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Fig.4.8:Photomicrographofcrackedjadeiticpyroxenegrains(Jad)intheoverprintedmylonites,
surroundedbyfine-grainedaggregatesofzoisiteandphengiticwhitemica(WMII)with

deformedrelictsofthehigh-Tiwhitemica(WMI).SeealsoFig.4.9a.

Microscopicanalysisofsamplescollectedacrossdifferentshearzonesinthesame

areashowsalargeVariationintheamountofreplacementofNa-pyroxenebyphengitic
whitemica.IntheJad-Garmylonites(e.g.Mu17b),thepyroxenesshowlittle

replacementandoccuraselongategrainsoftenwithgarnet,insemi-parallellayers
(0.1-1mmwide)betweenrecrystallizedquartz(Fig.4.7&4.18a).Theseless-

overprintedsamplesarefurtherdistingushedbyalackofthetexturally-distinct,second

generationofpyroxeneandbylesspronounced,fine-grainedzoisitelayers.SEM-
backscatteranalysisofthesepyroxenelayersinthejd-garmylonitesindicatesagreater
degreeofrecrystallizationandonlyminoramountsofstubbyzoisiteinclusions(Fig.
4.9b).Quartzismorecommonlyfoundasinclusionsinthesepyroxenes.SampleMu
17b(forsamplelocations,seeFig.4.6)collectedinthisstudy,istexturallyand

mineralogicallysimilartothetransitionorthogneisssampleR81/185ofKoonsetal(in
review).

Awayfromtheshearzones,thepyroxenesformlessdistinctmineralbandsand

graduallyoccurasisolatedClusters,inwhichtheshapesoftheoriginal,igneous
plagioclasegrainsbecomemoreapparent.Inprofilesofsampleswhichshow

overprintinginthemylonites,staticreplacementofpyroxenebywhitemicacanbe

followedintolessdeformedareasofmeta-quartzdioriteinwhichtheoriginaligneous
fabricispreserved(20-30cmfromthecentersofthemylonitezones).Thesecond

generationoffine-grainedundeformedpyroxenearealsofoundinthemeta-quartz
dioritesampleslocatedneartheshearzones.
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Fig.4.9:SEMBackscatterImages:Comparisonofjadeiticpyroxenemicrofabricsin(a)the

jadeite-garnetmylonites(sampleMu17b,seealsoFig.4.7)tothosein(b)the

overprintedmylonites.Quartz(darkergrey)istheprimaryinclusionmineralinthe
jadeite-garnetmylonites;whereaszoisite(white)occursasinclusionsin-andsurrounding
thepyroxenelayers(lightergreytones)intheoverprintedsamples.

4.4.1.1.1Pyroxenechemistry

Aswiththemeta-quartzdiorites,electronmicroprobeanalysisoftheNa-pyroxenes
ismadedifficultduetothefine-grainedinclusionsofzoisite+quartzandduetothe

retrogradereplacementbyphengite+quartz±albite.Thecompositionsofthe

coarser-grainedpyroxenesinboththeJad-Garmylonitesandtheoverprintedmylonites
aresimilartothoseinthelessdeformedmeta-quartzdiorites(Fig.4.11).The

jadeite-content(Jad)lieswithinarängeXJad
=

0.80-1.0;whereasXM(=Mg/(Mg+
Fe2+))rangesfrom0.0to0.60(Table4.1andApp.IVa).

Theacmite-(Acm)andCa-Tschermak's(CaTs)-contentsofthesejadeiticpyroxenes
aregenerally0.0;howeversomerimcompositionsingrainswhichhavealower

Jad-componentareenrichedintheTschermak's(Ts)molecule(CaAlSiA106)upto

0.13.Otherthanthesevariationsinsomesamples,nodistinctzoningcouldbefoundin
thepyroxenes.
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Fig.4.10:Photomicrographofpost-kinematicomphacitegrowthintheoverprinted
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BackscatterImages(b).
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The normalized microprobedata have been obtained using the Computerprogram
NORMwritten by P. Ulmer(ETH-Zuerich), which normalizes the cations to a total of

six oxygens and is based on the normalization scheme proposed by Lindsey and
Anderson (1982). AIIV is calculated on the basis that Si + AIIV = 2 andFe 3+

= AIIV +
Na - AI VI

- 2*Ti. In the samples investigated in this study, the acmite component

(NaFeSi206)is equal to Fe3+ and the Jadeite component (NaAlSi206)is equal to the

remaining Na or AI VI, whicheveris smaller. Diopside (Dio) is the pure CaMgSi2Oö
endmember. Fig. 4.11a utilizes the discrimination diagram of Essene& Fyfe (1967),
whereby augite is equal to the wollastonite- (Wo) + enstatite- (En) + Ferrosilite- (Fs) +

CaTs-components. In Fig. 4.11b, XJad is equal to Jad/(Jad + Acm + Dio). The

normalizedanalyses often show an excess of Si and Ca, which may be a result of

contamination by zoisiteor may be an effect of the fact that pure Si02 was used as a

silica Standard. Another possibility is that sodium may be lost during the analysis,
which would lead to an apparentexcessof silica.

Thejadeitic pyroxenes,which clearlyexhibit signs ofdeformation and represent the

high-pressure breakdown of plagioclase (solid circles in Fig. 4.11), are chemically
distinctfrom the undeformed,fine-grained clear green pyroxenes (open circles in Fig.
4.11) which occur at the contacts to quartz. The undeformed, fine-grained pyroxenes
are omphacitic and are characterized by a depletion in Na and AI, with an increase in

Ca-, Mg-, and Fe-contents (see Table 4.1, Fig. 4.11a and App. IVa). The jadeite-
contents are relatively constant with XJad ranging from 0.48 to 0.61; whereas the

acmite-and diopsidemolecules ränge from 0.03 to 0.14 and 0.25 to 0.35, respectively.

4.4.1.1.2. Textural evolution of Na-Pyroxene

The textural evolution of pyroxene during eclogite-facies deformation and

subsequent overprinting is depicted schematicallyin Fig. 4.12. This evolutioncan be

described as two dominant phases with various interstages of deformation and

recrystallization, all of which most likely represent a more or less continuous

deformationand/orrecrystalhzation history during the exhumationof the Mte. Mucrone

meta-granitoids.An earlier, high-strain deformationphase resulted in the local

formationof mylonite in narrowzones. Apost-deformationalrecrystallizationphase (±
infiltration) is characterizedby static new growth of white mica + quatrz± albite as

breakdownproducts of jadeitic pyroxene. The degree to which deformation and

recystallization during these, most-likelymore or less continuous, events and the

intermediatestages are recorded in the rocks varies drastically over distances of less

thanone meter, and may represent very local variationsin chemical gradients.



112

Acm
k

•--n
t

DUa

ChlormelaniU \ ~"\

/ Aegirine - Augite / \ Aegirine-Jadeite \

Omphacite \ \
/ Sodic Augite / & \ ¦/a*te \

O \ /
• O \ * *

V V / V V v° v w \ 6-VtV^
JadAug

AJd-Gar Fels

¦fr Jd-Gar Mylonites

Overprinted Mylonites
• deformed, coarse-grained Px
0 undeformed, fine-grained Px

.9

.8

.7

.6

as .5
X

.4

.3

.2

.1

-Ar—Ai tVi -1 1 1 1—1 1—1 r *t r

O

ti
fm

+\

ii j 1 1 i_

1.0

¦ 1 ¦ ¦ ¦ 1^ _1 L.

6 5 4 3

vPxAJad

Fig. 4.11:
(a) Discrimination diagram (Esseneand Fyfe, 1967) for pyroxenes from the completelytransformed

and/or deformed rocks at die eastern face of the Mte. Mucrone. Acmite (Acm) = NaFeSi20g,
Jadeite (Jad) = NaAlSi206,and Augite (Aug) = Wo + En + Fs + CaTs; see text for calculation
procedure.

(b) Compositions of pyroxenes from the completelytransformedand/or deformed rocks plotted as

Xmg (=Mg/(Mg + Fe2+)) against Jadeite content (XJad = Jad/(Jad + Dio + Acm)). The region
outlined by broken lines represents compositionalvariations of pyroxenes in the unfoliated
meta-quartzdiorites; whereas the shaded region represents die compositional transition of
pyroxenes from transitional orthogneiss to omphacite-garnetorthogneiss presented by Koons,
(1982) and Koons et al. (in review).
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The rheological behaviour of the fine-grained Jadeite + zoisite + quartz aggregates
•fe

(breakdown products of plagioclase) during the eclogite-facies superplastic defor¬

mation eventis discussed in detail by Rubie (1983)and has becomea commonly-cited
example of reaction-enhancedductility (e.g. Brodie and Rutter, 1986).

Reaction-enhanced ductility as a mechanism which facilitates deformation of rocks

has been discussedin section 2.3.1.1. This mechanismcan essentially be thought of
as an increase in the ductile behaviour of a rock due to the greater deformabilityof
fine-grained products which form during a mineral reaction. This mechanism is

consideredto be an alternativemechanism to grain-sizereduction as a resultof dynamic
recrystallization of mineral phases (e.g. quartz) in regions of high strain (see e.g.

White, 1976; White and Knipe, 1978; White et al, 1980; Schmid, 1976; Schmidet al,
1977; EtheridgeandWilkie, 1979).

In the shear zones discussedabove, the Jadeite + quartz+ zoisiteaggregateshave
been deformed superplastically.During high strain deformation,the Jadeite + quartz+
zoisite aggregates appear to have been more ductile than the medium-grainedquartz
layers. In high strain environments, quartz generally deforms more readily, whereas
minerals such as plagioclase, garnet and pyroxenetend to behave more rigidly (e.g
Tullis et al, 1973; Tullis and Yund, 1977; White et al, 1980). In contrast to this

"normal" behaviourof quartz relative to other minerals, Rubie (1983)has suggestedthat
the fine-grained natureof the Jadeite + quartz + zoisite aggregatesprior to deformation

enabled them to deform superplastically by a mechanismof grain boundarysliding of
pyroxene (rather than a mechanismof dislocation creep common in coarser-grained
materials).

An alternative expianation (to the one of Rubie's) is that recrystallization and
deformation of the pyroxene grains was preceded by dynamic recrystallization of

quartz, which after reaching a certain grain-size,resulted in a change in the relative

competencesof the main phases,quartz and pyroxene. At the point at which dynamic
recrystallizationin quartz stopped, the fine-grain pyroxeneaggregatesmay have begun
to deform superplastically.

The pyroxenes in the mylonites are now coarser-grained than those in the

meta-quartz diorites. This suggests that the high-strain deformation of pyroxene was

accompaniedby grain coarsening. Rubie (1983 p. 333-334) has suggested that as the

pyroxene grains grew and became too large to deform by a mechanismof grain
boundary sliding, the strain was takenup by superpastic deformation in quartz and the

*
In this study die term superplasticity is used in the broadest possible sense to describe super-ductüe

behaviourduring deformation. No mechanisim of deformation or recrystallization is implied (in contrast
to the study by Rubie, 1983).
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deformation mechanismin pyroxenechangedto one of dislocation creep. However, as

is discussedin Sect. 4.4.1.4, the quartz fabric characteristicof the Mte. Mucronerocks

is not interpreted as being deformed superplastically.The pod and lens texture of the

quartz in these rocks suggest rather rigid behaviour of quartz (i.e. they had already
experienced dynamic recrystallization)at the time that the pyroxenegrains deformed

superplastically (pers. comm. S. Schmid). The cracked and imbricate nature of the

pyroxenegrains associated with discontinuouslayers often observed in the overprinted
eclogiticmylonitesmay reflect Hmitedductilebehaviour (i.e. more brittle behaviour)of
the pyroxene grains and may imply local differences in the deformationmechanism.

In the overprinted mylonites, a second phase ofrecrystalhzation is characterized by a

lack of deformation and by the instability of jadeitic pyroxene. The static growth of
white mica, quartz as replacementsproductsof jadeitic pyroxene, accompaniedby new
growth of omphacitic pyroxene, as well as annealing textures in quartz (see section

4.4.1.4.1 below) are considered to be effects of this post-deformationalphase in the

evolutionof these rocks. As is discussedin more detail below, this secondphase may
indicate lower pressure conditions and/or a change in Na- and/orHjO-activity.
A reductionin grain-size and/oran increase in the numberand spacing of fractures

may enhance the permeabilityof a rock (e.g Brace, 1968,1972,1980; Morrow et al,
1981), and thus promote the introduction and mobility of a fluid (usually hydrous)
phase (e.g. Sibson, 1977). Widespread retrogression and hydration associatedwith

many shear zones is often consideredevidence for an increase in permeability, whereby
the highlylocalized shear zones act as channelways for the transport of volatiles (Beach
and Fyfe, 1972; Fyfe et al, 1970; Kerrick et al, 1980, 1984; Sibson, 1981, among
others). Shear zones are particularly useful for deformation/recrystallization studies

because both undeformed and deformed, as well as untransformed and transformed

rocks are available. In some cases there is directevidence for syntectonic hydrationin

prograde shear zones, but it is not always clear whether hydro-fracturing causes crack

formation and propagationor whether fluid is able to infiltrate into the zones of higher
permeabilitycreated by shearing.

The possibilitythat the increase in modal amount of white mica, associated with the

the post-deformationalrecrystallizationphase, is a result of fluidinfiltration is discussed

in the light of hydrogen- and oxygen isotope data in Chapter 5. The textural and

chemical distinctionbetweenthe pre- andpost-deformationalmicas suggestthat if fluid

infiltration took place, this activity may have been post-peakmetamorphicconditions,
whereby the mylonite zones provided pathways for fluid migration (Früh-Green,
1985).
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TEXTURAL EVOLVTION OF PYROXENE
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Fig. 4.12: Schematic diagram of the textural and chemical evolution of pyroxene from samples
collectedalong the eastern face ofMte. Mucrone.

4.4.1.2 Garnet

In general, garnet forms irregularly-shaped,often elongate Single grains or

aggregates, which are alignedin more or less parallel bands and are associated with

phengiticwhite mica. The cores are inclusion-rich, giving the grains a dusty, dark

appearance in thin section, whereas the rims are inclusion-free and clear. Several

minerals can be distinguishedas inclusions in garnet, which include fine-grained
sphene, various zosite minerals (including allanite), phengite, quartz, rutile, ilmenite,
biotite and apatite. The fine-grained sphene andzoisite grains are aligned parallelto the

main foliationand form pronouncedtrails across the garnetgrains, often extendingout
into the surrounding phengite aggregates (Fig. 4.13). In some cases, garnets which

containsuch inclusions trails havebeen rotated,resulting in a foldedappearance of the

inclusion trails.
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Less commonly fine-grainedphengite occurs as inclusions at the edges of the

garnets or between cracked garnets grains. These fine-grained phengites are distinct

from larger (up to 0.01mm long) idiomorphic phengite flakes which occur as isolated

inclusions in grains that contain the sphene and zoisite inclusion trails. These

coarser-grainedphengitesmay be relicts of the phengitic mica associated with garnet
which form the Coronas around biotite in the less deformedmeta-quartzdiorites.
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Fig. 4.13: (a) Photomicrograph of garnet from the overprinted mylonites. The cores (Gar II, see

text and Figs. 4.14 & 4.15) partially retain me chemicalzoning observedin the meta-quartz diorites (see
Table 4.3) and are inclusion-rich, containing numerous mineral phases which include sphene (Sph),
rutile, ilmenite, biotite, phengite, zoisite (Zoi), allanite (Ala) and quartz. The clear rims (Garlll) are

inclusion poor and have similar compositionsto isolated idiomorphicgarnet grains associated with
unoriented phengitic mica (WMII). (b) EMS Backscatter Images of parallelly oriented inclusions in

garnet grains from the overprinted mylonites.
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In the overprinted mylonites, a second generation of post-kinematicgarnet growthis
indicated by isolated, relativelyinclusion-free nearly idiomorphic grains which occur in

mica-rich domains (Fig. 4.13). As discussed below, these garnets have similar

compositions to the clear rims of the more abundant inclusion-rich garnets. These

texturally-differentgarnets are missing in the jadeite-garnet mylonite samples.

4.4.1.2.1. Garnet chemistry

Thegarnets in both the Jad-Gar mylonitesand the overprinted eclogiticmylonitesare
characterized by relativelyMg-poorcompositions (Table 4.3, Fig. 4.14, and App. IVc).
The garnets in the Jad-Gar mylonites have homogeneouscompositions; whereas a

chemical zoning,associated with an increase in grossular component,is observed from

core to rim in garnets from the overprintedmylonites. In general, the inclusion-rich

garnet cores (termed here Gar II) in the overprintedmylonites have relativelyconstant
compositions and are similar to thosein the Jad-Gar mylonites;both garnets lie in the

ränge of:
Gro0.29-0.34 Alm0.58-062 P>/r0.04-0.06

These compositions are similar to the Ca-richareas in the garnets which border the

plagioclase pseudomorphs in the meta-quartz diorite(see Koons, 1982; Hy, 1984) and

correspond to the core compositions of the transitionalorthogneiss sampleR81/185 in

Koons et al (in review). Incomplete homogenization of the garnetcore compositions is

evident in some grains from the overprintedmylonites in which the distinct zoning,
characteristic in the less deformed rocks, is still preserved (see sample Mul-2, App.
IVc). The garnets in the overprintedmylonites (circles in Fig. 4.14) are distinguished
from thosein the Jad-Gar mylonites (triangles in Fig. 4.14) by chemically-distinct rims

and by the post-deformational growth of idiomorphic inclusion-free garnet. The

following discussiondeals solely with these characteristically distinct garnets in the

overprintedmylonites.
The inclusion-free rims of the garnets, as well as isolated inclusion-poorisometric

garnet grains in mica-richlayers (termed here Gar IH), are distinguished by a decrease

in Mg-and Fe-contentswith an increase in Ca-content (Fig. 4.14). In general, the rim

compositionshe within the ränge:

Gro0.47-0.50 Alm0.43-0.46 ^-"0.02-0.04
In some elongategarnet grains, this Ca-enrichmentis not always present. Instead the

grains show relatively homogeneous compositions which correspond to those in the

cores, as discussed above. Some garnet grains exhibit asymmetric Ca-enrichment
towards the rims, whereby the contacts towards coarser grained white mica aggregates
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show relatively constant, high Fe-contents (XAlm ~ 0.70) in contrast to the contacts

towards white mica-replacedpyroxene domains, which are enrichedin Ca. Thecompo¬
sitions of the Ca-enriched rims and the isolated,inclusion-poorgrains in fine-grained
mica domains are identicalto those ofthe garnets which coexist with zoisite in the pink
veins associated with these shearzones (see Secti.4.5.1.2.below and App.ni).

100%
Alm*Spe

\
\ iß

N
>

%

Pyr
70%

} Gar II

Gc

\ Gar II

Jadeite - Garnet Fels

* cores

-fr rims

Jadeite - Garnet Mylonite
? cores

Arims

Overprinted Mylonite
«cores } Gar II
O rims j
O isometric > Gar III

grains >

Zoisite - Garnet Veins 0

Gro* And
70%

Fig. 4.14:
Compositionsof garnets in the completely transformed and/ordeformed rocks at the
eastern face of Mte. Mucroneplotted in terms of almandine + spessartine (Alm+ Spe),
pyrope(Pyr) and grossular + andradite (Gro + And) components. The arrows represent
the rim-to-rimcompositionalvariations in single-grains of garnets from the meta-quartz
diorites (as shownin Fig. 4.3), whereby the more Pyr- and Alm-rich compositions are

foundtowards contacts to biotite.
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4.4.1.2.2. Chemical and textural evolution of garnet

The chemical and textural evolution of garnet in the mylonites is shown

schematicallyin Fig. 4.16. As garnetis a relativelyundeformablemineral, the textural

and chemical characteristicsof these garnets are a good monitor of the crystallization
history of the Mte. Mucronemetagranitoids. The garnet evolution is distinguished by an

overall lack ofchemical homogenization and by at least two phases of grain growth.
The eclogite-facies formationof garnetand white mica as Coronas around biotite

(Growth phase I) has been discussed in section 4.3.1.3. Their formation is

characterized by a pronouncedasymmetricalchemical zoning in which an enrichment in

Ca, relative to Fe, occurs towards the contacts to quartz, low-Ti white mica II and

jadeite-pseudomorphsafter plagioclase.
Although the textural relation to biotite was destroyed during superplastic

deformation andmyloniteformation,relict biotite and phengite are preserved as inclu¬

sions. During this deformation phase,garnetbecamecoarser-grained(Garnet Growth
PhaseII) and was aligned in more or less parallel bands. Chemicalhomogenization pro¬
duced garnet compositions similar to the Ca-rich compositions in the meta-quartz
diorites; however somegarnets retain the distinct chemical zoning characteristicof the

meta-quartz diorites. Complete breakdown of biotite during mylonite formation is re¬

cordedby the fine-grained sphene inclusions which are orientedparallel to the main

foliation(Fig. 4.13 a,b). The calcium-enrichedrims around inclusion-rich garnetcores,
as well as the isolatedcalcium-rich isometric garnets,indicate furtherpost-deformational
garnet growth (Growth Phase III). This phase of garnet growth may have been

simultaneous with vein formation, as indicated by the similaritiesin compositions
between the Ca-rich garnets and those which occur together with zoisitein the veins.

The calcium-enrichmentmay be dueto local changes in Mg- and Fe-activities duringthe
formationof the omphaciticpyroxenes.

4.4.1.3. White Mica

Two size distributionsof white mica can be distinguished in the mylonites. Coarser-

grained aggregates or Single white mica grains (WMI), up to 0.3mm in width and

0.8mm long, occur in garnet-rich layers,often between quartz layers, and commonly
exhibit undulatory extinction or kink-bands. Very fine-grained white mica (WMII),
approximately 0.1-0.25mmlong, form aggregateswhich occur either in distinct layers
and define the foliationor as moreor less unorientedClusters together with fine-grained
quartz± albite. The latter occurrence of white mica II is commonly associated with the

replacement of Na-pyroxene(see Fig. 4.8, 4.9b).
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Fig. 4.16: Schematic diagramof the textural and chemical evolutionof garnetfrom
samples collected along the eastern face of Mte. Mucrone. Garnets (Gar) I,
II, and III correspond to progressiveCa-enrichmentand represent distinct
compositions as a result of multiple phases of growth during the evolution
of these rocks.
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4.4.1.3.1. White Mica chemistry

The texturallydifferent white micas can be distingushedchemically on the basis of

Ti-, Fe- and Mg-contents (Fig. 4.16). Thecoarser-grained, deformedmicas (WMI) are

phengitic and containup to 1.5 wt % Ti. These micas often show an enrichment in Fe

and less commonly in Mg, relative to the fine-grained white mica II (see Fig. 4.16 and

Table 4.2). XM (tot) (= Mg/(Mg+ Fetot)) is relativelyconstant, with a value of 0.66

±0.03.As is true for all the white micas investigated in this study, fluctuationsin AI and
Si are often observed within the same rock samples as well as in the same textural

domains. The chemical compositionsof the coarse-grained whitemica I lie in the ränge:

Na0.2 K0.95-0.98 Fe(tOt)().10-0.16MSo.24-0.28 AlVI1.49-1.56 Ti0.05-0.06 AlIV0.60-0.68
•^3.32-3.41OlO (^0.02-0.05 ^Hj 95^ 97).

Althoughthese micas are not as Ti- and Mg-richas thosein the Coronas aroundbiotite

in the meta-quartz diorites, the deformed natureand the textural association with the

inclusion-rich garnets, indicate that these micas represent the earlier breakdown

products of biotite.

Thefine-grained phengitic micas (WMII)which occur together with quartz± albite

in isolated Clustersor as replacement products in directcontact with Na-pyroxenehave

relatively constant compositions (see Table 4.2 and App.IVb). X Mg(tot) varies only
shghtlyfrom 0.57 to 0.64. Althoughthe mica compositionsmay be slightly variable,no
distinctzonation could be determined.The structuralformula of these phengitesshow
the followingränge in composition:

Na0.02 Ko.95-0.98 Fe(tot)o.l0-0.15 ^§0.20-0.30 A* 1.55-1.65 ^0.00-0.06 A*--' 0.61-0.71

S--3.29-3.39 Oio (^0.02-0.07 C1Q OO-O.OI ®"-\m-\.9V

This compositionalränge lies within the phengite mica compositionsfrom domain III in

the meta-quartz diorite (see above andMu 2 Koons, 1982; Hy, 1984; Koons et al, in

review) and are similar to the mica compositions in the transitionalorthogneissesand
orthogneisses reported by Koons et al, in review. As in these previous studies, no

paragonitic mica could be found in the mylonites.

4.4.1.3.2. Textural evolution of the white mica

The coarser-grained, Ti-rich white mica I in the mylonites represent relicts of the

biotite-breakdown reaction which were deformed and aligned parallel to the main

foliation during the high-strain deformation phases.. The random orientation of the
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fine-grainedwhite mica II as a replacement product of jadeitic pyroxene indicate

post-deformationalgrowth under conditions of higherK- and/orH^O-activities(see
Chapter5 and Fig. 5.3). Comparison of the textures and chemical compositions of

these micas with those in the meta-quartzdiorites suggests that these white micas may in

general represent post-shearing replacement products.

Ti

t
4U/\

V VO o ^£> V VVVV V

M9*Fe2*
-fr Jd-Gar Fels

A Jd-Gar Mylonites

Overprinted Mylonites
O fine-grained white mica (WMI)
• coarse-grainedwhite mica (WMII)

AIIV

Fig. 4.16: Cation-variations in white mica from the completely transformed and/or
deformedrocks at the eastern face ofMte. Mucrone.

4.4.1.4. Quartz

Quartz makes up approximately 30-35 vol% of the mylonites and occurs in 0.5-3

mm thin semi-continuous bands parallel to the main foliation. Locally quartz forms up
to 4mmthick lenses and pods. In general, the quartz grains are inclusion-free and show

well-crystallized dynamically recrystallzed textures. The equigranular, recrystallized
grains (0.05-0.5mm in diameter ) have polygonal shapes with more or less straight
grain boundaries (Fig. 4.17 a).

The quartz grains in the mylonitesare distinguished from those in the less deformed

meta-quartzdiorites by the completelyrecystallizedfabric anda more uniform grain size

of the recrystallizedgrains,and by ribbon-like tails which can be traced away from the
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cores of the quartz aggregates the füll width of a thin section (Fig. 4.17b). The

recystallized grains exhibit undulatoryextinction and weakdeformation bands. Signs of

preferred orientation,althoughirregularlyacross quartz layers, can be observed with the

use of a gypsumplate. (compareFigs. 4.5 a and 4.17 a).
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%"-:.y%i»

w

*i

0.2 mm
Fig. 4.17:
(a) Photomicrographof microfabric of recystallizedquartz grains in the mylonites.
(b) Overall change in grain-shape of quartz from less deformed Jad-Gar Fesl (Sample Mu 17a) to

Jad-Gar mylonite (SampleMul7b).
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Fig. 4.18:
Grain-size variations of recrystallized quartz grainsin meta-quartz diorites and mylonites. The grain-sizes
of approximately300 recrystallizedgrains were measured perpendicular to and parallel to the main
foliation (only weakly present in the meta-quartz diorite samples). The grain-sizes(horizontalaxes) are

plotted againstthe numberof grains (vertical axes).

4.4.1.4.1. Quartz Microfabrics

A Statisticalanalysis ofthe recrystallizedquartz in the eclogiticmylonitesand meta-

quartzdiorites was made by measuring the long and the short axes of the recrystallized
grains (i.e parallel to and perpendicular to the foliation of the mylonites) and by
determining the abundanceandvariations in the grain-sizes.The grain-size distribution
of the recrystallized grains in the mylonites and meta-quartz diorites are presented as

histograms in Fig. 4.18. In both rock types, the recrystallizedquartz grains ränge from

0.05 to 0.6 mm, and occasionallyup to 0.9mm long parallel to the foliation in the
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mylonites. Althoughthe two rock types differ greatly in the amount ofdeformation and

degree of mineral tranformation,no distinction can be made in the sizes of the

recrystallized quartzgrains.In both rock types 65-68%of the grains are 0.1-0.2 mm in

diameter. This similarityin the morphologies of the recrystallizedquartz is interpreted as
a resultof dynamic recrystallization,occuring comtemporaneouslyduring early stages
of deformation and at the onset of shearing. Weak deformation (and thus incomplete
recrystallization)occurred in the country rocks (i.e. the meta-quartz diorites) as high-
strain deformationwas concentratedalong the shear zones.

In contrast to the recrystallized grains, the overall shapes and dimensions of the

quartz aggregatesrepresent original igneous quartz that has undergonerecrystallization
and deformation, and are distinctly different in the two rock types. The quartz

aggregatesin the meta-quartzdiorites have irregulär, roundedshapes, which are up to 5

mmin diameter and are randomly distributedin the least deformedrocks. In the highly
deformedrocks, the quartz form augen-shaped pods and lenses (rarely more than 1 mm

thick) and have pronounced, thin tails which are up to 2 cm long (Fig. 4.18b). This

difference in the recrystallized grains and overall grain shapes between the two rock

types is interpreted as a reflection of the degree of deformation affecting the two rock

types. In the shear zones, as dynamic recrystallizationand grain growth of the quartz

proceeded, the quartzbegan to behave more rigidly and becameless deformable, at

which time the pyroxeneaggregatesstartedto deform. Furtherdeformation of quartz is

reflected in the formation of isolated quartzpods and quartzlenses with recrystallized
tails.

4.42. SUMMARY AND DISCUSSION

4.4.2.1 Jadeite-Garnet Mylonites

The Jad-Gar mylonites(samples Ml7b,R185) are distinguished from the unfoliated

meta-quartz diorites by a well-defined foliation, more homogeneous phase
compositions, coarsergrain-size of pyroxene, garnet and phengite, and by a lack of

biotite. As discussed previously, beforethe onsetof the high strain deformation event,

the plagioclasebreakdown reaction had gone to completion, producing fine-grained
aggregates of Jad + Zoi + Qtz. At the onset of mylonite formation, quartzbegan to

recystallizeup to the point that the recrystallizedquartz aggregates were more competent
than the fine-grained pyroxeneaggregatesreulting in superplastic deformation of the

pyroxenein the shear zones. Thepresent coarser grain-size ofgarnetandJadeite and the

deformed nature of the quartz layers indicate that grain-coarsening accompanied
deformation and resulted in a relative changein the deformationbehaviours of the two

dominant minerals Jadeite and quartz. This coarser grain-size as well as the
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homogeneouscompositions of garnetand phengite in these un-overprintedsamples
suggest that deformation (and possibly simultaneous fluid infiltraiton) may have

influencedboth the rates of grain growthand the diffusion kineticswhich leadto partial
chemical homogenization and to the completion of the biotite breakdown reaction (see
Chapter 5 and Koons et al., in review).

The evolution of these Jad-Gar mylonites is analogous to that of the transition

orthogneiss describedby Koonset al. (in review). These authors suggestthat although
deformed and homogeneousin composition, the sodic pyroxenes in the transition

orthogneiss do not represent equilibriumchemical compositions.Koonset al. argue that

the omphacite-garnet orthogneisses at the Mte. Mucrone evolved from transition

orthogneissby further deformation,resulting in more diopsidic pyroxenecompositions
(see Section4.6.2). This possibilityis discussedfurther in light of whole rock chemical

data and stable isotope data in Chapter 5.

4.4.2.2 Overprinted Mylonites

Several mineralogical and textural characteristics distinguish the overprinted
mylonites from the primary jadeite-garnet mylonites. Althoughthe main eclogite-facies
high strain deformation event produced superplastically deformed layers of pyroxene

and quartz, subsequentdeformation and grain coarseningdid not result in homogeneous
chemical compositions of the coexistingphases in the overprinted mylonites upon

complete breakdown of biotite. The heterogeneouscompositions of garnet andphengite
reflectthe disequilibriumconditions during the eclogite-facies formation of the meta-

quartz diorite. Further disequilibriumcrystallization is indicatedby post-kinematic
growth of omphacitic pyroxeneand moregrossular-rich garnet(Gar in, see Figs. 4.13

& 4.15). The diopside component in pyroxeneand the grossular component in garnet
may be related to consumption of zoisite duringcompletion of the biotite breakdownre¬

action.A detailed discussion of the reaction history of these rocks is presentedin Ch. 5.

The replacement ofjadeiticpyroxene by phengitic white mica II (WM) + quartz ±
albite further distinguishes the overprintedmylonites from the Jad-Gar mylonites. The

amount of albite associated with this replacement is minor andcould only be determined

by electron microprobeanalysis. The timing of the replacement of Jadeite remains

uncertain due to the difficulties in microscopicallydetermining the texturaland modal

relationships of the fine-grained aggregates of quartz± albite associated with WMII.

Thereplacement ofJadeiteby phengitic white micaneed not be related to a pronounced
decrease in pressure, but rather may be due to changes in the chemical activities of K

and rip in local domains during eclogite-facies metamorphic P-T conditions (see
Chapter 5 and Koons 1982, 1986).
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Reaction kinectics may be enhanced during deformation in several ways, one of

which is to allow water to infiltrateinto a previously dry System (see Brodie and Rutter,
1985 and Rutterand Brodie, 1985). There is evidence for possible infiltration by at least

small quantities of hydrous fluid duringand/or after the main superplastic deformation
event. Whole rock chemical data suggest that the deformed rocks derived from

eclogite-facies metamorphismof quartz diorite are slightly enriched in H20. The

enrichment in H^Ocan also be relatedto shifts in isotopic compositions (see Chapter 5

and Früh-Green, 1985). The extent of replacement ofJadeite by phengiticwhite mica

may be related to hydration or localized redistribution of water within the rock. In

addition, the zoisite + garnet veins associated with the shear zones presumably represent
formation from a fluid phase under conditions of high fluid pressure (see Section 4.5

below).
The mineralogical and textural variations observed in the deformed rocks may

correspond to different times of recrystallizationand/or fluid infiltration relative to

deformation during eclogite-facies metamorphism.Thejadeite-garnet mylonites may
represent syn-deformationalrecrystallizationwith the absence any external fluid phase.
Post-kinematicfluid infiltration or local changes in H^O-activity mayhave produced the

distinct chemical characteristics found in the overprinted mylonites, whereas

syndeformationalinfiltration may havebeen responsible for the formationof paragonite
and near equilibriummineral assemblages in the omphacite-garnetorthogneisses(see
Section4.6). These variations and the evidence for fluid infiltration is discussedfurther

in light ofwhole rock geochemical and stableisotope data in Chapter 5.

Compagnoni and Maffeo (1973) and Oberhänsli et al. (1985) attribute the

replacement ofJadeite to a post-omphacite stage in the evolutionof the Mte. Mucrone

metagranitoids(see Section4.2.2.2). However, the texturalcharacteristicsdescribedby
the above authors are differentthanthose in the rocks investigated in the present study.
Oberhänsli et al. (1985) describe the formation of albite-epidote gneiss by further

deformation and hydrationof glaucophane micaschist. As statedpreviously, the amount

of albite in the overprinted mylonitesis minorand no glaucophane has been observed in

these rocks (see also Koons, 1982 and Koons et al., in review).

4.5 VEINS ASSOCIATEDWITH THE DUCTILE SHEAR ZONES

The eclogitic mylonite zones discussedabove are commonly associated with pink
veins, 2.0 mm to 1.2 cm in width.These veins, containingzoisite, garnet (giving the

pink colour), quartzand occasionallyomphacitic pyroxeneand phengitic white mica,
are oriented nearly parallel to the mylonite zones and in somecases have beenfoldedby
a subsequentdeformation. In most cases a zone of medium- to coarse-grained
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unfoliated jadeite-garnet fels (1-5 cm in width) separate the zoisite veins from the

mylonite zones (see Fig. 4.19). The veins cross-cut a weak foliation present in the

jadeite-garnet fels, and in some cases exhibit growth textures indicative of post-
kinematic formation (see Fig. 4.20a).

0^3

m

fe
*C **-

ragsacA/- - -* '

j»¦c «r , »jr

Yr v- «* ^* j§
• JTi

- - '. .

I5f
.. ^ -^ 1Jad-Gar

m
_ .-.- •?

Fels

'A'wt&r
~Zoi-Gar w. tac

i'%Vein m m %#* «#?.?lte* m
t*&+ i®äk$W

j»ä

Mylonite
•*** Zone

Fig. 4.19: Outcrop relationships (Location 3, Fig. 4.2, ) between zoisite-garnet veins and mylonites
zones. An approximately 1-5 cm zone of relatively unfoliated rock (Jad-Gar Fels,

corresponding to sample Mul7a discussed in text) typically separates the veins from the

mylonite zones.

4SI. VEIN PETROLOGY,MINERALCHEMISTRYAND MICRO¬
FABRICS

4.5.1.1 Zoisite

Zoisite is the dominant mineral in these veins and occurs as radiating, needle-like

crystals with anhedral garnet in the interstices (Fig.4.20b). Individual grains are up to

2.0 mmlong. They exhibit parallel extinction and characteristically have blue anomalous

birefringence.



129

Electron microprobe analysis yelded relativelyhomogeneous composititons,which
vary only slightly in Fe3+- and Al-contents(see App. III). Fe3+ (calculated) varies be¬

tween 1.46 and 2.22 wt% and corresponds to variations in the zoisite structural formula

of:

Ca2.0-2.3 (^e +o.08-0.14 A*2.84-2.88) ^3.01-3.03
No zoning could be determined by point analyses along profiles through the individual

zoisite grains.
4.5.1.2. Garnet

Garnet occurs as amorphic grains (0.1-0.3mm in diameter) betweenthe undeformed

zoisite needles, so that the grain boundaries are often difficult to discern (see Fig. 21b).
In generalthe grains are clear and show no evidence for multiphasegrowth.

The compositions are homogeneous and correspond to the Ca-richrim-compositions
of the garnets in the mylonites (see Section4.4.1.2.1. and Fig.4.15). The compositions
of these garnets lie within the ränge (see Table 4.3 and App. III):

GrO0.44-0.49 Alm0.48-0.51 Pyr0.00-0.5
These garnetcompositions are distinctfrom the more Fe-richgarnets in the jadeite-
garnetgneissic wallrocks(see below).
4.5.1.3 Quartz

The Volumetrieamount of quartz in the veins varies in different samples.In general
quartzoccurs as fine, amorphicgrains (0.01-0.2 mm in diameter) between the zoisite

needlesor as up to 3 mm long "pods" in the centers of the veins. In some samples it is

difficult to distinguish actual vein quartz from wallrock-quartz which may have

physically been incorporatedinto the the veinduring vein-formation. This is especially
true of quartzaggregatesassociated with bright green omphacitic pyroxenes (see Fig.
4.20b).

In generalthe quartz, zoisite and garnet aggregatesare undeformed and represent
static growth. Howeverweak undulatory extinction is occasionallypresentin some of

the larger quartz grains.

4.5.1.4. Na-Pyroxene

In some samples, (e.g. R 13/1) isometric, grass-greenpyroxene grains (0.3 - 1.0

mm in diameter) occur together with - and as inclusions in quartz in the center of the

zoisite veins. Qualitative EDS-analyses indicate an omphaciticcomposition.The textural

occurrenceof these pyroxenes is similar to the fine-grained pyroxenes in the mylonites,
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which have been interpreted as a second generation of Na-pyroxene growth during
post-shearing,eclogite-facies conditions (see Section 4.4.1.1.). Minor amounts of

white mica are associated with these pyroxenes in the veins. EMS-Backscatteranalysis
shows that these omphacitic pyroxenes contain very fine-grainedquartz inclusions

(5-15 |im in diameter, see Fig. 4.20b).
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(a) Photomicrograph of zoisite-garnetvein in the centers of the mylonitezones. A zone of relatively

unfoliated jadeite-garnet fels (Jad-Gar Fels). The vein cross-cuts a weak lineation defined by
slightly elongated quartz grains. No signs of deformation can be seen in these veins.

(b) SEM-Backscatter Images of zoisite (Zoi, light grey)-garnet (Gar, bright white) veins, showing
relationshipto omphacitic pyxroxene (Omp, medium-dark grey) and phengitic white mica (WMII,
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(b)

%F*~ m >* *i-"*.^ SS»"t, >

•* ¦WÄff»&»£^2mM8>- !j*-7*'" ^m ;v&,KV^dS"WBLt¦^ SK Efrs

/-^
'̂«V

IT 'tt*PW:J Su»

Qt*.
*

. r

•• -4SI?' tt-- '

: -'"'
¦

• :A:-^/F-^

. „,Ty:'--U AA% ».:-.,:;:

' *H
. 7

*¦-
'-. J^.' 4 ¦ *"& '--j *4* •

*

¦«s^?vMcy€:¦ -i-v .;• «&

ii.-
' •^^.'•'^^^l;

H»Wf;ar-WCF*»*TL
IzoiAVvj^v^:£v



131

'r.

_____—,

t.Z..I

V.
-'

"

:>»*W«"¦-•¦..
**•

ia»""i-
'„

(c)

-¦-.-

-m

Fig.4.20:
(c)SEM-BackscatterImagesofrelativelyunfoliatedjadeite-garnetfelsindirectcontactwiththe

zoisite-garnetveins(Fig.4.21a,b)inthecentersofthemylonitezones.Photographshowsrandomly
orrientedClustersofphengite(WMII,lightgrey)andquartz(Qtz,darkgrey)asrepracementofK-fedspar.

QU

i'
''

st¦-.{r*

¦:,f

\\.V"¦--,.
"

¦'¦VY,'¦•••ijj'--

V....

¦*,---

_r^Ksp
S2*rfe

-V."-'! WWK**ß
._.-:

-L;.v«'"-_^ JC?
_*»

¦

4V
Bf

M Et'."Ti-
«

^ik:1^-- m.>'¦ ^w

0.1mm

Fig.4.20:
(d)SEM-BackscatterImagesofrelativelyunfoliatedjadeite-garnetfelsindirectcontactwiththezoisite-

garnetveins(Fig.4.21a,b)inthecentersofthemylonitezones.Photographshowsreplacementof

K-feldsparbygarnet(Garlll,brightwhite),phengite(WMII,grey),andquartz(Qtz,darkgrey).
(e)PhotomicrographofK-feldsparreplacedbyWMIIinoverprintedjadeite-garnetfels(sampleR13/1).
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452 WALLROCKPETROLOGY,MINERALCHEMISTRYAND
MICROFABRIC

Characteristic of the rocks in direct contact with the zoisite veins is a distinct

unfoliated, massive nature which resembles the overall fabric in the meta-quartz
diorites. In contrast to the meta-quartz diorites (discussedin Section 4.3), these rocks

have been completely transformed and now contain the eclogite-facies mineral
assemblage quartz+ Jadeite + garnet+ phengite with minor sphene and zoisite. These

unfoliatedrocks (jadeite-garnet fels) form bands, 2-8 cm wide, between the zoisite

veins and myloniticorthogneiss in shear zones.

4.5.2.1. Jadeite-Garnet Fels

As discussed previously, the zoisite veins nearly always form abrupt contacts to

unfoliated and unretrogradejadeite-garnet fels (Mul7a, Mul7b; see Fig. 4.20). The

unfoliated fels grades into mylonite (in a 3 cm wide shearzone) over a distance of 5 cm.

Essentially no retrograde replacement of pyroxeneby white mica is seen in either the

deformed nor in the unfoliated rocks. The overall primary igneous texture is preserved
in the unfoliated rocks, however the distinct breakdown textures in the plagioclase- and
biotite-domainsare no longer present. More or less undeformed aggregates of idio¬

morphic garnet(-0.5 mm in diameter)and white mica occur in distinctdomains which

represent the complete replacement of biotite. Na-pyroxene, as replacement productsof
the original plagioclase,form individual idiomorphicgrains and are coarser-grained than

those in the meta-quartzdiorites. The phengitic white micas exhibit a uniform grain size

and occur either in distinct domains with garnet or as isolated Clusters within the

pyroxene aggregates. Quartz shows the typical recrystallized fabric and a uniform

grain-size as discussed in Sect. 4.4.1.4.

4.5.2.1.1 Garnet Chemistry

In contrast to the meta-quartz dioritesand the mylonites described in Section 4.4,
these not-overprinted wallrocks are characterized by relatively homogeneous
compositions of both eclogite-faciesminerals, Jadeite and garnet. No distinct variations

in compositions (see Tables 4.1-4.3 and App. III) could be foundbetween the garnets
in the unfoliated rocks (e.g. sampleMul7a)and those in the mylonite in the shearzone

(e.g. sample Mul7b). The chemical zoning pattern in garnet, characteristic of the

meta-quartz diorites, is completely absentin both the unfoliated and foliated rocks, and
lie withinthe followingränge:

Gr° 0.22-0.30 Alm 0.61-0.64 ^0.06-0.15 *^Pe0.00-0.03
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A very slight Ca-enrichment is observed in someof the cores of the garnetgrains in

the mylonites and corresponds to the average composition of garnet in the unfoliated

jadeite-garnet fels (Gro29, Alm 62, Pyr 9). These garnet compositions are distinctly
moreFe-richthan those in the veins and correspond to both the core-compositionsof
the chemically-zoned garnets of the more-overprinted mylonites (see See. 4.4.1.2.1)
and the Ca-richareas in the garnets which border the plagioclase pseudomorphs in the

meta-quartzdiorites.

4.5.2.1.2 Pyroxene Chemistry

No chemical zonation in pyroxenes in the foliated nor in the unfoliated wallrocks

could be found. In both rock types, the pyroxenes are jadeite-rich,but in the mylonites
a slight decrease in XJad is seen. The pyroxenes in the unfoliated rocks ränge from

Iadg7 to Jad95, while those in the mylonites ränge from Jadg2 to Jadg7. SEM-Back¬

scatteranalysis showedthat fine-grained quartz and minor zoisite occur as inclu- sions

in pyroxene andthat the amount of zoisite is distinctly less than in the more- overprinted
mylonites (see Sect. 4.4.1.1).

4.5.2.1.3 Mica Chemistry

As with garnet and pyroxene,the white micas in both these unfoliated and mylonitic
wallrocks have relatively constant composition. The major element-compositions of

these micas lie withina ränge which is intermediateto the white mica compositions of

WMI andWM2 in the deformedand unfoliated rocks discussedpreviously(Sect. 4.3
and 4.4). However, a relative enrichment in F-content (see Table 4.2 and App. III) is

observed. This relative F-enrichment can be directly related to the completion of the

biotite breakdown reaction.

4.5.2.1.4. Discussion

Macroscopically,the unfoliated jadeite-garnet fels are nearly indistinguishable from
the meta-quartz diorites. However, microscopically,these rocks show an absence of

biotite and contain coarser-grained pyroxene,garnet and phengitegrains thanthe incom-

pletely transformed equivalents. Therelativelyhomogeneous chemical compositions of
the coexisting phases in these unfoliatedwallrocks suggests that, relative to that

indicatedin the meta-quartz diorites, a greater degree of diffusive mass transfer and

chemical communication, resulting in completion of the plagioclase- and biotite-break-

down reactions, occurred in these areas. The possibilitythatthese zones may represent
'old' fluid pathways, resulting in complete transformationand 'grain hardening', is

discussedin light of XRF bulk rock geochemical and stable isotope data in Chapter 5.
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The presence of such 'early reaction zones' mayhave been determinant to the forma¬

tion of the mylonite zones (see Section5.5.6 and Fig. 5.12).

4.5.2.2 Overprinted Jadiete-Garnet Fels

The amountof overprintingin the wallrocks is highly variable in the samples
collected in this study. Some samples (e.g. R13/1, 83/1) exhibit considerable

replacement of pyroxeneby low -Ti phengite (WMII) and garnet, and are associated

with new growth of omphacitic pyroxene (See Fig.4.20 c,d). This replacement is

similar to that in the mylonites discussed in Section 4.4; however, the micas are

coarser-grained(up to 1.5 mm long) and occur in irregulär patches, rather than in

distinct bands. This difference in texture is primarily a resultof the unfoliated nature of

the rock. In the overprinted eclogitic mylonites,randomly-oriented phengite flakes,
commonly associated with the Ca-rich Gar III, occur as replacement products of

jadeidic pyroxene (and in some cases K-feldspar,see Fig. 4.20e), in distinct zones

which follow the foliationformed during high-strain deformation.Quartz in the veins

has identical recrystallized fabrics as those in the wallrocks (see Section 4.4.1.4),and

may representphysically incorporatedportions of the recrystallized wallrock during
vein formation.

In these overprintedsamples, the chronologicalrelationship betweenvein fomation
andphengitegrowthis difficult to determine. The growthofphengiteis often associated

with a greater modal amount of relict K-feldspar. The randomly-orientedreplacement
textures of white mica in the wallrocks, as well as the radiating fabric of the zoisite +

garnet+ quartzgrains in the veins, indicates growth during strain-freeconditions. The

variabilities in the modal amounts of white mica in the wallrocks and the modal

variations in the vein assemblages may represent simultaneouscrystallizationduring a

single infiltration event in which local variations in HjO-, Na- and K-activities were

present(see also Section5.5.6 and Fig. 5.12).

4.5.3 SUMMARY AND DISCUSSION

The zoisite-garnet veins, associated with the mylonite zones in the Mte. Mucrone

metagranitoids,are characterizedby a lack of deformation and by uniformchemical

compositions of the coexisting mineral phases. A narrow band of unfoliated jadeite-
garnet fels commonly separates these veins from the mylonite zones. These unfoliated

jadeite-garnetfels exhibit contrasting degrees of chemical homogenization and
overprinting. Vein-formation as well as replacement of pyroxene by phengiticwhite
mica are related to a strain-free recystallizationandinfiltration phase in the evolution of

the Mte. Mucrone metagranitoids. The relative timing of infiltrationrelative to

deformation may havecritical to the developmentof both the jadeite-garnet fels and to
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the concentrationof high-strain deformation along these zones. The significance of the

veins and the characteristicwallrocks is discussedfurther in Section5.5.4. and 5.5.6.

4.6 COMPLETELYRECRYSTALLIZEDOMPHACITE-GARNET
ORTHOGNEISS

A large part of the central Sesia Zone is composed of medium-grained, well-foliated

orthogneiss consisting primarily of quartz + Na-pyroxene + garnet + phengite +

paragonite. These completely recrystallized orthogneissesmake up a large part of the

Mte. Mucrone. The Na-pyroxene-garnetorthogneisses are distinguishedfrom the

metaquartz-diorites and the mylonitieson the basis of a relativelyuniformgrain size,
and by the presence of paragoniteas part of the stablemineral assemblage (Fig.4.21).

The texturaland mineralogical evolution of these orthogneisses is discussedin detail

by Koons (1982) and Koons et al. (in review), who suggestthat they evolved through a
transitional orthogneiss-phase (similar to that of the Jad-Garmylonites) by further

deformation (see also Oberhänsli et al. 1985). In this study, samples R82/9 and R191

from Koons et al. (in review) are comparedchemically and isotopically(see Chapter 5)
to the meta-quartz diorites and myloniticorthogneisses. Only the essential texturaland

mineralogicalcharacteristicsof these rocks are summarized below; for a moredetailed

discussion of the evolution of these rocks referto the abovepublications.

4.6.1. MINERALOGY, PETROLOGY AND PHASE CHEMISTRY
(Samples R 8219, R 191)

These two samples are texturallysimiliar (althoughcoarser-grained) to the Jad-Gar

mylonites discussed in Section 4.4. Sodic pyroxene occurs as medium-to

coarse-grained, elongate(2-4 mm long) grains in distinct semi-parallel, discontinuous
layers (Fig.4.22). Deformationof the pyroxenelayers is characterized by undulatory
extinction and cracking of individual lath-likegrains. The pyroxenecompositions are

variable and ränge from Jad > 80 to Jad50 (Table 4.1; shaded region in Fig. 4.11b).
Koons (1982) reports irregulär zoning patterns in the pyroxenegrains, in which more

jadeitic compositions occur in the cores and are surrounded by omphacitic rims. This

pattern is the reverse of that found in other rocks of quartzofeldspathiccomposition
from the same region.

Garnet occurs either as euhedralgrains (0.5 - 0.8 mm in diameter)in distinct layers
or as irregularly-shaped, elongate aggregates. Fine-grained sphene and zoisite form

parallelly-orientedinclusion trails through the grains,as describedin the mylonites(see
Section4.4.1.2). The garnets exhibit irregulärzonationpatterns and are compositionally
similar to the cores of the garnets in the mylonites (Table 4.3). Koons (1982) and

Koons et al. (in review) interpretthe irregulär grain boundaries of the garnet grains as
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evidence for partial resorption associated with omphacite-formation. The presence of

Ca-richgarnets, as found as rims and as idiomorphic grains (Gar HI) in the overprinted
mylonites, has not been reported in these orthogneisses.
A large modal percentage of white mica (phengitic white mica and paragonite), and

especially the presence of paragonite, distinguish these completely recrystallized
orthogneisses from the meta-quartzdiorites and the mylonites. Both micas are medium-

to coarse-grained(up to 2 mm long) and have a preferred orientation which defines the

main foliation. The paragonitecompositions are similar to those found in other Sesia

Zone assemblages (Koons, 1982). The phengitic white mica are compositionallysimilar
to the to the low-Ti micas (WM2) in the meta-quartz diorites and in the mylonites (see
Table 4.2).
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Fig. 4.21: Photomicrographof completely recrystallized omphacite-garnet orthogneiss from the Mte.

Mucrone area. Omphacitic pyroxene (Omp) form continuous to semi-continuouslayers
and are separatedby deformed layers of quartz (Qtz) and two species of white mica (WM),
phengite and paragonite.

4.6.2 CRYSTALLIZATION AND REACTION HISTORY

The omphacite-garnet orthogneissesare distinguishedfrom the mylonites by an

overall coarsergrain-size and by a well-pronounced foliation of all mineral phases
(including phengite and paragonite). With the exception of paragonite, the mineral

phases in the orthogneiss are chemically similar to those in the jad-gar mylonites
(sample Ml7b, R185). Three main differences between the overprintedmylonites and
the omp-gar orthogneisses are recognized:
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- The overprinted mylonitescontain two texturally distinct pyroxene and garnet phases.
- The Ca-richgarnets (Gar IE), characteristicof the overprintedmylonites, are missing
in the orthogneisses.

- The growth of omphacitic pyroxene, phengite and paragonitewas syn-deformational
during orthogneiss formation.

Koons (1982) and Koons et al. (in review) argue that the omphacite-garnet
orthogneisses evolved from meta-quartzdioritethrough a transitionalorthogneiss stage
in which subsequent deformation caused microstructural reworking, grain coarsening,
and an approach to equilibrium mineralassemblageswhich destroyedall evidenceof the

earlier superplasticdeformation event. The formationofomphacite and paragonite (Par)
may be related to a hydration reaction involving Jadeiteandgarnet.

Undulose extinction and the formation of sub-grains in the pyroxenes in these

orthogneisses suggests that intracrystalline deformation involved the movement of

dislocations. Such a processmay have increasedthe rates of intracrystallinediffusion
and acted as a catalyst for omphacite- and paragonite-forming reactions, and would

require addition of water either as an external fluid phase or by local redistribution of

water withinthe rock (Früh-Green, 1985; see also Chapter 5).
The formation of omphacite, characteristicof these orthogneisses, has been inter¬

pretedby Oberhässli et al. (1982, 1985) as a result of equilibrium recrystallizationof
pyroxene under conditions of decreasing pressure. Koons (1982) argues that the

buffering capacityof the stable mineral assemblages will differdependingon whether

on not amphibole is present in the rocks. Contrary to the conventionally accepted
InterpretationthatJadeite represents the high pressureside of a reaction, in the absence

of amphibole continuous reactions involving jadeite-exchange may favour more

omphacitic pyroxenecompositions with increasing pressure (see also Koons, 1986).
As an alternativeto an equilibriumreaction history,Koons (1982) and Koons et al.

(in review) argue that the orthogneissrepresents deformation and recrystallizationof
meta-quartz diorite, whereby the disequilibriumcharacteristics of the meta-quartz
diortites were inherited duringrecrystalhzation.Jadeite-formation was originallya result

of limited chemical communication between small domains. Due to the deformation

during the main shearing event, greaterchemical communicationand increased diffusion

rates resulted in a changein the effective bulk composition and an approach towards

partial equilibriumwithin new and largerdomains.
The above authors argue that the initial deformation (shearing) event which

producedtransitionorthogneiss(analogous to the Jad-Gar mylonites in this study) did

not produce equilibriumpyroxenecompositions.This lack of equilibriumis ascribed to

slow intra- and intercrystallinediffusion rates. Diffusionmay havebeen impeded by a

deformation mechanism of grain boundary sliding. A change in deformation
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mechanism, involving the movement of dislocations during further deformation,
caused pyr- oxene to readjust to a new and moremafic effective bulk composition and

to becomemore omphacitic. Although garnet is assumedto be involvedin the formation

of ompha- cite and paragonite, zoning profiles in the garnet grains do not indicate

readjustment during omphacite-formation. Fe-Mg exchange equilibrium between

pyroxeneand garnetcannot be assumed in these rocks (for a contrasting interpretation
see Oberhänsli et al., 1985).

The time at which deformation tookplace was probably crucial to the mineralogical
evolutionof the metagranitoidsat the Mte. Mucrone. Koons et al. (in review) suggest
that if penetrative deformation had occurred prior to the eclogite-facies breakdown

reactions of plagioclase and biotite, a State of equilibriummay have been approached
during the complex metamorphism of these rocks. The rheologicalproperties of the

primary quartz diorite may have been such that the rock was highly resistant to

deformation during the early stages of metamorphism and became moredeformable

after the formation of the fine-grain plagioclasepseudomorphs (reaction enhanced

ductility). Koons et al. (in review) further suggest that a lackof grain boundaryfluid
and as a result slow intercrystalline diffusion may have been crucial factors in the

disequilibriumhistory ofthese rocks.

In general, the mineralogical and textural evidence presented in this study is in

agreement with the interpretationof a disequihbriumreaction historyin the formationof

the deformedrocks at the Mte. Mucroneas presentedby Koons (1982)and Koonset al

(in review).However, several points were not considered by the above authors. The

slightvariations in bulk chemical compositions between the transitionorthogneissand
the omphacite-garnet gneisses (see Table 5.2 in Chapter 5 and Table 4 in Koons et al.,
in review) are considered by Koons et al. (in review) to have no effect on the

mineralogical evolutionof the orthogneiss. The influenceof K-feldspar in reactions

involving the formation of phengitic white mica have not been investigated.
Furthermore, the relative timing of possible fluid infiltration and deformation has not

beeninvestigated.
As discussedin Section4.4.2, the deformedrocks at the Mte. Mucroneare charact¬

erized by heterogeneous deformation and by differing phases of syn- and post-
kinematic recrystallization,which occur over very small distances of less than one

meter.The mineralogicaldifferences between the various metagraniticrock samples
discussed in this study are summarized in Fig. 4.22. The evidence presented in this

study suggests that not only can the evolutionof these rocks be attributed to a dis¬

equilibriumreaction historyas a result of slow diffusion rates and limited chemical com¬

munication,but also may be a result of very localvariations in chemical activities ofNa,
K, andH^O and may be directly related to the presence or absence of hmitedamounts
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of a hydrous fluidphase duringdeformation (see Chapter 5 and Früh-Green, 1985).
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Fig. 4.22: Summary of the eclogite-facies mineralogical evolution of the metagranitoids at the Mte.
Mucronearea.

4.7. GREENSCHIST-FACIESDEFORMATIONAND
RECRYSTALLIZATION

Post-eclogite-facies recrystalhzation of the Mte. Mucronemetagranitoidsis marked
by completereplacement of Na-pyroxeneby white mica and albite, the appearance of

epidoteand, in somecases, new growthof pale-greenbiotite and minorcalcite (see also

Campagnoniand Maffeo (1974) and Oberhaensli et al.,1985). Campagnoni and Maffeo

(1974) and Oberhaensli et al. (1985) also report that these retrograde phases are

associated with the presence of chlormelanitic pyroxene and green amphibole, rirnming
glaucophane. Oberhaensli et al. (1985) describe the occurrence of aegerine-augitic
pyroxenein retrograde samples exhibiting deformation (see Fig. 9, in Oberhänsli et al.,
1985). These minerals, typical of the greenschist-facies overprintingduring uplift
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(Oberhaensli et al., 1985), are in general finer-grained than those in the eclogitic
mylonitesand orthogneisses discussedin the previoussections.

Ductile deformation, resulting in distinct mylonite zones, also occurred during
subsequent uplift under greenschist-facies conditions. Macroscopically these shear

zones are indistinguishable from the eclogite-faciesmylonite zone (Fig. 4.23). As with

the eclogitic mylonites, these shear zones are commonly found together with

zoisite-garnet veins, which are separated from the mylonites by coarse-grained
unfoliated zones as discussedabove.

Microscopically, these retrograde shear zones are easily distinguishedfrom the

eclogitic mylonites. The zones consist of superplasticallydeformedlayers (0.1 - 0.3mm

thick) of white mica, epidote, garnetand relict pyroxene, alternatingwith equally thin

intensively-deformedlayers of quartz (Fig. 4.24a). Relict Na-pyroxenegrains occur as

imbricatedisolated grains in mica-rich layers or form boudinaged layers oriented parallel
to schistosity. The centers ofthese mylonite zones are characterized by the formationof

second order shear bands (Fig. 4.24a, see also Simpson, 1981). The occurrence of

such second order shear bands are essentially missing in the older eclogite-facies
mylonites.
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Fig. 4.23: Hand specimen of greenschist-faciesmylonite. Macroscopically, these shear zones are

indistinguishablefrom those formed undereclogite-facies conditions (Sample 83/1).
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K-feldspar porphyroclastsare common, and are mantledby fine-grained dynami-
cally recrystallizedgrains. The recrystallizedgrains are commonlyrotated and form thin

tail structures.Accordingto the terminology presentedby Simpson (1981), Simpson
and Schmid (1983), and Passchierand Simpson (1985), the K- feldspar porphyroclasts
have a-shapes (e.g samples 83/1-3, Mu 8-1; see Fig. 4.24b). In Fig. 4.24c,
fine-grained epidote and green pyroxene(aegerine-augite?) grains form rims and tails

around relict allanite. These grains have been rotated, with deflection of the epidote and

pyroxene tails, resulting in 8-shapes (Passchier, 1982; Passchierand Simpson, 1985).
According to Passchier and Simpson (1985), both a- and 5-type porphyroclasts are

commonin mylonite zones on a micrometer to centimeter scale, and have been reported
for feldspar in ultramylonites and mylonites of quartzofeldspathic compositions from
the Pyrenees,Grenville Province in Canada, and from thrustfaults in California.

The quartz fabrics in these shear zones are distinct from those in the eclogitic
mylonites discussedpreviously. In contrast to the coarse-grained, recystallized grains
with equilibratedgrain boundariuesin the eclogiticmylonites, quartz in these retrograde
shear zones occur as elongate and imbricated grains, forming 0.1 to 0.5mm thick

bands,and exhibit pronounceddeformation bands, undulatory extinction, and sutured

grain boundaries (see Fig. 4.24d). Away from the immediate mylonite zones, lower

strain conditions are marked by undulatoryextinction, weaker deformation bands and

sutured grain boundaries, whereby the old grains are still evident.

The presence of these texturally-distinctshear zones, indicative of lowerpressure

and temperatureconditions (Schmid, personalcommunication, compare also Simpson,
1984), suggests that multiple deformation eventsoccurred throughout the exhumation

history of the Mte. Mucrone graniticbody (see also Oberhassliet al., 1985). The close

association of some of these zones with the zoisite-garnet veins suggests that the

presence of the veins may have acted as strain 'localizers' during greenschist-facies
deformation (see also Section 5.5). High strain conditions during uplift may also have

been concentratedalong earlier mylonite zones (although textural evidence to support
this is scarce).
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CHAPTER5

MONTEMUCRONEMETAGRANITOIDS:ECLOGITE-
FACIESGEOCHEMICALAND REACTIONHISTORY

The Mte. Mucrone metagranitoidsare characterized by heterogeneous deformation

histories and by varying degrees of eclogite-facies recrystallization.Changes in min-

eralogies and mineral chemistries, as well as multiple phases of mineral growth
distinguish the deformed rocks from the unfoliated relicts of the original igneous
protolith. The mineralogicaland texturalcharacteristicsof these metagranitoidsmaybe

the result of two different possible reaction histories: (1) continuous recrystallization
during decreasing pressure and/or temperature conditions; or (2) incomplete
disequilibrium recrystallizationand limited chemical communication, due to slow diffu¬

sion and growthrates, under relatively constant pressure-temperatureconditions. In this

chapter, these two possibilities are investigated in light of bulk rock geochemicaland
stable isotope data as well as thermodynamicalconsiderationsof possible reactions.

Furthermore, the relationship between deformation and recrystallizationand the evi¬

dence for infiltration of an external fluid phase are discussed.

5.1. POSSIBLE REACTIONSIN THE MONTEMUCRONE META¬
GRANITOIDS

Eachof the rock types descibed in Chapter 4 is, at least in part, characterized by
distinctmineralogicaldomains and heterogeneous mineral compositions.The pseudo-
morph textures after plagioclase together with Coronas aroundbiotite in, for example,
the unfoliated meta-quartzdiorites represent breakdown reactions of these two primary
igneous phases.Little Information is actually available on the State of complexingof
migrating components (see also Fisher, 1983; Koons, 1981); therefore, in order to

simplify the description of these breakdown reactions, end-member compositions have
been used, and diffusing components are referred to as oxides. Because of the un-

certaintiesin volume changes as well as the difficulties in determining the diffusing
components,precise reactions which lead to the observed textures can not be written.

Thefollowingdiscussion is thus only a qualitativedescription of the reaction behaviour

of the meta-quartz dioriteand is intended to demonstrate the lack of chemical equili¬
brium. Chemicalequilibriumis not necessarily implied. An expianationofthe abbrevi¬

ations is given in Table 5.1 and the thermodynamicdata used in the calculation of the

end-memberreactions are taken from the Universityof British Columbia (UBC)-data
base and is presented in App. IV. The reaction curves in Fig. 5.1 and 5.2 have been

calculated with the ComputerprogramPTX, written by E. Perkins (ETH-Zuerich).
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TABLE 5.1: Abbreviatn
reactions

ons for the
discussed in

phases
the text

and
and

components used in
shown in Fig. 5.1

the

Phase Componeot Composition

Biotite [Bio] phlogopite
annite

(Phl)
(Ann)

KMg3AlSi30io(OH)2
KFeaAlSiaOio (OH)«

Plagioclase [Plg] anorthite
albite

(An)
(Ab)

CaAl2Si20n
NaAlSiaOe

K-Feldspar [Ksp] K-feldspar (Ksp) KAlSisOe

White-mica [WM] muscovite
paragonite

(Mus)
(Par)

KAl2AlSi3Oio(OH)2
NaAlaAlSiaOio (0H)2

Garnet [Gar] grossular
almandine
pyrope

(Gro)
(Alm)
(Pyr)

Ca3Al2Si30i2
Fe3Al2Si30i2
Mg3 Al2 Si30i 2

Clinopyroxene [Cpx] Jadeite
diopside
Ca-
Tschermacks

(Jad)
(Dio)
(CaTs)

NaAlSi20e
CaMgSi20$
CaAlSi206

Zoisite [Zoi] zoisite (Zoi) Ca2Al3Si30i2 (OH)

5.1.1. POSSIBLEREACTIONSIN THE UNFOLIATEDMETA-
QUARTZDIORITES

The reaction behaviour of the meta-quartzdiorite and the effectsof non-equilibrium
diffusional processesare discussedin detail by Koons et al. (in review) andHy (1984).
For clarity, the most pertinent aspects of the petrochemicalevolution of these rocks are

presentedhere.
Thehigherpressure assemblage ofJadeite, zoisite and quartz foundin Domain I (see

Fig. 4.3) as breakdown products of plagioclase could have been formed by the

reactions:

4 CaAl2Si2Og [Plg] + H20-> 2 Ca^S^O^OH)+ 2 Si02 + {A1203} (5.1a)
to mica or garnet

or with limited H20 activity,

5 CaAl2Si208 [Plg] + H20 -> 2 Ca^^O^OH)+ 4 Si02 + {CaO} + {A1203}
to mica or garnet (5.1b),

and
NaAlSi3Og [Plg] -> NaAlSi206 [Cpx] + Si02 (5.2).

Phase relationships suggest that with rising pressure, continuous reactions in plagio¬
clase may produce more albitic feldspar until reaction 5.2 is reached (Green and

Ringwood, 1968; Koons and Thompson, 1984). However, no direct mineralogical
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evidence has been preserved in these rocks which would indicate whetherthe plagio¬
clase becameprogressivelymorealbitic before crossing the equilibriumboundaryfor
reaction 5.2 or remainedmetastableat the original igneous composition until reaction

5.2 was significantlyoverstepped.In either case, the breakdown of the anorthite com¬

ponentin the original igneous plagioclase served as a sourceof CaOand A1203 for the

formationof both zoisite in domain I and grossular component in garnet in domain IL
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Fig.5.1: Pressure-tamperature diagram of reactions discussed in the text. Stippled regions represent
the ränge of temperatures determined by cation-exchangegeothermometry and oxygen
isotope data for the surroundingeclogiticmicaschists (see Table 5.4. and Section 5.3.).
Data source: University of British Columbia, Canada (see Appendix IV). Reaction curves
have been calculatedby the Computer program PTX, writtenby E. Perkins (ETH Zürich).
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As a first approximation, the Corona textures around biotite in domain II and the

formation of zoisite in domain I can be describedby an end-member hydrationreaction
in the KCMASH-System:
8 CaAl2Si208 [Plg] + KMg3AlSi3O10(OH)2[Bio] + 2 ILp -> KAl2AlSi3O10(OH)2
[WM] + Si02 + 4 Ca2Al3Si3012(OH)[Zoi] + Mg3Al2Si3012[Gar] (5.3).

In this and othercases, solid Solutions, for example FeMg-1 in biotite and garnet, can

be includedthrough the incorporation of the appropriate exchange equilibriaand activity
coefficients.Reaction 5.3 could have occurred early in the reaction history during rapid
pressureincrease associated with the early Alpine collision event (Rubie, 1983, Ober¬
hänsli et al., 1985) (see Fig. 5.1). Both reactions 5.1 and 5.3 will be controlled by the

availability of I^O;with limited activity of YLp, the anorthitecomponent in plagioclase
could have remained stable until pressure and temperature conditions of albite

instability.
With increasingtemperature and pressure (see Fig. 5.1), and/or in the absence of a

hydrous fluidplase, the water-conservingreaction:

KMg3AlSi3O10(OH)2[Bio] + 3 CaAl2Si208[Plg] --> Mg3Al2Si3012 [Gar] +

KAl2AlSi30lfJ(OH)2 [WM] + Ca3Al2Si3012 [Gar] (5.4)

may have been significant in the formation of the meta-quartz diorites. For P-T paths
that involve pressure increases greater than temperature increases (e.g. rapid burial),

thermodynamicconsiderations (Fig. 5.1) indicate that reaction 5.4 will take place before

the albite breakdown reaction (5.2). This equilibriumcurve will be displacedto lower

pressures with increasing activity of the annite component in biotite (Rxn. 5.4b, dashed
lines in Fig. 5.1).

The distinct Corona textures of white mica and garnet around the incompletely
reactedbiotite grains, as well as the imhomogeneous chemical compositions of these

product phases (see Section4.3.1), may be attributedto diffusion-controlled processes

during transformationof the original quartz diorite (Fisher, 1977). The high Ti-content
in the white micas directly in contact with biotite, as well as the depletion in grossular
component towards biotite, suggest that the breakdown of biotite was directly in¬

fluenced by diffusion of CaO and A1203 from the plagioclase domains to the biotite

domains. The compositions of the product phases were evidentlycontrolled by their

Position of growth relative to the chemical potental gradients of the diffusing species.
The chemical distinctionbetweenthe white mica compositionsof domainsII andm

may be a result of continuousreactions, such as

White mica I + A^Mg^Ti^ --> White mica II (5.5).
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Rutile may have formed by such a reaction or the displacedTi may have reactedwith

diffusing CaO and A1203 to produce the sphene observed in domain m.

The lack of chemical homogeneityof the mineralphases and the incompletenessof
the biotite breakdownreaction may eitherbe due to an absence of intergranularfluid and
consequently slow transport of the diffusing species betweenthe mineralogicaldomains
(Tracy and McLellan, 1985), or be a result of cessation of CaO and A1203 production
during the plagioclase breakdown reaction. Consideration of the stability fields of the

above reactions indicates that the reaction history recorded in the meta-quartz diorite

took place during prograde metamorphic conditions of increasing pressure and

temperature (see Fig. 5.1).

5.7.2. POSSIBLE REACTIONS IN THE MYLONITES

Themylonites are distinguished from the unfoliated meta-quartz diorites by a well-

defined foliation, morehomogeneous phase compositions,coarsergrain-sizes of pyro¬
xene, garnetand phengite, and by a lack of biotite. As discussedin Chapter 4, before
the onset of the high strain deformation event, the transformation of plagioclase,
possiblyby reactions 5.1 and 5.2, had gone to completion,producing the fine-grained
aggregatesofJadeite + zoisite + quartz. At the onset of deformation,these fine-grained
products deformedsuperplastically at which time quartzappears to have remainedless

deformable. Grain-coarsening may have accompanied deformation, resulting in a

relativechangein the deformation behavioursof the two dominantmineralsJadeite and
quartz (see Rubie, 1983 and Section 4.4.1.1.2).

5.1.2.1. Jadeite-Garnet Mylonites

In the un-overprinted jadeite-garnet mylonite samples, the coarser grain-sizes
(comparedto those in the meta-quartzdiorites) and more homogeneous compositionsof
pyroxene, garnetand phengite (see Figs. 4.11, 4.14 and 4.16) suggest thatdeformation

influenced both the rates of grain growth and the diffusion kinetics which lead to

chemical homogenization and to the completion of the biotite breakdown reaction 5.4

(see also Koons et al., in review). The decrease in the K-feldspar content and in the

amount of zoisite presentas inclusions in the Jadeite grains (see Fig. 4.9) suggeststhat
biotite breakdown was accompaniedby zoisite consumption, which can be describedby
the reaction

5 KAlSi3Og [Ksp] + 6 Ca2Al3Si3012(0H)[Zoi] + 2 Up-->

4 Ca3Al2Si3012 [Gar]+ KAl3Si3O10(OH)2[WMII] (5.6).
Inspectionof Fig. 5.1 and Fig. 5.2 shows that in the presence of Jadeite, reaction

5.6 requires temperatures greater than 420 °C and pressures above 13 Kbar. With

increasing activity of the almandine component in garnet, this reaction curve will be
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displacedto higher temperatures as shown by the dashed lines in Fig. 5.2. Further¬

more, such a reaction requires eitheran external sourceof an hydrous fluidor localized

redistribution of water within the rock. Deformationmay not only have increasedthe

size of the equilibriumdomainsin these rocks, but may also have enhancedthe perme¬

abilities, allowing infiltration of water into the system. Experimental studies on rock

deformation have shown that the addition of even small traces of J-^O to a previously
dry system can increase reaction rates and grain growthby several Orders of magnitude
(Fyfe et al. 1958; Tullis and Yund, 1982; see also discussion by Rubie and Thompson,
1985 and references therein).
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Fig. 5.2: Pressure-temperature diagram of reactions5.2 and 5.6. (see text), showing the placementof
the isoplethsfor reaction 5.6. with decreasing activity of grossular (Gro) component in Gar.

Stippled area and data source are as in Fig. 5.1.
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5.1.2.2 Overprinted Mylonites

As discussed in Section 4.4.2, several mineralogical and textural characteristics

distinguish the overprinted mylonites from the primary jadeite-garnetmylonites.
Although the main eclogite-facies high strain deformation event produced super¬

plasticallydeformed layers of pyroxeneand quartz, subsequent deformation and grain
coarsening did not result in homogeneous chemical compositions of the coexisting
phases in the overprintedmylonitesupon completion of the biotite breakdown reaction

5.4. The heterogeneous compositions of garnet and phengite (see Figs. 4.14 & 4.16

and Tables 4.2 & 4.3) reflectthe disequilibriumconditions during the eclogite-facies
formation of the meta-quartz diorite. Further disequilibrium is indicatedby post-
kinematic growth of omphacitic pyroxeneand moregrossular-rich garnet(Gar III, see

Fig. 4.14).
The increase in the diopside component and the grossular component in these two

phases indicates Ca-Mg-exchange and may be related to zoisite consumptionduring a
continuousreaction:

4 Ca2Al3Si3012(OH)[Zoi] -> Ca^LjSijO [̂Gar] + 4 Si02 + 5 CaMgSi206
[Cpx] + 5 A^MgjSi^ [Bio,WM] + 2 H,0 (5.7).

The Tschermaks-componentcould have been producedeither by the complete break¬

down of biotite by reaction 5.4 and/orby the transformationof white mica I to white

mica II by reaction 5.5, so that:

Jadeite + Diopside -> 2 Omphacite (5.8);
and

Almandine + Grossular-> Garnet III (5.9).
The replacement of jadeiticpyroxeneby phengitic white mica II (WMII) + quartz

further distinguishes the overprintedmylonites from the Jad-Gar mylonites. In the

absence of K-feldspar, white-mica II may have been formed by the biotite breakdown

reaction 5.4, coupled with Ti02-diffusionto producesphene. Thus, the formation of

the characteristicphases in the overprinted mylonitescan be describedby a generalized
reaction involving the transformation of WMI:

WMI + Ayvlg^Ti.j + Ayvlg.jSi^+ Jad + Zoi ->

WMII+ Gar III + Omp+ Sphene + H20 (5.10).
Relicts of K-feldsparreplacedby phengitic white mica and quartz, and associated with

textural domains rieh in grossular-rich Gar III (see Figs. 4.20 c,d, & e), suggest that

reaction 5.6 may have been, at least in part, importantin the formation of WMII and

Gar III (see Fig. 5.1 & 5.2). In the presence of biotite, a water-conserving reaction

similar to:
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3 KAlSi3Og [Ksp] + 6 Ca^Sip^OH)[Zoi] + 5 KMg3AlSi3O10(OH)2
[Bio] + 9 Si02 -> 8 KAl3Si3O10(OH)2[WMH] + Mg3Al2Si3012 [Gar] +

12 CaMgSi206 [Cpx] (5.11)

would also explainthe replacement of K- feldspar observed in someof the overprinted
mylonitesrocks and may providean additional sourceof potassium for the formationof

phengite.
The replacementof Jadeite by phengitic white mica need not be related to a

pronounceddecrease in pressure, but alternatively could be due to local changes in the

chemical activities of K andH^Oin local domains during eclogite-facies metamorphic
P- T conditions. TheoreticalK-, Na- and H^O-activitydiagrams, balanced on alumina

(constructed by J. Ganguin, ETH-Zürich,workin preparation), for the phases Jadeite,
paragonite, kyaniteand K-feldsparunder constant eclogite-faciespressure-temperature
conditions(i.e. P > 14 Kbar and T> 500 °C) are shown in Figs. 5.3 a,b.

Theinitial activities of sodium (p. Na) and potassium ((i K) prior to the main shear¬

ing event, are representedby the solid star in Fig. 5.3a, in which K-feldspar, Jadeite
and muscovite coexist, and is analogous to that in the H^O- ((J. H20) vs. K-activity dia¬

gram in Fig. 5.3b. A decrease in the activities of one or more of these elements, as

representedby the arrows in these diagrams,would decreasethe stability ofK-feldspar,
whereby only Jadeite and phengite would coexist.The diagrams, although schematic,

clearly show the ranges of fluid compositions that could have been responsiblefor

possible metasomatic changes (see Section5.2 below).

513. POSSIBLEREACTIONSIN THE OMPHACITE-GARNET
ORTHOGNEISSES

Omphacite-garnet orthogneiss comprises the largestvolume of the metagranitoidsat
the Mte. Mucrone and represents complete recrystallization during eclogite-facies
metamorphism of the original quartz dioritic body. These strongly foliated rocks are

distinguishedfrom the mylonites by an overall coarser grain-size, more omphacitic
pyroxenecompositions (see Fig. 4.11), and by the presence of paragoniteas part of the

stable mineral assemblage.As discussedin Sect. 4.6, jadeite-richdomains in the cores

of the pyroxene grains and irregulärzoning patterns in garnet suggestthat the Omp-Gar
orthogneisses evolved from meta-quartz diorite through similar stages of

recrystallization as those observed in the mylonites.Further deformation resulted in

coarser grain-sizes and a parallel alignment of all the mineral phases, whereby all

evidence of the initial superplastic deformation was destroyed. Syn-kinematic grain
growth, accompaniedby changes in the mineral compositions,may indicate that both
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the diffusion kineticsand grain growthrates were enhancedby deformation,resultingin
an approach to equilibrium mineralassemblages.

The formation of omphaciteand paragonite, characteristic of these orthogneisses,
may be related to a reaction involvinggarnet, as proposedby Koons et al. (in review,

Rxn7):
Jadeite + garnet+ H20 + Si02 -> omphacite + paragonite (5.12).

However, the omphacite componentin pyroxene (Cpx) may also be related to

zoisite-consumption as in the continuous reaction 5.8. As seen in Rxn 5.12,

paragonite-formationrequires the presence of a hydrous phase. If a hydrous fluid was

present during the early stages of deformationand recrystalhzation,the reaction

KMg3AlSi3O10(OH)2[Bio] + 11 NaAlSi308 [Plg] + 6 Ca^SigO^OH)[Zoi] + 2

np-> 12 CaMgSi2Oö [Cpx] + 6 NaAlSi206 [Cpx] +4 KAl2AlSi2O10(OH)2[WM]
+ 5 NaAl2AlSi3O10(OH)2 [WM] (5.13)

could have producedan assemblagewith omphacitic pyroxene and paragonite at the

onsetof the eclogite-faciesmetamorphicevent (see also Koonset al., in review).
As discussedpreviously, the jadeite-richdomains in the cores of the pyroxene grains

as well as irregulär zoning patterns in garnet and the presence of only one phengitic
mica phase suggeststhat the completely recrystallized orthogneissinitially underwent
the same phases of recrystallization as those recorded in the mylonites. Thus, if an

external hydrous fluid were presentduring the deformation phase which producedthe

orthogneisses, both the diopside-component in pyroxene and paragonitemay havebeen

formedby a reaction such as

12 Ca2Al3Si3012(OH)[Zoi] + Mg3Al2Si3012 [Gar] + 12 NaAlSi206 [Cpx] + 6 rip ->

3 CaMgSi206 [Cpx] + 7 Ca3Al2Si3012[Gar] + NaAl3Si3O10(OH)2[WM] (5.14).

Inspection of Fig. 5.1 shows that the stability boundary for reaction 5.14 lies at

pressures less than 15 Kbar for temperatures greater than 500 °C. With increasing
activity of the almandine component in garnetreaction 5.14 will be displacedto higher
temperatures.

Whole rock geochemical and oxygen isotope data (see Section5.2 below) indicate

that the formation of mylonite involved a certaindegree of hydrationandis related to a

general loss of aluminaand/or potassium. The distinction between the mylonite and

orthogneissmineralogiesand microfabricsmay simply be a function of the timingand
duration of infiltration of an external hydrous fluidphase relative to deformation.As

can be seen in Fig. 5.1, if deformation, accompanied by fluid infiltration, occurred

subsequent to the albite-breakdownreaction (5.2) and beforecomplete consumptionof
biotite, without significant changes in pressure and temperature, the equilibrium
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boundary for reaction 5.13 would have sufficiently been overstepped such that

omphacitic pyroxene and paragonite could have been a part of the stable mineral

assemblage.
Examinationof the activity diagrams in Fig. 5.3 indicates that at constantpressure

and temperature (above the Alb -> Jad + Qtz reaction boundary), a decrease in the

chemical potentialsof Na and K, to compositionsdenoted by the open stars, would lead

to the stablemineralassemblage Jadeite+ paragonite + muscovite.
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Vk

i
IO

O

Mus

Par

Jad
Ksp

~H>K

Fig. 5.3.
Schematic u.-|4. diagram showing the possible changes in chemical potentials of Na-, K-, and H2O
associated with the transformation of meta-quartz diorite (initial composition, i, depicted by the solid
stars) to omphacite-garnetOrtho- gneiss (final composition,/,depicted by the open stars). Possible
ranges in fluid compositionsin equilibrium with the mylonites are shown by the arrows. Diagram
constructed by J. Ganguin, work in progress,ETH Zürich).
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5.2 BULKROCKANDSTABLEISOTOPEGEOCHEMISTRYOF THE
MTE. MUCRONEMETAGRANITOIDS

XRFbulk chemical analyses of the samples investigated in this study are shown in

Table 5.2 (see also Oberhaensli et al., 1985). The oxygen and hydrogen isotope
compositions are presentedin Table 5.3 and are shown graphically in Fig. 5.4. Due to

the fine- grainedand strongly intergrownnature of most of the mineral phases, only the

isotopic compositions of quartz separates (see Section 3.0 for Separation techniques)
and bulkrock could be determined for many of the samples.

5.2.1. BULK ROCK AND STABLE ISOTOPE GEOCHEMISTRYOF
THE UNFOLIATED META-QUARTZ DIORITES

The least deformed meta-quartz diorites have relatively constant chemical

compositions and show only slight variations in Si02- and Al203-contents (see also

Oberhänsliet al., 1985). Theoxygen isotope compositionsof quartz and whole rock are

also constant, ranging from 10.4%o to 10.8%o and 9.2%o to 9.3%o, respectively
(relative to SMOW, see Sections 1.2.1 and 3.0.1 for terminologies and Separation
techniques). These isotopic values lie within the ränge known for normal grantic rocks
(Taylor, 1977).

5.2.2. BULK ROCK AND STABLE ISOTOPE GEOCHEMISTRYOF
THE JADEITE- GARNETMYLONITES

In order to compare bulk rock chemical analyses of metamorphosed rocks, some

control on the changes in volume is necessary. Some studies normalize the data by
assuming that elements such as alumina and titanium remain immobile during
metamorphism. However, this method may be unsatisfactory when consideringhigh
pressure rocks. In this study the graphical method of Gresens (1967) has been

employed, which takes into consideration changes in volume associated with the

transformationof the metagranitoids. Whole rock densities,given in Table 5.3, have

been determined from rock powder by a pycnometermethod (undervacuum), based on

the principle describedby Hutchinson (1974). The graphical method of Gresens allows

determinationof weight percentgain orloss of the chemical elements betweentwo rock

compositions (plotted on the vertical axis; see for example Fig. 5.5) with regard to

changes in volume of the two rocks (plotted as a volume factor on the horizontal axis).
The volume factor is determinedby equation 14 in Gresens (1967 p. 50). In an

isochemicalSystem with no changein volume, comparison of two rock samples should

yield a graph in which all the lines intersect at a point of 0.0 weight % gain and a
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volume factor of 1.0. The diagrams in this study have been constructed using a

Computer program written by R. Panozzo (ETH, Zuerich) which is based on the

original publication of Gresens (1967).
Using the grapical method of Gresens, the bulk rock chemical data of the

jadeite-garnetmylonites (sample R185, Table 5.2) is comparedwith that of the

unfoliatedmeta-quartz diorites (sample R186) in Fig. 5.5. It can be seen that with

constant silica (stippledline a in Fig. 5.5), a slight decreasein volume is associated with

the transformationfrom meta-quartz diorite to jadeite-garnet mylonite. However, if

alumina is assumed to have remained constant (stippled line b in Fig. 5.5), a slight
increase in volume would have accompanied the eclogite-facies deformation and

transformationto jadeite-garnet mylonite.With constantsilica, the amounts of MgO,
CaO, Ti02, and Na^ remained constant, whereas the transformationresulted in a

change in the oxidation State of iron and is associatedwith a loss of alumina and

potassium and a gain in I^O. With constant alumina,in addition to an increase in H20,
a very slight increase in Na andCa and 4.0 wt% gain in Si is indicated.

META QUARTZ DIORITE -_¦ JADEITEGARNETMYLONITE

R186 R185

2.50-

O.OO-

e
-•

2.SO¬

GS

Fe

|—r—1—l—i—l—i—i—I—lr—i—r—i

1.00 1.250.75

VOLUME FACTOR

Fig. 5.5: Comparisonof XRF bulk chemical analyses (see Table 5.2.) between incompletely
transformed meta- quartz diorite (R186) and Jad-Garmylonite, using the graphical method described by
Gresens (1967). If constant silica is assumed (stippled line a), with a slight decrease in volume, the
transformation resulted in a change in the oxidation State of iron and a loss of alumina and potassium,
with a gain in H^O. If alumina is assumed to be constant (stippledline b), a metasomaticinput of Na,
Ca, and Si is indicated.
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Table 5.3: Oxygen and hydrogen isotopic compositions, modal percentages
whole rock densities for the Mte. Mucrone Metagranitoids

and

Meta-Quartz Diorites
81 e0( SMOW) 6D (smow) Modal % Density

Mu 3 quartz
biotite
'plagioclase'
white-mica

0

10.42
6.58

46
6

37
5

garnet
K-feldspar
Whole rock 9.21

3
3

2.82

Mu 5 quartz
biotite
'plagioclase'
white-mica

<»>

10.81
6.00

34
5

45
7

garnet
K-feldspar
Whole rock 9.15

5
4

2.84

Mu 1-3 quartz
biotite
'plagioclase
white-mica

<• >

10.40 34
2

44
12

garnet
K-feldspar
Whole rock 9.16

6
2

2.78

Mu 4-5 quartz
biotite
'plagioclase
white-mica

Ca J

10.26 40
2

39
12

garnet
K-feldspar
Whole rock 8.75

5
2

2.82

R189 quartz
biotite
'plagioclase
white-mica
garnet
K-feldspar
Whole rock

C)

10.83
6.64
9.00

9.33 -77

50
2
33
7
5
3

2.84

R186 quartz
biotite
'plagioclase
white-mica

<t)

10.47
5.80

38
5

42
6

garnet
K-feldspar
Whole rock 9.30 -66

5
4

2.82

Jadeite-Garnet Fels

R82/5 quartz
Jadeite (Jad 85-90)
Whole rock

10.80
8.45
9.12 -73 2.82

(a) Isotopic compositions and modal percentage of original plagioclase grains

pseudomorphed by fine-grained aggregates of Jadeite + zoisite + quartz
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Table 5.3
(continued): Oxygen and hydrogen isotopic compositions, modal percentages and

whole rock densities for the Mte. Mucrone Metagranitoids

8' 80< SMOW
Mylonites

R185 quartz 9.40
clinopyroxene (Jadet 6.66
white-mica 6.57
garnet 5.06
sphene + rutile
K-feldspar
Whole rock 7.50

Mu 1-2 quartz 9.30
clinopyroxene (Jades 7.05
white-mica
garnet 5.53
sphene + rutile
K-feldspar
Whole rock 8.11

Mu 4-2 quartz 9.26
clinopyroxene (Jade8
white-mica
garnet
sphene + rutile
K-feldspar
Whole rock 8.10

Mu 4-3 quartz 9.45
(c > clinopyroxene

white-mica
garnet

(Jadse )

sphene + rutile
K-feldspar
Whole rock 8.10

R 13/7 quartz 9.50
clinopyroxene (Jades ) 6.67
white-mica 7.27
garnet 5.04

sphene + ruti' e

K-feldspar
Whole rock 8.21

Veins

R13/7V quartz 9.75
garnet 5.24

R13/1 quartz 9.72

M83/1 quartz 9.64

5D (smow> Modal % Density

38
29""
19
13
1

< 1
-62

-65

40
30'»'
20
8
1

< 1

35
29""
24
10
1

< 1

41
25""
21
11
1

< 1

41
23""
29
7
1

< 1

2.84

2.80

2.76

2.75

2.74

(b) Modal percent of clinopyroxene include fine-grained zoisite. Jad

component used to calculate Q-Cpx temperatures shown in Table 5.4.

(c) Sample Mu 4-3 is transitional between mylonite and meta-quartz diorite.
See Fig. 4.7.
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Table 5.3
(continued): Oxygen and hydrogen isotopic compositions, modal percentages and

whole rock densities for the Mte. Mucrone Metagranitoids

Density6180(smow) 6D (smow) Modal %
Orthogneiss

R 82/9 quartz 10.24 38
clinopyroxene (Jadss! 7.41 27
white-mica: phengite 7.47 20

paragonite
garnet 6.00 12
sphene + rutile 1
zoisite 2
Whole rock 8.16 -61

R 191 quartz 7.92 40
clinopyroxene (Jadss) 5.12 23
white-mica: phengite 5.15 26

paragonite 5.75
garnet 4.79 8
sphene + rutile 1
zoisite 2

2.84

-60 2.84

It should be noted that the amount of H20 in the bulk chemical analyses is a

calculated value, determined by the loss on ignitionand corrected for Fe-oxidationand

measuredamount of C02. As discussedin Chapter 4, biotite in the meta- quartz diorites

containup to 1 wt% chlorine and fluorine.Thus, the calculated weight % rip in these

analyses represents a combined valueof the volatile elements H20, Cl and F. However,
the actual percentageof the latter two elementsremains relatively small in comparison to

the percentageofH20.
The isotopic compositions of quartz in the jadeite-garnet mylonite sampleR185 is

9.4%o and lies withinthe ränge definedby the overprinted mylonites(see Table 5.3 and

Fig.5.4). Comparison with the isotopic compositions of quartz in the unfoliated

meta-quartz dioritesshows that quartz in the mylonites are depleted in lsO by at least

l%o. The wholerock isotopic compositionof the jadeite-garnet mylonite (sample R185)
exhibits nearlya 2%o depletion in 180 to a value of 7.5%o (SMOW).This is a greater
depletion thanthat indicated for the overprinted mylonites (see below andFig. 5.4).
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5.23. BULK ROCK AND STABLE ISOTOPE GEOCHEMISTRYOF
THE OVERPRINTED MYLONITES

Applicationof the graphicalmethod of Gresens (1967) indicates that deformation

and transformationfrom meta-quartz diorite (sample R186) to overprintedmylonite
(sample R13/7) resulted in a slight increase in volume (Fig. 5.6). Similarto the jadeite-
garnetmylonites,deformation and transformationresulted in a change in the oxidation

State of iron, possibly a loss of alumina, and a gain in H20. In contrast to the

jadeite-garnetmylonites, the overprinted samples also showa slight depletion in calcium

and sodium and a conservationof potassium,relative to the less deformed meta-quartz
diorites. If alumina is assumed to be constant, an increase in silica is also indicated, as

discussedabove.

META - QUAIITZDIORITE

R1 86

OYEnPRINTED MYLONITE

R13/7

2.50-

Fe

0.00

<*?

© -2.50-

a b

i—r—i—r—i—i—i ni j i i

0.75 1.00 1.25

VOLUME FACTOR

Fig 5.6. Comparison of XRF bulk chemical analyses (see Table 5.2.) between incompletely
transformed meta-quartzdiorite (R186) and overprinted mylonite (R 13/7), using the

graphical methoddescribed by Gresens (1967). If silica is assumed to be constant (stippled
line a), deformationand transformation resulted in a change in the oxidation State of iron, a

gain in H2O and a possible loss of AI. If alumina is assumed to be constant,(stippledline
b), an increase in Si may alsobe indicated.
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Fig. 5.7: 5180Qtzand 818Owr plotted as a function of distance away from the center of the shear
zones in profile (bfand (c) and along the shear zones in profile a-a*. A depletion in 8180 relative to

the incompletely transformed meta-quartz diorites (isotopic compositionshown as stippledline in (a)) is
observed in the mylonites, and is restricted to the immediate deformationzones (profile b and c).
Relatively constant isotopic compositions along profile a-a' suggests that fluid flow and isotopic
exchange was concentrated in the centers of the zones with a diffusiveinfiltration frontperpendicular to

the centers of the mylonite zones(profiles b and c).
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Detailed sampling for isotopic analysis was made across the shear zones (shown in

Fig. 4.6), which consist of overprinted mylonites and are associated with the

post-kinematic zoisite-garnet veins. 5180Qtz and 518Owr from these samples are

compared with the other rock types in Fig. 5.4 and Table 5.3, and are plotted as a

functionof distance, both away from the centers of the shear zones in Fig. 5.7 b,c
and along the zones in Fig. 5.7a.

The oxygen isotopic compositionsof quartz in the overprinted samples are similar to

those of the jadeite-garnet mylonites and ränge from 9.2%o to 9.5%o. However, the

bulk rock oxygen isotopic compositions are more 180-rich than the jadeite-garnet
mylonites,and fall within a narrow ränge of 8.1%o to 8.2%o. As can clearly be seen

from Figs. 5.7b and 5.7c, the depletionin 5180Qtz and 518Owr is restricted to the

immediate deformation zone, whereas the primary igneous values are retained in

samples located only 30cm from the centers of the shear zones (e.g samples Mu 1-3 and

Mu 4-5). Althougha very slight increase in 5180Qtz is observed in the profile along the

shear zones in the direction of the zoisite-garnet veins (Fig. 5.7c), its significance can

not be determined due to the error of +/- 0.2%o inherent in the isotopic analyses. The
isotopic compositions of the quartz in the zoisite-garnetveins (9.65 +/- 0.2%o) indicates

isotopic equilibriumwith the deformedrocks.

Therelativelyconstantisotopic compositions seen the profile in Fig. 5.7a suggests
that isotopic exchange, as a result of fluid infiltration, was concentrated along the

centers of the shearzones. Fluidflow may have been controlled by the foliationpresent
in the mylonites. The profilesshown in Figs. 5.7b & c suggestthat a diffusive infiltra¬

tion front penetratedthe mylonitesperpendicularto the centers of the shear zones (see
also Brodie and Rutter, 1985; Rutterand Brodie, 1985; and Baumgartnerand Rumble,
1986, in review). Texturalevidence suggests that the fluid infiltration eventresponsible
for the shift in 8180 occurred subsequent to the high-strain deformation event which

producedthe mylonites (see also Sections 5.5 and 5.6 and Figs. 5.12 and 5.15).

52.4. BULKROCKANDSTABLEISOTOPEGEOCHEMISTRYOF
THE COMPLETELYRECRYSTALLIZEDOMPHACITE-
GARNETORTHOGNEISSES

Comparisonof the bulk rock geochemical data with the graphical method of Gresens
(1967) indicates that the recrystallizationof Jad-Gar mylonite (sample R185) to form

Omp-Gar orthogneiss (sample R191) would have takenplace withconstant volume and

involved an approximately 1 weight % loss of alumina and potassium (see Fig. 5.8a).
In comparisonto the meta-quartzdiorite (sample R186), transformationto orthogneiss
resulted in a net weightloss of nearly 2% K and AI (see Fig. 5.8b). As in the other

deformedsamples, deformation and transformationto orthogneiss resulted in a change
in the oxidationState of iron and a slight increase in Hp (approximately 0.5 wt%).
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Furthermore,the orthogneiss samples are enrichedin calcium and magnesium relative to

the mylonitesand the unfoliated meta-quartzdiorites. Although somevariations are seen
in the bulk rock compositions of the meta-quartzdiorites, the Mg-, Ca- and K-contents

are relatively constant, and are distinctlyless magnesium- and calcium-richthan the

orthogneisses investigated in this study.

JADEITEGARNET MYLONITE OMP - GAR ORTHOGNEISS

R185 f R191

2.50-

0.00-

-2.50-

o>

**5

ai sb

i—i—i i—i—i—ii) i—i—i—i—|—i—i—i—i
0.75 1.00 1.25

META - QUARTZ DIORITE OMP - GAR ORTHOGNEISS

R 1 86 «- R 191

VOLUME FACTOR

2.50
o»

Fe?

•5 0.00

-> -2.50

i—r-ir-1

o.oo 1.250.75

VOLUME FACTO»

Fig. 5.8:
(a) Comparison of XRF bulk chemical analyses (see Table 5.2) between Jad-Gar mylonite and
completelyrecrystallizedOmp-Gar orthogneiss. Stippled lines a , for contant silica, and b, for constant
alumina, show the relative changes in volume and respective gains or loss associated with the
transformation. Figure (b) shows the total loss and gain of the major elements associated with the
deformationand recrystallization of incompletely transformedmeta-quartz diorite to form Omp-Gar
orthogneiss (compare also Figs. 5.5 and 5.6).
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Thepossibilitycannot be ruled out that the apparentchangein Mg- and Ca-contents

in the Omp-Garorthogneissesmay only representoriginal differences in the meta¬

granitoids beforemetamorphism.A shghtly more basic (or Mg-rich) composition could
have been the determining factor as to whetheror not omphaciteand/or paragonite
formed during eclogite-facies metamorphism.However, samples of omphacite-garnet
gneiss investigated by Oberhänsli et al. (1985, Table I) do not show a significant
changein Mg- and/orCa-contents (see also Koons et. al., in review). In contrast to the

samples investigated in the presentstudy, the aboveauthors do not report the presence

ofparagonitein their completelyrecrystallizedomphacite-garnet-phengitegneisses (see

samples KAW 989 andKAW 1419, Table I in Oberhänsli et al. 1985).
Thewhole rock geochemical data substantiatesthe interpretationof Figs. 5.3a,b that

changes in the chemical potentials of sodium, potassium and/or H20 could result in

paragonite as part of the stable mineral assemblage. If the differences in mineral

parageneses between the paragonite-bearingorthogneissesand the mylonites represent

original variations in bulk rock chemistries, the initial compositions during the primary
shearing event may have been located either on the jadeite-muscovite boundary,
representedby the arrow in the activity diagrams in Figs. 5.3aand 5.3b or at the triple
point denoted by the open star. In the latter case, paragonite may have been present
from the beginning of the high pressure metamorphicevent. Althoughslightly different

initial bulk rock chemistries may have influencedthe formation of omphaciteand/or
paragonitein the completely recrystallizedorthogneisses, the chemical characteristicsof

the coexisting mineralphases may still record similar deformation and recrystallization
histories as those in the meta-quartzdiorites and mylonites.

Oxygen isotope data of the Omp-Gar orthogneissesshow considerabledifferences

betweenthe two samples investigated in this study (samples R82/9 and R191 in Table

5.3 and Fig 5.4). Comparison with the unfoliated meta-quartzdiorites shows that quartz
in sample R82/9 retains the original igneous value of 10.24%o, whereasthe 6180WR
shows the same depletion in 180 as that seen in the mylonites. Sample R191 exhibits a

considerable depletion in 180 ofbulk rock and quartz,compared to both the meta-quartz
diorites and the mylonites.

The difference in 8^0^between the two orthogneiss samples maybe related to the

degree ofrecrystallizationwhich occurredin these samples.Sample R82/9 has a distinct

quartzfabric which is characterized by pronounceddeformation bands and undulatory
extinction with suturedgrain-boundariesand numerous fine- grained subgrains(5-20
micron in dia.). The characteristic recrystallized quartz fabric observed in the other

samples (see Section 4.4.1.4.1 and Fig. 4.17a) is completely absent in sampleR82/9.
The distinct quartzmicrofabric in sample R82/9 is most likely the result of subsequent
deformationwhich destroyedan equilibrated fabric.
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5.3. PRESSURE- TEMPERATURECONSIDERATIONSFOR THE
ECLOGITE- FACIESMETAMORPHISMOF THE MONTE
MUCRONEMETAGRANITOIDS

Various temperatureand pressure estimates for the eclogite-faciesmetamorphicevent
at the Mte. Mucronearea are available from the literature. A summary of these data, as

well as temperature estimatesbased on oxygen isotopefractionations of coexisting
mineralsinvestigated in this study, are presentedin Table 5.4.

53.1. PRESSURE ESTIMATES

Pressureestimates, ranging from 13 to 16 Kbars,were obtainedfor the surrounding
eclogitic micaschistsat the Mte. Mucrone area by Hy (1984). These estimates were

determined by independent temperature estimatesand the geobarometerof Holland
(1980), which is based on experimental determinationof the Ab-> Jad + Qtz reaction

boundary. Lower pressures, ranging from 11 to 13Kbar, have been determined by the

samegeobarometerby Oberhaensli et. al. (1985) for the metagraniticrocks at the Mte.

Mucrone. However, the exact rock types (i.e. mineral assemblagesand stage of

transformation) for which these estimates have been made are not given in the studyby
Oberhaensli et al. (1985). A different approach was taken by Koons (1982). By
considering variations along pressure-sensitive exchange vectors in pyroxenes and

amphiboles, Koons (1982) calculated a set of isopleths for the reaction: paragonite +
omphacite-> glaucophane+ zoisite + Jadeite + F^O. The pressure estimates derived

from these isopleths (see Fig. 5.12 and 5.13 in Koons, 1982) and combined with

geothemometric calculations ränge from 17.5 to 18.5 Kbar for rocks of mafic

composition from the eclogiticmica schist complex.

53.2 CATION-EXCHANGE GEOTHERMOMETRY

Based on various cation-exchange geothermometers(see Table 5.4), temperatures
rangingfrom 550 to 650 °C have been determined for the eclogite-faciesmetamorphism
of the surrounding mica schists at the Mucrone area (Koons, 1982 and Hy, 1984). A

large scatterin the data for the metagranitoidswas found by Oberhaensli et al. (1985)
with temperatures ranging from 400 to 600 °C. As stated previously, it is difficult to

determine the significance (with relation to deformation/recrystallization) of the esti¬

mates by Oberhaensli et al., as no rock descriptions havebeen given for the samples for

which these temperature estimates have been made. Furthermore, the previous
discussionhas shown that the deformational and recrystallizationhistory of the Mte.

Mucrone metagranitoidsis characterizedby general disequilibriumrelationships and
incomplete reactions. The large scatter in temperature estimates presented by
Oberhaensliet al. (1985)may reflect this lack ofequilibrium.
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533. OXYGEN ISOTOPE FRACTIONATION GEOTHERMOMETRY

A narrow ränge of temperatures from 530 to 580 °C have been determinedby
Desmons and O'Neil (1978) and are based on oxygen isotope fractionations between

quartzand rutile (aqr) and betweenquartzand phengite (AQM ) in the neighbouring
eclogite mica schists at the Mte. Mucorne- Mte. Camino area. These estimates are in

general agreementwith the results of Koons (1982) and Hy (1984) based on cation

exchange geothermometry.As stated in Section 5.2, due to the fine-grainedand
intergrown nature of the coexisting phases,pure mineral separates were difficult to

obtain for many of the samples investigatedin this study. The oxygen isotope
compositionsfor coexisting phases in a few samples are given in Table 5.3. See Section

3.1 for a discussion of the samplepreparation and analyticalmethods.
Oxygen isotopetemperature estimates will depend greatly on the calibration used

(Fig.5.9, see also Section 3.5). Temperatureestimates based on (1) experimental cali¬

brations for quartz-muscovitefractionations,AQM, (Aq^q determined by Matsuhisa et

al, 1979; aMH20 determined by O'Neil and Taylor, 1969); (2) experimental calibra¬

tions for quartz-sodic pyroxene(aq c ) fractionations (Matthewset al., 1983); and (3)
theoretical calibrations of Bottinga and Javoy (1973) and Javoy (1977) for AQM and

quartz-garnet (aqg) are presentedin Table 5.4. Thetemperaturesestimatedfrom these

calibrations vary considerablyfrom 380 to 600 °C (see Fig. 5.9).
Experimentally-calibratedoxygen-isotope thermometers for variousmineral-water

pairs (e.g. Clayton et al., 1972; Matushisa et., 1979; O'Neil and Taylor, 1967 for

AQ-H20 anc*AFsp-H20) y^^ notable variations in temperatures,dependingon which

calibration is used (see discussionin Graham, 1981), and in generalgive consistantly
lower temperature estimates than those determinedby the theoretically-calibrated
thermometers of Bottinga and Javoy (1973) and Javoy (1977) (see also discussionin

Section 3.5). Such variations can clearly be seen for AQ M temperature estimatesin

Table 5.4 and Fig. 5.9. The least amount of scatterin estimatedtemperaturesis found

for quartz-garnet pairs, determined by the theoreticalcalibrationsof Bottinga andJavoy
(1973), and yield temperatures ranging from 530 to 600 °C for the mylonites. Such
temperatures are consistent with those estimated by Desmons and O'Neil (1978) for

quartz-rutileand quartz-phengite pairs in the neighbouringmica schists.
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Fig. 5.9:
Fractionation factorsbetweenquartz and the minerals: garnet,muscovite,and pyroxene,
used to estimate isotopic temperaturesshown in Table 5.4. The curves for quartz-garnet
and quartz-muscovite(Mus*) correspondto the theoreticalfactionation factorsof Javoy,
1977. Jad90 and Jad50 have been determined by Matthews et al, 1983; and Mus**
corresponds to the experimentallycalibrated curves for muscovite-H^O (O'Neil and
Taylor, 1969) and quartz-H20(Matsuhisa et al, 1979; see also App.V). Note the large
Variation betwen estimatedtemperaturesfor the quartz-muscovitepairs determined by
the theoretical(*) calibrationsand the experimental(**) calibrations.
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TABLE 5.4: Pressure-temperature estimates from eclogitic assemblages from
rocks from the Mte. Mucrone - Mte. Camino Area

Cation-Exchange Geothermometry and Geobarometry

Study

Koons, 1982

Glaucophanitic
Mica Schists

T°cc

590-620

T0C T°C« P (Kbar)

17.5-18.5«

Hy, 1984

(1) Jad- and Glaucophane-
bearing Mica Schists

(1) Chloitoid-bearing
Mica Schists

610-640

550-650

11.0-14.0»

Oberhänsli et al. 1985

Metagranitoids
(undifferentiated)

429-625 435-564

Oxgen Isotope Fractionation Geothermometry (°C)

t'e-n
Desmon and O'Neil, 1978

(1) Glaucophanitic mica 550 530
shists

(2) Eclogites 565-570 570-580

Früh-Green, this study

11.0-14.0"

Jad-Gar Fels R82/5
Jad-Gar Mylonites R185
Overprinted Mylonites R13/7

Mul-2
Zoisite-Garnet Veins R13/7V
Omp-Gar Orthogneiss R82/9

R191

T'e-pt» Tho-phe T'o-c«, TV t-cpx

472
528 380 541 397
608 490 530 380

601 454
526

535 390 551 402
535 390 686 470

(a) Pressure estimates based on Xjad and thermodynamic calculations of the
reaction Par + Omp -> Gla + Zoi + Jad + H2O

(b) Geobarometer for the reaction Ab-> Qtz + Jad (Holland, 1980)

Cation - exhange geothermometry:
Gar-Cpx pairs: (c) (Ellis and Green, 1979) (e) (Raheim and Green, 1979)
Gar-Phe pairs: (d) (Green and Helmann, 1982)

Oxygem isotope fractionations:
(f) quartz-rutile (Addy and Garlick, 1974)
(g) quartz-muscovite (phengite) (Bottinga and Javoy 1973)
(h) quartz-muscovite (phengite) UQ-H20, Matsuhisa et al., 1979;

/Mu-H20, O'Neil & Taylor, 1969)
(i) quartz-garnet (Bottinga and Javoy 1973)
(j) quartz-clinopyroxene (Matthews et al., 1983)
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5.4. MECHANISMSOFOXYGENISOTOPEEXCHANGE

5.4I.A DISCUSSION

Isotope exchangeduring mineral-fluid interationcan occur by diffusion or by means
of surface reaction mechanisms which involve solution-precipitation or chemical

reaction with the formationof a new phase (e.g. Coleet al.1983; Matthews et al., 1983;
Giletti, 1985; Cole and Ohmoto, 1986 - see also Section 1.2.3). Rates of isotopic
exchange, regardless of the mechanisms,will depend primarily on temperature,total

surface area (i.e. grain dimensions),and fluid (or volatile)/solidratios. Water pressure
and crystal anisotropy may have a pronounced effect on rates of isotopic exchange
through diffusion. Based on publisheddata from isotopic exchangeexperiments which
showedevidence for a surface-controlled reaction mechanismof isotopic exchange,
Cole et al. (1983) and Cole and Ohmoto (1986) calculated oxygen isotopeexchange
rates for many of the rock-forming minerals. Theirresults indicate a systematic orderof

increasing activationenergies:
carbonates< Sulfates < siücates.

Oxygen isotope exchangerates increase significantly with increasing temperature,
and for temperatures above 300 °C, the relative order of the rate of oxygen isotope
exchange(in units of molesof O / m2 / see) is:

Ba-Sr carbonates> barite > K/Na-feldspars> Ca sulfate» Ca- Mg carbonates>

quartz > kaolinite > paragonite > pyroxene

(see Figs. 10 & 11 in Cole and Ohmoto, 1986). Cole and Ohmoto (1986) pointout that
these trends in isotope exchangerates are similar to the orderof rates of nucleationor

preeipitation.
Accordingto Cole and Ohmoto (1986), the best evidence for chemical reaction in

natural Systems is the presence of new phases as alterationproductsof old minerals. In

somecases, no signs of alteration can be observed in thin section,yet the mineralshave

exchanged isotopes (e.g. Forester and Taylor, 1977, Giletti, 1985). Both diffusion-

controlled isotopic exchange and solution-precipitation recrystallizationmechanisms
could lead to isotopic readjustmentwithoutsignificantchange in microfabrics or chemi¬

cal compositions (Giletti, 1985).
Fewexperimentalstudies in stableisotope geochemistry have actuallybeen aimedat

determinationof the mechanisms of oxygen isotope exchange. Evenfewer experiments
are designed to measure diffusional exchangerates (e.g. Giletti et al. 1978). However,
withrecent improvementsin ion microprobe techniques more data is becomingavailable
on oxygen isotope diffusion rates for the more common Silicate minerals(e.g. Giletti et

al., 1978; Matthews et al, 1983; Giletti, 1985). As discussedby Giletti (1985), isotope
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diffusional datacombined with fractionation data may provide valuableInformationon
the coolingrates of metamorphicrocks. A compilationof experimentaldataon oxygen
and hydrogen diffusion is given by Cole and Ohmoto (Fig. 12, 1986). The relative

orderof rates of oxygen diffusion in mineral-fluid Systems is:

feldspar > quartz > phlogopite> amphibole > magnetite
(Cole and Ohmoto, 1986).
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Fig. 5.10.
Comparison of Surface-reaction(a,b) and diffusionmodeis (c,d) of oxygen isotopic exchange in feldspar-
fluid and mica-fluid Systems at a temperature of 400 °C (from Cole and Ohmoto, 1986). The fraction
of oxygen isotopic exchange,represented as ln (1-F) is plotted against time for various fluid to solid
mass ratios (W/S). Rate constants for the transformation of Alb-—>Ksp and Par—>Mus are from Cole
et al (1983). Diffusion coefficientsused to calculatethe modeis in figures (c,d) are from Giletti et al

(1978) and Giletti and Anderson (1975). Grainsize (a = grain radius for feldsparand W = plate thickness
for mica) is represented by the bottom number on each curve. For more detail see Cole and Ohmoto,
1986).

Model calculations by Cole et al. (1983), using rates of isotopic exchangedatafor
feldspars and micas, showthat under the same conditions (i.e. temperature,grain-size,
fluid/mineral ratios), diffusion-controlled rates of isotopic exchangeare several Orders

of magnitudeslower than those for surface reactions (see Fig. 5.10). For example, at a

temperatureof 400 °C and a fluid/mineral mass ratio of 1.0, a 0.1 cm in diameter grain
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of albite altered to K-feldspar (surface-controlled exchangemechanism) attains 40%

exchange in 0.88 years, compared to 4200 years for diffusional isotopic exchange in

albite under the same conditions. Furthermore, these authors have shown that the

exchange time will decrease with decreasing fluid/mineral mass ratios, which is

explainedas a result of the fact that the soliddoes not need to shift as far in composition
(see Fig. 5.10).

Cole et al. (1983) conclude that oxygen isotope exchangeoccurs primarily through
surface reaction mechanisms when the fluids and minerals are out of chemical

equilibrium, and throughdiffusion once chemical equilibrium has been attained.

5.4.2. OXYGEN ISOTOPE EXCHANGE MECHANISMS IN THE
FORMATIONOF THE MTE. MUCRONEMETAGRANITOIDS

The bulk rock chemical data, presented in Section 5.2 above, indicates that the

evolutionof the Mte. Mucronemylonites from meta-quartzdiorite may have involved

metasomaticalteration with a wt% loss of AI and Fe2+ (and in some cases K, Na and

Ca), and a gain in Fe3+ and H20. The previous discussion has shown that in

mineral/fluid Systems, in which initial disequilibriumconditionsprevail (i.e. fluid is

initially out of chemical equilibriumwith the mineral phases), as is indicated for the

Mte. Mucronemylonites,surface-controlled mechanisms of oxygen isotope exchange
will dominate. Chemical transformation as the dominant mechanism of isotopic
exchangein mylonite formation,resulting in the observed depletion in 180 relative to

the unfoliated meta- quartz diorites, is furthersubstantiatedby the texturalcharacteristics

in the mylonites. Theun-overprintedlad-Gar mylonitesexhibitrecrystalhzation textures
and an approach to chemical equilibrium. The alterationof deformedjadeiticpyroxene
by phengitic white mica and the replacementof K-feldparby garnet + phengite+ quartz
in the overprinted mylonitessuggests recrystallizationduringa post-shearing infiltration

event.

Consistenciesin the isotopic compositions of the mineral phases measured in these

texturally-differentmylonites suggests that isotopic re-equilibration occurred through
the same exchangemechanism(s)and with a relativelyconstantisotopic and chemical

composition of the infiltrating fluid. The texturaldistinctions betweenthe mylonitesmay
be attributedto differences in the relative timingof deformation,fluid infiltration, and
recrystalhzation.

Surface-controlledreactions may have been the dominant mechanismof oxygen

isotope exchange during the inital stages of fluid infiltration and recrystallization;
however,the discordanciesin the temperature estimates (see Table 5.4 and Fig. 5.9)
from the different mineral pairs suggests that subsequent oxygen diffusion during
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cooling may have occurred in these rocks. As discussed above, Cole et al. (1983)
conclude that diffusive isotope exchange may occur after chemical equilibriumbetween
fluid and sohd has been attained. Althoughthe discordant temperatureestimates for the

deformed rocks at the Mte. Mucrone may represent actual recrystallization
temperatures, the effectsof diffusionalexchangeupon coolingmust be considered.

Recent studies have shown that there is often evidence for retrograde isotopic
exchange during cooling of metamorphic rocks, and evidence of oxygen isotope
equilibriumamong three or moreminerals is rarely found (e.g. Deines, 1977; Javoy,
1977; Graham, 1981; Giletti, 1985; see also Section 3.5 in this study). Based on

diffusion studies, Graham (1981) suggests that discordant temperaturerelationsmay be

direct evidence for the presence of a hydrous fluid during cooling of a metamorphic
pile. For slowly cooled igneous and metamorphicrocks, Giletti (1985) concludes that

the temperatures acquired by oxygen isotopegeothermometrymay representneither
maximummetamorphiccrystallizationtemperaturesnor a Single closure temperatureat
which diffusion exchange ceases, but rather will be a function of grain size, mineral

modes, cooling rates, and will depend on the diffusional properties of the coexisting
minerals. For example, for rocks consisting of hornblende, plagioclaseand quartz,
Giletti (1985) has shown that the orderin which oxygen diffusion essentiallyceases to

be recordedis:

hornblende > quartz > plagioclase,
and discordant temperaturesdecreasingin the same relative orderwould be expected.
A comparison of the relative orderof diffusive exchangerates with those for surface

reaction mechanisms (see above) suggests that for the Mte. Mucone Metagranitoids, the

relative orderof rates ofoxygen diffusion may be:

garnet < pyroxene < white mica < quartz,
thus, the relative order ofdecreasing temperatureestimates may be:

TQ-Gar> TQ-Cpx > TQ-Phe*
As discussed previously, isotopic temperature estimates depend greatly on the

calibration used. The above orderof decreasingestimatedtemperature (i.e. 686 - 470 -

390 °C) is only observed in onmphacite-garnet orthogneiss sample R191, if one

considers the quartz-phengite (Q-Phe) temperature of 390 °C, determinedby the

experimentalcalibration of O'Neiland Taylor (1969). In the other samples,TQ Mus and

Tq c appear to be in the "wrong" order or give concordant temperature estimates

(again, depending on which calibrationis consideredfor Q-Phe).
This apparentdiscrepancybetween the predicted order of recorded temperatureand

that determined may only be a reflection of the calibrations used to determine

temperature, or could be an effect of the presenceof a hydrous grain-boundaryfilm and
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the relative diffusion paths in the two minerals phengite and clinopyroxene upon

cooling. In general, diffusion in minerals occurs by volume diffusion through regions
of good crystalstructure and by a variety of diffusion mechanisms,whereby atoms and
molecules move along the 'easiest' path available. Easy diffusion paths may be along
surface or line defects in crystals, such as along grain boundaries,dislocations, or fast

diffusion directions on free surfaces (Manning, 1974). In the same way, volume

diffusion mechanisms in crystals generally dependson the presence of point defects,
such as vacancies or interstitial atoms (Lasaga, 1981; Cole and Ohmoto, 1986). A
schematic diagram of possible volume diffusion paths is shown in Fig. 5.11 (taken
from Cole and Ohmoto, 1986, originallyfrom Manning, 1974).

Il I I
SURFACE

VOLUME

GRAIN
BOUNDARY

Fig. 5.11.
Schematic illustration of the possible paths of volume diffusion, surface diffusion and grain boundary
diffusion (taken from Cole and Ohmoto, 1986- after Manning, 1974). Diffusion in minerals generally
occurs by volume diffusion through areas of good crystal structure and by other diffusion mechanisms
along short-circuit paths of easy diffusion.

The presence of a large numberof dislocations in the pyroxene grains may have

resulted in a greater diffusivityof oxygen, relativeto phengite, so that diffusive oxygen

exchange between quartz, pyroxeneand phengite continued upon cooling. However,
studies by Yund and Tullis (1980) and Yund et al. (1981) on oxygen diffusion rates in

albite indicate that a high dislocation density ( 5 x 109 cm"2) only results in

approximately one order of magnitudeincrease in the rate of oxygen diffusion. Their

studies indicate that simultaneous high shear stress would be necessary to produce
significant increases in reaction rates. Without sufficient diffusion data on sodium

pyroxeneand muscovite it is difficult to say whether the presence of a high density of

dislocations or crystaldefects would greatly effect the diffusion rates in pyroxeneand

lead to greateroxygen diffusivity relative to phengitic white mica.
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In conclusion, the textural, chemical and isotopic data of the deformedrocks at the

Mte. Mucronesuggestthat oxygen isotope exchangeoccurred through a mechanism of

recrystallization driven by initial disequilibriumbetween the mineral phases and an

infiltrating fluid. As chemical equilibriumwas achieved between fluid and minerals,

oxygen exchangethrough a diffusion mechanism prevailed. Discordant oxygen isotope
fractionation temperaturesmay indicate the presence of an interstitial grain-boundary
film during the coolinghistory of these rocks.

5.5. DISCUSSION: THE ROLE OF HYDROUS FLUIDS IN THE
MINERALOGICALAND DEFORMATIONAL HISTORY OF THE
MTE. MUCRONE METAGRANITOIDS

5.5.1. STABLE ISOTOPE CONSTRAINTS

As discussedabove, the WR- and Qtz-isotopic compositions of the deformed Mte.

Mucronemetagranitoids which contain eclogite-facies mineralassemblages are depleted
in 180 relative to the unfoliated and less transformed equivalents. In a closed system
and assuming a uniform 180 compositionof the original igneous protolith, the

partitioning of 180 betweenphases will changewith changein temperatureand modal

content, but the overall 180 -budget of the rock should remain constant (see Section

1.2.4). Becausequartz tends to be the most 180 -rieh mineral in a rock, a depletion in

5180 can result from an increase in the modal percentage of quartz during
recrystalhzation but will not affect the wholerock 180 -composition.

The modal amountof quartz in the Mte. Mucrone metagranitoids is difficult to

determine precisely due to its pervasive occurrence as fine-grainedinclusions in

pyroxeneand garnet; however, modal percentagesdetermined by point-counting(Table
5.3) indicate a relatively constant percentageof quartz in both the unfoliated and foliated

rocks. Inspection of Figs. 5.5, 5.6 and 5.8 also indicates that the weightpercent of

Si02 remainedconstantwith relatively small changes in volume during mylonite and

orthogneissformation.The dement loss and gain indicated by Figs. 5.5, 5.6 and 5.8,
as well as the depletionin 18Owr of the mylonites and orthogneisses, indicates that

deformation and the resulting recrystallizationof these rocks cannot be viewed as a

closed system.
In an open system , a depletion in 18Owr could be caused either by devolatilization

reactions in which an escaping fluid is enriched in 180, or by fluid influx whereby a

more 160-enriched fluid equilibrates with the rock, depleting it in 180 (see Section

1.2.4). There is no evidence that devolatilisationreactions took place during the main

shearing event. Instead, comparisonof the bulk rock chemical data indicates that an

increase in I^O is associated with the deformedrocks. The possibilityof hydration is
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further substantiated by the inferred mineral reactions (Section 5.1 - 5.1.3), in which

H20 is absorbed (e.g. reactions 5.1 and 5.6).

5.5.2. META-QUARTZ DIORITE FORMATION

The textural relationships and the distinct chemical characteristics of the mineral

phases in the unfoliated meta-quartzdiorite, as wellas the constantbulk rock chemical

and stable isotope compositions, strongly suggests the recrystallizationhistory of the

Mte. Mucronemetagranitoidswas essentiallyanhydrous up to eclogite-faciespressure-
temperature conditions of albite instability and Jadeite formation. As discussed

previously, the Corona textures around biotite and the distinct chemical zoning in garnet
in the unfohated meta-quartzdiorites suggests that the mechanism of transformationof

biotite was controlled by diffusion of calcium and alumina from the plagioclase domains
(see also Koonset al., in review). The degree oftransformationand the preservation of

the primary igneous fabric and mineral phases may havebeen directly controlled by a

lack of penetrative deformationand/orthe paucity of an intergranular hydrous fluid (see
also Rubie and Thompson, 1985 andreferences therein).

The inter-relationshipbetweendeformationand metamorphism and the role of fluids

in the various processes involved has received considerableattention in past years.

Theoreticalconsiderationsand experimental studies of mineral transformationhave

shown that reaction pathways, as well as the mechanisms and kinetics of mineral

reactions and grain growthmay changesignificantly in the presence of a hydrous fluid

phase and/orwith increases in shear stress (e.g. Fisher, 1970; Yund and Tullis, 1980;
Tullis and Yund, 1982; Wood and Walther, 1983; see also discussion by Rubie and

Thompson, 1985). Fundamental to any such study is the problem of the 'chicken and

the egg': Does an increase in rock permeability,as a result of grain-size reduction

duringmetamorphicreactions or as a response to stress gradients, or by dilationdue to

crackpropagation,allow fluid access into a previouslytight rock; or does a rise in fluid

pressure result in initial weakening and fracturing of the rock, catalysing mineral

reactions and enhancing deformationmechanisms?

In this study, the textural, chemical and isotopic differences betweenthe intensively
deformed rocks and their unfoliated equivalentscan be attributed to processes of

deformationand fluid-rock interaction subsequent to the initial stage of Jadeite
crystallization. But, whichoccurred first: deformation or infiltration; andhow were they
interrelated? The following section addresses these fundamentalquestions, and the

significance of the timing of these two processes on the metamorphic evolution is

discussed.
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533. FLUID INFILTRATION AND MYLONITE FORMATION

As discussedin Section4.4.2 an initial high strain deformation event, subsequent to

albite instabilityand Jadeite formation during eclogite-facies pressure-temperature
conditions, produced superplastic deformation of the fine-grained Jadeite + zoisite+

quartz aggregates (relating to the transitionalorthogneiss stage of Koons et al.).

5.5.3.1 Jadeite-Garnet Mylonites

The homogeneous chemistries of the mineral phases in the deformed layers in the

jadeite-garnet mylonites suggestthat deformationenhancedthe diffusive mass transfer

processes between the coexisting mineral phases and led to completion of the biotite

breakdown reaction (5.4 and/or 5.11; Fig. 5.1). An increase in fluid activitymay have

catalysedreaction 5.6 leading to the decrease in the modal percentage of K-feldsparin
these rocks and the disappearance of zoisiteas inclusions in pyroxene(see Fig. 4.9)
observed in these highly deformed rocks. The well-definedfoliation of the resulting
mineral assemblage of Jad + Qtz + Gar + Phe, together with the slight increase in water-

contentand the shift in S^O^r, suggests that fluid infiltration and recrystallizationwas
simultaneouswith deformation.

5.5.3.2. Overprinted Mylonites (e.g. Location 3, Fig. 4.2)

In contrast to the homogeneous jadeite-garnet mylonites, the distinct heterogeneous
chemical compositions of garnet and phengite, as well as the numerous mineral

inclusions in garnet and the preservationof zoisite as inclusions in Jadeite in the

overprintedmylonites , suggeststhat the high strain deformation resulting in the shear

zones shown in Fig. 4.6 occurred under nearly anhydrousconditions with limited

diffusive mass transfer. The static growthof omphacite, grossular-rich garnet (Garlll)
and Ti-poor phengite (WMII), and the replacement of K-feldspar (see Fig. 4.5b) in

these overprintedmylonites indicatespost-kinematicphase of infiltration , which may

have catalysed reactions 5.6 and/or 5.11. Comparison with the nearly complete
chemical homogenization in the jadeite-garnet mylonites, the preservation of the distinct

zonation in the overprintedmylonites suggeststhat the presence of a fluid phasewas
determinantin the approach to chemical re-equilibration. Thus, superplasticdeformation
alone may have not been sufficient to enhance the degree of diffusive mass transfer

betweenthe mineralogical domains.

Infiltration of an external fluidphase in the mylonites is substantiated by the shift in

oxygen isotope compositions (Früh-Green, 1985). Comparisonof the isotopic
compositions of quartz in the veins with those of the mylonites indicate isotopic
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equilibration with an isotopically similar fluid. Examination of the oxygen isotope
profiles in Fig. 5.7a,b shows that infiltration and the associated shift in 8180 is

restricted to the immediate deformationzones andmay reflect fluidflow along the shear

zones and diffusive infiltration perpendicularto the shear zones (see also Brodie and

Rutter, 1985; Rutter and Brodie, 1985; and Baumgartner and Rumble, 1986).
Theoretical considerations by Rutterand Brodie (1985) have shownthat permeation of

volatiles along shear zones can be between 10 and 100 times more effectivethanacross

them.

The texturalcharacteristicsof the overprinted mylonitesin these shear zones point to

a post-kinematicUrningof the infiltration event leading to reaction 5.6, which, together
with the bulk rock geochemical data, strongly suggests that the initial stages of

deformation increased the permeabilities such that the shear zones acted as channelways
for the localized flow of an external fluid (see also Brace, 1980; Walter and Orville,
1982; Etheridge et al., 1983; Brodie and Rutter,1985;and Rutter and Brodie, 1985).
Similaritiesin the garnet compositionsin the zoisite-garnetveins with those of garnet IH
in the overprinted mylonites (see Fig. 4.14), as well as concordant oxygen isotope
temperature estimates for quartz-garnet pairs (see Table 5.4, samples 13/1 and 13/7)
suggest that the formation of the veins occurred at similar pressures and temperatures
under low strain conditions and equilibrated with a fluidof chemically and isotopically
constant composition. The loss of calcium, alumina and Fe2+ in the overprinted
mylonites, as indicated in Fig. 5.6, maybe related to the formationof the zoisite-garnet
veins associated with this post-kinematic infiltration phase.
53.4. FLUID INFILTRATION AND VEIN FORMATION

As discussedin Sect. 4.5, the zoisite-garnetveins are nearly always separatedfrom
the mylonite zones by narrow bands of unfoliated jadeite-garnet fels (see Fig. 4.19).
The formation of these nearly undeformed bands of rock, relative to the timing of

deformationand fluid infiltration in the neighbouring shearzones, remains problematic.
Although these jadeite-garnetfels retain the original igneous fabric, they are

distinguishedfrom the texturally-similar meta-quartz dioritesby complete recrystalli¬
zation and coarser grain-sizes of pyroxene,garnet and phengiteand by a lackof biotite.
As discussed above, an access of a hydrous fluid appears to have been crucial to the

processesof mass transferand grain growth which led to the completion of the biotite

breakdown reaction and an approach to chemical homogenization. One possibilitymay
be that an early phase of fluidinfiltration occurredprior to the high strain deformation

event and caused the observed transformation. An excess in fluid pressuremay have

resulted in hydrofracturing and the formationof the zoisite-garnetveins; or an inital fault
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or crack formed during the early stages of deformationand lower stress conditions, and
acted as fluid escape pathway. If fluid flow was concentrated along these zones, the

unfoliated jadeite-garnet fels may represent reaction zones during an early infiltration

phase.
If vein formation and transformationof meta-quartz dioriteto jadeite-garnet fels

occurred prior to deformation, the resultant grain coarsening may have acted as a

'hardeningmechanism', whereby the transformed reaction zones and veins remained

rigid and undeformable, in an analogous way to garnetporphyroblasts, during the entire

deformation history of the surrounding rocks. The presence of such undeformable

domains may have beendeterminantto the developmentof the shear zones. Local stress

gradients could have resulted in high strain deformation which was concentrated in

narrow zones on either side of the rigid domains with no signs of deformation being
recorded in eitherthe transformedreaction zones or the veins.

An alternative,but unlikely, expianationmay be that vein formation is, in general,
attributed to the samerelative (post-kinematic) timing of a single infiltration phase as

that indicatedin the overprintedmylonites locatedonly centimeters away. Limited

permeabilities in the mylonite zones may have resulted in an excess of fluid pressure

during infiltration and led to brittle failure and fracturing into the adjacent rocks, which

for some reason had remainedundeformed during the shearing event. In some cases,

alteration of the unfoliated wall rock adjacent to the zoisite veins is observed (e.g.
sample 13/1, Fig. 4.2). This suggeststhat vein formation occurred subsequent to the

formation of the reaction zones. However, this would not explain the presence of the

relatively undeformed zone which is nearly always associatedwith the shear zones

along the eastern face of the Mte. Mucrone. In addition, there is no textural or

mineralogical evidence to suggest that the jadeite-garnetfels went through the

superplastic deformation stage and then were later recrystallized. In addition, the

textural characteristics along the contacts between the veins and the wall rocks,
discussed in Section 4.5.1, clearly indicate that the veins grew under low-strain

conditions and cross-cut a weakfoliation in the jadeite-garnet fels. The loss of calcium,
alumina and Fe2+ in the overprintedmylonites, as indicated in Fig. 5.6, may be related

to the formationofthe zoisite-garnetveins associated with the post-kinematic infiltration

phase observed in the overprinted mylonites.
In a recent study on the nucleationof ductile shear zones in California and Spain,

Segall and Simpson (1985) have shown that dilatant fracturing may precede the

locahzationof ductile shear deformation.In somecases, the shear zones occur parallel
to mineralized fractures,across which no shear deformation is observed,and in which

completely undeformed mineral assemblages are observed. In the same area, other
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zones containdeformedmineral fillings and offset strain markers. Segall and Simpson
(1985) have argued that the presence of dynamically recrystallized mineral fillings in

microcracks associated with the shear zones demonstrate that fracturing predated the

ductile deformation. The formation of the undeformed jadeite-garnet fels, associated

with the zoisiteveins at the Mte. Mucrone, may have occurred in a similar way to the

shear zones investigated by Segall and Simpson.

535. FLUIDINFILTRATIONAND OMPHACITE-GARNET
ORTHOGNEISSFORMATION

As discussed previously, the omphacite-garnet orthogneissesmay have evolved

from meta-quartz dioritethrough similar stages of transformationas those recorded in

the mylonites (see also Koons (1982) and Koons et al. (in review)). Subsequent
deformation may have caused microstructural reworking, grain coarsening,and an

approach to equilibrium mineralassemblages whichdestroyedall evidence of the earlier

superplastic deformation event. Considerationof phase relationsas well as the changes
in both isotopic and bulk rock chemical compositions indicates that the mineralogical
evolution of these rocksmay have been greatlyinfluenced by the presenceof an external

hydrous fluid, whereby complete homogenizationof the mineral phases was not

achieved.

The formation of the orthogneisses has been interpreted by Oberhänsli et al. (1982,
1985) as a result of equilibrium recrystallization during conditions of decreasing
temperatures with variable amounts of fluid infiltration along shear zones. As an

alternative to an equilibrium reaction history, Koons (1982) and Koons et al. (in
review) argue that the orthogneiss represents deformation and recrystallization of

meta-quartz diorite, whereby the disequilibriumcharacteristics of the meta-quartz
diortites were inherited during recrystallization.Jadeite-formation may have originally
been a result of limited chemical communicationbetween small domains. Due to the

deformation during the main shearing event, greater chemical communication and

increased diffusion rates may have resulted in a change in the effectivebulk composition
and an approach towards partial equilibriumwithin new andlarger domains.

Both the bulkrock geochemical data and the shift in oxygen isotope compositionsof
the Omp-Gar orthogneisses, as well as the need for water to make the variousmineral

reactions proceed, indicate interaction with a hydrous fluid. The relative duration and

timing betweendeformationand infiltration may havebeen crucial to the mineralogical
evolution of these rocks. The above model for the formation of the overprinted
mylonites in the shear zones at Location 3 (see Fig. 4.2) along the eastern face of the

Mte. Mucronesuggests that anhydrous deformation would not be sufficientto enhance
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diffusion rates between mineral domains and produce homogenizationof mineral

compositions. If deformation were synchronous with fluid infiltration and both

occurred subsequent to oversteppingthe Ab -> Jad + Qtz reaction boundary (Rxn 5.2,
see Fig. 5.1) but beforecomplete consumptionof biotite, the reaction boundariesfor the

formation of omphacitic pyroxene and paragonite (e.g. Rxn 5.11, see Fig. 5.1) may
have been sufficiently overstepped to produce the assemblages observed in the

orthogneisses(see also discussions in Rubie and Thompson, 1985 and Ridley, 1985).

5.5.6. A MODEL OF FLUID-ROCK INTERACTION DURING THE
EVOLUTION OF THE MTE. MUCRONE DUCTILE SHEAR
ZONES

Based on the textural, chemical and isotopic characteristicsof the deformationzones

discussedabove (and in Section 4.4), a model for the deformation/infiltration history
during the formation of the shear zones, shown in Fig. 4.6, is presented below and

shown schematicallyin Fig. 5.12.

1. Subsequentto Jadeite formation and incomplete biotite reaction, an initial phase of

deformation caused the formation of isolated cracks or faults (in some cases

conjugate fractures) in the relatively undeformableand incompletely transformed
meta-quartzdiorites. There is no evidence that dehydrationreactions occurred in the

early stages of eclogite-faciesrecrystalhzation of the metagranitoids (see also section

5.6 below),resulting in an initial build up of locally-derived fluid; therefore it will be

assumed that initial crack-formationoccurredunder anhydrous conditions.

2. As a resultof the initial brittle failure, the permeabilityof the systemwas increased

and allowed the infiltration of an external initial pulse of fluid into the system
(Infiltration Phase I). Fluid flow was concentratedalong this permeablezone in the

otherwise impermeablemeta-quartzdiorites. Perpendicularto the direction of fluid

flow, diffusion of water along grain boundaries in the wallrocks,envisioned as a

diffusive infiltration front, catalysed mineralreactions and resulted in the formation

of a 1-5 cm wide reaction zone. A mechanism such as dissolution/reprecipitation
along the diffusive infiltration front could have caused a relativehomogenization of

phase compositionsand formationofa coarse-grained crystalaggregatesofJadeite +
garnet+ quartz + phengite. This recrystallizationprocess, termed here fluid-induced
reaction hardening, resulted in a relative changein the deformability of the reaction

zone, and can be thought of as a counterpartto mechanisms of reaction-enhanced

ductility.
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3. Susequent to this initialpulse of fluid activity, eithera second phase of deformation

occurred or there was continualbuild up of stress in the rock body to the point of

failure and superplastic deformation.Duringthis subsequent stage of deformation,
the coarse-grained reaction zones behaved as rigid blocks and superplastic
deformation was concentratedon both sides. Continual (or renewed), localized fluid

accompanieddeformationin somezones andresulted in an approach to chemical and

textural equilibrium.In other zones, in which the initial pulse of fluid activity
ceased,deformation catalysedmineral reactions but the absence of a synkinematic
fluid phase limited diffusive mass transfer and resulted in the preservation of
primary chemical zonationin the eclogite-faciesmineralphases. As grain coarsening
progressed in response to increased superplastic deformation, the deformation

mechanism in the pyroxene and garnet eventuaUy changedandmay have limited the

duration ofthe ductiledeformationevent.

4. After deformation ceased, a further pulseof fluidpermeatedthe system(Infiltration
PhaseII) and was localized along some of the morepermeablezones created by the

ductiledeformation phase. The localized fluid activity resulted in overprinting in the

mylonites, characterizedby replacement of Jadeite by phengitic white mica, the

growthof grossular-rich garnet(Gar III) and the formationof omphacite in isolated

domains. In some cases, the initial fluid pathways, marked by the reaction zones,

were reactivated and resulted in zoisite-garnetvein formation andvarious degrees of
overprinting in the reaction zones.

The sequential deformation/infiltrationevolutionproposed by this model may have

occurred at constant pressure and temperature and constant fluid composition, as

indicated by similarities in mineral chemistries, textures and oxygen isotope signatures
betweenthe overprintedmylonitesand the zoisite-garnetveins. However, examination

of other samples, not discussed in detail in this study (see Section 4.7), point to

repeatedhigh-straindeformation events andpossibly multiple pulses of fluid infiltration

throughout the uplift history of the Mte. Mucrone Metagranitoids (see Maffeo and

Compagnoni, 1973; Oberhaensliet al. 1985). In mylonite samples which clearly exhibit

greenschist-facies high-strain deformation (see Section4.7), identical relationships as

those discussed above for the eclogite-facies deformation/infiltration events can be

observed between veins, reaction zones and mylonite zones. This suggests that

high-strain deformation during uplift and exhumationof the Mte. Mucrone granitoid
body may have been concentrated along the 'older' reaction zones, possibly even
reactivatingpreviouseclogite-facies deformation zones.
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Location 3 (Fig. 4.2) along the eastern face of Mte. Mucrone. This model is
based on field evidence, textural characteristics, phase chemistry and

oxygen isotope compositions.
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5.6 SOURCEAND AMOUNTOFEXTERNAL FLUID

In open Systems of fluid-rock interaction, shifts in 180 away from the original
isotopic composition will primarily be controlled by the difference betweenthe initial

compositions of the rock (61 18Or) andthe fluid phase ( 5118On ) which either enters or

leaves the system,and by the total amount of oxygen in the initial fluid (X-F1) relative to

the total amount of oxygen in the rock (X*WR), i.e. the fluid to rock ratios (Fl/R),(see
also Sections 1.2.4 and 1.2.5). Various modeis ofisotopic exchangeas a resultof fluid

infiltration are discussedin Chapter 1.

As a first approximation, an open system, mass balance model of fluid-rock

interactionwill be consideredfor the infilitration event whichproducedthe overprinted
mylonites. In such a model the isotopic composition of the infiltrating fluid (in this case

pure Up is assumed)is held constant. Each increment of ¥ip makes a Single pass

through the system and integratedW/Rratios are determined by the equation:
W/R = ln [( 8-w + A - 8-R) / ( 8*w - ( 5fR - A ))] (Eq. 5.1)

(Taylor, 1977), where 8*w and 8*R represent the initial compositions of the water and

rock, respectively, A is the difference between the final isotopic composition of the

rock and the water ( 5fR - 8fw ) and will be a function of the temperature at which

isotopic exchangetakes place. For rocks of granitic composition,Taylor (1977,p.524)
has shown that 8R at equilibriumis equal to the 51180 value of plagioclase (An30), and

the ^ in equilibriumwith these rocks can be determined by using a feldspar-H20
oxygen isotope geothermometer (e.g. A -= 2.68 (10/ T2) - 3.53; O'Neil and Taylor
1967). The W/R values definedby equation5.1 are based on the ratios of water oxygen

to rock oxygen.
As can be seen from the above equation, in an open systemof isotopic fluid-rock

interaction,there will be three unknowns: (1) the temperatureof equilibration; (2) the

initial isotopic composition of the infiltrating water; and (3) the amount of fluidrelative

to the rock, i.e. the water to rock (W/R) ratio. Taylor's Single pass - open systemmodel

of fluid infiltration has been appliedfor the overprintedmylonites in the shear zones

shown in Fig. 4.6, the results of which are presented graphically in Fig. 5.13.

Assuming a constant temperature of 500 °C, W/R-ratios have been calculatedfor

various initial oxygen isotope compositionsof infiltrating fluid.

The isotopic composition of the fluid will be limited by the value of fluid in

equilibrium with the mylonites at 500 °C, which is equal to 7.20%o, shown as the

dashed line in Fig. 5.13. With increasingly lightervalues for 8-F1, the W/R decreases

from a value of 2.3 close to the equilibriumvalue to less than 0.5 at a composition of

4.0%o. The values of >7.00%ocalculated in Fig. 5.13 indicate that the shift in 180
from original igneous isotopic compositionsrequiredinteraction with a relatively160 -

rieh (i.e. isotopically light) hydrous fluid.
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Fluid Infiltration

Open System- Single Pass
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Fig. 5.13:
Fluid to rock ratios (F/R) for a temperatureof 500 °C are shown for various isotopic
compositions of infiltrating fluidwhich could have producdthe shift in lsO observed in
the overprintedmylonites (Location3, Fig. 4.2 and Fig. 4.6). Anopen system- Single
pass isotopemass-balance model, proposed by Taylor (1977) has been applied (see
Eq. 5.1 in text). Both curves have been calculated for an initial WR-isotopic
composition of 9.40%o, which corresponds to the most lsO-rich meta-quartz diorite
sample. For the mylonite curve, the composition of sampleMu 1-2 (See Fig. 5.6) has
been used as the final WR-isotopic composition ( = 8.10%o). For the meta-quartz
diorite curve, the final WR-composition is equal to 9.10%oand corresponds to the

meta-quartzdiorite sample Mu 1-3.
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Most stable isotope studies apply mineral-water fractionation data to calculate

metamorphic water compositions because they can not, in general, be measured

directly. Calculatedmetamorphicwater compositions cover a wide spectrum of values

from » +3 to +20%o(see Fig. 5.14). Waters evolved from sedimentary rocks generally
lie within the 'heavy' end of this ränge; whereas waters in equilibriumwith mafic rocks

generally correspond to the more 160 -rieh end (see summary and discussion by
Sheppard, 1986). Primary magmatic waters are consideredto cover a narrower ränge of

values from ~ +5 to +10%o (Sheppard et al., 1969). Present-daymeteoric waters have

H- and O-isotope compositions which vary in a very systematicway (see Fig. 5. 14),
such that a meteoric water line could be defined. In general, the oxygen isotope
compositionof meteoric waters lie within a ränge of 0 to -20%o, with H-isotope
compositions ranging from 0 to ~ -150%o (Esptein and Mayeda, 1953; Friedman,
1953; Craig, 1961; Friedmanet al, 1964; Sheppard, 1986 andreferences therein).
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Fig 5.14. Variations in isotopic compositions for seawaters, meteoric waters, primary
magmatic waters, metamorphic waters, and organic waters (tacken from
Sheppard, 1986 - see references and discussiontherein).Shifts in 180 due
to water-rock interactionand exchangein hydrothermal Systems are shown
for seawatersand meteoricwatersof initial compositionsA and B.
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Hydrogen isotopic compositionsof the Mte. Mucronemetagranitoidsinvestigated in

this study ränge from -66%o to -72%o (Table 5.3) and fall within a normal ränge for

both magmatic and metamorphic waters. Thus, the possibility that the shift in 180

represents limited exchangewith meteroric water can be ruled out. Comparisonof these

results with the isotopic study of Desmons & O'Neil (1978) for the neighbouring
eclogiticmica schists indicates that there is no evidence to suggestthat an extremely 160
-rieh fluid (i.e. meteroie water) was involved in the metamorphism of the rocks at the

Mte. Mucrone - Mte. Camino area. 81180Qtz of the eclogitic rocks from the Mte.

Mucrone- Mte. Caminoarea investigated by Desmons& O'Neilränge from 10.8%o to

12.0%o, and lie within the same ränge definedby other samples from the eastern Sesia

zone.

The similarities in 8 180 betweenrock types, together with uniform 8 D-values and

a regulär order of 180-enrichment amongst coexisting mineral phases led Desmons&

O'Neil to conclude that a relatively pervasive metamorphic fluid enabled isotopic
communicationbetween the mafic and pelitic country rocks. However, the difference

between the isotopic compositions of the coexisting phases recorded in the

metagranitoids(e.g. 8180Qtz 8.00%o - 10.8%o ) suggeststhat ifa pervasivefluid were
presentin the surroundingcountry rocks, infiltration and isotopic communicationwith
the grantic rocks was limited.

Calulated values of 8 180 of water in equilibriumwith rutile at the equilibrium
temperatureof 570 °C (temperaturedetermined by Desmonsand O'Neil on the basis of

the fractionation curve of Addy and Garlick, 1974) ränge from 9.16 to 10.33 for the

three Mucrone samples presented in the study of Desmons and O'Neil. This would

suggest that the exchange with an isotopically light water with a compositionof
>7.00%owas restrictedto the metagranitic rocks. However, the exaet locations of the

samples investigated by Desmons and O'Neil are not given. Furthermore,three samples
can not be consideredrepresentative of an entirearea and can not be used as evidence to

rule out the possibilitythat the fluid which infiltrated the metagranitoids was not derived

from metamorphicreactions in the neighbouringpelitic rocks (compareresults from the

AdulaNappe presentedin Chapter 3).
At least two majorphases of eclogite-facies deformation and recrystallizationhave

been distinguishedin the neighbouring mica schists (Hy, 1984). The mineralogical
changes and consideration of phase relations indicate that both hydration (in
glaucophane- and chloritoid-bearingmica schists) and dehydration reactions (in
kyanite-bearingmica schists) were involved in the eclogite-faciestransformationof the

high temperature-low pressurekinzingitic rocks (Hy, 1984). The relatively 180-rich
compositions of the eclogitic schists at the Mucrone area, compared to other known

Type C-eclogite terrains (Vogel and Garlick, 1970, Agrinier et al., 1985; this study
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Chapter 3 and Fig. 3.2) may reflect the isotopic compositions of the original
amphibolite-facies paraschists,and suggests that the fluid was internally-producedand
buffered isotopically by the isotopic composition of the existing rocks (Desmons and

O'Neil, 1978). There is no evidence to indicate that significant quantities of external

fluid (i.e. fluid not derived from the existing rocks) was involved in the eclogite-facies
metamorphism of the mica schistsor the metagranitoids(see also Desmons and O'Neil,
1978). Dehydration reactions in the surroundingpelitic rocks may, thus, have

provided the sourceof fluid involved in the eclogite-facies formation of the mylonites
and orthogneisses. Limited supplies of such fluid and/or low permeabilities of the

granitic rocks may have directly influenced the degree of recrystallization and the

approach to chemical equilibrium. More detailed sampling and isotopic analysis in the

neighbouring eclogiticschists could possibly provide a betterconstrainton the source of

the fluid involved in the metamorphism of the metagranitic rocks and could yield more
infomation of the actual degree of chemical and isotopic communicationbetweenthe
differentrock units (compare results in Chapter 3 from the Adula Nappe).

Marine water, incorporated into the tectonic pile during subduction and

underthrusting, may be considered as another possible source for the 160-rich fluid
involved in the evolution of the Mte. Mucrone metagrantioids (see Fig. 5. 14).
However, there is little, or no, chemical and isotopic evidence to support this

possibility.
Comparisonof the geochemical data as well as the microstructural and mineralogical

evolutiondetermined in this study with the results of Desmons and O'Neil, indicates

that the isotopic composition of the infiltrating hydrous fluid wasjust slightly out of

equilibriumwith the original quartz diorite and was channelized along deformation

zones. Thus, considering the constraints presented above, a value of 6.0%o for the

initial isotopic composition of the infiltrating hydrous fluid and a constanttemperature
of 500 °C have been assumed in order to determine the change in water to rock ratios

(W/R) as a function of distance awayfrom the shear zones. The resultsof calculations

using these assumptions and equation5.1 above are presentedin Fig. 5.15.

Due to the natureof equation 5.1, the W/R-ratios are directly related to whole rock

180-compositions,resulting in similar shapes of the curves. The values decrease from

0.75 directly in the shear zones to 0.2 just 30cm away. Thus, with an infitrating fluid

with an initial isotopic composition of 6.00%o at a constant temperatureof 500 °C, only
75 oxygen units of water would be required per 100 oxygen units of rock to produce
the shift in 180 observed in the mylonites. Since a typical granitic rock contains only
approximately45-50 wt% oxygen, compared to 89 wt% oxygen in water, the

water/rockratio in weight units is approximatelyequal to 0.5 W/R (Taylor, 1977). This

means that for every kilogram of meta-quartz diorite, 375 grams of water would be
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requiredto produce the observed isotopic signature. Comparison of this value with the

bulk rock geochemical data for the mylonitespresentedin Figs. 5.5 and 5.6 and Table

5.2 indicates an 0.5 wt% enrichment in r\p in the overprinted mylonitesrelativeto the

unfoliated meta-quartz diorites, which suggests that nearly 100 times as much water

may have passed through the centers of the shear zones as that taken up in hydration
reactions.
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Fig. 5.15:
CalculatedF/R ratios (from Eq. 5.1) are plotted as a function of distance away for the
centers of the shear zones (for samples Mu 1-2, 1-3, 4-2, 4-3, 4-5; shownin Fig. 5.7),
for a temperature of 500 °C and an initial infiltrating fluid of 6.00%o. This diagram
combines the two profiles b & c, shown in Fig. 5.7. This figure suggests that fluid
flow may have been concentratedin the centers of the mylonite zones, shown here as

F/R ratio of 0.75, with diffusive infiltration occurring perpendicular to the flow
direction. Textural evidence suggests that an infiltration event may have occurred
subsequent to the formationof the mylonite zones (see Fig. 5.12). Fluidflow may have
been controlled by the foliation present in the mylonitesand may be associated with the
zoisite-garnetveinformation.
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It must be emphasizedthat fluid/rock ratios, attainedfrom open system mass-balance

modeis of isotopic exchange, will always represent minimumvalues, and are often

considerably lower than those estimated from solubility data (see e.g. Wood and

Walther, 1986). A further limitationhas been pointedout by Baumgartnerand Rumble
(1986): such isotopic mass-balance calculations do not allow an insight into the evolu¬

tion of fluid-rock Systems through space and time. Wood and Walther (1986) have

shown that, in contrast to fluid/rock ratios calculated from oxygen isotope data,the use

of solubilitydata for quartz indicates high fluid/rock ratios of 6:1 in pelitic sequences

which actually produce smallvolumes of hydrous fluid. In addition, these authors have

suggested that Cl- and F-activity gradients recorded in micas may yield useful Informa¬

tion about fluid/rock ratios. The calculations of Woodand Walther(1986, p. 104) sug¬

gest that fluid/rockratios necessaryto ehminate activity gradients in micawill dependon
the Na/K ratios in the infiltrating fluid. If the fluid is K-rich, resulting in the addition of

K to the system, fluid/rock ratios on the orderof 3:1 may be requiredto re-equilibrate
the mica. On the other hand,if an addition of Na and a depletion of K accompanies fluid

infiltration (as in the case of the eclogitic mylonites and omphacite-garnet ortho¬

gneisses), cation exchangerequires fluid/rockratios ofonly approximately0.3:1.
More informationabout the scales of fluid-rock interaction during the evolutionof

the Mte. Mucronemetagranitoidcould possibly be obtainedby moredetailed sampling
along profiles parallel to, as well as perpendicularto, the veins and the associated duc¬

tile shear zones. In addition, apphcation of solubility datafor zoisite and garnet, as well

as the consideration ofNa/K ratios in micas,could be combined with stableisotope data

to more accurately limit the volume of fluid involvedin the evolution ofthese rocks.

5.7. SUMMARYAND CONCLUSIONS

The petrological, geochemicaland microstructuraldata presented in this study
indicate large variationsin the degreeofeclogite-faciesrecrystallization and deformation

recorded in the Mte. Mucrone metagranitoids. At least two main phases of
eclogite-faciesrecrystallization are evidentin these rocks and can be directlyrelated to

the timing and degree ofdeformation. An initialpre-kinematicJadeite Phase resulted in

the formation of fine-grained aggregatesofJadeite + quartz + zoisiteas pseudomorphs
after the primary igneous plagioclase. Plagioclase breakdown reactions may have

accompaniedor have been subsequent to biotite breakdown reactions which produced
garnet and phengiticwhite-mica. The progress of biotite breakdown may have been

limited by the supply of alumina and calcium from plagioclase domains, as is indicated

by the chemically distinct corona textures of garnet and phengitic white-mica around

biotite in the meta-quartzdiorites. Incomplete reaction, resulting in the Corona textures,
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may have been due to slow diffusion rates and/or a paucityof intergranular fluid during
the initial stages of eclogite-faciesmetamorphism (see also Koons, 1982; Hy, 1984; and
Koons et al., in review).

An inital highstrain deformationstage resulted in dynamically recrystallizedquartz
grains and superplastically-deformedpyroxene layers, grain coarsening and partial
chemical homogenization.Enlargement of equilibrium domainsmay have resulted in the

completion of the biotitereaction and produced the assemblageJadeite + garnet +

phengite + quartz, characteristic of the mylonitic rocks. Bulk rock geochemicaland
stable isotope data indicate that infiltration of an external hydrous fluid phase is

associated with deformation and recrystalhzation in the jadeite-garnet mylonites. Local

changes in the activities of sodium, potassiumand H20 could have produced the

assemblages observed in the deformedrocks.

The duration and timing of fluid infiltration relative to high strain deformation
appears to have been crucial to the mineralogical evolution of the Mte. Mucrone

granitoids, resulting in the chemical and microstructualdifferences recorded in these

rocks. A model has been presentedfor the formation of the ductile shear zones at the

Mte. Mucrone. It has been suggested that subsequent to the formation of fine-grained
aggregates of Jad + Zoi + Qtz, as pseudomorphs after igneous plagioclase, an initial

stage of fluid infiltration occurred along fractures or faults, catalysing diffusive mass

transferand grain growthrates and resultingin the formationofcoarser-grained, 1-5 cm

wide, reaction zones. Fluid-inducedreaction and grain coarsening may have acted as a

hardening mechansim and resulted in the concentration of subsequent high strain

deformation,and the formationof the mylonites, along these zones.

Thejadeite-garnet mylonites, characterized by nearly homogeneous phase composi¬
tions and coarsergrain-sizes ofJadeite, garnetand phengite (relative to the unfoliated

meta-quartzdiorites), may represent syn-deformationalrecrystalhzationand limited fluid

infiltration. Preservedchemical zoning in garnet,heterogeneous mica compositions,and
inclusion-rich pyroxene grains in somemylonite samples (i.e. in overprinted mylonites)
indicates local anhydrous deformation,whereby localized post-kinematicinfiltration

along these deformation zones resulted in new growth of omphacitic pyroxene and a

second generation of more grossular- rieh garnet.Limited permeabilites in the mylonite
zones may have resulted in an excess of fluid pressure during infiltration and led to

fracturing into less deformedwallrocksand the formationof the zoisite-garnetveins.
Completerecrystallizationand formationof omphacite-garnetorthogneiss mayhave

resulted from progressivesyn-kinematic infiltration and longer deformation periods.
The presence ofomphacite and paragonite, characteristicof the orthogneiss, maybe due

to original variations in bulk rock chemistries and/or may be related to a decrease in

Na-, K- and H20-acitvities duringdeformationand fluidinfiltration.
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The microfabrics of the deformedrocks, combinedwith stableisotope and bulkrock

geochemical data, suggestthat fluid infiltration may not have beencontinuousbut rather

occurred in pulses and was channelized along zones of increasedpermeabilities due to

high strain deformation.High-strain deformationcontinuedduringexhumationand may
have been accompaniedby furtherpulses offluid activity.

Rudimentary, isotopic mass-balancemodelling of the infiltration event suggests that

the hydrous fluid was 160-rich and may have beenproduced locally by dehydration
reactions in the neighbouring metapelitic and metabasic rocks. However, comparison
with the isotopic study of Desmons and O'Neil (1978) indicates a lack of large-scale
isotopic exchangebetweenthe granitic rocks and the neighbouringeclogiticmica schist

complex. Minimumfluid to rock ratios, based on depletions in 180 in the deformed

rocks, have been estimatedto ränge from approximately 1.0 to 0.75 for equilibration
with fluids with isotopic compositions of 6.0 to 6.5%o and at a temperatureof 500 °C.

Stable isotope profiles perpendicularto the ductile shear zones indicate a decrease in

W/R-ratios to valuesof less than0.1 at distances of approximately 30 cm.

The evidence for metasomatic alteration, associated with deformation and formation

of the mylonitesand Omp-Gar orthogneisses, suggests that isotopic exchangeoccurred
through a surface-controlled mechanism of chemical transformationand was drivenby
disequilibrium relationshipsbetweenmetagranitoidand the infiltrating fluid. Discordant

calculated isotopic temperatures, as well as apparentdiscrepancies betweena predicted
order of recorded temperature and that determined may reflect the presence of

intergranular, static fluid, resulting in diffusive oxygen exchange between quartz,
phengite and Na- pyroxene upon cooling.

Theresults of this study suggestthat under eclogite-faciesmetamorphicconditions,
diffusion and growthrates may be extremely slow in nearlyanhyrous rocks, and may

directly hindercomplete reaction and recrystalhzation.Both deformationand an external

fluid appear to be determiningfactorsin the metamorphicevolution of the Mte. Mucrone

granitic body. However, an accessof limited amounts of hydrous fluid appears to have

been determinantto the attainment of chemical homogenization ofgarnet andpyroxene.
The rheological properties of the primary quartz diorite may have been such that the

rock was highly resistantto deformation during the early stages of metamorphism and

became more deformable after the formation of the fine-grained plagioclase
pseudomorphs (reaction enhanced ductility). At the onset of eclogite-facies
metamorphism, a paucityof grain boundaryfluid, and as a result slow intercrystalline
diffusion, caused local chemical and textural domains and an overall State of

disequilibrium. High strain deformation may have enhancedintra- and intercrystalline
diffusion rates and may have increased permeabihtiessuch as to allow infiltration of an

external hydrous fluid into the previously dry system.
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CHAPTER6
GENERALSUMMARYAND CONCLUSIONS

The scales and mechanisms of fluid-rock interaction during high-pressure
metamorphism and subsequent uplift histories of two areas of continental crust have

beeninvestigated in this study. Based on petrological, isotopic and microstructural data

of mafic and pelitic rocks at the Cima di Gagnone area of the Cima Lunga Nappe
(southernSwitzerland), it has been shown that small quantities of hydrous fluid may

have been producedduring dehydration reactions. Fluid release can be modelledby a

mechanism of Rayleigh distillation,whereby the escaping fluid may only have travelled

short distances of a few (tens of) meters beforebeing consumed in hydrationreactions
in neighbouring rocks.

The results of modeis for the various hydration/dehydrationevents at the Cima di

Gagnone area suggest that local variations in bulk rock compositions in interlayered
metasedimentary sequences may be sensitive to the access of an external fluid,

catalyzinghydration reactions, and thus, creating important "sinks" for fluid intake.

Such alternatinghydrationand dehydrationreactions in interlayered rocks may provide
a mechanismin which fluid flow may be limited during metamorphism.The capacity
for polymetamorphicpelitic sequences to produce a free fluid phase may be limited.

Althoughgreat volumesof hydrous fluid and large shifts in isotopic compositions may
be associated with initial dewatering of pelitic rock sequences, stable isotope
geochemical methods may not be good indicators of fluid-rock interaction during
high-grademetamorphism ofpolymetamorphic metapelites.

Oxygen isotope data from both areas of study indicate a depletionin 8180 during
eclogite-facies metamorphism, which may have resulted from infiltration of limited

quantities of hydrous low-180fluids. Magmatic waters or hydrous fluids derived from

the metamorphismof igneous rocks may be considered as source for such fluids.

However, the possibility that the common occurrence of low-180 eclogites may be

related to the incorporation and trapping of marine water during subductionprocesses
should be investigatedmore closely. Detailed hydrogen isotope studies in areas

exhibiting lsO-depletionmay provide a mean of identifying marinewater-components
in metamorphicfluids.

The isotope fractionationsbetweenmultiple mineralpairs from the high-grademafic,
pelitic and granitic metamorphic rocks investigated in this study have shown that

isotopic equilibriumis rarely attained.Furthermore, retrograde exchangeupon cooling
may be indicatedby discordantisotopic temperature estimates. Diffusive exchange
mechanisms of oxygen isotope upon coolingmaybe importantfor mineralpairs such as
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mica and feldspar. No correlation has been found between textural equilibrium,
recrystalhzation andthe degree to whichisotopic equilibrium is attained.

Detailed studies along eclogite-facies ductile shear zones at the Mte. Mucrone

indicate that high-strain deformation was crucial to processes of diffusive mass

transport and the completion of mineral reactions.However, chemical homogenization
may have requiredthe access of an external sourceof fluid. A model for the formation

of the shear zones has been presented. Prior to the main ductile deformation event,

fracturing in the otherwiseimpermeableand nearly anhydrous metagraniticrocks may
have increased permeabilities, allowing penetrationof an external hydrous fluid.

Fluid-induced enhancement of diffusive mass transfer may have resulted in the

formation of narrow, coarse-grainedreaction zones, and may provide an example of

reaction hardening. The presence of such "hard", undeformable zones may have

resulted in a concentration of strain during the subsequent ductile deformation event. A

major infiltration event, associatedwith zoisite-vein formation followed high-strain
deformation.Comparison with other isotopic studies in the Mte. Mucroneare suggests
localised, rather than pervasive flow, channalized along shear zones and possibly
reactivated,"old" fluidpathways.

Suggestions for Future Work

The problem of identifying "fluid-producers" and "fluid-aquifers" during regional
metamorphicprocesseshas only been touched upon in this study. In most petrological
and isotopic studies of fluid-rock interaction (-this study being no exception), a

generalizedwhole-rock reaction is presentedand it is assumed that such a reaction is

applicable to the entire metamorphic sequence of rock. However, the possibility that

thinly-layeredmetamorphic sequences may undergo simultaneous hydration and

dehydrationreactions during the same metamorphicevent could be investigated in more

detail. Polymetamorphicterrains, however, should be avoided as importantinformation
is often masked by multiple phase ofrecrystallization and/ordeformation.

Preliminary data from a large ultramafic and mafic layer in metagranitic to metapelitic
rocks (outcrop Mg163) at the Cima di Gagnonearea indicates extremely 180-depleted
whole rock compositions (2.5 - 3.5%o). Further isotopic data, especially hydrogen
isotope compositions may yield valuableinformationabout the source of the 160-rich
fluids which could have caused such depletions. A detailed petrographic basis and

geochemical data on possible fluidcompositionsare available for this area.

The study at the Mte. Mucronehave left many open questions. The relationship
between fluid activity in the metagraniticrocks and possible dehydration reactions in
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surrounding pelitic rocks remains uncertain. In addition, the extent to which isotopic
homogenizationhas been achieved in this area can not be determined by existing data.

The model proposed for the formationof the ductileshear zones could be further tested

by more detailed sampling in a directionparallel to the shear zones.

Variations in isotopic fractionations betweencoexisting mineralpairs in interlayered
rocks, as well as discordant temperature estimates, indicated in this study, may

represent effectsof variations in diffusion properties and isotope exchangemechanisms.
The retention of "old" compositions during subsequent metamorphiceventshas direct

implications for the use of stable isotopes in geothermometricstudies. As more

diffusion data becomes available,someof the uncertaintiesin interpretingstableisotope
data may be clarified. The combination of diffusion data and stable isotope datamay

provide valuable information about the cooling and uplift histories of metamorphic
rocks.
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APPENDIX IIA: Computer Program used to calculate Rayleigh Distillation
and Isotope Exchange in Metabasites

C
C

.

c
PROGRAM NUDIST

C
C Version AMP IV: Dehydration of Hbl + Epi + Par / equilibrium model
C (With Kyn and Gar)
C This version modified by Eric Reusser and Gretchen Frueh

from and original by Doug Rumble III.

c
C Declarations and definitions
C
C

INTEGER N
PARAMETER ( N = 200 )

REAL DOQZ(N), DOHBL(N), DOEPI(N), DOGAR(N), DOPAR(N),
DOOMP(N), DOH20(N), DOWR(0:N), DKYN, MKYN, MTOT,
T, WRI, MHBL, MEPI, MGAR, MPAR, MQZ, MH20, MOMP,
DOMP, DPAR, DEPI, DGAR, DHBL, DQZ, DH20, WTKYN,
XOMP, XHBL, XEPI, XGAR, XPAR, XQZ, XH20, OSYS,
AQHBL, AQPAR, AQGAR, AQEPI, AQH20, AQOMP, D18QZ,
D18HB, D18PA, D18EP, D18GR, D180M, D18WA, DENKYN,
DENHBL, DENEPI, DENGAR, DENPAR, DENQZ, DENOMP, P,
WTHBL, WTEPI, WTGR2, WTGR1, WTPAR, WTQZ, WTOMP,
NQZ, NHBL, NEPI, NPAR, NGAR, NOMP, NH20, VWRI,
DENWRI, DENWR, DENCH, IVFR, TOTH20, VOLCH, MIN,
MAX, VOLH20, MINH20, MAXH20, TOTMIN,
TOTMAX, VWR, VOLPER

INTEGER INC, I, J
C

CHARACTER*40 FNAME
C

DATA DENHBL,DENEPI,DENGAR,DENPAR,DENQZ,DENOMP,DENKYN/ 3.30,
3.30, 3.70, 2.85, 2.65, 3.33, 3.55/

C
DATA WTHBL, WTEPI, WTGR2, WTPAR, WTQZ, WTOMP, WTKYN, WTGR1/

817.74, 454.35, 454.88, 382.19, 60.09, 208.34, 162.03,
455.98/

C
C WTGR2 avg of actual WTS for GR1 and GR2
C

DATA P /15000./
C
C DATA MHBL, MEPI, MPAR, MQZ/ 50., 15., 15., 20./
C
c
C Start of program
c
C VAX

OPEN ( UNIT = 7, FILE = 'SYS$OUTPUT', STATUS = 'NEW' )
OPEN ( UNIT = 5, FILE = 'SYS$INPUT', STATUS = 'NEW' )

C CDC
C OPEN ( UNIT = 7, FILE = 'OUTPUT', STATUS = 'NEW' )
C OPEN ( UNIT = 5, FILE = 'INPUT', STATUS = 'NEW' )
C PDP
C OPEN ( UNIT = 7, FILE = 'TT:', STATUS = 'NEW' )
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c
C

OPEN ( UNIT = 5, FILE 'TT: STATUS = 'NEW' )

OPEN (
WRITE

10 FORMAT

READ
OPEN
WRITE
READ
WRITE
READ
WRITE

READ
WRITE

READ
WRITE
READ
WRITE

20 FORMAT

UNIT = 2, FILE = 'INZEST.INP', STATUS = 'NEW' )
(7, 10)
(//10X,'**** Program NUDIST Version AMP III ****',
// 5X,'This program computes Rayleigh distillation of

'0-18 for amphibolites',
// 5X,'Type Output file name')

(5, '(A)') FNAME

( UNIT = 1, FILE = FNAME, STATUS = 'NEW' )
(7, *) 'Type number of increments [INTEGER]'
(5, *) INC
(7, *) 'Type initial whole rock 0-18 [REAL]'
(5, *)
(7, *)

WRI
EPI, PAR, QTZ,',

(5,
(7,
(5,
(7,
(5,

*)
*)
*)
*)
*)

'Type initial modes of HBL,
' GAR [REAL]'
MHBL, MEPI, MPAR, MQZ, MGAR

'Type amount of OMP formed at each increment [REAL]'
DOMP

'Type initial temperature [deg C] [REAL]'

(1, 20) T, INC, DOMP, MHBL, MEPI, MPAR, MQZ, MGAR

(' **** Program NUDIST Version AMP III ****',
// ' This program computes Rayleigh distillation of',
' 0-18 for the reaction'//' 7.200(HBL) + 1.118(EPI)\
' + 2.712(PAR) + 0.546(QTZ) = '/' 6.312(OMP) + 2.400(GAR)\
' + 2.275(KYN) + 0.569(H20)'//' At a constant temperature',
* of ',F5.0,' deg C'//' Number of reaction increments = ',
13/' Amount of OMP formed at each increment = ',F6.2/
' Initial modes: HBL = \F6.2,' EPI = \F6.2,
' PAR = \F6.2,' QTZ = \F6.2,' GAR =' ,F6.2)

C-
C
C-
C
C
C
C
c
c

Coefficients are in O-units

Start calculation

Calculate alpha's,
HBL, PAR = MUS, QZ, GAR ref JAVOY, 1977

OMP ref MATTHEWS; EPI ref RUMBLE (program)

T = T + 273.15

AQHBL = 3.15E6 / T**2

AQEPI = 3.148E6 / T**2

AQPAR = 2.20E6 / T**2

AQGAR = 2.88E6 / T**2
AQH20 = 4.10E6 / T**2
AQOMP = 1.585E6 / T**2

- 0.3
- 0.3

- 0.6

- 3.7

C
C

DHBL
DEPI
DGAR
DPAR

DQZ
DH20
DKYN

= DOMP * (7.200 / 6.312)
(1.118 / 6.312)
(2.400 / 6.312)
(2.712 / 6.312)
(0.546 / 6.312)
(0.569 / 6.312)

= DOMP * (2.275 / 6.312)

DOMP *

DOMP *

DOMP *

DOMP *

DOMP *

C
C
C

Loop around increment

DOWR(0) = WRI
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MOMP = 0.
MH20 = 0.
MKYN = 0.

C
c
C
C Volume of whole rock
C

VWRI = MHBL*WTHBL/(24.*DENHBL) + MGAR*WTGR1/(12.*DENGAR) +

MEPI*WTEPI/(13.*DENEPI) + M0MP*WT0MP/(6.*DEN0MP) +

MQZ*WTQZ/(2.*DENQZ) + MPAR*WTPAR/(12.*DENPAR) +

MKYN*WTKYN/(5*DENKYN)
C

V0LH20 = VH20(P,T)
V0LH20 = VOLH20*DH20
VOLPER = V0LH20*100./VWRI
IVFR = V0LH20/VWRI
T0TH20 = IVFR * 33.5
DENWRI = MHBL*DENHBL + MEPI*DENEPI + MGAR*DENGAR + MQZ*DENQZ +

M0MP*DEN0MP + MPAR*DENPAR + MKYN*DENKYN
DENWRI = DENWRI / 100

C
WRITE (1,25) DH20, P, T, VH20(P,T), V0LH20, VOLPER, VWRI

25 FORMAT (' The amount of H20 formed at each increment = ',F7.4,
' moles or O-units'/' The molar volume of H20 at',F7.0,
' bar and',F7.0,'K =',F7.4,' ccm/mole'/,' The amount of',
' H20 formed at each increment =',F7.4,' cem'/,' This',
' corresponds to', F7.2,' vol% of the initial whole rock',
/' The volumfe of the initial whole rock = ', F7.2,' cem')

WRITE (1, 26) DENWRI, IVFR, T0TH20

26 FORMAT (' The density of the initial rock =',F7.2,' g/cem'/,
' The instantaneous FR-ratio at each increment =',F7.5,/
' The TOTAL amount of H20 produced by a boudin 4m in',
' diameter at'/' each increment of the reaction =',
F7.4, ' cem'//)

C-
C

WRITE (1, 30) MHBL, MEPI, MPAR, MQZ, MOMP, MGAR, MKYN, MH20^
30 FORMAT (' Amount of phases at each increment'//' INC HBL',

EPI PAR QZ OMP GAR',
KYN H20'//' 0',8(1X,F8.2))

DO 1 1=1, INC
MHBL = MHBL - DHBL

MEPI = MEPI - DEPI
MPAR = MPAR - DPAR

MQZ = MQZ - DQZ
IF ( MHBL.GE. 0. .AND. MEPI.GE. 0. .AND. MPAR.GE. 0.

•AND. MQZ.GE. 0. ) THEN
MOMP = MOMP + DOMP
MGAR = MGAR + DGAR
MKYN = MKYN + DKYN

MH20 = MH20 + DH20
MTOT = MHBL + MEPI + MPAR + MQZ + MOMP + MGAR + MKYN

MHBL = MHBL*100/MTOT
MEPI = MEPI*100/MTOT
MPAR = MPAR*100/MTOT
MOMP = MOMP*100/MTOT
MGAR = MGAR*100/MTOT
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MKYN = MKYNMOO/MTOT
MQZ = MQZ*100/MTOT

WRITE (1, 40) I, MHBL, MEPI, MPAR, MQZ, MOMP, MGAR, MKYN, MH20

40 FORMAT (1X,13,8(1X,F8.2))
C
C RE-CALCULATE MODES OF ROCKS WITHOUT KYANITE

C
MTOT = MHBL + MEPI + MPAR + MQZ + MOMP + MGAR + MH20

NHBL = MHBL*100/MTOT
NEPI = MEPI*100/MTOT
NPAR = MPAR*100/MTOT
NOMP = MOMP*100/MTOT
NGAR = MGAR*100/MTOT
NH20 = DH2O*100/MTOT

OSYS = NHBL + NEPI + NPAR + NQZ + NOMP + NGAR + NH20

XHBL = NHBL / OSYS
XEPI = NEPI / OSYS
XPAR = NPAR / OSYS

XQZ = NQZ / OSYS
XOMP = NOMP / OSYS
XGAR = NGAR / OSYS
XH20 = NH20 / OSYS

C

D18QZ = XHBL*AQHBL + XEPI*AQEPI + XGAR*AQGAR +

XPAR*AQPAR + XOMP*AQOMP
D18QZ = WRI + D18QZ + XH20 * AQH20
D18HB = D18QZ - AQHBL
D18EP = D18QZ - AQEPI
D18PA = D18QZ - AQPAR
D18GR = D18QZ - AQGAR
D180M = D18QZ - AQOMP
D18WA = D18QZ - AQH20
DOQZ(I) = D18QZ
DOHBL(I) = D18HB
DOEPI(I) = D18EP
DOGAR(I) = D18GR
DOOMP(I) = D180M
DOPAR(I) = D18PA
DOH20U) = D18WA
WRITE (2, *) DOH20(I)

C
OSYS = NHBL + NEPI + NGAR + NOMP + NPAR + NQZ
XHBL = NHBL / OSYS
XEPI = NEPI / OSYS
XGAR = NGAR / OSYS
XPAR = NPAR / OSYS
XOMP = NOMP / OSYS

XQZ = NQZ / OSYS
C

WRI = D18HB*XHBL + D18EP*XEPI + D18GR*XGAR + D180M*X0MP
+ D18PA*XPAR + D18QZ*XQZ

DOWR(I) = WRI
J = I

ELSE
IF ( MHBL .LT. 0. ) THEN

WRITE (7, *) 'No HBL left'
WRITE (1, 80)

80 FORMAT (/' The reaction has stopped because there is no HBL left')
END IF
IF ( MEPI .LT. 0. ) THEN
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WRITE (7, *) 'No EPI left'
WRITE (1, 84)

84 FORMAT (/' The reaction has stopped because there is no EPI left')
END IF

IF ( MPAR .LT. 0. ) THEN
WRITE (7, *) 'No PAR left'
WRITE (1, 85)

85 FORMAT (/' The reaction has stopped because there is no PAR left')
END IF

IF ( MQZ .LT. 0. ) THEN
WRITE (7, *) 'No QTZ left'
WRITE (1, 90)

90 FORMAT (/' The reaction has stopped because there is no QTZ left')
END IF
GOTO 2

END IF
1 CONTINUE

WRITE (7, *) 'Reaction is finished'
c
C
C Volume of whole rock
C
2 VWR = MHBL*WTHBL/(24.*DENHBL) + MGAR*WTGR2/(12.*DENGAR) +

MEPI*WTEPI/(13.*DENEPI) + MOMP*WTOMP/(6.*DENOMP) +

MQZ*WTQZ/(2.*DENQZ) + MPAR*WTPAR/(12.*DENPAR)

VOLH20 = VH20(P,T)
VOLH20 = V0LH20*MH20
VOLPER = VOLH2O*100./VWR
DENWR = MHBL*DENHBL + MEPI*DENEPI + MGAR*DENGAR + MQZ*DENQZ +

MOMP*DENOMP + MPAR*DENPAR + MKYN*DENKYN
DENWR = DENWR / 100
MIN = (MH2O*1000)/(VWR * DENWR)
MAX = (MH20*1000)/(VWRI * DENWRI)
VOLCH = 100 - (100*VWR / VWRI)
DENCH = (DENWR*100 / DENWRI) - 100
MINH20 = V0LH20 / VWRI
MAXH20 = V0LH20 / VWR
TOTMIN = MINH20 * 33.5
TOTMAX = MAXH20 * 33.5

WRITE (1,44) MH20, DENWR
44 FORMAT (/,' The total amount of H20 =',F7.4,' moles'/,

' The final density of the WR =',F7.2,' g/cem')

WRITE (1, 45) VWR, VOLCH, DENCH, VOLH20, VOLPER, MAXH20, TOTMAX

45 FORMAT (' The final volume of the whole rock = ', F7.2,' cem',/
' This represents a',F7.2,' % change in volume',/,
' and corresponds to a',F7.2,' % change in density',/
' The final volume of the total amount of H20 produced =',
F7.4,' cem'/' This corresponds to',F7.3,' vol% H20',/

' The MAXIMUM amount of H20 produced =',F7.4,' m3 H20/m3',
/,' or a total of,F7.4,' m3 H20')

WRITE (1, 46) MINH20, TOTMIN, MIN, MAX

46 FORMAT (' The MINIMUM amount of H20 produced =',F7.4,* m3 H20/m3',
/,' or a total of',F7.4,' m3 H20',/,' Between \F7.4,
' and',F7.4,' moles of H20 will be released per Kg rock')

WRITE (1, 50) DOWR(0)
50 FORMAT (//' Delta 0-18 of phases at each increment'//

' INC WR HBL EPI PAR QZ OMP',
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GAR H20'//' 0 ',F6.2)
DO 3 I = 1, J

type *, dowr(i)
WRITE (1, 60) I, DOWR(I), DOHBL(I), DOEPI(I), DOPAR(I),

DOQZ(I), DOOMP(I), DOGAR(I), DOH20(I)
C

3 CONTINUE
60 FORMAT (1X,13,8(2X,F6.2))

C
STOP
END

C
p***********************************************************************
c

REAL FUNCTION VH20 (P,T)
C
{-•***********************************************************************
C
C Subroutine to compute molar volumes of H20
C using the equation of State of Kerrick & Jacobs (1981).
C Solution is performed by the method of NEWTON-RAPHSON.
c ER 9/84
p***********************************************************************
C
C Output : V Molar volume / cem

C
C Input : P Pressure / bar
C T Absolute temperature / Kelvin
C
C R Gas constant ( = 83.143 cem )
C B Covolume (Repulsive parameter)
C C,D,E Temperature dependent coefficient of the

C Kerrick-Jacobs expansion of the attractive param.
C a(T,V) = C(T) + D(T)/V + E(T)/V**2
C
£***********************************************************************
c
C Declarations
C

REAL V,P,T,V0,R,B,C,D,E,T12,RT,Y,CY,PREP,PATT,DPREP,DPATT,EPS,
T2

C
C Y Hardsphere term B/(4*V)
C CY Complement of Y: 1. - Y

C PREP Pressure due to repulsive intermolecular forces

C PATT Pressure due to attractive intermolecular forces

C DPREP, DPATT Differential of PREP resp. PATT

C EPS Absolute accuracy of the molar volume
C
f-***********************************************************************
C
C PURE H20
C

EPS = 0.01
T2 = T**2
R = 83.143
B=29.
C=(290.78-0.30276*T+1.4774E-4*T2)*1.E6
D=(-8374.+19.437*T-8.148E-3*T2)*1 .E6
E=(76600.-133.9*T+0.1071*T2)*1.E6
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V0=15.
IF (P.LT.1000.) V0=22.5
IF (P.GE.210..AND.P.LT.600..AND.TC.GE.550.) V0=75.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.550.) V0=35.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.400.) V0=20.
IF (P.GE.100..AND.P.LT.210..AND.TC.LT.400.) V0=15.
IF (P.GE.100..AND.P.LT.210..AND.TC.GE.400.) V0=100.
IF (P.LT.100.) V0=500.
IF (P.LT.5.) V0=7000.

C
T12 = SQRT (T)
RT = R * T

C
C Iteration loop to approximate molar volume
C

1 Y = 0.25 * B / V0
CY = 1 .

- Y
C

PREP = RT * (1. + Y*(1. + Y*CY)) / (V0 * CY**3)
PATT = (C + (D + E/V0)/V0) / (T12 * V0 * (V0+B))
DPREP = (2. * (RT * (CY-Y**2)/(V0*CY**3) - PREP)/CY - PREP)/V0
DPATT = -(PATT*(2.*V0+B) + (D+2.*E/V0)/(T12*V0**2)) /(V0*(V0+B))

C
C Newton - Raphson approximation
C

V = V0 - (PREP - PATT - P)/(DPREP - DPATT)
C
C If molar volume is enough accurate RETURN, eise next iteration step
C

IF (ABS (V-V0) .LT. EPS) GO TO 2

V0 = V

GO TO 1
C
C *** End of subroutine VSOLVE
C

2 VH20 = V
END
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***************************************************************************

******

¦ ******

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

"APPENDIX IIA: Calculated Results of NUDIST program for Rayleigh
* Distillation of Metabasites (Corresponds to Fig. 3.5)'

**** program NUDIST Version AMP III ****

This program computes Rayleigh distillation of 0-18 for the reaction

7.200(HBL) + 1.118(EPI) + 2.712(PAR) + 0.546(QTZ) =

6.312(OMP) + 2.400(GAR) + 2.275(KYN) + 0.569(H2O)

At a constant temperature of 650. deg C

Number of reaction increments = 100
Amount of OMP formed at each increment = 0.50
Initial modes: HBL = 45.00 EPI = 8.00 PAR = 15.00 QTZ = 13.00 GAR = 19.00
The amount of H20 formed at each increment = 0.0451 moles or O-units
The molar volume of H20 at 15000. bar and 923.K =17.6478 ccm/mole
The amount of H20 formed at each increment = 0.7954 cem

This corresponds to 0.08 vol% of the initial whole rock
The volume of the initial whole rock = 1059.50 cem

The density of the initial rock = 3.22 g/cem
The instantaneous FR-ratio at each increment =0.00075
The TOTAL amount of H20 produced by a boudin 4m in diameter at
each increment of the reaction = 0.0252 cem

Amount of phases at each increment

INC HBL EPI PAR QZ OMP GAR KYN H20

0 45.00 8.00 15.00 13.00 0.00 19.00 0.00 0.00
1 44.45 7.92 14.79 12.96 0.50 19.20 0.18 0.05

10 39.49 7.15 12.92 12.63 5.01 20.99 1 .81 0.45
20 33.96 6.30 10.82 12.25 10.05 23.00 3.62 0.90
30 28.40 5.44 8.72 11 .88 15.11 25.01 5.45 1.35
40 22.81 4.57 6.61 11.50 20.19 27.04 7.28 1.80
50 17.20 3.71 4.48 11 .12 25.30 29.07 9.12 2.25
60 11.57 2.84 2.35 10.74 30.43 31 .11 10.97 2.70
70 5.90 1.96 0.21 10.35 35.59 33.16 12.83 3.16

The reaction has stopped because there is no PAR left

The total amount of H20 = 3.1551 moles
The final density of the WR = 3.38 g/cem
The final volume of the whole rock = 905.62 cem

This represents a 14.52 % change in volume
and corresponds to a 4.78 % change in density
The final volume of the total amount of H20 produced =55.6806 cem

This corresponds to 6.148 vol% H20
The MAXIMUM amount of H20 produced = 0.0615 m3 H20/m3
or a total of 2.0597 m3 H20
The MINIMUM amount of H20 produced = 0.0526 m3 H20/m3
or a total of 1.7606 m3 H20
Between 1.0313 and 0.9237 moles of H20 will be released per Kg rock
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APPENDIX IIB

C_
C

Computer Program used to calculate Rayleigh Distillation
and Isotopic Exchange in Metapelites

PROGRAM NUDIST

C
C
C

C-
C
C
C

C

C

C
C
C
C-
C
C
C

C
C
C
C
C
C
c

Version PET I: Dehydration and isotopic exchange in metapelites
(Modified by Eric Reusser and Gretchen Frueh from an

originial version by Doug Rumble III; last updated
Nov. 5, 1986)

Declarations and definitions

INTEGER N

PARAMETER ( N = 200 )

REAL DOQZ(N), DOPHE(N), DOGAR(N), DOPAR(N), DOMUS(N),
D0H20(N), DOWR(0:N), DOBIO(N), DOPLG(N), MBIO,
T, WRI, MPHE, MGAR, MPAR, MQZ, MH20, DH20, MMUS,
MPLG, DPAR, DPHE, DGAR, DQZ, DMUS, DBIO, XMUS,
XPHE, XGAR, XPAR, XQZ, XH20, OSYS, XBIO, XPLG,
AQPAR, AQGAR, AQH20, AQPLG, AQBIO, D18QZ, D18BI,
D18PH, D18PA, D18GR, D18WA, D18MU, D18PL, IVFR,
DENPHE, DENGR1, DENPAR, DENQZ, DENBIO, DENPLG,
DENMUS, WTPHE, WTGR1, WTPAR, WTQZ, WTBIO, WTPLG,
WTMUS, P, DENWRI, DENWR, VWRI, VWR, DENCH, MTOT,
VOLCH, MIN, MAX, VOLH20, MINH20, MAXH20, VOLPER,
DENGR2, WTGR2, MGR1, MGR2, DGR1, DGR2, D18QZT,
NPAR, NPHE, NMUS, NBIO, NPLG, NGAR, NQZ, NH20

INTEGER INC, I, J

CHARACTER*40 FNAME, INPUT

DATA DENPHE,DENGR1,DENPAR,DENQZ,DENMUS,DENBIO,DENPLG,DENGR2/
2.85, 4.06, 2.85, 2.65, 2.80, 3.0, 2.66, 4.13/

DATA WTGR1, WTPAR, WTQZ, WTPHE, WTMUS, WTBIO, WTPLG, WTGR2/
469.38, 382.19, 60.09, 400.70, 396.02, 457.60, 265.43,
580.31/

DATA P / 5000./

DATA MPAR, MPHE, MGR1, MQZ/ 15., 30., 20., 35./

Start of program

VAX

CDC

OPEN ( UNIT = 7, FILE = 'SYS$OUTPUT', STATUS = 'NEW' )
OPEN ( UNIT = 5, FILE = 'SYS$INPUT', STATUS = 'NEW' )

PDP

OPEN ( UNIT = 7, FILE = 'OUTPUT', STATUS = 'NEW' )
OPEN ( UNIT = 5, FILE = 'INPUT', STATUS = 'NEW' )

OPEN ( UNIT = 7, FILE = 'TT:', STATUS = 'NEW* )
OPEN ( UNIT = 5, FILE = 'TT:', STATUS = 'NEW' )

WRITE (7, 10)
10 FORMAT (//10X,'**** Program NUDIST Version PET I ****',
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READ
OPEN
WRITE
READ
WRITE
READ
WRITE
READ
WRITE

READ
WRITE
READ
WRITE
FORMAT

// 2X,'This program computes dehyration and isotopic ',
'exchange of 0-18 in metapelites',

// 5X,'Type Output file name')
(5, '(A)') FNAME

( UNIT = 1, FILE = FNAME, STATUS = 'NEW' )

C
C
C
C
C-
C
C
C
C
C
C

(7, *) 'Type initial whole rock 0-18 [REAL]'
(5, *) WRI

(7, *) 'Type initial temperature [deg C] [REAL]'
(5, *) T

(7, *) 'Type number of increments [INTEGER]'
(5, *) INC

(7, *) 'Type amount of MUS formed at each increment[REAL]'
(5, *) DMUS

(7, *) 'Type initial modes of PAR, PHE, GR1, QZ [REAL]'
(5, *) MPAR, MPHE, MGR1, MQZ
(1, 20) T, MPAR, MPHE, MGR1, MQZ, INC, DMUS

20 FORMAT (' **** Program NUDIST Version PET I ****',
// ' This program computes dehydration and isotopic',
' exchange of 0-18 '/' in metapelites for the reaction:',
//* 3.914 (PAR) + 11.674 (PHE) + 6.352 (GR1) =',
' 6.729 (MUS) +'/' 5.169 (BIO) + 3.075 (PLG) + ',
' 2.000 (QZ) +3.641 (GR2) + 0.308 (H20)'//,
' At a constant temperature of ',F5.0,* deg C'//,
' Mineral modes: PAR = ',F6.2,' PHE = ',F6.2,
' GR1 = ',F6.2,' QTZ = ",F6.2,/
' Number of reaction increments =',13,/,' Amount of MUS',
' formed at each increment =',F6.2,/,' Plagioclase',
' composition = An 20')

The equation above is reealculated using actual mineral compositions,
but based on the dehydration reaction of HEINRICH, 1982, p.35
Coefficients are in O-units

Start calculation

Calculate alpha's,
PAR = MUS, QZ, GAR, BIO, PLG ref JAVOY, 1977

PLG = Ab80,

T = T

AQPAR
AQGAR
AQH20
AQBIO
AQPLG

273.15
2.20E6
2.88E6

T**2
T**2

= 4.10E6 / T**2
= 3.69E6 / T**2
= 1 .078E6 / T**2

0.6

3.7
0.6

C
C
C

DPAR = DMUS * (3.914 / 6.729)
DPHE = DMUS * (11.674 / 6.729)
DGR1 = DMUS * (6.352 / 6.729)
DBIO = DMUS * (5.169 / 6.729)
DPLG = DMUS * (3.075 / 6.729)
DQZ = DMUS * (2.000 / 6.729)
DGR2 = DMUS * (3.641 / 6.729)
DH20 = DMUS * (0.308 / 6.729)

Loop around increment

DOWR(0) = WRI
MMUS = 0.
MBIO = 0.



IIB 3

MPLG = 0.
MH20 = 0.
MGR2 = 0.
MGAR = MGR1 + MGR2

c
c Volume of whole
c

rock

VWRI = MGR1*WTGR1/(12.*DENGR1) + MQZ*WTQZ/(2.*DENQZ) +

MPAR*WTPAR/(12.*DENPAR) + MPHE*WTPHE/(12.*DENPHE) +

MBI0*WTBI0/(12.*DENBI0) + MPLG*WTPLG/(8.*DENPLG) +

MMUS*WTMUS/(12.*DENMUS) + MGR2*WRGR2/(12.*DENGR2)

V0LH20 = VH20(P,T)
V0LH20 = V0LH20*DH2O
VOLPER = V0LH20*100./VWRI
IVFR = VOLH20/VWRI
DENWRI = MPAR*DENPAR + MPHE*DENPHE

MPLG*DENPLG + MBI0*DENBI0
DENWRI = DENWRI / 100

MGR1*DENGR1
MMUS*DENMUS

MQZ*DENQZ +

MGR2*DENGR2

WRITE (1,25) DH20, P, T, VH20(P,T), V0LH20, VOLPER, IVFR, VWRI

25 FORMAT (' The amount of H20 formed at each increment = *,
F7.4,' moles or O-units'/' The molar volume of H20 at',

F7.0,' bar and',F7.0,'K = ',F7.4,' ccm/mole'/,' The',
' amount of H20 formed at each increment =',F7.4,' cem'/,
' This corresponds to', F7.2,' vol% of the initial whole',
' rock'/' and a F/R ratio of ',F7.4,':1*/,
/' The volume of the initial whole rock = ', F7.2,'cem')

26
C
C-

C-
C

WRITE (1, 26) DENWRI
FORMAT (' The density of the initial rock :',F7.2,' g/cem'//)

WRITE (1, 30) MPAR, MPHE, MGR1, MGR2, MQZ, MMUS, MBIO, MPLG, MH20

30 FORMAT (' Amount of phases at each increment'//' INC PAR',
PHE GR1 GR2 QZ MUS BIO',
PLG H20'//' 0',9(F8.2))

DO 1 1=1, INC
MPAR = MPAR - DPAR
MPHE = MPHE - DPHE
MGR1 = MGR1 - DGR1
IF ( MPAR.GE. 0. .AND. MPHE.GE.

.AND. MQZ.GE. 0. ) THEN

MMUS = MMUS + DMUS
MBIO = MBIO + DBIO
MPLG = MPLG + DPLG

MQZ = MQZ + DQZ
MGR2 = MGR2 + DGR2
MH20 = MH20 + DH20
MGAR = MGR1 + MGR2

MTOT = MPAR + MPHE + MGAR
MPAR = (MPAR*100.)/MTOT
MPHE = (MPHE*100)/MTOT
MGAR = (MGAR*100)/MTOT
MBIO = (MBIO*100)/MTOT
MMUS = (MMUS*100)/MTOT
MPLG = (MPLG*100)/MTOT

0. .AND. MGR1.GE. 0.

+ MQZ + MBIO + MMUS + MPLG
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MQZ = (MQZ*100)/MTOT
MGR2 = (MGR2*100)/MTOT

C
WRITE (1, 40) I,MPAR,MPHE,MGR1, MGR2, MQZ, MMUS, MBIO, MPLG, MH20

40 FORMAT (1X,13,9(F8.2))
c
C
C Calculate delta 0-18 of System
C

MTOT = MPAR + MPHE + MGAR
NPAR = (MPAR*100) / MTOT
NPHE = (MPHE*100) / MTOT
NGAR = (MGAR*100) / MTOT
NBIO = (MBIO*100) / MTOT
NMUS = (MMUS*100) / MTOT
NPLG = (MPLG*100) / MTOT

NQZ = (MQZ*100) / MTOT
NH20 = (DH2O*100) / MTOT

OSYS = NPAR + NPHE +

+ NPLG
XPAR = NPAR / OSYS

XQZ = NQZ / OSYS
XPHE = NPHE / OSYS
XGAR = NGAR / OSYS
XPLG = NPLG / OSYS
XH20 = NH20 / OSYS
XBIO = NBIO / OSYS
XMUS = NMUS / OSYS

+ MQZ + MBIO + MMUS + MPLG + MH20

NQZ + NGAR + NH20 + NMUS + NBIO

C
C Rock reequilibrates with increment of water

C
D18QZT = XGAR*AQGAR + XPHE*AQPAR + XPAR"'AQPAR

+ XMUS*AQPAR + XBIO*AQBIO + XPLG*AQPLG
D18QZ = WRI + D18QZT + XH20*AQH20
D18PA = D18QZ - AQPAR
D18PH = D18QZ - AQPAR
D18GR = D18QZ - AQGAR
D18MU = D18QZ - AQPAR
D18BI = D18QZ - AQBIO
D18PL = D18QZ - AQPLG
D18WA = D18QZ - AQH20
DOQZ(I) = D18QZ
DOPAR(I) = D18PA
DOPHE(I) = D18PH
DOGAR(I) = D18GR
DOBIO(I) = D18BI
DOPLG(I) = D18PL
DOMUS(I) = D18MU
DOH20(I) = D18WA

c
C At this point the increment of water is removed from the system and

C a new Delta 0-18 for the whole rock is calculated
C

OSYS = NPAR + NPHE + NGAR + NBIO + NPLG + NQZ + NMUS

XGAR = NGAR / OSYS
XPAR = NPAR / OSYS
XPHE = NPHE / OSYS

XQZ = NQZ / OSYS



IIB-5

XBIO = NBIO / OSYS
XMUS = NMUS / OSYS
XPLG = NPLG / OSYS

C
WRI = D18GR*XGAR + D18PH*XPHE + D18PA*XPAR + D18QZ*XQZ

+ D18BI*XBIO + D18MU*XMUS + D18PL*XPLG
DOWR(I) = WRI
J = I

ELSE
IF ( MPAR .LT. 0. ) THEN

WRITE (7, *) 'No PAR left'
WRITE (1, 80)

80 FORMAT (/' The reaction has stopped because there is no PAR left')
END IF
IF ( MPHE .LT. 0. ) THEN

WRITE (7, *) 'No PHE left'
WRITE (1, 84)

84 FORMAT (/' The reaction has stopped because there is no PHE left')
END IF

IF ( MGR1 .LT. 0. ) THEN

WRITE (7, *) 'No GR1 left'
WRITE (1, 85)

85 FORMAT (/' The reaction has stopped because there is no GR1 left')
END IF
GO TO 2

END IF
1 CONTINUE

WRITE (7, *) 'Reaction is finished'
c
C
C Volume of whole rock
C
2 VWR = MPAR*WTPAR/(12.*DENPAR) + MGR1*WTGR1/(12.*DENGR1) +

MPHE*WTPHE/(12.*DENPHE) + MBIO*WTBIO/(12.*DENBI0) +

MQZ*WTQZ/(2.*DENQZ) + MPLG*WTPLG/(8.*DENPLG) +

MMUS*WTMUS/(12.*DENMUS) + MGR2*WTGR2/(12.*DENGR2)
C

VOLH20 = VH20(P,T)
VOLH20 = V0LH2O*MH2O
VOLPER = VOLH20*100./VWR

+DENWR = MPAR*DENPAR + MPHE*DENPHE + MGR1*DENGR1 + MQZ*DENQZ
MPLG*DENPLG + MBIO*DENBIO + MMUS*DENMUS + MGR2*DENGR2

DENWR = DENWR / 100
MIN = (MH2O*1000)/(VWR * DENWR)
MAX = (MH20*1000)/(VWRI * DENWRI)
VOLCH = 100 - (100*VWR / VWRI)
DENCH = 100 - (DENWR*100 / DENWRI)
MINH20 = V0LH20 / VWRI
MAXH20 = VOLH20 / VWR
WRITE (1,44) MH20, DENWR

44 FORMAT (/,* The total amount of H20 =',F7.4,' moles'/,
' The final density of the WR =',F7.2,' g/ccm')

WRITE (1, 45) VWR, VOLCH, DENCH, VOLH20, VOLPER, MAXH20

45 FORMAT (' The final volume of the whole rock = ', F7.2,' cem',/
' This represents a',F7.2,' % change in volume',/,
' and corresponds to a',F7.2,' % change in density',/
' The final volume of the total amount of H20 produced =

F7.4,' cem'/' This corresponds to',F7.3,' vol% H20',/
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' The MAXIMUM amount of H20 produced =',F7.4,' m3 H20/m3')
WRITE (1, 46) MINH20, MIN, MAX

46 FORMAT (' The MINIMUM amount of H20 produced =',F7.4,' m3 H20/m3',
/,' Between ',F7.4,' and',F7.4,' moles of H20 will be ',
' released per Kg rock')

C
WRITE (1, 50) DOWR(0)

50 FORMAT (//' Delta 0-18 of phases at each increment'//
' INC WR PAR PHE GAR QZ MUS' ,

BIO PLG H20'//' 0 *,F6.2)
DO 3 I = 1, J

type *, dowr(i)
WRITE (1, 60) I, DOWR(I), DOPAR(I), DOPHE(I), DOGAR(I),

DOQZ(I), DOMUS(I), DOBIO(I), DOPLG(I), D0H20(I)
C

3 CONTINUE
60 FORMAT (IX,13,9(2X,F6.2))

C
STOP
END

C
C***********************************************************************
c

REAL FUNCTION VH20 (P,T)
C
c***********************************************************************
c
C Subroutine to compute molar volumes of H20
C using the equation of State of Kerrick & Jacobs (1981).
C Solution is performed by the method of NEWTON-RAPHSON.
c ER 9/84
c***********************************************************************
C
C Output : V Molar volume / cem

C
C Input : P Pressure / bar
C T Absolute temperature / Kelvin
C
C R Gas constant ( = 83.143 cem )
C B Covolume (Repulsive parameter)
C C,D,E Temperature dependent coefficient of the

C Kerrick-Jacobs expansion of the attractive param.
C a(T,V) = C(T) + D(T)/V + E(T)/V**2
C
c***********************************************************************
c
C Declarations
C

REAL V,P,T,V0,R,B,C,D,E,T12,RT,Y,CY,PREP,PATT,DPREP,DPATT,EPS,
T2

C
C Y Hardsphere term B/(4*V)
C CY Complement of Y: 1 .

- Y

C PREP Pressure due to repulsive intermolecular forces

C PATT Pressure due to attractive intermolecular forces

C DPREP, DPATT Differential of PREP resp. PATT

C EPS Absolute aecuraey of the molar volume
C
p***********************************************************************
C
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C PURE H20
C

EPS =0.01
T2 = T**2
R = 83.143
B=29.
C=(290.78-0.30276*T+1.4774E-4*T2)*1.E6
D=(-8374.+19.437*T-8.148E-3*T2)*1.E6
E=(76600.-133.9*T+0.1071*T2)*1.E6
V0=15.
IF (P.LT.1000.) V0=22.5
IF (P.GE.210..AND.P.LT.600..AND.TC.GE.550.) V0=75.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.550.) V0=35.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.400.) V0=20.
IF (P.GE.100..AND.P.LT.210..AND.TC.LT.400.) V0=15.
IF (P.GE.100..AND.P.LT.210..AND.TC.GE.400.) V0=100.
IF (P.LT.100.) V0=500.
IF (P.LT.5.) V0=7000.

C
T12 = SQRT (T)
RT = R * T

C

C Iteration loop to approximate molar volume

C
Y = 0. 25 * B /
CY = 1 .

- Y

PREP = RT * (1
PATT = (C + (D
DPREP = (2. *

.
+ Y*(1. + Y*CY)) / (V0 * CY**3)

+ E/V0)/V0) / (T12 * V0 * (V0+B))
(RT * (CY-Y**2)/(V0*CY**3) - PREP)/CY - PREP)/V0

DPATT = -(PATT*(2.*V0+B) + (D+2.*E/V0)/(T12*V0**2)) /(V0*(V0+B))
C
C Newton - Raphson approximation
C

V = V0 - (PREP - PATT - P)/(DPREP - DPATT)
C
C If molar volume is enough aecurate RETURN, eise next iteration step
C

IF (ABS (V-V0) .LT. EPS) GO TO 2

V0 = V
GO TO 1

C
C *** End of subroutine VSOLVE
C

2 VH20 = V
END
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***************************************************************************

*APPENDIX IIB: Calculated Results of NUDIST program for Rayleigh *****

* Distillation of Metapelites (Corresponds to Fig. 3.6) *****

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

**** Program NUDIST Version PET I ****

This program computes dehydration and isotopic exchange of 0-18
in metapelites for the reaction:

3.914 (PAR) + 11.674 (PHE) + 6.352 (GR1) = 6.729 (MUS) +

5.169 (BIO) + 3.075 (PLG) + 2.000 (QZ) +3.641 (GR2) + 0.308 (H20)

At a constant temperature of 600. deg C

Mineral modes: PAR = 25.00 PHE = 25.00 GR1 = 20.00 QTZ = 30.00

Number of reaction increments =200
Amount of MUS formed at each increment = 0.10
Plagioclase composition = An 20
The amount of H20 formed at each increment = 0.0046 moles or O-units
The molar volume of H20 at 5000. bar and 873.K = 22.3622 ccm/mole
The amount of H20 formed at each increment = 0.1024 cem

This corresponds to 0.01 vol% of the initial whole rock

and a F/R ratio of 0.0001:1

The volume of the initial whole rock = 1105.10ccm
The density of the initial rock = 3.03 g/cem

Amount of phases at each increment

INC PAR PHE GR1 GR2 QZ MUS BIO PLG H20

0 25.00 25.00 20.00 0.00 30.00 0.00 0.00 0.00 0.00
1 24.95 24.83 19.91 0.05 30.04 0.10 0.08 0.05 0.00

10 24.48 23.32 19.06 0.54 30.37 1.00 0.77 0.46 0.05
20 23.96 21.64 18.11 1.08 30.74 2.01 1.54 0.92 0.09
30 23.43 19.96 17.17 1.62 31 .11 3.01 2.31 1.38 0.14

40 22.91 18.27 16.22 2.16 31 .49 4.02 3.09 1 .84 0.18
50 22.38 16.58 15.28 2.71 31.86 5.03 3.86 2.30 0.23
60 21.85 14.88 14.34 3.25 32.23 6.04 4.64 2.76 0.27
70 21.32 13.18 13.39 3.79 32.61 7.06 5.42 3.23 0.32

80 20.79 11.47 12.45 4.33 32.98 8.08 6.21 3.69 0.37
90 20.25 9.76 11.50 4.87 33.36 9.10 6.99 4.16 0.41

100 19.72 8.05 10.56 5.41 33.74 10.12 7.77 4.63 0.46
110 19.18 6.33 9.62 5.95 34.11 11 .15 8.56 5.09 0.50
120 18.65 4.61 8.67 6.49 34.49 12.17 9.35 5.56 0.55

130 18.11 2.88 7.73 7.03 34.87 13.20 10.14 6.03 0.60
140 17.57 1.15 6.78 7.58 35.25 14.24 10.93 6.51 0.64
146 17.24 0.11 6.22 7.90 35.47 14.86 11.41 6.79 0.67

The reaction has stopped because there is no PHE left

The total amount of H20 = 0.6683 moles
The final density of the WR = 2.94 g/cem
The final volume of the whole rock = 1149.77 cem

This represents a -4.04 % change in volume
and corresponds to a 2.98 % change in density
The final volume of the total amount of H20 produced =14.9440 cem
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APPENDIX IIC: Computer Program used to calculate isotopic exchange during
infiltration of metabasites

C

PROGRAM INZEST
c
C
C Version AMP I: Hydration of OMP + GAR + QTZ + EPI + KY /
C to form Hbl + Plg / equilibrium model
C (updated last 10.11.86)
C written by G. Frueh, based on the step-wise calculation

method presented by D. Rumble III (1982)
c
C Declarations and definitions
c
C

INTEGER N

PARAMETER ( N = 200 )
C

REAL DOQZ(N), DOHBL(N), DOEPI(N), DOGAR(N), DOPLG(N), MHB,
DOOMP(N), DOH20(N), DOWR(0:N), DKYN, MKYN, MTOT, WTHB,
T, WRI, MHBL, MEPI, MGAR, MPLG, MQZ, MH20, MOMP, DENHB,
DOMP, DPLG, DEPI, DGAR, DHBL, DQZ, DH20, WTKYN, H20I,
XOMP, XHBL, XEPI, XGAR, XPLG, XQZ, XH20, OSYS,
AQHBL, AQPLG, AQGAR, AQEPI, AQH20, AQOMP, D18QZ,
D18HB, D18PL, D18EP, D18GR, D180M, D18WA, DENKYN,
DENHBL, DENEPI, DENGAR, DENPLG, DENQZ, DENOMP, P,
WTHBL, WTEPI, WTGAR, WTPLG, WTQZ, WTOMP,
NQZ, NHBL, NEPI, NPLG, NGAR, NOMP, NH20, VWRI,
DENWRI, DENWR, DENCH, IVFR, TOTH20, VOLCH, MIN,
MAX, VOLH20, MINH20, MAXH20, TOTMIN,
TOTMAX, VWR, VOLPER

INTEGER INC, I, J
C

CHARACTER*40 FNAME
C

DATA DENHBL,DENEPI,DENGAR,DENPLG,DENQZ,DENOMP,DENKYN,DENHB/ 3.10,
3.30, 3.70, 2.70, 2.65, 3.33, 3.55, 3.30/

C
DATA WTHBL, WTEPI, WTGAR, WTPLG, WTQZ, WTOMP, WTKYN, WTHB/

841.36, 454.35, 454.88, 276.02, 60.09, 208.34, 162.03,
817.74/

C
C WTHB and DENHB refer to old hornblende (eclogite facies
C See REACT Output for mineral compositions
C

DATA P / 5000./
C

C
DATA MOMP, MEPI, MGAR, MQZ, MKYN, MHB/ 35., 5., 35., 10. ,10. ,5./

DATA WRI/ 5.5/

C Start of program
c
C VAX

OPEN ( UNIT = 7, FILE = 'SYS$OUTPUT', STATUS = 'NEW' )
OPEN ( UNIT = 5, FILE = 'SYS$INPUT\ STATUS = 'NEW' )

C CDC
C OPEN ( UNIT = 7, FILE = 'OUTPUT', STATUS = 'NEW' )
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c
c
c
c
c

OPEN ( UNIT = 5, FILE = 'INPUT', STATUS = 'NEW' )
PDP

C
c
c
c
c

OPEN ( UNIT = 7, FILE = 'TT:
OPEN ( UNIT = 5, FILE = 'TT:

STATUS = 'NEW' )
STATUS = 'NEW' )

WRITE
10 FORMAT

READ
OPEN
WRITE
READ
WRITE
READ
WRITE

READ
WRITE

READ
WRITE
READ
WRITE
READ

WRITE

20 FORMAT

(7, 10)
(//10X,***** Program INZESTKY VERSION I ****',
// 5X,'This program computes hydration of and isotopic',

' exchange in eclogites',
// 5X,'Type Output file name')

(5, '(A)') FNAME
( UNIT = 1, FILE = FNAME, STATUS = 'NEW' )
(7, *) 'Type number of increments [INTEGER]'
(5, *) INC

*) 'Type initial whole rock 0-18 [REAL]'
*) WRI

*) 'Type initial modes of HBL, EPI, PAR, QTZ,',
' GAR [REAL]'

*) MHBL, MEPI, MPAR, MQZ, MGAR

*) 'Type amount of H20 infiltrated at each increment',
' [REAL]'
DH20

Type Delta 0-18 of infiltrating water'
H20I

Type initial temperature [deg C] [REAL]'
T

(1, 20) T, INC, H20I, DOMP, MGAR, MQZ, MEPI,
MKYN, MHB

(' **** Program INZESTKY Version I ****',
// ' This program computes infiltration and isotopic',
' exchange for the reaction'//' 10.225(KYN) + 2.392(EPI)\
' + 6.092 (QTZ) + 40.488 (OMP) + 12.60 (GAR) '/,
'

+ 1.658 (H20) = 42.00 (HBL) + 31.560 (PLG)'//,
' At a constant temperature of ',F5.0,' deg C'//,
' Number of reaction increments = ',13/,
' The initial delta 0-18 of H20 = \F6.2/,
' Initial modes: OMP = \F5.2,' GAR = \F5.2,
' QTZ = ',F5.2,' EPI = ',F5.2,' KYN =',F5.2,/,
' HBL = ',F5.2)

(7,
(5,
(7,

(5,
(7,

(5,
(7,
(5,
(7,
(5,

*)
*)
*)
*)
*)

C-
C
C-
C
C
C
C
C
C
C

Coefficients are in O-units

Start calculation

Calculate alpha's,
HBL, PAR = MUS, QZ, GAR ref JAVOY, 1977
OMP ref MATTHEWS; EPI ref RUMBLE (program)
Anorthite compenent in PLG =0.3

T = T + 273.15

AQHBL = 3.15E6 / T**2

AQEPI = 3.148E6 / T**2

AQPLG = 1.282E6 / T**2

AQGAR = 2.88E6 / T**2

AQH20 = 4.10E6 / T**2

AQOMP = 1 .585E6 / T**2

0.3
0.3

- 3.7

C
C

DHBL = DH20 * (42.00 / 1.658)
DEPI = DH20 * (2.392 / 1.658)
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DGAR = DH20 * (12.60 / 1.658)
DPLG = DH20 * (31.56 / 1.658)
DQZ = DH20 * (6.092 / 1.658)
DKYN = DH20 * (10.225 / 1.658)
DOMP = DH20 * (40.488 / 1.658)

C
C Loop around increment
C

DOWR(O) = WRI
MHBL = 0.
MH20 = 0.
MPLG = 0.
MHBL = MHB + MHBL

C
C Volume of whole rock
C

VWRI = MHBL*WTHB/(24.*DENHB) + MGAR*WTGAR/(12.*DENGAR) +

MEPI*WTEPI/(13.*DENEPI) + M0MP*WT0MP/(6.*DEN0MP) +

MQZ*WTQZ/(2.*DENQZ) + MPLG*WTPLG/(12.*DENPLG) +

MKYN*WTKYN/(5*DENKYN)
C

V0LH20 = VH20(P,T)
VOLH20 = VOLH20*DH20
VOLPER = VOLH20*100./VWRI
IVFR = VOLH20/VWRI
T0TH20 = IVFR * 33.5
DENWRI = MHBL*DENHB + MEPI*DENEPI + MGAR*DENGAR + MQZ*DENQZ +

MOMP*DENOMP + MPLG*DENPLG + MKYN*DENKYN
DENWRI = DENWRI / 100

C
WRITE (1,25) DH20, P, T, VH20(P,T), VOLH20, VOLPER, VWRI

25 FORMAT (' The amount of H20 infiltrating at each increment = ',
F7.4,' moles or O-units'/' The molar volume of H20 at',
F7.0,' bar and',F7.0,'K =',F7.4,'ccm/mole'/,
' The amount of H20 infiltrating at each increment =',
F7.4,' cem'/,' This',
' corresponds to', F7.2,' vol% of the initial whole rock',
/' The volume of the initial whole rock = ', F7.2,' cem')

WRITE (1, 26) DENWRI, IVFR, TOTH20
26 FORMAT (' The density of the initial rock =',F7.2,' g/cem'/,

' The instantaneous FR-ratio at each increment =',F7.5,/
' The TOTAL amount of H20 needed at each increment for',
/' the entire amount of mafic rocks =',F7.4,' cem'//)

C
C-
C

WRITE (1, 30) MEPI, MQZ, MOMP, MGAR, MKYN, MHBL, MPLG, MH20

30 FORMAT (' Amount of phases at each increment'//' INC EPI',
QTZ OMP GAR KYN HBL',
PLG H20'//' 0',8(1X,F8.2))

DO 1 1=1, INC
MTOT = MHBL + MEPI + MPLG + MQZ + MOMP + MGAR + MKYN + DH20

MHBL = MHBL*100/MTOT
MEPI = MEPI*100/MTOT
MPLG = MPLG*100/MTOT
MOMP = MOMP*100/MTOT
MGAR = MGAR*100/MTOT
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MKYN = MKYN*100/MTOT
MQZ = MQZ*100/MTOT
MEPI = MEPI - DEPI

MQZ = MQZ - DQZ
MOMP = MOMP - DOMP
MGAR = MGAR - DGAR
MKYN = MKYN - DKYN

IF ( MOMP.GE. 0. .AND. MEPI.GE. 0. .AND. MGAR.GE. 0.

.AND. MQZ.GE. 0. .AND. MKYN.GE. 0.) THEN

MHBL = MHBL + DHBL

MPLG = MPLG + DPLG
MH20 = MH20 + DH20

WRITE (1, 40) I, MEPI, MQZ, MOMP, MGAR, MKYN, MHBL, MPLG, MH20

40 FORMAT (1X,13,8(1X,F8.2))
C
C RE-CALCULATE MODES OF ROCKS WITHOUT KYANITE

C
MTOT = MHBL + MEPI + MPLG + MQZ + MOMP + MGAR + MH20

NHBL = MHBLM00/MTOT
NEPI = MEPI*100/MTOT
NPLG = MPLG*100/MTOT
NOMP = MOMP*100/MTOT
NGAR = MGAR*100/MTOT
NH20 = DH2O*100/MTOT

OSYS = NHBL + NEPI + NPLG + NQZ + NOMP + NGAR + NH20

XHBL = NHBL / OSYS
XEPI = NEPI / OSYS
XPLG = NPLG / OSYS

XQZ = NQZ / OSYS
XOMP = NOMP / OSYS
XGAR = NGAR / OSYS
XH20 = NH20 / OSYS

C
D18QZ = XHBL*AQHBL + XEPI*AQEPI + XGAR*AQGAR +

XPLG*AQPLG + XOMP*AQOMP
D18QZ = WRI + D18QZ + XH20 * AQH20
D18HB = D18QZ - AQHBL
D18EP = D18QZ - AQEPI
D18PL = D18QZ - AQPLG
D18GR = D18QZ - AQGAR
D180M = D18QZ - AQOMP
D18WA = D18QZ - AQH20
DOQZ(I) = D18QZ
DOHBL(I) = D18HB
DOEPI(I) = D18EP
DOGAR(I) = D18GR
DOOMP(I) = D180M
DOPLG(I) = D18PL
DOH20(I) = D18WA

C WRITE (2, *) DOH20(I)
C

OSYS = NHBL + NEPI + NGAR + NOMP + NPLG + NQZ
XHBL = NHBL / OSYS
XEPI = NEPI / OSYS
XGAR = NGAR / OSYS
XPLG = NPLG / OSYS
XOMP = NOMP / OSYS

XQZ = NQZ / OSYS
C

WRI = D18HB*XHBL + D18EP*XEPI + D18GR*XGAR + D180M*XOMP
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+ D18PL*XPLG + D18QZ*XQZ
DOWR(I) = WRI
J = I

ELSE
IF ( MOMP .LT. 0. ) THEN

WRITE (7, *) 'No OMP left*
WRITE (1, 80)

80 FORMAT (/' The reaction has stopped because there is no OMP left')
END IF

IF ( MEPI .LT. 0. ) THEN
WRITE (7, *) 'No EPI left*
WRITE (1, 84)

84 FORMAT (/' The reaction has stopped because there is no EPI left')
END IF

IF ( MGAR .LT. 0. ) THEN
WRITE (7, *) 'No GAR left'
WRITE (1, 85)

85 FORMAT (/' The reaction has stopped because there is no GAR left')
END IF

IF ( MQZ .LT. 0. ) THEN

WRITE (7, *) 'No QTZ left'
WRITE (1, 90)

90 FORMAT (/' The reaction has stopped because there is no QTZ left')
END IF
IF ( MKYN .LT. 0. ) THEN

WRITE (7, *) 'No KYN left'
WRITE (1, 95)

95 FORMAT (/' The reaction has stopped because there is no KYN left')
END IF

GO TO 2
END IF

1 CONTINUE
WRITE (7, *) 'Reaction is finished'

c
C
C Volume of whole rock
C
2 VWR = MHBL*WTHBL/(24.*DENHBL) + MGAR*WTGAR/(12.*DENGAR) +

MEPI*WTEPI/(13.*DENEPI) + MOMP*WTOMP/(6.*DENOMP) +

MQZ*WTQZ/(2.*DENQZ) + MPLG*WTPLG/(12.*DENPLG)
C

VOLH20 = VH20(P,T)
VOLH20 =** VOLH20*MH20
VOLPER = VOLH2O*100./VWR
DENWR = MHBL*DENHBL + MEPI*DENEPI + MGAR*DENGAR + MQZ*DENQZ +

MOMP*DENOMP + MPLG*DENPLG + MKYN*DENKYN

DENWR = DENWR / 100
MIN = (MH2O*1000)/(VWR * DENWR)
MAX = (MH20*1000)/(VWRI * DENWRI)
VOLCH = 100 - (100*VWR / VWRI)
DENCH = (DENWR*100 / DENWRI) - 100
MINH20 = VOLH20 / VWRI
MAXH20 = VOLH20 / VWR
TOTMIN = MINH20 * 33.5
TOTMAX = MAXH20 * 33.5

C
WRITE (1,44) MH20, DENWR

44 FORMAT (/,' The total amount of H20 needed to hydrate 100 O-units',
' of rock =',F7.4,' moles'/,
' The final density of the WR =',F7.2,' g/ccm')
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WRITE (1, 45) VWR, VOLCH, DENCH, VOLH20, VOLPER, MAXH20, TOTMAX

45 FORMAT (' The final volume of the whole rock = ', F7.2,' cem',/
' This represents a',F7.2,' % change in volume',/,
' and corresponds to a',F7.2,' % change in density*,/
' The final volume of the total amount of H20 needed '/
' to hydrate the boudin and its tails (33.51 cem) =',
F7.4,' cem'/' This corresponds to',F7.3,' vol% H20',/

' The MAXIMUM amount of H20 needed =',F7.4,' m3 H20/m3',
/,' or a total of',F7.4,' m3 H20')

WRITE (1, 46) MINH20, TOTMIN, MIN, MAX
46 FORMAT (' The MINIMUM amount of H20 needed =',F7.4,' m3 H20/m3',

/, '
or a total of',F7.4,' m3 H20',/,' Between *,F7.4,

' and',F7.4,' moles of H20 will be required per Kg rock'/
' that is hydrated.')

WRITE (1, 50) DOWR(0)
50 FORMAT (//' Delta 0-18 of phases at each increment'//

' INC WR OMP GAR EPI QZ HBL' ,

PLG H20'//' 0 \F6.2)
DO 3 I = 1, J

type *, dowr(i)
WRITE (1, 60) I, DOWR(I), DOOMP(I), DOGAR(I), DOEPI(I),

DOQZ(I), DOHBL(I), DOPLG(I), D0H20(I)

3 CONTINUE
60 FORMAT (IX,13,8(2X,F6.2))

STOP
END

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

REAL FUNCTION VH20 (P,T)
C

C
C***********************************************************************
c
C Subroutine to compute molar volumes of H20
C using the equation of State of Kerrick & Jacobs (1981).
C Solution is performed by the method of NEWTON-RAPHSON.
c ER 9/84
r***********************************************************************

C Output
C
C Input
C
C
C
C
C
C
C
C

P
T

Molar volume / cem

Pressure / bar
Absolute temperature / Kelvin

R Gas constant ( = 83.143 cem )
B Covolume (Repulsive parameter)
C,D,E Temperature dependent coefficient of the

Kerrick-Jacobs expansion of the attractive param.
a(T,V) = C(T) + D(T)/V + E(T)/V**2

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

C Declarations
C

REAL V,P,T,V0,R,B,C,D,E,T12,RT,Y,CY,PREP,PATT,DPREP,DPATT,EPS,
T2

C
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***************************************************************************

*APPENDIX IIC: Calculated Results of INZESTKY program for Rayleigh
* Distillation of Metapelites .

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

*****

*****

**** program INZESTKY Version I ****

This program computes infiltration and isotopic exchange for the reaction

10.225(KYN) + 2.392(Z0I) + 6.092 (QTZ) + 40.488 (OMP) + 12.60 (GAR)
+ 1.658 (H20) = 42.00 (HBL) + 31.560 (PLG)

At a constant temperature of 600. deg C

Number of reaction increments = 100
The initial delta 0-18 of H20 = 7.70
Initial modes: OMP = 35.00 GAR = 35.00 QTZ = 10.00 ZOI = 5.00 KYN =10.00
HBL = 5.00
The amount of H20 infiltrating at each increment = 0.0400 moles or O-units
The molar volume of H20 at 5000. bar and 873.K =22.3622ccm/mole
The amount of H20 infiltrating at each increment = 0.8945 cem

This corresponds to 0.09 vol% of the initial whole rock
The volume of the initial whole rock = 1036.04 cem

The density of the initial rock = 3.41 g/cem
The instantaneous FR-ratio at each increment =0.00086
The TOTAL amount of H20 needed at each increment for
the entire amount of mafic rocks = 0.0289 cem

Amount of phases at each increment

INC ZOI QTZ OMP GAR KYN HBL PLG H20

0 5.00 10.00 35.00 35.00 10.00 5.00 0.00 0.00
1 4.94 9.85 34.01 34.68 9.75 6.01 0.76 0.04
5 4.70 9.24 30.05 33.41 8.75 10.05 3.80 0.20

10 4.40 8.49 25.10 31.82 7.50 15.09 7.60 0.40
15 4.11 7.74 20.17 30.23 6.25 20.12 11 .39 0.60
20 3.81 6.99 15.25 28.65 5.00 25.14 15.17 0.80
25 3.51 6.24 10.34 27.07 3.76 30.15 18.94 1.00

30 3.22 5.49 5.43 25.49 2.52 35.15 22.70 1.20

35 2.92 4.75 0.54 23.92 1.28 40.14 26.46 1.40

The reaction has stopped because there is no OMP left

The total amount of H20 needed to hydrate 100 O-units of rock = 1.4000 moles
The final density of the WR = 3.07 g/cem
The final volume of the whole rock = 1000.92 cem

This represents a 3.39 % change in volume
and corresponds to a -10.00 % change in density
The final volume of the total amount of H20 needed
to hydrate the boudin and its tails (33.51 cem) =31.3071 cem

This corresponds to 3.128 vol% H20
The MAXIMUM amount of H20 needed = 0.0313 m3 H20/m3
or a total of 1.0478 m3 H20
The MINIMUM amount of H20 needed = 0.0302 m3 H20/m3
or a total of 1.0123 m3 H20
Between 0.4557 and 0.3962 moles of H20 will be required per Kg rock

that is hydrated.
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C Y Hardsphere term B/(4*V)
C CY Complement of Y: 1. - Y

C PREP Pressure due to repulsive intermolecular forces

C PATT Pressure due to attractive intermolecular forces

C DPREP, DPATT Differential of PREP resp. PATT

C EPS Absolute accuracy of the molar volume
C
c***********************************************************************
c
C PURE H20
C

EPS = 0.01
T2 = T**2
R = 83.143
B=29.
C=(290.78-0.30276*T+1.4774E-4*T2)*1.E6
D=(-8374.+19.437*T-8.148E-3*T2)*1.E6
E=(76600.-133.9*T+0.1071*T2)*1.E6
V0=15.
IF (P.LT.1000.) V0=22.5
IF (P.GE.210..AND.P.LT.600..AND.TC.GE.550.) V0=75.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.550.) V0=35.
IF (P.GE.210..AND.P.LT.600..AND.TC.LT.400.) V0=20.
IF (P.GE.100..AND.P.LT.210..AND.TC.LT.400.) V0=15.
IF (P.GE.100..AND.P.LT.210..AND.TC.GE.400.) V0=100.
IF (P.LT.100.) V0=500.
IF (P.LT.5.) V0=7000.

C
T12 = SQRT (T)
RT = R * T

C
C Iteration loop to approximate molar volume
C

1 Y = 0.25 * B / V0
CY = 1. - Y

C
PREP = RT * (1. + Y*(1. + Y*CY)) / (V0 * CY**3)
PATT = (C + (D + E/V0)/V0) / (T12 * V0 * (V0+B))
DPREP = (2. * (RT * (CY-Y**2)/(V0*CY**3) - PREP)/CY - PREP)/V0
DPATT = -(PATT*(2.*V0+B) + (D+2.*E/V0)/(T12*V0**2)) /(V0*(V0+B))

C
C Newton - Raphson approximation
C

V = V0 - (PREP - PATT - P)/(DPREP - DPATT)
C
C If molar volume is enough aecurate RETURN, eise next iteration step
C

IF (ABS (V-V0) .LT. EPS) GO TO 2
V0 = V

GO TO 1
C
C *** End of subroutine VSOLVE
C

2 VH20 = V
END
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***************************************************************************
*****

*****

*****

*APPENDIX IIC: Calculated Results of INZESTKY program for Rayleigh
* Distillation of Metapelites (Corresponds to Fig. 3.7:
* Composition of Infiltration water = 7.70%o)
***************************************************************************
**** program INZESTKY Version I ****

This program computes infiltration and isotopic exchange for the reaction

10.225(KYN) + 2.392(ZOI) + 6.092 (QTZ) + 40.488 (OMP) + 12.60 (GAR)
+ 1.658 (H20) = 42.00 (HBL) + 31.560 (PLG)

At a constant temperature of 600. deg C

Number of reaction increments = 200
The initial delta 0-18 of H20 = 7.70
Initial modes: OMP = 35.00 GAR = 35.00 QTZ = 10.00 ZOI = 5.00 KYN =10.00

HBL =5.00
The amount of H20 infiltrating at each increment = 0.0400 moles or O-units

The molar volume of H20 at 5000. bar and 873.K =22,3622ccm/mole
The amount of H20 infiltrating at each increment = 0.8945 cem

This corresponds to 0.09 vol% of the initial whole rock
The volume of the initial whole rock = 1036.04 cem

The density of the initial rock = 3.41 g/cem
The instantaneous FR-ratio at each increment =0.00086
The TOTAL amount of H20 needed at each increment for

the entire amount of mafic rocks = 0.0289 cem

Amount of phases at each increment

INC ZOI QTZ OMP GAR KYN HBL PLG H20

0 5.00 10.00 35.00 35.00 10.00 5.00 0.00 0.00
1 4.94 9.85 34.01 34.68 9.75 6.01 0.76 0.04
5 4.70 9.24 30.05 33.41 8.75 10.05 3.80 0.20

10 4.40 8.49 25.10 31.82 7.50 15.09 7.60 0.40
15 4.11 7.74 20.17 30.23 6.25 20.12 11 .39 0.60
20 3.81 6.99 15.25 28.65 5.00 25.14 15.17 0.80
25 3.51 6.24 10.34 27.07 3.76 30.15 18.94 1.00

30 3.22 5.49 5.43 25.49 2.52 35.15 22.70 1.20

35 2.92 4.75 0.54 23.92 1.28 40.14 26.46 1 .40

The reaction has stopped because there is no OMP left

The total amount of H20 needed to hydrate 100 O-units of rock = 1.4000 moles

The final density of the WR = 3.07 g/cem
The final volume of the whole rock = 1000.92 cem

This represents a 3.39 % change in volume
and corresponds to a -10.00 % change in density
The final volume of the total amount of H20 needed
to hydrate the boudin and its tails (33.51 cem) =31.3071 cem

This corresponds to 3.128 vol% H20
The MAXIMUM amount of H20 needed = 0.0313 m3 H20/m3
or a total of 1.0478 m3 H20
The MINIMUM amount of H20 needed = 0.0302 m3 H20/m3
or a total of 1.0123 m3 H20
Between 0.4557 and 0.3962 moles of H20 will be required per Kg rock

that is hydrated.
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Pyroxene Analyses from the Mte. Mucrone Area

Samples from Location 3. Fig. 4.2 and are shown in composition diagrams

in Fig. 4.12 a.b. (Analyses are given in weight X oxides)

Jadeite - Garnet Fels Jadeite-GarnetMylonites

100 101 102 10S
Saiple H17A PI5 K17A PI6 K17A PI7 K17A PI10 Saiple

17 42 43 44 46 47
M17B PI8A K17B Pill K17B PX12 K17B PI13 M17B PI13 H17B PI13

Si02 59.59 60.34 57.51 59.10
1102 0.07 0.04 0.06 0.05
A1203 24.07 23.97 21.61 22.84
Fe203 1.34 0.66 2.37 1.87
FeO 0.22 0.00 0.00 0.00
MnO 0.04 0.04 0.00 0.00
MgO 0.09 0.08 1.22 0.44
CaO 0.62 0.49 1.96 1.19
Ja20 15.12 15.23 13.88 14.90
120 0.02 0.03 0.01 0.00

Total 101.19 100.88 98.63 100.39

CATI0IS assuilng stoicbioietry and Charge balance

SI
AI
Fe3
Fe2
Kg
Ca
la

1.9970 2.0190 1.9903 2.0017
0.9508 0.9453 0.8812 0.9118
0.0339 0.0166 0.0617 0.0476
0.0062 0.0000 0.0000 0.0000
0.0047 0.0037 0.0632 0.0224
0.0222 0.0177 0.0726 0.0432
0.9820 0.9877 0.9314 0.9782

SITE distribution and RATIOS

xHg Fe(tot) 0.104 0.184 0.506 0.320
Al(IV) 0.003 0.000 0.010 0.000
AI(VI) 0.948 0.945

EIDHEKBEBS
ttitttittt

0.871 0.912

Diopside 0.008 0.014 0.070 0.043
Hollastonite 0.010 0.009 0.035 0.022
Enstatite 0.002 0.002 0.032 0.011
Aciite 0.034 0.017 0.062 0.048
Jadeite 0.948 0.945 0.870 0.912

Si02 59.69 59.75 59.49 60.05 58.75 60.18
T102 0.05 0.00 0.08 0.00 0.00 0.00
A1203 22.98 20.40 20.66 22.31 20.87 23.72
Fe203 " 0.00 0.89 0.00 0.00 0.31 0.00

FeO 2.18 1.90 3.20 2.65 2.55 2.17

HgO 0.00 1.52 1.40 0.00 1.20 0.00

CaO 1.86 3.51 3.43 1.77 3.21 1.22
Ia20 13.00 12.75 12.36 13.55 12.81 13.83
K20 0.13 0.00 0.15 0.00 0.00 0.00

Total

Si
Ti
AI
Fe3
Fe2
Hg
Ca
Da
l

99.89 100.71 100.77 100.32 99.71 101.11

CATIOtS assuilng stoicbioietry and Charge balance

2.0283 2.0307 2.0266 2.0382 2.0198 2.0193
0.0012 0.0000 0.0022 0.0000 0.0000 0.0000
0.9202 0.8171 0.8292 0.8923 0.8457 0.9380
0.0000 0.0228 0.0000 0.0000 0.0081 0.0000
0.0619 0.0541 0.0911 0.0751 0.0733 0.0610
0.0000 0.0768 0.0711 0.0000 0.0615 0.0000
0.0678 0.1277 0.1251 0.0642 0.1182 0.0437
0.8564 0.8399 0.8163 0.8915 0.8538 0.8995
0.0057 0.0000 0.0065 0.0000 0.0000 0.0000

SITE distribution and BATIOS

iHg Fe (tot) 0.000 0.500 0.438 0.000 0.430 0.000

Al(IV) 0.000 0.000 0.000 0.000 0.000 0.000
AI(VI) 0.920 0.817 0.829

EBDHEHBEHS
itmiijti

0.892 0.846 0.938

Diopside 0.000 0.075 0.055 0.000 0.054 0.000

Hollastonite 0.034 0.064 0.063 0.032 0.059 0.022
Enstatite 0.000 0.038 0.036 0.000 0.031 0.000
Ferrosilite 0.031 0.027 0.046 0.038 0.037 0.031
Aciite 0.000 0.023 0.000 0.000 0.008 0.000
Jadeite 0.862 0.817 0.823 0.892 0.846. 0.899
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White Mica Analyses from Jadeite-Garnet Mylonites -

Mte Mucrone Area.

Samples from Location 3, Fig. 4.2 and are shown
graphically in Fig. 4.17a,b. (Analyses are given in
weight % oxides)

PHENGITIC WHITE MICAS

58 59 60 61 64
Saaple MTB PH4 M17B PH5 M17B PH6 M17B PH7 M17B PH8

Si02 48.79 51.23 50.41 51.13 50.79
Ti02 1.02 1.04 1.00 1.00 1.04
A1203 24.91 27.39 27.85 26.80 28.06
Fe203 5.25 0.18 2.38 0.99 2.04
FeO 0.00 1.58 0.00 1.58 0.00
MgO 5.07 3.37 3.90 3.23 3.67
NiO 0.05 0.00 0.00 0.00 0.00
CaO 0.02 0.01 0.00 0.00 0.00
Na20 0.20 0.26 0.22 0.23 0.22
K20 11.12 11.21 11.26 11.00 11.17
H20 4.52 4.53 4.57 4.51 4.58

Total 100.95 100.79 101.60 100.49 101.55

CATIONS calculated on the basis of 6. cations and 12. oxygen;

Si 3.2359 3.3867 3.3021 3.3955 3.3253
Ti 0.0508 0.0517 0.0493 0.0499 0.0510
fll 1.9474 2.1338 2.1501 2.0973 2.1650
Fe3 0.2618 0.0087 0.1175 0.0497 0.1003
Fe2 0.0000 0.0873 0.0000 0.0880 0.0000
Mg 0.5015 0.3318 0.3811 0.3195 0.3584
Ca 0.0017 0.0009 .0.0000 0.0000 0.0000
Na 0.0256 0.0337 0.0280 0.0300 0.0277
K 0.9409 0.9451 0.9405 0.9320 0.9323
OH 2.0000 2.0000 2.0000 2.0000 2.0000

SITE distribution and RATIOS

xMg (Fe tot) 0.657 0.776 0.764 0.699 0.781
Al(IV) 0.764 0.613 0.698 0.604 0.675
Al(VI) 1.183 1.520 1.452 1.493 1.490
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APPENDIX IV: SUMMARY OF THERMODYNAMIC DATA USED IN CHAPTER 5
(University of British Columbia Data Base)

STANDARD STATE PROPERTIES

Solid Phases

Albite
Almandine
Anorthite
Annite
Diopside
Grossular
Jadeite
K-feldspar
Muscovite
Paragonite
Phlogopite
Pyrope
a-Quartz
Ca-Al Pyroxene
Zoisite

ENTHALPY (J) ENTROPY (J)

-3934448 0 207.412
-5268416 0 340.021
-4228102 0 200.439
-5166998 0 413.658
-3201898 0 142.500
-6632395 0 255.000
-3023838 0 133.869
-3972462 0 214.051
-5981249 0 288.300
-5941532 0 277.969
-6213900 0 335.600
-6288710 0 267.270
- 910699 0 41.259
-3297295 0 141.225
-6890028 0 295.438

VOLUME (CM 3)

100.
115.
100,
154.
66.

125.
60,

108,
140.
132.
149.
113.
22.
63.

135.

250
110
750
300
179
300
400
870
757
469
920
181
688
560
750

Gas phases

H20 241816.0 188.720

* Volumetrie properties of water calculated using Kerrick and
Redlich-Kwong Equation of State

Jacobs

Figures 5.1 and 5.2 were calculated with this data set by means of
the Computer program PTX, written by E. Perkins (ETH - Zürich)



Appendix V: Oxygen Isotope Fractionation Factors

A. Experimentally- determined Fractionation Factors

Mineral 1000 Ina = Reference

Qtz - H20 3.34 (lO6 T"2) - 3.31 Matsuhisa et al., 1979

Qtz - H20 3.38 (lO6 T"2) - 2.90 Clayton et al., 1972
(200 - 500°C)

Qtz - H20 2.51 (lO6 T"2) - 1.96 Clayton et al., 1972
(SOO - 700°C)

Alb - H20 2.39 (lO6 T,~2) - 2.51 Matsuhisa et al., 1979

Ksp - H20

Ksp-H20 2.91 (lO6 T"2) - 3.41 O'Neil & Taylor, 1967
(3S0 - 800 °C)

Ano - H20 2.15 (l06T~2) -3.82 O'Neil & Taylor, 1967
(SOO - 800 °C )

Plg - H20 (2.91 - 0.76p)(l06 T"2)-(3.41 - 0.14g) "

P = An-comp.
(500 - 800 °c)

Mus-H20 2.38 (l06T~2) -3.89 O'Neil & Taylor, 1969
(4 00 - 650 °C )

Rut - H20 -4.10 (lO6 T"2) + 0.96 Addy & Garlick, 1974
(5 75 - 775 °C )

Rut - H20 -(4.72 t 0.40) (lO6 T"2)+ 1.62 + 0.53 Matthews et al.. 1979
(500 - 7 00 °C)

Calcite-H20 2.78 (l06 T~2) -3.39 O'Neil et al., 1969
(0 - 8 00 °C)

Mag - H20 -1.60 (lO6 T"2) -3.61 Anderson et al., 1971
("00 - 800 °C)
Qtz - Na-Cpx (2.08 - 0.99p) (lO6 T'2) Matthews et al., 1983

ß = Jad - component

A Qtz - Mus = 0.54 ÄQtz- Bio Garlick & Epstein, 1967
A Qtz - Um = 0.95 A Qtz - Mag O'Neil & Ghent, 1975

B. TheoriticalFractionation Factors, Jaroy (1977)

1000 In cc Qtz - Min
" A->B(10«T-»J

A B
Feldspar 0 0.97 + 1.04ß
Pyroxene 0 2.75

Olivine 0 3.91
Muscovite - 0.60 2.20

Amphibole - 0.30 3.15

Biotite - 0.60 3.69

Ilmenite 0 5.29

Manetite 0 5.57
Garnet 0 2.88
Chlorite

Serpentine ] - 1.63 5.44

P = An - component



ABSTRACT

published in: EOS, 1985, Vol. 66, No. 46, p. 1126-1127

Stable Isotope Indications of Fluid Involveraentin Ductile Shear Zones During Eclogite Facies
Metamorphism

GRETCKEN FRUEH-GREEN (Inst Min Petro ETH Zentrum
CH-8092 Zürich Switzerland)
(Sponsor: Alan B Thompson)

At Mte. Mucrone (Sesia Zone, Western Alps, Italy)
a quartz diorite intrusion was intensely deformed and
transformed to orthogneiss (now containing Qtz, Phen,
Gar, Omp) during prograde, early-alpine metamorphismin the eclogite facies. Stable isotope analyses at
various points across ductile shear zones within less
deformed meta-quartz diorite (with relic Ksp + Bio)
show a 3% depletion in'80, suggesting introduction
of an external fluid during shearing; a fact not
otherwise evident from petrographic Observation.
A correlation may be seen between the amount of fluid
involved and the degree of deformation and recrystal-
lisation. Qtz-Gar, Qtz-Omp, and Qtz-Phen ^O-fraction-
itions yield concordant temperatures of 500-550°C for
the deformation event; these are consistant with
estimates based on mineral equilibria. Calculated <8 0
values of the fluid in equilibrium with quartz in the
plastically deformed rocks are 6.50-6.90%«,.
Comparison with other isotopic studies in the Mte.

Mucrone area suggests localised rather than pervasive
flow of the peak metamorphic fluids, possibly channel-
led along shear zones.
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STABLEISOTOPE INDICATIONSOF FLUIDMOTION
IN THE AMPHIBOLISATIONOF ECLOGITES IN THE
ADULA NAPPE
G. FRUEH-GREEN and A.B. THOMPSON
Erdwissenschaften, ETH-Zürich, CH-8092 Zürich, Switzerland.

O- and H- isotope ccnpositions of co-existing
minerals indicate that two phases of fluid infiltra¬
tion affected eclogite boudins of the Adula Nappe,
Switzerland. No isotopic change occurred during the

hydration of "dry" eclogites (Qrip+Gar+Kya+Otz) to

fine-grained amphibolite (Phase 1). This indicates low
Fluid/Rock ratios or that any fluid was almost in

isotopic equilibrium with the rock. The hydration of

eclogite to symplectite (Hbl+Dio+Plg) and amphibolite
occurred at the same time as dehydration of muscovite
in the enclosing metapelites (now containing Qtz+Plg+
Bio+Gar). Phase II is acccnpanied by grain coarsening,
progressive deformation and new growth of biotite in
the amphibolite. Isotopic canpositions suggest that
Fluid/Rock ratios were greater than in Phase I or that
the isotopic composition of the fluid changed.
Scattered isotopic coTtpositions of the enclosing meta¬

pelites indicate no hcrmogenous isotopic re-equilibra¬
tion or pervasive fluid phase during amphibolisation
of the eclogite boudins but may yield information
about Fluid/Rock interaction during the older eclogite
facies metan-orphismof both mafic and pelitic ccnpo¬
sitions.
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