


---

t6 (J.·':J 1 

)~ J <;;L.rr~o(GEOLOGICA ULTRAIECTINA 
~ F L""-<0/"tv-w 

Mededelingen van de 
Faculteit Aardwetenschappen 

Universiteit Utrecht 

No. 114 

Geodynamic evolution of the Pan-African lower crust 
in Sri Lanka 

structural and petrological investigations into 
a high-grade gneiss terrain 

Leo Kriegsman 



CIP-GEGEVENS KONINKLUKE BIBLIOTHEEK, DEN HAAG 

Kriegsman. Leo M. 

Geodynamic evolution of the Pan-African lower crust in Sri Lanka : structural and petrological
 

investigations into a high-grade gneiss terrain / Leo M. Kriegsman. - Utrecht: Faculteit
 

Aardwetenschappen der Universiteit Utrecht. - (Geologica UItraiectina, ISSN 0072 - 1026; no.
 

114)
 

Proefschrift Universiteit Utrecht. - Met lit. opg. - Met samenvatting in het Nederlands.
 

ISBN 90-71577-68-6
 

Trefw.: Sri Lanka ; geologie / aardkorst ; Sri Lanka / petrologie.
 



Geodynamic evolution of the Pan-African lower crust
 
in Sri Lanka 

structural and petrological investigations into 
a high-grade gneiss terrain 

Geodynamische ontwikke/ing van de Panafrikaanse onderkorst in Sri Lanka 
structureel en petrologisch onderzoek in een hooggradig gneis-gebied 

(met cen samenvatting in het NederIands) 

PROEFSCHRIFT 

TER VERKRUGING VAN DE GRAAD VAN OOCTOR
 
AAN DE UNIVERSITEIT UTRECHT,
 

OP GEZAG VAN DE RECTOR MAGNIFICUS PROF. DR. I.A. VAN GINKEL,
 
INGEVOLGE HET BESLUIT VAN HET COLLEGE VAN DEKANEN
 

IN HET OPENBAAR TE VERDEDIGEN OP
 

WOENSDAG 27 OKTOBER1993 DES NAMIDDAGS TE 14.30 UUR.
 

])()()R 

LEO M. KRIEGSMAN 

GEBOREN OP 7 JULI 1961 TE ALKMAAR 



PROMOTORES: PROF. DR. A. KRONER, Mainz 

PROF. DR. C.W. PASSCHIER, Mainz 

PROF. DR. S.H. WHITE, Utrecht 

Research described in this thesis was made possible through financial suppon by the 

Deutsche Forschungsgemeinschaft 
(German Science Foundation) 

and the 

Dr. Schiirmannfonds 



CONTENTS 

Samenvatting voor niet-geologen (Dutch summary for non-geologists) 9
 
Abstract 11
 

Part I. INTRODUCTION 13
 

Chapter 1. General introduction and outline of thesis 15
 

Chapter 2. Introduction to the geology of Sri Lanka 19
 
Gondwana setting and Gondwana break-up 19
 
Subdivision and nomenclature of the Sri Lankan basement 19
 
Lithology. geochemistry and geochronology of basement units ••••••..•••.•....••••......•••••.• " •••••••••• 21
 

Definition of boundaries 27
 
Large-scale structures and scheme of structural phenomena " 28
 
Pressure-temperature gradient and P-Tpath(s) •••••••••••••.•••••••.••••••...• '" 30
 
Age of metamorphism ••••••••••••••••••• " ••••••••••••.•••••••••••• '" .•••••••..••••••••...•••••••••••••••. 30
 

Part II. THE poT PATH(S) OF SRI LANKAN GRANULITES 33
 

Chapter 3. Petrology of sapphirine-bearing granulites 35
 

Introduction and geological setting .••••••••••••••.••••••.....•••••.•.••.....••••.....•••••.....•••••.••...••37
 

Petrography .•••••••••••....••••••••••••••••••••••••••••••••••••.••••••••••••••••••••••••••• '" .•••••••••••••43
 
Inclusion textures ••••••.••.••••••••••••••••••••••••.••••••••••••••.•••••••••••••••••••••••••••••••••••43
 

Mineralogy •.•••••••••••..•••••••••••••••••••••••••••••••• '" •••••••••••.••••...•••••••..••.•••.••••••47
 

Munwatte sample ••••••••••••••••••••••••• , •••••••••••••••..•••••••• '" ..••••••.••••.••.••••••••••••••57
 
Summary and evidence for a clockwise P-T path •••••••••••••••••••••••••••••••••••••••••••••••••••••••••61
 

Abstract 35
 

Outcrop and sample description '" 39
 

Coronitic and symplectitic textures common to both localities 43
 
Texlures resbieted to Munwatte , 45
 

Treatment of chemical components 52
 
Reaction sequences in FMAS(H) '" 53
 

HaJrurutale lenses 53
 

Reactions in CFMAS(H) '" '" 62
 
HaJrurutale 62
 
Munwatte 62
 
1be origin of sodium 62
 

Thermobarometry _ 64
 
Discussion " 64
 
Conclusions 65
 

http:�����������.����...�������..��.���
http:�����������....������������������������������������
http:��������������.������.....�����.�.��.....����.....�����.....�����.��
http:���.�....����......�����


6 Contents 

Chapter 4. Construction of P·T grids in systems with incomplete
 
thermodynamic data. I. Optional intersections and the
 
number of consistent grids, with an example from FMAS 66
 

Introduction •••••••••••••••••••••••••.••••••••••••.••.••••....••••••......••.•••••...••••••••••••.••• '" •••••66
 
Multigrid construction in systems with incomplete thermodynamic data ••.••••••.....•••••••••...••••••••.•.67
 

A practical algorithm 67
 
Step I: Scbreinemakers bundles consistent with volume constraints 67
 
Step 2: from bundles to multigrids 70
 
Other constraints 73
 

The FMAS(c+3) system involving Gt, Cd, Hy, Si, Sa, Sp, and Co 73
 
Reaction balancing and volume constraints 74
 
Schreinemakers bundles consistent with volume constraints 77
 
AU multigrids consistent with volume constraints (n= 32) 77
 
Pairs of initial-residual grids and constraints from natural assemblages (n=20) ..••.••..•••••......••••.•••80
 
Constraints from entropy data (n=4) 82
 

Discussion 83
 
Conclusions 85
 

Chapter S. Construction of p.T grids in systems with incomplete
 
thermodynamic data. II. Topological relations with end·
 
member systems, with new grids for FMAS(c+4) 86
 

Initial and residual grids and inversion in (c+4) or higher natural systems •.•.•••..•••••••.••••.•••.•...•••91
 

Introduction 86
 
Relation between end-member systems and natural systems 86
 

(c+4) end-member systems and (c+3) nal1n'al systems 86
 
A general theory for the relation between natural systems and end-member systems •.••••••••••••••..•••••• 87
 
Outline of a practical method to derive (c+k) grids with k>3 89
 
An example from MAS and FMAS 90
 

Application to FMAS and MAS 92
 
A minimum grid for MAS(c+5) '" 92
 
FAS(c+5) 94
 
Implications for FMAS(c+4) 94
 
Inversion from low to high 102 96
 
The innuence of kyanite 100
 
The influence of other phases 100
 

Application to Sri Lankan granulites 102
 
Discussion 103
 
Conclusions 104
 

Chapter 6. Divariant and trivariant reaction line slopes in FMAS and
 
CFMAS: theory and implications for the p.T path of Sri
 
Lankan granulites 105
 

Introduction 1 05
 

Calculation of XMg isopleth slopes for divanant assemblages in FMAS and CFMAS ••••••...•.•.•.•••.•• 11 0
 
Geometric aspects of divanant reactions in P-T space 106
 

Application: the P-T path of Sri Lankan granulites 116
 
Procedure 116
 
The prograde P-T palh of Sri Lankan granulites '" 117
 

http:������...�.�.�.���
http:��.��..�����......����
http:�������������������������.������������.��.����....������......��.�����...������������


Contents 7 

The retrograde p.T path of Sri Lankan granulites , 119 
A combined P-T path for Sri Lankan granulites 120 
The influence of Ca + Na on reection line slopes for assemblage Hy + PI + Gt + Q 121 

Discussion 123 
Conclusions ••••.••••••••••••••••••••.••.••••••••• , •••••••.•••••••.••.••••••••••••••••••••••••.••••• " ••••• 124 

Part III. SRUCTURAL AND GEODYNAMIC EVOLUTION OF SRI 
LANKAN GRANULITES 125 

Chapter 7. Evidence for nappe tectonics in the high-grade basement of 
central Sri Lanka: terrane assembly in Pan-African lower 
crust? 127 

Abstract , 127 
Introduction , 127 
Lithology of the Kadugannawa and Highland Complexes 13 1 
Structural evolution of the Kadugannawa Complex (KC) 133 

Stn1clUreS related to D3 133 
Structures preceding D3 in the Dumbara area 135 
Evidence for a ~ strain gradient in the Rulu Ganga area 138 

Structural evolution of the Highland Complex (HC) ••••.•••••••••.•.••••••••••••••.•••••••••••••••••••••••• 141 
Interpretation of the KC as a fold nappe , 143 
Relation between deformation and metamorphism 143 
A possible terrane boundary in the Sri Lankan basement '" 145 
Discussion •••.••••••••••..••••..••••••••••••.••••••••••••••••••••.•••••.••••.••••••••••••••.••••••••••••••• 145 
Conclusions ••••••••••••••••.••••.••••••..•••••.•.•••.••••.•••••••••••••••••••••.••.•••••••••••.••••.•.•••• 146 

Chapter 8. Synmetamorphic extensional collapse in the Sri Lankan 
granulite terrain and the influence on recorded P·T arrays 147 

Introduction 147 
Tectono-metamorphic evolution of the Sri Lankan basement 148 

D1•. Early extension and low-P/high-T metamorphism 149 
Dlb. Crostalthickening (-610-580 Ma) 149 
~. Exlensional collapse (-580 Ma): main deformation 149 
D3. Lale folding and lhrustill8 (-560-510 Ma) 152 
The amount of symnetamorphic unroofmg 153 

p.T arrays and synmetamorpltic extension 153 
Sri Lankan granulites as a wide, low-angle extensional shear zone , 154 
Delamination of the lowermost crust and the heat source for granulite metamorphism •••.••••..••••.•••••.. 155 
Discussion ••.•.••••••••..•••••••••••...••••••..••••••••.•••••••••••..••••••••••••••.•••••.••.••••••.••..•• 156 
Conclusions ••••••••.•••••..•••.•••••.••••••••..••••.••••••••..••...•••••.•••••.•••••..•••••.•••••••••••••• 157 

Chapter 9. Late reworking (D3): Thrusting, folding and wrenching 158 
Introduction , " 158 
Structural events ••••.•••••••..••••...•••...•••..••.•.•••••••••••••••••••..••....•...•••••..•....•••••.•.•• 158 

Pre-D3 slnlCl1lre5 '" _ 158 
D3 struetures 160 

A fold-and-thrust belt in central and nonhem Sri Lanka 162 

http:����.�������..����...���...���..��.�.�������������������..��....�...�����..�....�����.�
http:��������.�����..���.�����.��������..����.��������..��...�����.�����.�����..�����
http:��.�.��������..�����������...������..��������.�����������..��������������.�����.��.������.��
http:����������������.����.������..�����.�.���.����.���������������������.��.�����������.����.�
http:�������.�������.��.������������������������.�����
http:����.��������������������.��.���������


8 Contents 

Luxe-scale trends 162 
Steep shear zones 164 
Out-of-phase structures in the HC: emy thrusting? 167 
Transport direction Ilthe HCIVC contact 168 
Inrerpretation: fold-and-thrust belt 168 

Folding. thrusting and wrenching in southern Sri Lanka 170 
Observations 170 
Inlerpt'etation: folding. thrusting and wrenching 173 

The relation between Dz and D:3 174 
Relative position of the HC and VC 175 
TectonicmodeI 176 
Relation to metamorphism and partial melting 178 
Discussion •••••••••.•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 178 
Conclusions •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.••••.•••••• 180 

Chapter 10 Sri Lanka in Gondwana: a triple junction of Pan-African 
orogenic belts 181 

Introduction 18 1 
Tecton<Xlletarnorphic evolution of the Sri Lankan basement 182 
Collision and sinistral strike-slip in the Mozambique Belt 184 

Soulbem granulite Province, South India 184 
Madagascar 184 
East Africa 185 
SUmmary 186 

Sri Lanka and the liilZow-Rayner Belt 186 
SlrUctural arguments for the juxtaposition of Sri Lanka and the UllZOW-Hohn Complex 186 
Comparison between Sri Lanka and the UllZow-Holm Complex 187 
Sri Lanka, UllZow-Hobn and Rayner 188 
Summary and conclusion 189 

Plate-tectonic model 191 
Comparison with a modem mountain belt: the Alps 191 
Sri Lanka at a triple junction of orogenic belts 192 
Discussion 193 
Conclusions .•••••••••••••••••••••••••.•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 193 

Results and Conclusions 194 

References 196 

Acknowledgments 206 

Curriculum vitae 208 



SAMENVATTING VOOR NIET·GEOLOGEN 

De buitenste delen van de aarde, de korsl en bovenmantel, zijn opgedeeld in platen die 
horizontaal kurmen bewegen. Deze plaatbewegingen, ook weI continentendrift genoemd, kurmen 

leiden tot gebergtevorming, aardbevingen en vulkanisme en tot het openen en sluiten van 

oceanen. Continentendrift in de huidige vorm vindl al zeker 550 miljoen jaar plaats. Omdat 

gesteenten die op grote diepte zaten in oude gebergtegordels door latere gebergte-afbraak vaak 

aan het oppervlak zijn gekomen, kunnen ze ons iets leren over de diepere niveaus van huidige 

gebergtegordels. 

Ben goed voorbeeld van een oude gebergtegordel is de ongeveer 700 tot 500 miljoen jaar oude 
Mozambique Gordellangs de oostkust van Afrika, die qua grootte en opbouw vergelijkbaar is 

met de huidige keten van de Alpen tot de Himalaya. De Mozambique Gordel ontstond door de 
botsing van twee continenten: West-Gondwana (Zuid-Amerika, Afrika) en Oost-Gondwana 

(Antarctica, India). Hierdoor ontstond het supercontinent Gondwana, dat 350 miljoenjaar later 
weer opbrak in de huidige, zuidelijke continenten, die nu duizenden kilometers uit elkaar liggen. 

Dit proefschrift behandelt de geologie van Sri Lanka, dat deel uitrnaakte van de Mozambique 
Gordel. Het onderzoek werd uitgevoerd binnen het kader van een Duits-Srilankaanse 

projectgroep, waar ik als enige Nederlander aan deelnam. Het doel van dit project was om de 
geologie van Sri Lanka gedetailleerd te onderzoeken en op grond van de resultaten het inzicht in 

processen in de diepere delen van huidige gebergtegordels te verdiepen. De gebruikte methoden 
waren ondermeer kartering van de belangrijkste gebieden, onderzoek van chemische 

samenstelling en mineraalgroei en ouderdornsbepa1ingen. 

Het was mijn taak binnen dit project om de plaatbewegingen in en rondom Sri Lanka te 
reconstrueren (geodynamica) voor de periode tussen 700 en 500 miljoen jaar geleden. Allereerst 
werden de vervormingen die de gesteenten hebben ondergaan als gevolg van plaatbewegingen 

bestudeerd. Tijdens tien maanden veldwerk in Sri Lanka werden gedetailleerde beschrijvingen 
gemaakt van gesteenten die hun onderlinge samenhang hebben bewaard, vooral in steengroeven 

en langs bergwegen en -rivieren. Oit de geometrie van plooien en breuken (structurele geologie) 

kan worden opgemaakt in welke richting de gesteenten zijn samengedrukt dan weI uitgerekt. 
Sommige gesteenten werden gemonsterd voor nader (petrologisch) onderzoek in Nederland, 

namelijk om de druk- en temperatuurontwikkeling die ze hebben meegemaakt (bet PoT pad) vast 

te stellen. Oit de druk kan worden berekend hoe diep het gesteente zat, terwijl de temperatuur 
inforrnatie geeft over processen die in de onderliggende aardmantel plaatsvonden. 

Het poT pad kan worden bepaald aan de hand van reacties tussen mineralen, waarbij nieuwe 

mineralen ontstaan. Deze lijken op chemische reacties in vloeistoffen, maar verIopen zo 
langzaam dal niet alleen de nieuw gegroeide, maar ook de oude mineralen vaak nog bewaard zijn 
gebleven. Elk mineraal, mineraalpaar of mineraalgroep heeft zijn eigen stabiliteitsveld, dat wi! 

zeggen een gebied begrensd door druk- en temperatuurlijnen. Hel mineraal ijs, bijvoorbeeld, is 
bij atmosferische druk stabiel als de temperatuur lager is dan 0 OC, maar dit verandert als de de 
drulc toeneemt of als het water veel zout bevat. Het stabiliteitsveld wordt ofweI experimenteel 

bepaald, ofweI afgeleid uit andere geologische gegevens. 



10 sarnenvatting 

Ret eerste deel van het proefschrift behandelt de achtergronden en vraagstelling van het 

onderzoek (Roofdstuk 1) en geeft een inleiding in de geologie van Sri Lanka (Hoofdstuk: 2). In 
deel twee wordt de druk- en temperatuur-ontwikkeling die het gesteente heeft meegemaakt, 

onderzocht. Ret derde deel beschrijft de verschillende fasen van gesteentevervorming. waaruit 

de onderlinge plaatbewegingen in Gondwana kunnen worden afgeleid. 

Op twee plaatsen in Sri Lanka werden zeldzame magnesium- en aIuminium-rijke gesteenten 

gevonden, waarin veel mineraal-reacties te zien zijn (Hoofdstuk 3). Over deze gestoonten is vrij 

weinig bekend, omdat ze extreern langzaam reageren en daardoor moeilijk experimenteel zijn te 
ondenoeken. Ze zijn echter belangrijk omdat ze als een van de weinige gesteentesoorten goede 

indicatoren zijn van dat deel van het P-T pad, dat bij de hoogste temperatuur is doorlopen. 

Daarom bestaat een belangrijk deel van het proefschrift uit een theoretische studie van dit type 
gesteenten. wat leidt tot een verbeterde methode om er informatie over het poT pad uit te halen 
(Roofdstuk: 4-5). 

Toepassing hiervan op de Sri Lankaanse gesteenten gooft aan dat deze eerst oon druktoename 
en daarna een temperatuurverhoging hebben moogemaakt, rotdat ze op 30 km diepte zaten bij een 
maximaIe temperatuur van 830 0C. Oit werd gevolgd door een afname van de druk: en tenslotte 
een afname van zowel druk als temperatuur. Dit resultaat wordt in Roofdstuk 6 vergeleken met 

gepubliceerde gegevens over andere gesteente-typen in Sri Lanka. Sommige gesteenten Iijken 
tegengestelde informatie te geven, maar met behulp van thermodynamische berekeningen wordt 

aangetoond dat een zeer snelle druk-toename in het eerste ("prograde") deel van het P-T pad aile 
bestaande gegevens kart verklaren. Oit is in overeenstemming met ouderdornsbepalingen die 
aangeven dat deze gesteenten geologisch gesproken zeer snel, nameIijk in minder dan 30 miljoen 

jaar, op diepte zijn gebracht. 
Ben gedetailloorde studie van de vervormingen die de gesteenten hebben ondergaan laat zien 

dat zich in Sri Lanka eerst een gebergte heeft gevormd, dat vervolgens bij hoge temperatuur in 

elkaar is gezakt, wat heeft geleid tot horizontale verschuivingen van tientallen tot honderden 
kilometers (Roofdstuk: 7-8). Omdat de korst hierdoor werd verdund, nam de druk op het 

gesteente sterk af. Ret is pas enkele jaren bekend dat gebergtes niet alleen worden afgebroken 

door erosie, maar dat ze ook in een periode van ongeveer 5-20 miljoen jaar onder hun eigen 
gewicht kunnen bezwijken, met name als ze van onderaf worden opgewarmd. 

Vervolgens zijn de gesteenten in centraal Sri Lanka oostwaarts over die in oost Sri Lanka 

geschoven (Hoofdstuk: 9). De bovenste gesteenten kwamen daarbij geleideIijk dichter bij het 
oppervlak, vermoedeIijk door geIijktijdige erosie, waardoor zowel de druk: als de temperatuur 
afnamen. In zuidoost Sri Lanka werden bewijzen gevonden dat Sri Lanka tegeIijkertijd 

noordwaarts moet zijn verschoven ten opzichte van Afrika (Roofdstuk 10). Oit geeft een 
belangrijke aanwijzing over de exacte plaats van Sri Lanka in het oude continent Gondwana, met 

name aan welk deel van Antarctica het hooft vastgezeten. Ben vergeIijking met de geologie van 

dit gebied leidt tot de stelling dat de laatste bewegingen in Sri Lanka samenhangen met de 

vorming van een gebergteketen langs de oostkust van Antarctica. Deze keten stond basks op de 
Mozambique Gordei. Ben vergelijking met de geologie van de Oost-Alpen leidt tenslotte tot de 
stelling dat processen die 550 miIjoen jaar geleden in Sri Lanka hebben plaatsgevonden wellicht 
nu op grote diepte in de A1pen optreden. 



ABSTRACT 

Some main objectives of present-day geological research are to assess the role of the lower 

crust in collision and extensional tectonics and to unravel the mechanism and timing of crustal 
growth. Both objectives require input from the study of high-grade gneiss terrains, notably data 

concerning their composition and structure and pressure-temperature-time evolution. 
The high-grade gneiss terrain of Sri Lanka is a suitable area to study deep-<:rustal processes 

because of good access, high outcrop density and large variation in rock composition. It 

comprises three provinces: the Highland Complex (HC) flanked by the Wanni and 

Kadugannawa Complexes (WKC) to the W and the Vijayan Complex (YC) to the E. The WKC 
lies on top of the HC, which tectonically overlies the Vc. The VC is dominated by amphibolite 

facies orthogneisses, while the other units contain granulite facies gneisses of meta-igneous and 
metasedimentary parentage. Peak metamorphism occurred between -610 and -550 Ma (HOIzI et 
aI., 1991) and KrOner (1991) therefore proposed a link with the Pan-African Mozambique Belt. 

This thesis discusses the geodynamic evolution of the Sri Lankan basement on the basis of 
new structural and petrological data and a review of earlier work. The petrological part of the 
thesis starts with a description of mineral reactions in sapphirine-bearing assemblages from the 

HC, which can be modelled in the FMAS system. Thermobarometry on critical assemblages 
indicates peak metamorphism at about 9 kbar and 830 oC, followed by isothermal 
decompression to -7.5 kbar. 

In order to assess the sense of the P-T path - clockwise or anti-<:lockwise - new petrogenetic 
grids are derived for the FMAS(c+4) system containing the phases gamet, orthopyroxene, 

cordierite, spinel, sapphirine, sillimanite, corundum and quartz. The theory of grid construction 
is discussed first, leading to an extension of the theory presented by other workers (e.g., Zen, 
1966b; Hensen & Harley, 1990). It is shown that a large number of correct grids can be 
constructed when thermodynamic data are insufficient for some phases. A simple technique is 
proposed for the construction of all possible grids using volume and topological constraints 
only. The number of grids can subsequently be reduced by considering additional constraints. 
Application to the quartz-absent FMAS(c+3) system gives 32 possible grids, which are reduced 

to four by considering reliable entropy data and constraints from natural assemblages. 
The relation with end-member systems provides important constraints on the topology of 

natural systems. The theory behind this relation is extended to (c+4) and higher systems, which 

opens possibilities that have previously been overlooked. This has considerable bearing on the 
notion of initial-residual grid pairs (Korzhinskii, 1959; Vielzeuf & Boivin, 1984; Hensen & 
Harley, 1990). It is argued that a (c+N+1) natural system may be characterized by N grids, each 

of which is stable under specific conditions. Application to FMAS (c+4) gives three grids, valid 

at low, intermediate and high fOz. The low fOz grid is applied to Sri Lankan granulites and gives 
a clockwise P-T path, implying crustal thickening followed by heating and unroofmg. 

A review of petrological data available on Sri Lanka reveals some apparently inconsistent 
results, which may be solved by a quantitative approach. Calculating the slopes of XMg isopleths 
for some recorded FMAS and CFMAS divariant reactions with the Gibbs' method (Spear et aI., 
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1982) suggests that all data are consistent with a clockwise poT path. The prograde path had a 

steep slope. causing kyanite growth after sillimanite (Raase & SChenk, 1993) and garnet growth 

in all rock types. Simultaneous garnet growth and garnet breakdown along the retrograde path 

(Faulhaber & Raith, 1991) resulted from a variation in reaction line slopes (+8 to +18 bar/X:) for 

trivariant assemblage garnet +plagioclase +orthopyroxene +quam. It is argued that this is due to 

variable Ca-contents of the first two phases. The inferred slope of the retrograde path after 

isothermal decompression is -15 barlK. 

In the structural section of the thesis. evidence is presented for nappe tectonics during the early 

evolution (02) of the Sri Lankan basement (Earlier structures of unknown importance are called 

DI). Non-eoaxial flow with top-to-the-N displacement is indicated by the asymmetry of sheath 

folds and small-scale extensional shear zones. D2 predates peak-T conditions in the WKC. in 
contrast to its synmetamorphic nature in the underlying HC. A shear zone at the base of the 

WKC cuts structurally downwards. which suggests that the final emplacement of the WKC on 

top of the HC is related to late orogenic extension. This caused prograde high-T granulite 

metamorphism in the WKC and isothermal decompression in the HC. which explains the low 

thermal gradient, -11 OC/km. of the recorded poT array (Schumacher & Faulhaber, 1993). 

Extensional collapse may have been triggered by delamination of the underlying lowermost crust 

and upper mantle. This would also provide a heat source for high-T granulite metamorphism. 

Final unroofmg at decreasing T occurred during a later event of E-W shortening (D3). when 

granulites were thrust on top of the amphibolite facies VC. An arcuate belt defmed by the trend 

of upright D3 folds and L2 stretching lineations is well-developed in hanging wall rocks of the 

main contact zone. but is lacking from footwall rocks. This can be explained by the "comer 

effect" near a colliding promontory (Brun & Burg. 1982). here the eastern part of the VC. 
Given the colinearity of Lz and L3 stretching lineations (N-S azimuth) and the shon time span 

separating Dz and 03. both events may be interpreted in terms of the same kinematic framework. 

It is argued that gravitational forces exceeded the forces due to plate convergence during D2. 

while the force balance may have been reversed during D3. The tectonic setting during D2 may 

have been similar to the present setting of the Eastern Alps. where gravitational collapse during 
plate convergence caused lateral extrusion of material (Ratschbacher et al.• 1991). Hence. early 

nappe tectonics and ductile flow in the Sri Lankan lower crust (D2) may provide a model for 

deep-erustal tectonics in the Eastern Alps. 
The position of Sri Lanka in Gondwana is discussed in relation to the geology of adjacent areas 

(South India, Madagascar. East Africa, East Antarctica). It is argued that the tectonometamorphic 

evolution of the Sri Lankan basement is the result of its position at the triple junction of the 

Mozambique Belt and the LUlZow-Rayner Belt. This second belt comprises the LUlZow-Holm 

and Rayner Complexes in East Antarctica. All structural complexities seem to arise from the 

interplay between displacements within these two belts. Early extension (DIJ. crustal thickening 

(Dlb). subsequent extensional collapse (Dv and late thrusting and upright folding (DJ) can all be 

explained by plate convergence in the LiilZow-Rayner Belt. Syntactical bending at a 100 kID
scale is due to simultaneous strike-slip in the Mozambique Belt. which was a sinistral 

transcurrent zone in the fmal stages after collision (Shackleton. 1986). 
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CHAPTER 1
 

General introduction and outline of thesis 

Some main objectives of present-day geological research are to assess the role of the lower 

crust in collision and extensional tectonics and to unravel the mechanism and timing of crustal 

growth. Both objectives require input from the study of high-grade gneiss terrains, notably data 

concerning their composition and structure and pressure-temperature-time evolution. 

Techniques available to study the deep crust are geophysical methods (e.g., Meissner, 1989), 

geochemical mass balance studies (e.g., Wedepohl, 1991), the study of xenoliths (e.g., 

Rudnick, 1992) and the analysis of those exposed high-grade metamorphic terrains which have 

experienced pressures of >4 kbar (Bohlen, 1987). Deep reflection seismics has revealed gently 
dipping reflectors (e.g., Meissner, 1989; Allmendinger et al., 1987; K1emperer, 1989), which 

have been interpreted as compressional or extensional detachment horizons, lithological 

boundaries, or zones of enhanced fluid pressures. Subhorizontal compositional banding and 

gneissic layering also predominate in many exposed granulite terrains (Sandiford, 1989). 

A controversy exists on the nature of the lowermost crust. A dominantly mafic granulitic 

composition is suggested by the mineral content and chemistry of xenoliths transported to the 

surface during volcanic activity (e.g., Downes & Leyreloup, 1986; Rudnick, 1992), and by 

geochemical mass balance considerations (e.g., Taylor & McLennan, 1985; Wedepohl, 1991). 

By contrast, exposed granulite terrains, which cover tens to hundreds of thousands of square 
kilometres, show the extensive occurrence of felsic granulites, such as charnockites and 

metasedimentary gneisses (e.g., Taylor & McLennan, 1985). Exceptions are granulites in small

101 to 1012 m3 - crustal slivers caught up in suture zones of mountain belts, such as the Ivrea 

zone in the European Alps (Zingg et al., 1990) and the Doubtful Sound granulites in New 

Zealand (Oliver, 1977). 

An elegant solution to this discrepancy is to regard felsic granulites as upper crustal rocks, that 

have only temporarily been brought to high pressures in an overthickened crust and have 

returned to upper crustal levels during the same tectonic event, due to isostatic readjustement 

(e.g., Taylor & McLennan, 1985; Harley, 1988). fu this view, felsic granulite terrains would not 

represent "standard" lower crust, but would be underlain by unexposed, "real" lower crust of a 

more mafic composition and higher rock density (op. cit.; Mezger, 1992). During the high-P, 

high-T stage of their evolution, felsic granulites may acquire some characteristics of the lower 

crust, however, such as various degrees of depletion of incompatible elements resulting from 

partial melting (Taylor &McLennan. 1985). 

An element in favour of the theory that felsic granulites only reach lower crustal depths for a 
short time is a clockwise P-T path showing isothermal decompression after the peak of 

metamorphism (see review in Harley, 1989). P-T paths characterized by isobaric cooling at 
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deep-crustal levels suggest a more prolonged residence in the lower crust and excavation during 
a later tectonic event (e.g., Bohlen & Mezger, 1989). A good example of the latter is the Napier 
Complex in East Antarctica, which remained at deqxrustallevels for some 1500 Ma after peak 
granulite metamorphism (Hensen & Harley, 1990). 

Although granulite terrains may not represent the "typical" lowermost crust, deformation at 
these levels may largely determine the shallow-level expressions of tectonic processes. The study 
of coherent granulite terrains, which allow an integration of structural, petrological and 

geochemical data. may, therefore, provide important insights into the role of deep-crustal levels 
during continental collision and extensional tectonics. 

The granulite terrain of central Sri Lanka is a particularly suitable area to study deep-crustal 
tectonometamorphic processes because of good access, rather high outcrop density and large 
variation in rock composition. Part I (Chapter 2) introduces the reader to the geology of Sri 

Lanka. Part II describes some petrological aspects of Sri Lankan granulites, which results in a 
detailed P-T-t path based on published and new data. Part ill describes the structural evolution, 
which is interpreted in the light of this P-T-t path. This part of the thesis also gives a discussion 
of large-scale tectonic processes operating in the Sri Lankan basement in relation to its position in 
Gondwana. 

Chapters 3 to 10 have been written in the form of papers to be published separately. This has 
led to some overlap in text, notably on the introductory level. The persistent reader may also fInd 

a major difference in interpretation between Chapter 7, which is in press for over a year, and 
Chapter 8. The presence of a terrane boundary, postulated in Chapter 7, seemed a logical 
interpretation at the time, but petrological arguments presented in Chapter 8 favour a late
orogenic extensional nature of the same contact. The terrane boundary still remains possible, 
however, because units on both sides may have been juxtaposed during crustal thickening 
preceding extensional tectonics. The following is a more detailed summary of the contents. 

Chapter 2 gives an introduction to basement units, lithology, geochronology and large-scale 
structural and petrological trends in Sri Lanka. Important recent results by earlier workers are: (i) 
the discovery of distinct basement provinces based on Nd model ages (Milisenda et al., 1988), 
(ii) a good petrological database documenting a pressure and temperature gradient across the 
granulite facies terrain (e.g., Schumacher et al., 1990, Faulhaber & Raith, 1991) and (iii) 

isotopic data constraining the time of peak metamorphism between -610 and 550 Ma (HOlzl et 
al., 1991). 

Chapter 3 treats the petrology of sapphirine-bearing assemblages from two localities within the 

Highland Complex in central Sri Lanka. Detailed petrography suggests a succession of mineral 
reactions, which can be modelled in the quartz-present (silica-saturated) and quartz
absent/corundum-present (silica-undersaturated) FMAS system. To interpret these observations, 

a new set of petrogenetic grids is derived for the FMAS system at various values of oxygen 
fugacity (Chapters 4, 5). The resulting "clockwise" P-T path for the Highland Complex, which 
is typical for a tectonic setting of crustal thickening (e.g., England & Thompson, 1984), 

culminates at about 9 kbar and 830°C. Thermobarometry on critical assemblages indicates 
subsequent isothermal decompression from 9 to 7.5 kbar. 
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Chapter 6 reviews all petrological data now available on Sri Lanka and attempts to solve the 

main controversies. Some aspects of divariant and trivariant reactions are discussed and 

equations are derived to calculate slopes (dP/dn of XMg isopleths for Fe-Mg phases in FMAS 

and CFMAS. These isopleths give good consl.1'aints on reaction line slopes used to quantify the 
P-T path derived in Chapter 5. The results indicate that all published data fit a clockwise P-T 

path. The inferred prograde path had a steep slope, causing kyanite growth after sillimanite 

(Raase & Schenk, 1993) and garnet growth in all rock types. Simultaneous garnet growth and 

garnet breakdown along the retrograde path results from the large variation in dP/dT of reaction 

line slopes (+8 to +18 bar/K) for the assemblage garnet + plagioclase + orthopyroxene + quartz, 

due to variable Ca-contents of the first two phases. By implication, the slope of the retrograde 

path after isothermal decompression is about +15 bar/K. Subsequent uplift is documented by the 

presence of andalusite near some late pegmatites (Hiroi et al., 1990; Raase & Schenk, 1993). 

In the structural section of the thesis, evidence is presented for nappe tectonics during the early 

evolution (Dv of the Sri Lankan basement (Chapter 7). A non-coaxial component of flow with 
top-to-the-N displacement is indicated by the presence of sheath folds and asymmetric, 

extensional shear zones. The Wanni and Kadugannawa Complexes were emplaced on top of the 

Highland Complex with a top-to-the-N displacement. The main deformation event (02) in the 

Wanni and Kadugannawa Complexes predates peak T conditions defmed by partial melting and 

granulite facies metamorphism, in contrast to its synmetamorphic nature in the underlying 
Highland Complex. 

Chapter 8 presents evidence for synmetamorphic extensional collapse during D2, causing 

prograde high-T granulite metamorphism in the Wanni and Kadugannawa Complexes and 

simultaneous isothermal decompression in the Highland Complex. A thermobarometric P-T 

array with a very low thermal gradient with depth (Schumacher & Faulhaber, 1993) can be 
explained by the interplay between extension and metamorphism. It is argued that extensional 

collapse may have been triggered by delamination of the lowermost crust and upper mantle. This 
process may also have induced decompression melting of upwelling asthenospheric material, 

causing the intrusion of mafic magmas into the lower crust and providing a heat source for 

granulite metamorphism. Final unroofmg at decreasing T occurred during a later deformation 
event (03), when granulite rocks were part of the hanging wall of a major thrust. 

Chapter 9 treats these later deformational events. E-W shortening caused eastward thrusting of 

the granulite facies belt over the amphibolite facies Vijayan Complex and simultaneous upright 

folding. An arcuate structure, defined by the trend of upright D3 folds and L2 stretching 

lineations, is well-developed in hanging wall rocks of the main contact zone, but is lacking from 

rocks in the footwall. This syntactical bend can be explained by the "comer effect" near a 

colliding promontory (Brun & Burg, 1982), here the basement underlying the Vijayan Complex. 

This, and the combination of folding and thrusting can be explained in terms of simultaneous E

W horizontal shortening and sinjstral strike-slip along an E-W to ESE-WNW trending 

transcurrent shear zone south of Sri Lanka prior to Gondwana break-up. 

The colinearity of L2 and L3, with few exceptions, and the short time-span separating D2 and 
D3 indicate a similar kinematic framework for these deformation phases. It is argued that both 

events may be regarded as N-S extension with vertical and E-W horizontal shortening. During 
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D2, vertical shortening exceeded E-W horizontal shortening, causing subhorizontal foliations, L
S tectonites and northward nappe emplacement. At this stage gravitational forces probably 
exceeded the forces due to plate convergence. During D3, E-W horizontal shortening exceeded 
vertical shortening, resulting in eastward thrusting and upright folding. 

The position of Sri Lanka in Gondwana reconstructions is discussed in Chapter 10 and a brief 
summary is given of the geology of adjacent areas (South India, Madagascar, East Africa and 
East Antarctica). In view of the -700 clockwise rotation necessary to fit Sri Lanka into its 
Gondwana position with Africa stationary (e.g., Yoshida et al., 1992), Gondwana coordinates 
are introduced. These are the pre-drift geographical coordinates in a Gondwana fit with Africa in 
its present position. The transcurrent shear wne next to Sri Lanka (above) was -N-S trending in 
Gondwana coordinates and it may. therefore. correspond to the sinistral transcurrent zone 
marking the central parts of the N-S trending Mozambique Belt (Shackleton, 1986). This gives a 
good constraint on the position of Sri Lanka in Gondwana and favours a position adjacent to the 
Lutww-Holm Bay in East Antarctica. 

A review of structural data from the Lutww-Holm and Rayner Complexes in East Antarctica 
shows a strong similarity between late tectonic events in these areas and the late tectonic (D3) 
evolution of the Sri Lankan basement. Notably, the arcuate belt defmed by D3 upright folds in 
Sri Lanka can be traced into them. It is therefore proposed that the Pan-African event in East 
Antarctica is not merely thetma1, but involves significant crustal deformation in a belt comprising 
the Lutww-Holm and Rayner Complexes. here called the Liitww-Rayner Belt. 

The tectonometamorphic evolution of the Sri Lankan basement is the result of its position at the 
triple junction of the Mozambique Belt and the Lutzow-Rayner Belt. All structural complexities 
seem to arise from the interplay between displacements within these two belts. Early extension 
(Dla), crustal thickening (DIb). subsequent extensional collapse (D2) and late thrusting and 
upright folding (D3) can all be explained by plate convergence in the Liitzow-Rayner Belt. 
Syntactical bending at a 100 km-scale is due to simultaneous strike-slip in the Mozambique Belt. 

A comparison with the Alps shows many similarities. Notably. the flow pattern during D2 is 
similar to eastward lateral extrusion of material in the Eastern Alps due to N-S plate convergence 
and simultaneous gravitational collapse (Ratschbacher et al., 1991). It is therefore concluded that 
the Pan-African evolution of the Sri Lankan basement is comparable to the deep-crustal evolution 
of the present-day Alps. 



CHAPTER 2 

Introduction to the geology of Sri Lanka 

Gondwana setting and Gondwana break-up 

Recent Gondwana reconstructions (e.g., Lawver & Scotese, 1987; Powell et al., 1988) 

generally follow DuToit's (1937) proposal and locate Sri Lanka in a more northerly position with 

respect to India than presently, close to the east coast of Tamil Nadu (Fig. 2.1). The southern 

point of India is commonly located close to the border of Mozambique and Tanzania, separated 
from them by Madagascar. Sri Lanka's east coast is generally matched with the Ltitzow-Holm 

Bay of East Antarctica in these reconstructions (also Fedorov et al., 1982; Yoshida & Kizaki, 

1983; Powell et al., 1988; Yoshida et al., 1992; Fig. 2.1). New structural data from Sri Lanka 

are consistent with this Gondwana fit and provide arguments against alternative reconstructions 
(e.g., De Wit et al., 1988), which show Sri Lanka in a position south of India and close to 

Madagascar (see Chapter 10). 

The Gondwana reconstructions by Katz (1989), Lawver & Scotese (1987) and Yoshida et 

al. (1992) have in common that Sri Lanka is rotated about 150 clockwise around its central point 

and displaced northwards with respect to India. Together with India, it is rotated -550 clockwise 

and displaced in order to match Africa's east coast and Madagascar. As a result, retaining Africa 
in its present geographical coordinates, Sri Lanka shows a total rotation of about 700 clockwise 

around its central point. This implies that present-day N-S trends were about ENE-WSW trends 

in Gondwana coordinates, Le. pre-breakup coordinates with present-day Africa as a reference 

frame (see Chapters 9 and 10). 

Gondwana break-up started about 160 Ma ago (Powell et al., 1988) and was accompanied 
by the local deposition of Jurassic sandstones, shales and conglomerates on top of basement 

rocks in northwestern Sri Lanka (Geol. Map of Sri Lanka, 1982; Vitanage, 1985). In the early 

stages, Sri Lanka moved together with India, but since the Miocene differential movement 

between Sri Lanka and South India caused the opening of Palk Strait and the deposition of 

limestones in northern Sri Lanka, which resulted in the present-day respective positions 

(Vitanage, 1985). 

Subdivision and nomenclature of the Sri Lankan basement 

Since the first comprehensive review of Sri Lankan geology by Adams (1929), many 
subdivisions of the Sri Lankan basement rocks have been advanced (e.g., Coates, 1935; Wadia, 

1945; Fernando, 1949; Cooray, 1962, 1984, 1993) and names of basement units have varied 

considerably. The knowledge of the basement geology of Sri Lanka has increased rapidly in 
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Cl Pre-Panafrican cratons 

_ Pan-African belts (700 - 450 Ma) 

h,,'}}"1 Pan-African thermal overprint 

Fig. 2.1 The position of Sri Lanka in Gondwana. 

recent years, largely due to the efforts by a Japanese-Sri Lankan and a German-Sri Lankan 
cooperative project. As a result, the nomenclature of rock units and the defInition of boundaries 
have seen important revisions (e.g., Kroner et al., 1991; Cooray, 1993).Throughout this thesis, 

Cooray's (1993) nomenclature (Table 2.1) will be followed. 
Cooray (1993) distinguishes four basement units: the Highland Complex (He), Wanni 

Complex (WC), Kadugannawa Complex (Ke) and Yijayan Complex (YC). The HC and WC 
consist mainly of interbedded metapelites, quartzites, marbles and charnockites, while 
metabasites are abundant in the HC only (see more detailed descriptions below). The KC in 

central Sri Lanka comprises meta-igneous gneisses with chemistries ranging from gabbroic and 



21 Intro Sri Lanka 

dioritic to granitic. Metasediments are rare in this unit, which corresponds to the Arenas of 

Vitanage (1972). The VC, exposed in eastern Sri Lanka, consists of meta-igneous gneisses of 
tonalitic to 1eucogranitic composition (Milisenda, 1991) with minor metasediments. The HC 
rocks yield relatively old Nd model ages (2-3 Ga: Milisenda et at., 1988; Liew et at., 1991b), 
while rocks from the other units give significantly lower values (1-2 Ga: op. cit.). Metamorphic 
grade reaches granulite facies throughout the HC, WC and KC. although locally retrogressed to 
amphibolite facies, while the VC rocks generally display amphibolite facies assemblages. 

Thermometry shows that this is not merely due to differences in fluid activity, but reflects real 
temperature differences (Schumacher et al., 1990). Late-stage, localized charnockitisation 
affected all units (WC: Hansen et al., 1987; HC: Shaw et al., 1987; VC and KC: unpub1. data). 

The Southwest Group defmed by earlier workers (e.g., Hapuarachchi, 1983) is now 
considered as part of the HC (Kroner et al., 1991; Cooray, 1993), because lithological 
differences with the HC are of minor importance and petrological studies have shown a similar 
P-Tevolution (e.g .• Perera, 1983; Faulhaber & Raith, 1991). 

Lithology, geochemistry and geochronology of basement units 

The following lithological descriptions are based on an average, idealized 
tectonostratigraphy (Fig. 2.3) of basement units in Sri Lanka. In view of multiple intrusion 

events, intense folding and strong flattening, it is neither intended nor possible to give a detailed 
stratigraphy prior to these events. For example, the large number of marble layers in the 
Highland Complex may simply be due to repetition of a few original layers by thrust stacking 
and folding (Kroner et al., 1991). Hence, Fig. 2.3 is merely intended to give a generalized idea 
about the distribution of rock types in each unit. 

Table 2.1 Correlation of nomenclature for the Sri Lankan basement. 

Vilanage Cooray GeoL Map of Cooray (1993). abbreviation 
(1972) (1978) Sri Lanka (1982) this thesis (model agel) 

East Vijayan East Vijayan Vijayan Vijayan Complex VC (young) 
West Vijayan West Vijayan 

" 
Wanni Complex WC (" ) 

" 

Highland Series 

" 

Highland Series Highland Series 
Highland Complex2 

" (" 
HC (old) 

) 

Southwest Group 
Arenas 

Southwest Group 
Highland Series Kadugannawa Complex 

" (,,) 
KC (young) 

INd modelage group of MiIisenda et aI. (1988). 2Highland Southwest Complex of Kr6neret aI. (1991). 

Fig. 2.2 (next pages) Maps of Sri Lanka. A. Units. B. P-T data (after Schumacher et al.. 1990; 
Faulhaber & Raith, Schumacher & Faulhaber, 1993. C. Trends of D3 folds. D. Trends of stretching 
lineations. > > > 
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HiWIand Complex (HQ 
The Highland Complex (HC; Fig. 2.2) consists for about 50% of metasedimentary rocks 

and 50% of meta-igneous gneisses (Kroner et aI., 1991). The most obvious metasediments are 

marble, orthoquartzite and metapelite (Fig. 2.3, Table 2.1). Minor constituents are calcsilicate 

rocks, either at the contact between marble and adjacent lithologies or as boudins within marble 

or orthoquartzite. Sapphirine-bearing, highly magnesian granulites have now been recognised in 

three localities (see Chapter 3). This supracrustal sequence aIso contains the metamorphic 

equivaIents of what has been interpreted as a bimodal volcanic suite (pohl and Emrnermann, 
1991). These authors proposed deposition aIong a rifted continental margin, that possibly 

evolved into a stable shelf region (Dissanayake and Munasinghe, 1984). Meta-igneous rocks 

include granitic, charnockitic and enderbitic gneisses and metabasic gneisses. Some rock types 
are difficult to classify as either metasedimentary or meta-igneous, notably so-called "grey 

gneisses", which mainly consist of quartz, feldspar and biotite. 
Radiometric age data from the Highland Complex show a prolonged crustal history in the 

time span 450-3500 Ma (e.g., Holzi et aI., 1991; Fig. 2.4). Ion microprobe (SHRIMP) U-Pb 
ages of detrital zircons are in the range 3.2-2.4 Ga (Kroner et aI., 1987). These data and U-Pb 

zircon upper intercept ages of metapelites of 1.9-2.1 Ga have been interpreted as indicating 

deposition before 1900 Ma ago (Holzi et aI., 1991; Fig. 2.4). Nd model ages of 2-3 Ga and U
Pb ages of detrital zircons suggest that these sediments contained components with a prolonged 

previous crustal history (Milisenda et aI., 1988; Liew et aI., 1991). 
U-Pb zircon upper intercept ages of meta-igneous gneisses generaIly faIl in the range 1.95

1.85 Ga, which has been interpreted as the intrusion age of the precursor magmas (Baur et aI., 
1991; HOlzl et aI., 1991; Kroner & Williams, 1993). The only exceptions are a metabasite with 
poorly deimed upper intercept of -2.3 Ga (HOlzl et aI., 1991; see p. 31 and Chapters 6, 8) and a 
granitic gneiss from the Polonnaruwa area, which probably intruded about 670 Ma ago (Baur et 
aI., 1991). Cross-cutting relations between meta-igneous rocks and metasediments are extremely 

scarce. This has been attributed to either intrusion in the form of sills (Voll and Kleinschrodt. 
1991) or to high strain obliterating intrusive contacts (Kroner et aI., 1991, 1993; Kriegsman, 
1991; Chapter 7). 

Kadu~armawa Complex (KO 

Rocks of the Kadugannawa Complex (KC; Fig. 2.2) are exposed in the cores of six doubly

plunging D3 synforms and one intervening antiform in the Kandy area (Vitanage, 1972; 
Munasinghe and Dissanayake, 1980) and structuraIly overlie the gneisses of the Highland 

Complex. The main rock types are biotite-hornblende and biotite gneisses with amphibolites and 

minor metasediments of quartzo-feldspathic, quartzitic and pelitic composition (e.g. Vitanage, 

1972; Perera. 1983; Cooray, 1984; Kroner et aI., 1991). Kleinschrodt et aI. (1991) describe a 

basic layered intrusion in the deepest levels of the KC. This intrusion is locally overlain by a thin 

metasedimentary sequence and by dioritic to tonalitic gneiss elsewhere. Pohl and Emrnermann 
(1991) propose that all meta-igneous rocks of the KC constitute one calc-alkaline suite. Zircon 
evaporation U-Pb data indicate intrusion between -890 to -1010 Ma (Kroner et aI., 1991). 
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Fig. 2.3 Schematic tectonostratigraphic columns showing the relative position of basement units and 
their respective lithologies. Layers with lithology names may serve as a legend for the rest of the diagram. 
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Mapping by the author in the Hulu Ganga area has largely confirmed the lithogical description 

by Kleinschrodt et aL (1991). The only modifications are that (i) magnetite-bearing quartzites 

("itabirites") have a larger outcrop extent (Chapter 7); (ii) these quartzites are overlain and 

underlain by a sequence of rocks typified by elongate amphibolitic lenses in a calcsilicate matrix; 

(iii) this sequence is intercalated with a 0.5 - 1.0 m thick pure marble member and, at a higher 

level, a 2m thick orthoquartzite overlain by a 5 m thick ultramafic layer. Typical metasediments 

only occur in the southern half of the Hulu Ganga synform and are absent from the northern half 
and from other parts of the KC, where the most common rock type is dioritic to tonalitic gneiss 

(Chapter 7). 

Directly underlying the basic intrusion in most localities is a pink granitic gneiss (Chapter 7), 

which has a similar Nd model age as rocks from the KC (Milisenda et aI.; 1988). Kroner et aI. 
(1987) report SHRIMP data suggesting intrusion at about 1.1 Ga, while H61z1 et aI. (1991), 

using the conventional V-Ph technique, show an intrusion age of -580 Ma at a different locality. 

This may point to different generations of pink granitic gneisses. The first rock type directly 

underneath the pink granitic gneiss is generally an orthoquartzite. The pink granitic gneiss is 

taken as the lower limit of the KC (see section on unit boundaries, below, and Chapter 7). 

Wanni ComPlex CWO 
The Wanni Complex (WC; Fig. 2.2) consists predominantly of meta-igneous gneisses and 

metasediments. The meta-igneous gneisses generally have granitic, granodioritic and tonalitic 

composition. Metasediments include gamet-sillimanite gneisses, often with cordierite, calcsilicate 

layers, and, possibly, some grey gneisses containing small garnets. The alternation of meta

igneous and metasedimentary rock types is comparable to the HC, but major differences are: (i) 

metabasic gneisses and pure marbles are virtually absent, (ii) cordierite occurs more widely, both 
in leucosomes and melt pods as in their host rocks, and (iii) Nd model ages of 1.0-2.0 Ga 

(Milisenda et aI., 1988; Liew et aI., 1991) and intrusion ages of 770 Ma (Baur et aI., 1991) to 

1000-1090 Ma (Burton & O'Nions, 1990; Jaeckel et aL, 1991; Fig. 2.4) are significantly 

younger than those in the He. Nd model ages are comparable to the KC, but the meta-igneous 

gneisses of the WC are more felsic than those of the KC, and metasediments are more common. 
The younger age limit to sedimentation is constrained at about 790 Ma (Holzi et aI., 1991). 

The western part of the WC, which was termed "West Vijayan Complex" in the older literature 

(e.g., Geological Map of Sri Lanka, 1982), consists mainly of little deformed granites, such as 

the late Tonigala granite (-560 Ma: HOlzl et aI., 1991), and rare metasediments. Metamorphic 

grade is high amphibolite facies in this part of the WC, locally with chamockitic patches 

overgrowing the weakly developed gneissic layering, similar to those described in the rest of the 

WC (Hansen et aI., 1987; Burton & O'Nions, 1990; Milisenda et aI., 1991). 

Viiayan Complex (Va 

The Vijayan Complex (VC; Fig. 2.2) consist of meta-igneous gneisses of leucogranitic to 

tonalitic composition (Kroner et aI., 1991) with rare inclusions of metaquartzite and calcsilicate 
rocks (Dahanayake and Jayasena, 1983). The mineral content is variable. but the most common 
minerals are quartz, plagioclase, biotite, amphibole and K-feldspar. The geochemical 
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characteristics of this granitoid suite shows that they are I-type intrusions (Pohl and 

Ernrnermann. 1991; Milisenda, 1991). These granitoids intruded around 1020 Ma ago (HOlzl et 

aI., 1991; Fig. 2.4) and have Nd crustal residence ages not much exceeding this value (1.0-1.9 
Ga; Milisenda et aI., 1988, Liew et aI., 1991). Hence, they have probably been derived by 

partial melting from a source that had fractionated from the mantle not long before its 
emplacement (Kr6ner et aI., 1991). The Vijayan Complex is therefore interpreted as a juvenile 

addition to the crust. possibly in an active continental margin setting (Milisenda, 1991). 
Metamorphic grade is generally amphibolite facies, but granulite grade rocks have been 

reported from the east coast (e.g., Jayawardene & Carswell, 1976; De Maesschalck et aI., 
1991). The author has found patchy charnockites, simlar to those from the WC, in the Pottuvil 

area. 

Definition of boundaries 

The boundary between the HC and the VC is rather well defIned, since rocks on one side (HC) 
consist of granulite facies rocks with abundant metasediments and old Nd model ages (Milisenda 
et aI., 1988), while the other side (VC) is characterized by amphibolite facies orthogneisses 
virtually devoid of metasediments and with young Nd model ages (op. cit.). This pattern may be 
slightly complicated, however, by the existence of a several hundred to a thousand meter thick 

zone, where rocks with apparently young Nd model ages seem to be interleaved with granulitic, 
partly metasedimentary, gneisses (Cooray, 1962; Kleinschrodt. 1993; Buchel, 1993). Structures 

near this contact are described in Chapter 9. 

The lower limit of the KC has been drawn at the contact between the highest orthoquartzite and 

a continuous horizon of pink granitic gneiss (Fig. 2.3), which has been studied in some detail by 
earlier workers (e.g. Munasinghe and Dissanayake, 1980; Perera, 1983; Kroner et aI., 1987). 
This granitic gneiss has a similar Nd model age as more typical KC rocks (Milisenda et aI., 
1988) and is therefore included in the KC. It is not certain whether the entire sequence below this 
granitic gneiss forms part of the "old" Nd model age province (HC) of Milisenda et aI. (1988). 

The uppermost lithologies could very well belong to the "young" WC, because lithological 
differences between the HC and WC are small. The structural evolution of rocks near this 
boundary will be described in detail in chapter 7. 

The boundary between the WC and HC is an isotopic boundary based on a large-scale 
sampling grid and, as such, not recognizeable in the fIeld. Lithologies on both sides are 

comparable and are a poor guide to derme the boundary. Kehelparmala (1991) proposed to draw 

it at the top of the highest marble band, which seems to crop out more or less continuously from 
N to S over more than 100 km (Geological Map of Sri Lanka. 1982). This boundary is some 

hundreds of metres tectonostratigraphically below the lower limit of the KC and coincides with a 

high strain zone called the Digana movement zone by Kleinschrodt et aI. (1991; see Chapter 7). 



28 Chapter 2 

Large-scale structures and scheme of structural phenomena 

The most obvious structures in Sri Lanka, which have been described by most previous 

workers (e.g., Adams, 1929; Oliver, 1957; Berger & Jayasinghe, 1976; Silva, 1985; Sandiford 

et al., 1988) are (i) the boundary between the HC and the VC, (ii) upright folds, often doubly 

plunging, in the central part of the island, and (iii) the large and systematic change in trend of the 

axial planes of these folds across the island. The presence of earlier isoclinal folds and L-S 

tectonite fabrics was recognized by Berger & Jayasinghe (1976), who reinterpreted some 100 m

scale recumbent folds described by Cooray (1962) as early isoclinal folds. Voll & Kleinschrodt 

(1991), Kehelpannala (1991) and Kriegsman (1991) gave preliminary reviews of all 

deformational phenomena suggestive of a complicated polyphase structural evolution. 

The contact between the HC and the VC has been interpreted as an unconformity by Adams 

(1929), Coates (1935), Wadia (1945), Fernando (1948) and Katz (1971) on the basis that 

structural trends in the VC are truncated against the HC (see Chapter 9, however). Alternatively, 
Cooray (1962, 1978), Crawford & Oliver (1969), Berger (1973), Hapuarachchi (1975) and 

Newton & Hansen (1986) considered the Vijayan Complex as retrogressed equivalents of the 

Highland Complex. Recent isotopic data (Milisenda et al., 1988; HOlzl et al., 1991, 1993; Liew 

et al., 1991) have now firmly established that the VC is younger than the HC and is neither a 

basement to the HC metasediments nor its retrogressed equivalent. Instead, the contact between 

these units represents a major thrust (Hatherton et al., 1975; Kroner, 1986; Kriegsman. 1991; 

Kleinschrodt, 1993; Buchel, 1993). The presence of serpentinized ultramafic bodies 

(Dissanayake & Van Riel, 1978), copper-iron mineralizations (Munasinghe & Dissanayake, 

1982) and retrogressed charnockites (Cooray, 1962; Hapuarachchi, 1975; Buchel, 1993) 

testifies to the importance of this contact. 
Upright folds occur throughout the island (Fig. 2.2; Chapter 9). The trend of the axial planes 

of these folds is NNE-SSW in NE Sri Lanka and swings to N-S and NNW-SSE in the central 

part of the island. More to the south the trend becomes NW-SE and W-E,locally even WSW

ENE. This means that the trend of upright folds shows a 1200 bend, which is comparable to so

called syntactical bends, such as the western Alps and the lbero-Armorican arc (Brun & Burg, 
1982). Similar to those areas, some debate exists as to whether it is due to later refolding or was 

formed during development of the upright folds (cf. Oliver, 1957; Berger & Jayasinghe, 1976; 

Munasinghe & Dissanayake, 1982; Buchel, 1993). 

The structural evolution presented in this thesis is based on a detailed study of structural 

phenomena in selected areas (Fig. 2.2a) and scattered observations in intervening areas. In view 

of the difficulties inherent in the correlation of structural phenomena (e.g., Ramsay, 1967; 

Williams, 1985), the procedure followed was to compare outcrop-scale structural histories rather 

than to defme the exact 3-D geometry of folded individual layers. Most outcrops showed the 

following generalized history: (i) development of an early foliation (S\) accentuated by 

leucosome due to segregation processes and partial melting; (ii) isoclinal folding of S\ into 
recumbent F2 folds with mineral and stretching lineations parallel to the fold axes; (iii) reworking 

of S\ and S2 into upright or inclined F3 folds, commonly with new leucosome parallel to the 
axial plane. 
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Outcrop histories and fold styles were found to be rather similar over large areas. Variation in 
fold style is mostly related to variation in layer thickness. The main large-scale transitions are: (i) 
a gradual change in attitude of F3 axial planes over the island from u{right and locally E-dipping 
in western Sri Lanka via upright in central Sri Lanka to W-dipping and subhorizontal in the east; 
(ii) the above mentioned syntactical bend defined by trends of upright folds and stretching 
lineations; (iii) a change from fold-dominated deformation in central Sri Lanka to thrust tectonics 
in the E and SE. 

For correlation with data presented by other workers (e.g., Berger & Jayasinghe, 1976; VoU & 
Kleinschrodt, 1991; Kehelpannala, 1993), it should be noted that all structures associated with 
isoclinal folding and the formation of a pervasive L-S tectonite fabric are called Dz here, all 
structures deforming this gneissic layering, notably thrusts and upright to inclined folds, are 
called D3 and all structures preceding Dz, commonly with uncertain kinematic, data are called DI 
(Table 2.2). This procedure is largely kinematic: structures that can, with some degree of 
confidence, be fitted into the same kinematic framework - e.g., subhoriwntal N-S stretching 
during DZ -, are grouped into the same event, without violating overprinting relations. For 
example, Kehelpannala's (1993) D3, D4 and Ds are all grouped into D3 in this paper, because 
they are interpreted as local manifestations of the same stress field. 

Table 2.2 Deformation scheme (see text for correlation with other workers). 

phase phenomena I processes 

Dl	 early segregation and formation of leucosome, now parallel to lithological banding 
crenulated sillimanite inclusions in garnet 

D2	 several sets of isoclinal recumbent folds 
formation of gneissic layering and transposition ofolder structures 
formation of high-T stretching lineation 
boudinage of metabasites and calsilicate rocks in a quartzitic to metapelitic matrix 
symmetric and asymmetric foliation boudinage 
nappe tectonics WC + KC 

early thrusts within HC, subsequently refolded in upright folds 
upright folds in central Sri Lanka 
steep zones in the limbs of some upright folds 
local transposition of S2 to S3 in small-scale steep shear zones 
double plunge of F3 fold axes. giving rise to elongate domes and basins 
thrusting at HCNC contact 
local development of biotite lineation with E-W azimuth 
E-verging, asymmetric inclined folds near HCNC contact, cut by E-ward directed thrusts 
10-100 km scale syntactical bending of D3 axial planes 
-N-S trending upright folds and steep shear zones deforming earlier folds in syntactical bend 
refolding of main thrust contact between HC and VC 
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Pressure-temperature gradient and p.T path(s) 

Hapuarachchi (1975), in the first comprehensive review of the metamorphism of Sri Lankan 
granulites, recognized several distinct metamorphic domains and postulated a general westward 

decrease of maximum recorded pressures. Newton & Hansen (1986) also advanced arguments 

for westward decreasing P and T across the Sri Lankan granulite terrain and proposed the 

presence of a tilted crustal section. The presence ofa metamorphic field gradient was questioned 

by Perera (1983), but has been verified by later workers. Notably, the restriction of the high-P 

assemblage garnet + clinopyroxene + quartz to the eastern half of the HC (Hapuarachchi, 1975) 

has recently been confirmed (Schenk et aI., 1991). The field poT gradient has further been 

substantiated by thermobarometry on metabasites and charnockites (Schumacher et aI., 1990; 

Faulhaber & Raith, 1991; Fig. 2.2), by the distribution of biotite + Fe-Ti-oxides (Schumacher et 

aI., 1990) and biotite dehydration reactions (Raase & Schenk, 1993), and by the trend in the Ti

content of amphiboles (Schumacher et aI., 1990). The maximum recorded pressures decrease 

from about 9-10 kbar in the central and eastern part of the HC, including the Kataragama klippe 
(Fig. 2.2), to about 5-6 kbar in western Sri Lanka (Schumacher et aI., 1990; Faulhaber & Raith, 

1991; Schumacher & Faulhaber, 1993). The maximum temperature decreases in the same 

direction from about 830 to 680 OC (op. cit.). Temperatures in the VC are comparable to those in 
the WC and KC and considerably lower than those in the HC (Schumacher et aI., 1990). 

Hapuarachchi (1975) mentioned a metamorphic evolution defmed by an early high-P stage and 
the subsequent appearance of low-P assemblages, including andalusite. Similarly, Perera (1983) 
and Sandiford et aI. (1988) described a peak poT stage followed by growth of typical 

decompression textures. A clockwise poT path (P-axis upwards) is indicated by the presence of 

early kyanite inclusions in garnet and the occurrence of retrograde andalusite in metapelites with 
sillimanite as the main alurninosilicate phase (Hiroi et aI., 1990; Raase et aI., 1993). A similar P
T path is indicated by a petrological study of sapphirine-bearing granulites presented in this 
thesis (Chapters 3-5). By contrast, reaction textures in metabasites (Schumacher et aI., 1990) 

and Fe-rich chamockites (Prame, 1991b) have been interpreted in terms of early isobaric cooling 

and subsequent decompression and cooling, which is difficult to reconcile with the P-T path for 
metapelites. An alternative interperetation of these reaction textures is presented in Chapter 6, 
where it is argued that all rocks in the HC witnessed a clockwise P-T path. 

Age of metamorphism 

Early interpretations of the timing of high-grade metamorphism in Sri Lanka were based on 

Rb-Sr data (Crawford & Oliver, 1969; also Katz, 1971 and De Maesschalck et aI., 1991), which 

were interpreted in terms of metamorphic events at -2000 Gll. -1100-1250 Ma and 800-900 Ma. 

U-Pb and K-Ar mineral ages (Holmes, 1959; Cooray, 1969) suggested cooling between 450 and 

6OOMa. 
More recent conventional U-Pb zircon dating, however, suggests that no Pb loss occurred 

between about 1900 Ma and 610 Ma (Baur et aI., 1991; HOlzl et aI., 1991). A similar, more 
qualitative result was obtained from the U-Th-Pb system (Liew et aI., 1991ll.b). This can be 
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GEOCHRONOLOGY OF TIlE SRI LANKAN BASEMENT 
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Fig. 2.4 Summary of geochronological data after Kroner et al (1987. 1991), Burton & O'Nions (1990), 
Baur et al. (1991) and Holzl et al. (1991). Time-scale is logarithmic. 

taken as evidence for the absence of high-grade metamorphic events in this time span (op. cit.). 

The lower intercepts in concordia-discordia diagrams for zircon fractions and concordant 
monazite ages lie in the range 610-550 Ma in the Highland Complex, which probably reflects the 
time of regional high-grade metamorphism (Baur et aI., 1991; HOlzI et al., 1991). Lower 

intercepts in the Wanni Complex are in the range 540-590 Ma (Jaeckel et al., 1991; HOIzl et al., 
1991), and in the Vijayan Complex 460-510 Ma. These data suggest a diachronous Pb-Ioss in 
the Sri Lankan basement, which may reflect a diachronous culmination of peak metamorphic 

conditions. 
The timing of peak metamorphism can be rermed by looking at the relation with structural 

events and the P-T path. TIle oldest lower intercept age for zircon fractions, 608 Ma, comes from 

a metabasite from the HC in central Sri Lanka (HOIzl et al., 1991). It is argued in Chapters 6 and 
8 that this age may reflect the time of intrusion of the mafic precursor magmas. Whether or not 
this is a good approximation of the time ofpeak metamorphism depends on the relative timing of 
intrusion of these magmas, which is uncertain (Chapters 6, 8). An intrusive age of 580 Ma for a 
concordant granitic gneiss (op. cit.), which forms the lower limit of the KC (above), may be a 
better estimate for the following reasons. This so-called "Mahaweli pink granite" has been 
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deformed during 02, resulting in an L-S tectonite fabric, but to a lesser degree than the 

surrounding rocks. The precursor granite is therefore a syn-02 intrusive. Since D2 deformation 
occurred at the peak of metamorphism in the directly underlying HC rocks (Chapters 7, 8), this 

granite intruded at the peak of metamorphism, in accord with Munasinghe & Oissanayake 

(1980). 

Burton & O'Nions (1990) report Sm-Nd and Rb-Sr minerai isochron ages of -535 Ma on 

pods of arrested chamockite in the KurunegaIa area. Since these pods formed during 03 upright 

folding (Kriegsman, 1991; Chapter 9), this may date the time of upright folding in that area. 

Garnet Sm-Nd cooling ages vary from 560-480 Ma and biotite Rb-Sr cooling ages from 470

440 Ma and a correlation with temperature has been interpreted as two-stage cooling: (i) slow 

cooling at a rate of 2-3 0C/Mafrom the peak Tofabout 830 OC (560 Ma)to about 600 OC (480 

Ma); (ii) fast cooling at a rate of 10-25 OC/Ma until 450 Ma (Holzi et aI., 1991). Similar cooling 

ages were obtained by Burton & O'Nions (1990). Minerai cooling ages determined by 4OAr

39Ar laser-microprobe are in the range 493-420 Ma (Irwin et aI., 1987), suggesting that the 

thermal anomaly may have lasted even longer. 
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CHAPTER 3 

Petrology of sapphirine-bearing granulites1 

ABSTRACT 

Magnesian granulites from two localities in central Sri Lanka contain the minerals sapphirine 
(Sa), gamet (Gt), orthopyroxene (Hy), sillimanite (SO, cordierite (Cd) and spinel (Sp). Quartz 
(Q) is restricted to the Hakurutale locality, corundum (Co) and gedrite (Gd) to the Munwatte 
locality. XMg =Mg/(Mg+Fe2+) is 0.53-0.72 in gamet, 0.66-0.73 in spinel, 0.77-0.87 in 
orthopyroxene, 0.83-0.91 in gedrite, 0.81-0.95 in sapphirine and 0.90-0.95 in cordierite. 
Gamet XMg is highest in assemblages with corundum. 

These rocks display a variety of single and sequential reaction textures that are interpreted in 
terms of a five-stage development. The earliest textures document growth of prismatic sapphirine 
in Munwatte via the reaction Gd/Hy + Sp + Co =Sa and gamet growth via Hy + Co =Gt. Stage 
2 marks the breakdown of gamet via Gt + Co + Sp = Sa, which produced coarse-grained, 
coronitic sapphirine in Munwatte. Gamet growth via reactions Hy + Si + Sa =Gt and Hy + Si = 
Gt + Q in Hakurutale overlaps in time with stages 1 and 2. Gamet subsequently broke down 
(stage 3) to fine-grained, anhydrous products, via Gt =Hy + Si + Sa (both localities) and Gt + 
Q = Hy + Si (Munwatte). Stages 4 and 5 are characterized by cordierite ± sapphirine growth at 
the expense of gamet-bearing assemblages and the assemblage Hy + Si ± Q in all samples. 

The transition from one stage to another marks the crossing of the following univariant 
boundaries in FMAS: 

Hy + Co + Sp =Gt + Sa (1-2) 
Hy + Co = Gt + Si + Sa (2-3) 
Hy + Si + Q =Gt + Cd (3-4) 
Hy + Si = Ot + Sa + Cd (4-5) 

A partial grid in Co-bearing FMAS(c+3), which incorporates the three boundaries crossed in 
that system, suggests a clockwise P-T path. A partial grid in Q-bearing FMAS(c+3) gives 
consistent results, but the clockwise loop cannot be shown from this grid alone. Calculation 
using the GEOCALC software (Brown et aI., 1988; MAC version by J. Lieberman) indicates 
peak P-T at about 9 kbar and 830 ce, followed by isothermal decompression to about 7.5 kbar, 
supporting the retrograde part of the qualitative P-T path. 

IThis chapter has been submined to the Journal of Metamotphic Geology as: Kriegsrnan, L.M. and Schumacher, 
J.e., Petrology of sapphirine-bearing granulites from central Sri Lanka. 
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INTRODUCTION AND GEOLOGICAL SETTING 

The basement gneisses of Sri Lanka have been subdivided into four different units (modified 
after Kroner et at, 1991): (i) Highland Complex (ii) Vijayan Complex, (iii) Kadugannawa 
Complex, and (iv) Wanni Complex (Fig. 3.1). The Highland Complex consists of highly 

deformed and metamorphosed rocks of sedimentary and igneous parentage. Nd model ages in 
this unit are 2-3 Ga, whereas the other units give Nd model ages of 1-2 Ga (Milisenda et al., 
1988). Evidence from the U-Pb system strongly suggests that the age of granulite facies 
metamorphism is in the range 670-550 Ma (Baur et al., 1991; HOlzI et al., 1991). 

Gneisses of the Highland Complex in central Sri Lanka show a well-developed gneissic 
layering (S2) and a strong, NNW-SSE oriented mineral and stretching lineation (L2), defined by 
peak metamorphic assemblages in all rock types (e.g., Kriegsman, 1993; Chapter 7). 

Compositional banding is generally parallel to S2. Together, they have been refolded around 
upright folds with gently plunging fold axes (Berger and Jayasinghe, 1976). Fold axes of early 
isoclinal folds and late upright folds are parallel to L2. The Wanni and Kadugannawa Complexes 

have been interpreted as fold nappes, which were emplaced on top of the Highland Complex 
with a top-to-the-NNW movement sense parallel to L2 (Kriegsman, 1993; Chapter 7). This main 
deformational event occurred at the peak of metamorphism. Breakdown of the peak assemblage 

to retrograde symplectitic structures in Highland Complex granulites postdates S2. 
Petrological research has concentrated on metabasites and intermediate rocks (e.g., Sandiford 

et aI., 1988; Schumacher et aI., 1990; Faulhaber & Raith, 1991), acid charnockites (Prame, 
1991a) and metapelites (Prame, 1991b; Raase & Schenk, 1993). These investigations have 
established a pressure zonation across the Sri Lankan granulite terrane. Pressures and 
temperatures decrease roughly from 9-10 kbar and about 830 °C in the E and SE to 5-6 kbar and 
about 680 OC in the NW (e.g., Faulhaber & Raith, 1991; Schumacher & Faulhaber, 1993). The 
PoT path for metapelites, based on the sequence kyanite (inclusions) > sillimanite (abundant) > 
andalusite (rare), is clockwise (Hiroi et aI., 1990: Raase & Schenk, 1993). By contrast, some 
meta-igneous rocks seem to have experienced isobaric cooling prior to uplift (Schumacher et al., 
1990; Prame, 1991a), which is not documented in metapelites. 

The present study focuses on the petrology ofMg- and AI-rich granulites from two localities in 
central Sri Lanka. These rocks have a good potential for recording the P-T segment close to peak 
temperature conditions, providing a possible link between information from metapelites and 
meta-igneous rocks. This paper gives an account of reaction textures and gives evidence for 

sequential crossing of four univariant boundaries in FMAS. The resulting poT path is a 
clockwise loop near peak P-T at about 9 kbar and 830 °C, followed by isothermal 
decompression to about 7.5 kbar. We show that thermobarometry confirms and quantifies the 
retrograde part of the P-T path, but does not give evidence for the prograde segment. Instead, 
the key evidence for the prograde path comes from successive assemblages involving corundum 
and sapphirine, for which experimental and thermodynamic data are insufficient. This shows 
that qualitative techniques are powerful tools in assessing P-Tpaths. 
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Fig. 3.2 Outcrop photographs. 
a. Hakurutale sapphirine-bearing lenses in a road cul 
b. Pinch-and-swell of Hakurutale lenses with inflow of 

quartzitic matrix. 
c. Munwatte boulder. 
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OUTCROP AND SAMPLE DESCRIPTION 

Sapphirine-bearing granulites were found in two localities in the central Highland Complex SE 
of Kandy (Kriegsman, 1991b; Fig. 3.1). Osanai (1989) reported sapphirine- and kornerupine
bearing granulites from Talatu Oya in the same area (Fig. 3.1). In the Hakurutale locality, on the 
new road leading to Randenigala Dam, sapphirine-bearing granulites form several lenses in a 
quartzitic matrix alternating with thin metapelitic layers (Fig. 3.2a). Metabasic gneisses are 
present one meter below these lenses. The rocks are crumbly, but show few signs of 
weathering. This outcrop lies in the hinge zone of an upright NNW-SSE trending synform, 
which refolds the main gneissic layering (S2). The exposed lenses have formed by layer-parallel 
extension of either two parallel layers or larger lenses, causing formation ofboudins with sizes 
ranging from 2 x 5 m down to 5 x 5 cm. Separations between the boudins locally amounts to 1.5 
m parallel to the L2 stretching lineation. Inflow of quartzite into the necks of pinch-and-swell 
structures can be observed (Fig. 3.2b). Locally, up to 5 cm wide and 40 em long zones of pure 
gamet are present, which may be related to the break-up of the original layers. 

Samples from the Hakurutale lenses are dominated by prismatic orthopyroxene and sillimanite 
and porphyroblastic gamet. Silica-content decreases from the rim of the Hakurutale lensens to 
the core. Gamets in samples from the core commonly enclose sapphirine and rarely quartz, 
whereas those from the rim enclose quartz, but never sapphirine. Quartz only forms part of the 
matrix assemblage in samples from the rim. Secondary corona structures are most common in 
quartz-rich samples. Most coronas and symplectites (Fig. 3.3) are the product of garnet 
breakdown in the presence of quartz and/or sillimanite, or garnet breakdown without the 
involvement of other phases. Sapphirine, cordierite and orthopyroxene are the most common 
secondary phases, both in symplectites and in coronas. Orthopyroxene and sillimanite locally 
form symplectitic intergrowths rimming gamet. Plagioclase only appears in quartz-bearing 
samples from the rim of the lenses, commonly as rounded inclusions in orthopyroxene-cordierite 
symplectites. Rutile, spinel, apatite, and zircon are accessory phases (Table 1). 

The second locality is near the village of Munwatte, where a loose boulder (Fig. 3.2c) 
weighing -70 kg and containing large (up to 3 em) sapphirine crystals was found on an outcrop 
in a river with a small catchment area. It is suggested that it may represent a small tectonic lens, 
similar to the Hakurutale boudins. The river outcrop displays a rock series comprising 
quartzites, metapelitic gneiss, charnockites and intermediate basic granulites (Fig. 9.5). Gamet
and hornblende-rich lenses exist in these metamorphosed basic rocks and marbles crop out 
nearby. These rocks display L-S tectonite fabrics (L2-S2) similar to those in locality I 
(Kriegsman, 1991c). This outcrop is situated in a steep shear zone bordering the western limb of 
a doubly plunging synform (Fig. 3.1; see Chapter 9). 

The Munwatte sample shows homogeneously distributed patches (up to 4x6 cm) that contain 
abundant corundum, sapphirine and gamet in a phlogopite-orthopyroxene matrix (Fig. 3.2d, 
3.3a). Potassium feldspar and quartz are absent. Spinel, gedrite and corundum form inclusions 
in sapphirine. Cordierite commonly occurs in symplectites with orthopyroxene rimming gamet. 
Sillimanite is rare and is generally separated from either orthopyroxene or gamet by a rim of 
cordierite-sapphirine symplectite. Accessory minerals are rutile, zircon, and apatite (Table 3.1). 



~ 

i
~ 

Fig. 3.3 Reaction textures in thin sections. 
a. Sa corona separating Gt and Co; Hy present in the 

outer rim ofGt (Munwatte) 
b. rim of Sa between Hy and Sp (Munwatte) 
c. Gt replaced by Hy + Si + Sa in crack (Munwatte) 
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Fig. 3.3 (continued) 
d. Hy-Si symplectite replacing Gt + Q(Hakurutale) 
e. Sa-Cd symplectite separating Hy and Si (Hakurutale) 
f. Sa-Cd symplectite separating Gt and Si (Hakurutale) 
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Fig. 3.3 (continued) 
g. Cd+Hy separating Gt and Q (Hakurutale) 
h. Hy-Sa symplectite + Cd replacing Gt (Munwatte) 
i. Sa-PI symplectite replacing Gt (Munwatte) 
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PETROGRAPHY 

Inclusion textures 

inclusions in sapphirine (Munwatte) 
Sapphirine grains enclosed in garnet generally exhibit multiple inclusions of gedrite + spinel, gedrite + 

corundum, and spinel + corundum (Fig. 3.3a, Table 3.3). These sapphirines also enclose rutile, apatite 
and biotite. Corundum and apatite form the inclusions in sapphirine cores, whereas gedrite, biotite, 
spinel, and rutile are more abundant away from the cores. 

inclusions in garnet (Munwatte) 
Garnet in the Munwatte samples contains isolated inclusions of sapphirine, orthopyroxene, rutile, 

apatite, biotite and, rarely, plagioclase (Table 3.3). In contrast to sapphirine from the same samples, 
garnet neither encloses gedrite, nor spinel, nor corundum. Orthopyroxene in garnet is only rarely in 
contact with sapphirine. Generally, orthopyroxene is enclosed in garnet rims, while sapphirine is 
restricted to garnet cores (Fig. 3.3a). 

inclusions in garnet (Hakurutale) 
Garnet in the Hakurutale samples contains isolated inclusions of orthopyroxene, sillimanite, sapphirine, 

quartz and biotite and multiple inclusions of orthopyroxene + sapphirine (Table 3.3). Quartz is never in 
contact with sapphirine and orthopyroxene is never in contact with sillimanite. 

Coronitic and symplectitic textures common to both localities 

orthopyroxene-sillimanite ±plagioclase rims and symplectites 
Orthopyroxene-sillimanite symplectites are common in the quartz-bearing samples of Hakurutale (fable 

3.4). They occur as coarse intergrowths with individual crystals up to 3.0xO.8 mm rimming garnet and 
quartz, as blocky intergrowths with sillimanite prisms that have end-sections up to 150 Il across (Fig. 

3.3d), as ribbon symplectites with individual widths of 10-50 Il, and as plume-like intergrowths with 5

30 Il thick blades. They generally rim garnet and locally separate garnet and quartz, commonly separated 
from quartz by an orthopyroxene corona. Locally, plagioclase is present in these symplectites. 
Orthopyroxene-sillimanite intergrowths are rare in Munwatte, where they are associated with biotite. 

orthopyroxene-sillimanite-sapphirine aggregates 
Coarse-grained orthopyroxene-siIIirnanite-sapphirine aggregates are common in samples from the core 

of the Halrututale lenses, where they replace garnet. In Munwatte this has only been observed in a crack 
transecting one garnet crystal (Fig. 3.3c). 

orthopyroxene-cordierite coronas and symplectites 
Coronas with orthopyroxene and cordierite that separate garnet and quartz (Fig. 3.3g) are restricted to 

the quartz bearing HaIrurutale samples (fable 3.4). Orthopyroxene occurs invariably adjacent to quartz, 
cordierite next to garnet. The thickness of these rims can be up to 0.3 mm. Orthopyroxene-cordierite 
symplectites are present in all samples. Generally they consist of ± 60-80 vol% cordierite and 40-20 
vol% orthopyroxene blades with widths of 20-120 Il. The same type of symplectite also occurs between 
garnet and biotite grains both in the Hakurutale and in the Munwatte samples. Sapphirine is commonly 
present in very fine-grained orthopyroxene-sapphirine symplectites within the coarser orthopyroxene
cordierite symplectites, suggesting sapphirine formed at a late stage in these reaction rims. 
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Table 3.1 Mineral content of thinsections. x =accessory; xx =abundant. Biotite, 
rutile, zircon and apatite also present. 

Hakurutale MlDlwatte 

Mineral corel intennedillle I rimI + patches2 - patches2 

orthopyroxene xx xx xx xx xx 
garnet xx xx xx xx 
sapphirine xx x xx xx 
conlierite xx xx xx xx x 
spinel x xx x 
sillimanite xx xx xx x 
quartz x xx 
COTIImfum xx 
gedrite x 
plagioclase x x xx x x 

I Core, intennediate and rim refer to position of samples in the Hakurutale lenses. 
2 Patches refers to composite textures with Gt, Sa, Sp, Co, Hy in Munwane samples. 

Table 3.2 Abbreviations. Number of anions per formula unit of minerals are given between brackets. 

Bi =biotite [020, (OH,F>4] Q =quartz [02] XMg =Mg/(Mg+Fe2+) in Gt,Hy,Sa,Gd 
Cd =conlierite [OIS] PI =plagioclase [OS] =Mg/(Mg+Fe) in Bi, Cd 
Co =COfIDldum [0:3] Si =sillimanite [OS] Xca =Ca/(Ca+Mg+Fe2+) in Gt 
Gd =gedrite [022, (OH,Ph] Sp =spinel (04] XMn =Mn/(Mn+Ca+Mg+Fe2+) in Gt 
Gt =garnet [012] Sa =sapphirine [020] XAI =AlI2 per 6 oxygen formula in Hy 
Hy =orthopyroxene [06] XAn =Ca/(Ca+Na) in PI 

XFe3+ =Fe3+/(Fe2++Fe3+) 

Table 3.3 Inclusions in sapphirine and gamet. For abbreviations, see Table 3.2. 

Hakurutale MlDlwatte 

Minerai corel intennediateI rim I + patches2 - patches2 

Gd in Sa 
Co in Sa 
Sp in Sa 
Rt in Sa 
Apt in Sa 
Si in Gt 
Hy in Gt 
Q inGt 
Sa in Gt 
Rt in Gt 

x 
x 

x 
x 

x 
x 
x 
x 
x 

x 
x 
x 

x 

x 
x 
x 
x 
x 

x 

x 
x 

x 

noGt 
no Gt 
noGt 
noGt 
noGt 

I, 2 See Table 3.1. 
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orthopyroxene-cordieriJe-plagioclase symplectiJes 
These symplectites locally separate garnet and biotite in the Munwatte samples. and garnet and quartz in 

the Hakurutale samples. The amount of orthopyroxene is similar to orthopyroxene-cordierite 
symplectites. The amount of plagioclase present is correlated with the amount of grossular component in 
the garnet that is being replaced. More rarely, some of the Hakurutale samples display orthopyroxene
plagioclase rims and symplectites, which separate garnet from quartz. while cordierite has not been 
produced. This suggests a high grossular component of the replaced garnet. 

orthopyroxene-sapphirine intergrowths 
Orthopyroxene-sapphirine symplectites are found at the rims of both garnet and prismatic 

orthopyroxene in all samples. Their lamellae are less than 30 I! wide. They have also been observed at the 

contact of garnet and orthopyroxene inclusions. indicating a retrograde reequilibration of Al in 
orthopyroxene with the contiguous garnet. These symplectites also occur in orthopyroxene-cordierite 
symplectites replacing garnet in samples lacking free quartz (Fig. 3.3h). Coarse-grained orthopyroxene
sapphirine intergrowths are present in the matrix of the Munwatte samples. 

sapphirine-cordierite symplectites 
Sapphirine-cordierite symplectites are especially abundant in Hakurutale samples lacking matrix quartz. 

Sapphirine members have widths of 15-100 I!. They separate either sillimanite and orthopyroxene (Fig. 
3.3e) or sillimanite and garnet (Fig. 3.3f). When sapphirine size is larger. the texture changes to large 
sapphirine sheafs in cordierite. Sapphirine-cordierite symplectites are rarer in Munwatte, but they do 
occur in the same assemblages. 

plagioclase rims 
In a few cases plagioclase was seen to form thin (± 20 I!) rims between plagioclase and orthopyroxene. 

Plagioclase in this rim invariably has a higher anorthite component than the earlier plagioclase. 

Textures restricted to Munwatte 

sapphirine coronas 
Sapphirine commonly occurs as rims between orthopyroxene and spinel (Fig. 3.3b) and between 

garnet + corundum (Fig. 3.3a).1n both cases, sapphirine is coarse-grained. The latter corona structures 
are more complex: it shows gedrite. corundum and spinel in sapphirine cores, then a rim of inclusion-free 
sapphirine. then garnet with orthopyroxene enclosed near its rim. 

sapphirine-plagioclase intergrowths 
Intergrowths of sapphirine and plagioclase (Fig. 3.3i) are restricted to polymineral inclusions in garnet 

in only two thinsections. The ratio of plagioclase to sapphirine is 1:2 to 1:3. Other sapphirine crystals 
included in the same garnets contain corundum. Hence, these symplectites are regarded as the product of 
a reaction involving garnet and corundum. 

monomineraJic cordierite rims 
Besides the modes of occurrence outlined above, cordierite occurs as thin rims separating biotite and 

garnet or biotite and plagioclase. This has only been observed in a limited number of cases in the 
Munwatte samples. 



Table 3.4 Zoned assemblages in thin sections. For abbreviations, see Table 3.1. 
x =present; 0 =present, but involving biotite instead of quartz; - =absent 

Hakurotale Mlntwane 

Zoned assemblage3 corel intennediatel rim l + patches2 - patches2 

Co> Sa > Gt x
 

Gt> Hy + Si > Q x x 0
 

Gt>Hy+ Cd >Q x x 0
 

Co > Sa + PI > Gt x
 
Sp>Sa>Gt x
 
Sp> Sa> Hy X
 

Gt > Hy + Si + Sa x x x
 

Gt > Hy + Cd + Sa x x x
 
Gt > Sa + Cd > Si x x x x
 
Hy > Sa + Cd > Si x x x x
 
Gt> Cd > Si x
 
Gt>Cd>Q x
 
Si>Cd>Q x
 
Hy >Cd > Si x
 
Hy>Cd >Q x
 
Gt > Cd + Sp > Si x
 
Gt> Hy + PI > Q x
 
Hi> Cd> Gt x
 
Hi> Cd > PI x
 

1,2 See Table 3.1. 3 Gt > Hy + Si> Q is short-hand for Gt and Q separated by a Hy-Si symplectite, etc. 

Table 3.5 Representative microprobe analyses of garnet. Numbers between brackets refer to divariant 
assemblages mentioned in the text (see also Table 3.8). 

Gt l Gt2 Gt(l) Gt(2) Gt(5) Gt(6) Gt(7) Gt(8) Gt(12+13) Gt(15)
 
point 592 1424 1326 262 1162 335 150 241 685 1256
 

Si02 41.12 39.78 40.78 40.80 40.80 40.50 41.05 39.69 41.57 41.700 

FeO 15.76 22.93 21.66 17.74 16.38 18.99 17.60 22.03 15.61 18.320 
MnO 0.10 0.31 0.23 0.08 0.18 0.15 0.21 0.34 0.150 
CaO 1.20 1.32 0.85 1.11 1.46 1.05 0.99 1.15 1.29 3.300 
MgO 18.95 13.15 14.82 17.26 17.59 16.02 16.83 14.26 18.39 10.990 
NazO 0.01 0.03 0.05 1.050 
other 0.11 0.03 0.04 0.13 0.37 0.37 0.03 0.03 0.03 0.070 
sum 100.57 100.12 101.36 100.51 100.06 99.98 99.89 99.98 100.09 98.990 

AI203 23.32 22.60 22.98 23.39 23.28 22.90 23.18 22.45 23.15 23.410 

structural fonnulae (8 cations and 12 oxygen) 

Si 2.950 2.977 2.989 2.958 2.962 2.978 3.001 2.956 3.001 3.125 
AI 1.972 1.993 1.984 1.999 1.992 1.984 1.997 1.970 1.970 2.068 
Fel<- 0.136 0.051 0.038 0.086 0.084 0.057 0.121 0.032 

Mn 0.006 0.020 0.014 0.005 0.011 0.009 0.013 0.021 0.010 
Ca 0.092 0.106 0.067 0.086 0.114 0.083 0.078 0.092 0.100 0.265 
Mg 2.026 1.467 1.618 1.865 1.903 1.756 1.834 1.583 1.979 1.228 
Na 0.001 0.004 0.007 0.153 
odler 0.016 0.002 0.009 0.010 0.023 0.023 0.002 0.001 0.002 0.004 
XMg 0.714 0.515 0.557 0.653 0.676 0.613 0.630 0.558 0.685 0.517 
cations 8.Q10 8.000 8.009 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

Fe2+ 0.810 1.384 1.289 0.990 0.911 1.111 1.076 1.252 0.910 1.149 

I point 592: highest XMg; 2 point 1424: lowest XMg. 
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Mineralogy 

Analytical procedure 
Minerals were analysed with a JEOL JXA-8600 superprobe at 15 kV and 10 nA at the University of 

Utrecht. Both mineral and synthetic compounds were used as standards. Raw count data were corrected 
with a Tracor Northern PROZA correction program. Representative analyses of the relevant mineral 
phases are presented in tables 3.4 to 3.8. Table 3.1 explains the abbreviations used in the text. Weight 
percentages were converted to molar percentages by assuming a fixed number of oxygen per formula 
unit. Ferric iron correction of Fe-Mg phases was done using the procedure proposed by Droop (1987), 
with the exception of gedrite, biotite and cordierite. 

Kamel 
Gamet commonly forms large (up to 3 cm) porphyroblasts. It is pink to dark red in hand specimen and 

pale pink in thin section. Garnet in the Hakurutale samples can enclose orthopyroxene, sillimanite, 
quartz, or sapphirine; Munwatte garnet encloses sapphirine aggregates and orthopyroxene (see corona 
descriptions). Rutile, apatite and biotite are also common inclusions. Grossular and spessartine 
components are low, with maximum XCa and XMn 0.09 and 0.007, respectively, in both localities 
(Table 3.5). XMg is 0.53-0.68 in Hakurutale, 0.60-0.72 in Munwatte, slightly higher than values 
reported by Harley & Fitzsimons (1991). Garnet XMg shows considerable variation per reaction texture 
(Table 3.8) and is highest in assemblages with corundum and lowest in quartz-bearing assemblages, 
which explains the difference in XMg range between the two localities. 

ortho,pyroxene 
Orthopyroxene is present as prismatic grains (up to 2 cm in Hakurutale, 5 mm in Munwatte) in the 

matrix, as inclusions in garnet, and in symplectites. It has a bronze color in hand specimen and is 
pleochroitic in thin section: pink parallel to X and paLe green parallel to Y and Z. Its 2V is +80-9QO. 
Matrix orthopyroxenes in the Hakurutale samples show strong crystallographic preferred orientations and 
evidence for rotation recrystallization. Secondary orthopyroxene occurs in intergrowths with either 
sapphirine or cordierite or sillimanite. XMg is 0.76-0.87 in Hakurutale, 0.79-0.87 in Munwatte (Table 
3.6). XMg shows little variation between reaction textures, but is highest in assemblages Lacking quartz 
(notabLy 2 and 13: TabLe 3.8). XFe ranges from 0 to 0.29 with an average of 0.10 for both outcrops, 
independent of coexisting phases. Calcium content is very low. XAI can vary from 0.08 to 0.22 in 
orthopyroxenes from both outcrops, with a maximum of 10.3 wt% Alz03 (Table 3.6). The average XA1 
is lower in sympLectitic orthopyroxene than in cores of prismatic grains. Highest XAI values were 
measured in texturally early assemblages 12 and 13 (Table 3.8). Orthopyroxenes associated with 
plagioclase have lowest XAI values. Locally, orthopyroxene in coronitic and symplectitic assemblages 
exhibits a strong zoning with respect to aluminium (Fig. 3.4), with lowest XAI values on the side of 
quartz and sillimanite and highest values next to cordierite and garnet. XMg does not show this variation, 
which suggests it is not a later retrograde phenomenon, but may reflect a diffusion gradient in these 
reactions, which was frozen in before equilibrium was reached. 

cordierite 
Cordierite is commonly associated with orthopyroxene in coronas or symplectites separating gamet and 

quartz. Cordierite is also present as large (up to 1 cm across) inclusion-free grains that apparently replace 
garnet in the Hakurutale samples. In addition, it occurs in symplectites with sapphirine that separate 
sillimanite from either orthopyroxene or garnet. This type of occurrence is more common in the 
Hakurutale samples. Where visible in hand specimen, it has a transparent deep-blue colour. 2V is + 8oo 
and axial dispersion is r<v. Cordierite exhibits characteristic, tapering twin lamellae, which are less well 
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Fig. 3.4 Chemical profiles through orthopyroxenes in assemblages Gt + Q =Cd + Hy (A) and Gt + Q 
= Hy + Si (B). Onhopyroxene shows strong zoning with respect to AI, while XMg is constant. 

defined than those in plagioclase and generally non-parallel. Yellow pleochroitic halos surround zircon 
inclusions. Cordierite is highly magnesian, irrespective of the assemblage (Table 3.8), with XMg 0.89
0.94 in both localities (Table 3.7). Sums are generally between 97-98%, which suggests the presence of 
volatile constituents in the channels of the cordierite structure. 

sawhirine 
Sapphirine is abundant in the Munwatte samples, where it forms aggregates up to 3 cm across, with 

individual grains up to 5 mm across, both in the matrix and enclosed by garnet porphyroblasts. Matrix 
sapphirine is euhedral, sapphirine in garnet anhedral. It is dark greyish blue in hand specimen and shows 
blue pleochroitic colours in thin section, varying from pale azure blue parallel to Z to greenish blue and 
azuric blue parallel to Y. Its 2V is -(50-60)0 with strong axial dispersion (r<v). Sapphirine enclosed by 
garnet contains large corundum grains and small amounts of spinel, gedrite, biotite, rutile and apatite, 
whereas matrix sapphirine only encloses spinel, biotite, rutile and apatite. Matrix sapphirine is commonly 
associated with orthopyroxene and biotite. Matrix sapphirine is absent from the Hakurutale samples, 
where it occurs as inclusion-free grains (up to I mm across) within garnet. 

In samples from both outcrops, secondary sapphirine is found in lamellar intergrowths with 
orthopyroxene at orthopyroxene-garnet grain boundaries, in symplectites with cordierite separating 
sillimanite from either garnet or orthopyroxene (notably in Hakurutale samples), in sapphirine
orthopyroxene-sillimanite aggregates rimming garnet, and in rare symplectites with plagioclase separating 
garnet and corundum (Munwatte). Sapphirines is very magnesian: XMg is 0.81- 0.95 in both localities 
(Table 3.7). The AI+Fe3+ content varies from 8.41-9.29, with an average of about 8.8 in all assemblages 
(Tables 3.7, 3.8). The average XFe is 0.26, with a range from 0-0.58. In sapphirine-spinel pairs (only 
Munwatte), XFe is always higher in sapphirine, similar to the occurrences reported by Caporuscio & 
Morse (1978) and La] et al. (1983). 

spinel 
In the Munwatte samples, spinel occurs as grains (up to 1 mm) enclosed by sapphirine, that, locally, 

are in contact with corundum. At Hakurutale it occurs as tiny grains (max. 0.07 mm across) in 
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orthopyroxene-cordierite symplectites in quartz-bearing samples. It is green in all samples. XMg ranges 
from 0.66-0.73 (Table 3.7). The average ZnO content is only 2.43 wt%, corresponding to 5.3% 
substitution of Zn for (Mg,Fe2+). XFe is 0.057-0.172, consistently lower than contiguous sapphirine 
(above). Magnetite exsolution lamellae are lacking, indicating that the low XFe is an original feature. 

&edrite 
Gedrite is only present as small (up to 100 Il), isolated inclusions in sapphirine. It shows pale brown 

pleochroitic colours. XMg is 0.83-0.91 (Table 3.7), which is comparable to sapphirine. It has a high 
average Na content of 0.648 (per 23 oxygen formula) and contains up to 0.1 Ca (per 23 oxygen 
formula). 

pla~oclase 

Plagioclase is found in samples from both outcrops. but is only locally abundant. In those apparently 
more Ca-rich parts of the samples, it occurs as monomineralic inclusions in garnet, intergrowths with 
sapphirine (Munwatte) in garnet interiors, symplectites with orthopyroxene ±cordierite replacing garnet, 
and plagioclase lenses rimming garnet. XAn varies from 0.22-0.85 and is highest in assemblages with 
cordierite. Anorthite-poor plagioclase is locally separated from orthopyroxene by a thin rim of plagioclase 
with a higher anorthite content. This suggests a late-stage reequilibration between orthopyroxene and 
plagioclase. 

biotite 
Biotite is present as small inclusions in sapphirine, orthopyroxene and garnet and as a major matrix 

mineral, notably in the Munwatte samples. XMg is 0.85-0.89 in Hakurutale, 0.85-0.91 in Munwatte. 

«Yartz. sillimanite. corundum 
Quartz is only present in the Hakurutale samples, notably in samples from the rim of the Hakurutale 

lenses. It commonly forms rounded inclusions (up to 1 mm across) in garnet. In the most silica-rich 
samples it occurs in the matrix, locally as ribbons (up to 10 x 1 cm). Matrix quartz is invariably separated 
from garnet by either orthopyroxene-cordierite coronas and symplectites or orthopyroxene-sillimanite 
symplectites. 

Sillimanite is a major phases in the Hakurutale samples, where its size is up to 2 cm. Texturally early 
grains show a well developed grain shape and crystallographic preferred orientation parallel to the 
regional L2 lineation and are commonly enclosed by garnet. Sillimanite does not enclose other phases. Its 
2V is +30°, it has strong axial dispersion (r>v) and shows the characteristic (010) cleavage in end 
sections. Secondary sillimanite occurs in symplectites with orthopyroxene replacing garnet and quartz. 
Sillimanite is rarer in the Munwatte samples, where it occurs as elongate prisms up to 3 mm in length in 
the matrix, associated with orthopyroxene. It is never enclosed by garnet in that locality. Sillimanite 
shows less than 1% substitution of (Cr, Fe3+) for AI. 

Corundum is only present in Munwatte. It occurs exclusively as armoured relics in sapphirine and is 
locally in contact with spinel. Original grain size. deduced from optically continuous grains, was up to 
lxO.5 cm. Only in one place in one thinsection has it been observed in contact with garnet. Corundum 
shows well developed twins and. locally, much thinner deformation lamellae. It shows a maximum of 
0.7% substitution of (Cr, Fe3+) for AI. 



Table 3.8 Mineral chemistry per assemblage. Numbers are the same as in the text. Compositions are within the same range for similar assemblages in samples 
from the Hakurutale and Munwatte localities. No data available on assemblage 11 (14): Hy + Sp + Sa (+Co). 

Gt Sa 01 Spassemblage m x XMg ~g ~i ~g XA1 XMg Mg ~~ 
.. ~ ____________•__•____.____ _____________________••____ .__________________________ .________________________ a.. _________________.._________ 

(reaction) llIIlge AVG(n)1 llIIlge AVG(n)l llIIlge AVG(n)1 llIIlge AVG (n)l llIIlge AVG(n)1 llIIlge llIIlge llIIlge 

Q!!+ Co+Sp= Sa 10 - - .86-.92 .89 (43) 8.6-9.2 8.8 (43) - .66-.73 -
Hy+Co+Gt 13 .64-.71 .67 (46) .81-.86 .83 (29) .15-.19 .17 (29) 
Gt+Co+Sp=Sa 12 .65-.71 .68 (29) - .87-.91 .89 (42) 8.6-9.1 8.7 (42) .68-.70 -
Gt+Co=Sa+Pl 16 .67-.68 .68 (4) .89 .89 (1) 8.7 8.7 (1) - .48-.53 
Gt + Q = Hy + Si 1* .52-.63 .59 (26) .76-.84 .80 (30) .09-.15 .13 (30) - .23-.37 
Gt = Hy + Si + Sa 2* .59-.68 .65 (12) .81-.87 .83 (26) .12-.22 .16 (26) .88-.93 .89 (4) 8.7-8.8 8.8 (4) .48-.49 
Hy+Si+Q=Cd 3* .75-.79 .76 (5) .10-.15 .12 (5) .92-.93 .33 
Hy+Si=Cd+Sa 4* - .76-.83 .80 (26) .12-.17 .14 (26) .83-.92 .88 (20) 8.6-8.9 8.8 (20) .92-.95 
Gt+Si+Q=Cd 5* .64-.68 .66 (3) - .90-.94 .41-.50 
Gt+ Q=Hy + Cd 6* .57-.67 .61 (19) .74-.83 .79 (59) .07-.18 .13 (59) - - .91-.95 .24-.42 
Gt = Cd + Sa + Hy 7* .52-.64 .60 (22) .78-.85 .81 (41) .11-.17 .13 (41) .85-.92 .89 (29) 8.4-9.0 8.8 (29) .92-.95 .80-.85 
Gt+Si=Cd+Sa 8· .53-.64 .58 (5) - .81-.90 .86 (17) 8.6-8.8 8.7 (17) .90-.94 
Gt+Si=Cd+Sp 9* - .83 .83 (1) .13 .13 (1) .93 .70-.72 -
Gt + Q = Hy + PI 15* .52-.65 .57 (16) .76-.80 .78 (10) .08-.16 .12 (10) - .22-.39 

* symplectitic textures; assemblages I and 2 show both a prismatic stage (Gt growth) and a sympiectitic stage (Gt breakdown). 
1 AVG(n) = average value of n measumnents. 
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Accessory minerals 
The most abundant accessory mineral is rutile, which is present in every thinsection and can be up to 2 

mm in size. It is included in gamet, orthopyroxene, sapphirine, and matrix biotite. The largest rutiles 
occur as inclusions in sapphirine. They show less than 1% substitution of (Cr, Fe3+) for Ti. Apatite is 
present as large (up to 0.5 rom) inclusions in gamet and, notably, sapphirine in the Munwatte samples. It 
further occurs in texturally late symplectites involving cordierite. Zircon is small and not abundant It 
causes conspicuous pleochroitic halos in cordierite and biotite. 

Comparison of Hakurutale and Munwatte samples 
The differences in mineralogy (corundum in Munwatte, quartz in Hakurutale) and modal distribution 

(sillimanite rare in Munwatte, abundant in Hakurutale) reflect different bulk AI:Si ratios. The mineral 
chemistry of all constituent phases, however, is nearly identical in both localities and is characterized by 
high XMg ratios for all Fe-Mg phases. The order of decreasing XMg is Cd > Sa > Hy > Sp > Gt, similar 
to other magnesian granulites (e.g., Hensen, 1987). Rutile is the most common accessory phase in all 
samples, while ilmenite and magnetite are notably absent. 

TREATMENT OF CHEMICAL COMPONENTS 

In order to construct phase diagrams illustrating the textural development in these rock samples 
(next section) and to choose appropriate petrogenetic grids to trace the evolution in poT space. it 
is necessary to recognize the important chemical components first. Samples from both localities 
can be fully described by the system Si02-MgO-FeO-Fe20:3-Al20:3-CaO-Ti02-K20-Na2D-ZnO
H20. 

Zno is restricted to spinel. Its maximum Zno content is low (3.4 wt%) and can be explained 
by progressive Zn emichrnent of relics during spinel consuming ractions (below). Hence. it is 
not necessary to consider the influence of ZnO on the stability field of spinel. Similarly. relic 
gedrite was probably progressively emiched in Na with respect to the original grains during a 
gedrite consuming reaction. In plagioclase-producing reactions (see section on CFMAS(H) 
reactions), plagioclase is the only Na-bearing phase. We therefore neglect the possible influence 
ofNa on the reactions. Biotite and rutile are not involved in any of the reactions described in the 
next sections and we therefore neglect the influence ofTi. K and F. 

The only reactions involving Ca exchange are garnet breakdown reactions. which locally 
produce plagioclase. The average grossular component of garnet is small (2.8%. Table 3.5). Ca 
contents of phases other than garnet and plagioclase are negligeable (Tables 3.5. 3.6. 3.7). We 
therefore restrict our treatment of chemical components to the FMAS(H) system. in which the 
main variables are the bulk AI:Si ratio and the Fe/Mg ratio of Fe-Mg phases. We briefly discuss 
the significance of reactions involving plagioclase in the system CFMAS(H) in a separate section 
and use this system in the thermobarometry section. 

Since magnetite exsolution lamellae are lacking in spinel. and magnetite and hematite are absent 
from the matrix. we propose that low f{)z conditions prevailed in rocks from both localities (see 
Powell & Sandiford. 1988). No significant compositional changes have been recorded in the 
course of mineral reactions and we therefore regard the system as a closed one. A fluid phase 
only needs consideration irt reactions producing cordierite + albite-rich plagioclase. 
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REACTION SEQUENCES IN FMAS(H) 

In order to trace the reaction sequences in samples from both localities, we will use three types 

of chemographic projections in FMAS(H): (i) a projection from quartz onto the AFM plane (Fig. 

3.5), (ii) a projection from sillimanite onto the quartz-spinel plane (Figs. 3.5, 3.7), and (iii) a 

projection from corundum onto the QFM plane (Fig. 3.7). Evidence will be presented for the 

operation of a variety of continuous Fe-Mg reactions and the sequential crossing of five 
univariant boundaries during the poT evolution. Partial poT grids in Q-bearing FMAS (Fig. 3.6) 

and Co-bearing FMAS (Fig. 3.8) show the reaction boundaries crossed, which will enable the 

reader to trace the P-T path derived here. In addition, these P-T diagrams allow to test the 

consistency with Q-Co-Si absent reactions, which cannot be represented in the projections used 

here. 

Hakurutale lenses 

inclusion textures 

The earliest stable assemblage in rim samples l is represented by large prismatic orthopyroxene 

and sillimanite, which occur both in the matrix and enclosed by garnet. These phases are not in 

contact, but are separated by garnet ± quartz. Quartz forms large blebs within garnet. This 

suggests the following gamet-producing reaction: 

Hy + Si=Gt+ Q (1) 

Quartz is absent from core samples l . Instead, large sapphirine grains are locally present in 

garnet interiors, together with sillimanite and orthopyroxene, which suggests that garnet formed 

via: 

Hy + Si + Sa = Gt (2) 

Reactions (I) and (2) can occur simultaneously, as illustrated in Fig. 3.5. Since cordierite is 
never enclosed by garnet, it was probably absent from our samples at this stage. Theoretically, 

however, the assemblages Hy + Si + Q + Cd and Hy + Si + Sa + Cd could be present in more 

magnesian samples from the same area (Fig. 3.5a,e). Fig. 3.6 shows the stability fields of these 

assemblages in a partial P-T grid based on Hensen's (1971, 1986) grid for silica-saturated 

FMAS at low f02. 

coronitic and symplectitic textures 

In rim samples, symplectitic intergrowths of orthopyroxene and sillimanite separate garnet and 

quartz, suggesting the reverse of reaction (1) (Figs. 3.3d, 3.5b,f). This reaction rarely takes 

place in garnet interiors, but is ubiquitous at the outer rim of gamet, which indicates it was 

possibly catalyzed by small-scale fluid flux. In core samples, garnet breaks down to a 

1 In this section, samples from the rim and samples from the core of the Hakurutale lenses are referred 10 as "rim 
samples" and "core samples", respectively. 
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Fig. 3.5 Chemographic FMAS projections illustrating the sequence of observed assemblages in the 
Hakurutale outcrop. a-d and i-k: projections from sillimanite onto the quartz-spinel plane; e-h: projections 
from quartz onto the AFM plane. For explanation. see text. 
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symplectitic intergrowth of orthopyroxene, sillimanite and sapphirine (Fig. 3.3c), indicating the 
reverse of reaction (2) (Fig. 3.5b,f). This twice crossing of the same divariant reaction implies a 
change in slope of the P-T path (Fig. 3.6). 

At this stage, cordierite appears as a new phase separating orthopyroxene and sillimanite. It 
commonly contains relic quartz in rim samples, which suggests the reaction: 

Hy + Si + Q + fluid = Cd (3), 

which can occur simultaneously with reaction (1) in more Mg-rich domains (Fig. 3.5b,f). In 
core samples, cordierite also separates sillimanite from orthopyroxene, but in a symplectitic 
intergrowth with sapphirine (Fig. 3.3e), indicating the reaction: 

Hy + Si + fluid =Cd + Sa (4), 

which can occur simultaneously with the previous three reactions (Fig. 3.5b). 
The next stage in rim samples is defined by garnet breakdown textures involving cordierite. 

Cordierite separates garnet from sillimanite and quartz, implying the reaction: 

Gt + Si + Q + fluid = Cd (5) 

Garnet and quartz are also separated by coronas and symplectitic intergrowths of 
orthopyroxene and cordierite (Fig. 3.3g), suggesting garnet breakdown via: 

Gt + Q + fluid =Hy + Cd (6) 

occurred. The appearance of these two new stable assemblages, Gt + Cd + Q + Si and Gt + Cd 
+ Q + Hy indicates that assemblage Hy + Si + Q became metastable. The tie-line between 
orthopyroxene and sillimanite in the presence of quartz and cordierite and the tie-line between 
orthopyroxene and quartz in the presence of sillimanite and cordierite broke down, while new 
tie-line were established between garnet and cordierite (Fig. 3.5c,g). The assemblages Hy + Si 
+ Sa + Gt and Hy +Si + Sa + Cd remained stable (Fig. 3.5d). The transition marks the crossing 
of univariant boundary Hy + Si + Q = Gt + Cd (Fig. 3.6). 

Core samples also show garnet breakdown to an orthopyroxene-cordierite symplectite, but no 
evidence was found for the involvement of quartz. Instead, sapphirine frequently occurs in these 
symplectites, often intergrown with orthopyroxene (Fig. 3.3h). This suggests a different, 
quartz-absent, breakdown reaction of garnet: 

Gt + fluid = Hy + Sa + Cd (7) 

This reaction cannot be represented in the projections of Fig. 3.5. The textural relations suggest 
that it occurred simultaneously with or after reaction (5). This assemblage is stable in sector 
(Co,Sp,Si) in Fig. 3.6 and is limited by univariant boundaries (Sp,Co) and (Sp,Si). This field 
partly overlaps with the stability field of assemblage (5) in sector (Sa.Sp,Hy). 

Orthopyroxene-sapphirine symplectites are also found at the rims of both garnet and prismatic 
orthopyroxene. A possible genesis is a retrograde exsolution of highly aluminous ortho
pyroxene, analogous to the exsolution of orthopyroxene from sapphirine described by Seifert et 
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al. (1992). They have also been observed at the contact of garnet and orthopyroxene inclusions, 
suggesting a possible retrograde reequilibration of Al in orthopyroxene with the contiguous 
garnet. 

In core samples, sillimanite is separated from garnet by a symplectitic intergrowth of 
sapphirine and cordierite (Fig. 3.3f), suggesting the reaction 

Gt + Si + fluid = Cd + Sa (8) 

Figs. 3.5i,j illustrate that the appearance of this new assemblage, Gt + Si + Cd + Sa, implies 
the instability of the two-phase assemblage orthopyroxene + sillimanite. The transition marks the 
crossing of univariant boundary Hy + Si =Gt + Cd + Sa (Fig. 3.6). The assemblage Gt + Si + 
Q + Cd remained stable (Fig. 3.5j). 

In some rim samples, very small (0.07 rom) spinel grains are locally present in cordierite rims 
separating sillimanite from garnet. Spinel is in contact with cordierite and sillimanite. Reaction 
textures are not clear, but the presence of garnet nearby suggests the possible operation of 
reaction: 

Gt + Si + fluid =Cd + Sp (9) 

Qualitative partial grid 
Q-bearing FMAS (c+3) 

E;::sJ Gt + a =Hy + Si 

IJ:JJJJJ:1 Gt .. Hy + Si + Sa 

I».> I Gt =Hy + Si + Sa 

(Si) 

(Hy) 

Fig. 3.6 Qualitative partial grid around invariant bundle [Spl in the silica-saturated FMAS(H) system 
Hy + Gt + Cd + Sa + Sp + Si + Q. All divariant reactions for which textural evidence exists in the 
Halrurutale samples can be represented on this grid. Thick lines are univariant boundaries that have been 
crossed. Approximate reaction lines for reaction Gt +Q = Hy +Si and inferred P-T path are indicated. 
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Breakdown of the assemblage Gt + Si via reaction (9) certainly occurred later than via reaction 
(8), possibly because the garnet that was consumed had a lower XMg. The stability of cordierite 
+ spinel would imply that the tie-line between gamet and sapphirine in the presence of sillimanite 
has given way to a new tie-line between spinel and cordierite (Fig. 3.5k). Hence, the univariant 
boundary Gt + Sa + Si =Cd + Sp may have been crossed. Alternatively, the presence of spinel 
could be explained by the stabilizing effect ofZno on the stability field of spinel. 

~ualitative P-T path 
Most of the reactions described here fit a steep decompression path (Fig. 3.6), but the 

observation that garnet broke down to the same assemblage from which it formed, via reactions 
(1) and (2), suggests that decompression was preceded by either a heating or a cooling stage 
(Fig. 3.6), depending on the exact slope of garnet isopleths in these divariant reactions. In view 
of the P-T path for rocks from Munwatte (below), we prefer the first option. Since sapphirine 
and quartz have neither been found in contact nor separated by a reaction rim, the P-T path 
probably did not enter the stability field of sapphirine + quartz. 

Munwatte sample 

inclusion and early corona textures 
The Munwatte sample shows two zoned textures, which require a common explanation. In the 

first texture (A), sapphirine is enclosed by gamet; sapphirine encloses gedrite, spinel, corundum 
and spinel + corundum, while garnet lacks these inclusions but has orthopyroxene in its outer 
rim (Fig. 3.3a). Groups of isolated corundum relics in sapphirine are commonly in optical 
continuity within a domain of lxO.5 cm, suggesting that corundum was consumed during one or 
more reactions. The second texture (B) shows spinel with successive rims of sapphirine and 
orthopyroxene ± sapphirine (Fig. 3.3b). The following interpretations are possible, which have 
in common that the earliest recorded assemblage was Sp + Co + Hy ± Gd and that univariant 
boundary Hy + Sp + Co = Gt + Sa must have been crossed. 

The presence of isolated grains of gedrite and both isolated and composite inclusions of spinel 
and corundum in texture A suggests that sapphirine may have formed by the reaction: 

Co + Sp + Gd =Sa (10) 

Alternatively, gedrite could have broken down to orthopyroxene at an earlier stage and the 
present gedrite grains could represent relics which were once enclosed in onhopyroxene. This 
would imply that sapphirine formed via: 

Co + Sp + Hy = Sa (11) 

Texture B can result from the same reaction, which was stopped by a shonage in corundum. 
Corundum is generally separated from garnet by a rim of sapphirine in texture A. This 

suggests a sapphirine-producing reaction between garnet and corundum, where sapphirine is the 
only product. Since sapphirine cannot be produced from garnet and corundum alone, and spinel 
is present nearby, we propose the reaction: 
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Co + Sp + Gt =Sa (12) 

A significant amount of spinel must have been consumed during reactions (10) - (12). Since 
they do not involve Zn, selective incorporation of this element into relic spinel may explain its 
present Zn content (see Mineralogy section). 

Garnet and corundum were in contact before reaction (12) occurred. Together with the 
presence of orthopyroxene in the outer rim of garnet, it suggests that garnet was formed by 
degenerate FMAS reaction: 

Hy+Co =Gt (13) 

In view of this, an alternative interpretation of texture B is that garnet, now lacking, was 
produced via reaction (13), in the presence of spinel, and subsequently broke down via: 

Gt + Sp =Hy + Sa (14), 

giving the observed assemblage Hy + Sp + Sa. This interpretation would explain the presence of 
sapphirine-orthopyroxene intergrowths next to the spinel-sapphirine-orthopyroxene corona (Fig. 
3.3b). The earliest assemblages was also Co + Sp + Hy. 

Spinel was present when reaction (13) took place, because it was subsequently involved in 
reaction (12). Hence, the assemblage Co + Sp + Gt + Hy was stable at some stage (Fig. 3.7a). 
This assemblage can coexist with assemblage (11) in domains with a lower bulk XMg (Fig. 
3.7a). By contrast, reaction (12) requires breakdown of the orthopyroxene-spinel tie-line in 
favour of the gamet-sapphirine tie-line (Fig. 3.7b,c). This marks the crossing of univariant 
boundary Hy + Co + Sp = Gt + Sa (Fig. 3.8), irrespective of the interpretation chosen. 

S' S' S' 
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•
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Fig. 3.7 Chemographic projections from corundum onto the AFM plane, illustrating the sequence of 
corundum-bearing assemblages in the Munwatte outcrop. For explanation, see text. 



59 Sapphirine-bearing granulites 

Gamet breakdown to prismatic phases 
The next stage is dermed by garnet breakdown to small, prismatic grains of sapphirine, 

orthopyroxene and sillimanite, which has only been observed in a crack transecting a garnet 
crystal. This suggests operation of reaction (2). The assemblage Hy + Co (+ Gt + Sa) does not 
reappear, but is replaced by the assemblage Hy + Si (+ Gt + Sa). Sillimanite is never enclosed 
by garnet and probably postdates corundum. This indicates that univariant boundary Hy + Co = 
Gt + Sa + Si (Fig. 3.8) was crossed. 

Sillimanite is always associated with orthopyroxene, not vice versa. Together, they seem to 
overgrow biotite, either as large prismatic grains or as blocky intergrowths. In view of the local 
replacement of early textures by biotite (below) and the absence of K-feldpar, however, we 
consider the involvement of biotite to be unlikely. Since sillimanite has especially been observed 
near garnet, we favour the growth of sillimanite + orthopyroxene via garnet breakdown reaction 
(1). Reactions (1) and (2) differ from other garnet breakdown reactions by the growth of 
prismatic grains and the absence of a reacting fluid. We therefore propose that they were the 
earliest gamet breakdown reactions. 

Syrnplectitic textures 
Sillimanite is separated from orthopyroxene by sapphirine-cordierite symplectites in all 

samples. This suggests the operation of reaction (4), which can occur simultaneously with 
reaction (2) in domains of different bulk composition (Fig. 3.5b-d). Similar symplectites locally 
separate biotite and sillimanite, suggesting that biotite replaces earlier textures. 

The most common beakdown products of gamet in the Munwatte sample are orthopyroxene
cordierite symplectites. They commonly occur between garnet and biotite, but involvement of 
biotite in this reaction could not be proven. We suggest that biotite is either texturally early and 
acted as a pathway for silica diffusion, or texturally late, in which case it may have replaced 
quartz and other phases near the symplectites. In either case, the most likely reaction producing 
orthopyroxene and cordierite is reaction (6), which can occur simultaneously with reactions (2) 
and (4) (Fig. 3.5d,h). In some thin sections, cordierite rims separate biotite from garnet. These 
rims are rare, however, while grain contacts between biotite and garnet are common. This 
suggests that biotite replaces earlier textures related to garnet breakdown via reaction (6). 

Secondary sapphirine is common in,symplectites rimming garnet. Its growth is probably 
favoured in parts of the sample lacking free quartz. Sapphirine is particularly common in the 
central regions of orthopyroxene-cordierite symplectites, where they may have been produced by 
the breakdown of gamet via reactions (7). This reaction cannot be represented in the projections 
of Fig. 35. The textural relations and fine grain size suggest that it is one of the latest reactions. 
Similar to the Hakurutale samples, sapphirine occurs in fine-grained orthopyroxene-sapphirine 

symplectites rimming orthopyroxene or gamet, or separating these two phases. 
Gamet is separated from sillimanite by sapphirine-cordierite symplectities, which formed by 

reaction (8). This indicates that orthopyroxene had become metastable in the presence of 
sillimanite and a new stable tie-line was established between gamet and cordierite (Fig. 35g). 
This transition marks the crossing of univariant boundary Hy + Si = Gt + Cd + Sa (Fig. 3.8). 
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Fig. 3.8 Qualitative partial grid in the silica-undersaturated FMAS(m system Hy +Gt +Cd +Sa +Sp 
+Si +Co, showing divariant reactions observed in the Munwatte samples. Numbers correspond to those 
in the text Double arrows indicate the direction in which univariant boundaries have been crossed. Single 
arrows indicate shift of divariant reactions at higher (assemblage 11) or lower (7+8) XMg. 
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Fig. 3.9 Combined P-T path for both localities in a partial grid for the FMAS(c+4) system Hy + Gt + 
Cd + Sa + Sp + Si + Co + Q. This grid combines the partial grids of Figs. 3.6 and 3.8. One common, 
clockwise P-T path is shown for samples from the Munwatte and HaJrurutale localities. 
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Qualitative p.T path 
The sequential crossing of univariant FMAS boundaries Hy + Co + Sp = Gt + Sa, Hy + Co = 

Gt + Sa + Si indicates a prograde segment of a poT path (Fig. 3.8). The possible early 

dehydration reaction Gd + Co + Sp =Sa + fluid is also consistent with a prograde path. The 

subsequent decompression path is similar to the path descibed by the Hakurutale samples. 

Notably, univariant boundary Hy + Si =Gt + Cd + Sa was crossed in both samples. The early, 

prograde stage and the late decompression path clearly defme a clockwise poT path. 

Summary and evidence for a clockwise p.T path 

Table 3.8 summarizes the inferred reactions for both localities and the mineral chemistry for 

each texture. These reaction textures can be interpreted in terms of a five-stage development, 

where the transition from one stage to the other marks the crossing of a univariant boundary in 

FMAS (Figs. 3.6, 3.8). Stage 1 is the growth of prismatic sapphirine in Munwatte samples via 

reaction GdlHy + Sp + Co = Sa (10/11) and gamet growth via Hy + Co '= Gt (13). Stage 2 

marks the breakdown of gamet via Gt + Co + Sp = Sa (12), which produced coarse-grained, 

coronitic sapphirine in Munwatte. Gamet growth via reactions Hy + Si = Gt + Q (1) and Hy + 
Si + Sa = Gt (2) in Hakurutale samples overlaps in time with stages 1 and 2. Garnet 
subsequently broke down (stage 3) to fine-grained, anhydrous products, via reactions (1) and 

(2). Stages 4 and 5 are characterized by cordierite ± sapphirine growth at the expense of gamet
bearing assemblages and the assemblage Hy + Si ±Q. 

A comparison between Fig. 3.6 and 3.8 shows that rocks from both localities have 

experienced a decompression path. The path for Hakuruatale is characterized by a change in the 

poT vector close to peak T, because gamet broke down to the same assemblages it formed of, 

via reactions (1) and (2). Whether decompression was preceded by isobaric cooling or heating 

cannot be resolved from these data. The Munwatte samples, however, provide critical data on 
the early metamorphic evolution. The evidence suggests a clockwise poT path (Fig. 3.8), even 

when different partial grids or complete multigrids (e.g., Hensen, 1987) are used. 

A partial grid which incorporates both corundum and quartz (Fig. 3.9, based on Figs. 3.6 and 

3.8) suggests a close match for the P-T paths of rocks from both localities. The similar slopes 

for univariant reactions En + Co = Py and En + Si = Py + Q in MAS (e.g., Schreyer & Seifert, 

1969) imply similar slopes of XMg isopleths for gamet and orthopyroxene in the corresponding 

FMAS divariant reactions. Hence, early gamet growth in both assemblages implies a similar poT 

vector, which is corroborated by the similarity in equilibrium poT (below). Using the 

GEOCALC software, XMg isopleths for garnet and orthopyroxene in both assemblages were 

calculated (see Chapter 6). The results show that the reaction boundaries have negative slopes of 

about -4 to -8 barIK. These data strongly suggest that gamet growth reflects the prograde 

segment of a clockwise P-T path in both localities. 
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REACTIONS IN CFMAS(H) 

Hakurutale 

Plagioclase is rarely enclosed in garnet in Hakurutale samples, where it could be involved in 
CFMAS(H) equivalents of garnet-producing reactions (1) and (2). More commonly, however, it 

is present as a product phase in orthopyroxene-sillimanite and orthopyroxene-cordierite 
symplectites and in cordierite coronas formed by garnet breakdown reactions (1), (5), (6) and 
(7). Locally, plagioclase is only associated with orthopyroxene in coronas separating garnet 

from quartz, which suggests the trivariant reaction: 

Gt+ Q= Hy + PI (15) 

Other CFMAS(H) reactions involving plagioclase are essentially combinations of the FMAS 
reactions and reaction (15). They do not give new information concerning the form of the P-T 

path in petrogenetic grids, but they do provide better P-T estimates (see below). 

Munwatte 

In some thin sections from Munwatte, intergrowths of sapphirine and plagioclase form 
composite inclusions in garnet (Fig. 3.3i), while sapphirine nearby encloses corundum. This 
suggests the following trivariant reaction: 

Co + Ot = Sa + PI (16), 

which is similar to reaction (11) and could point to a divariant reaction in CFMAS(H) of the 
form: 

Co + Ot + ~p = Sa + PI (17) 

Plagioclase is also produced locally in CFMAS(H) versions of garnet breakdown reactions 
(1), (6) and (7). Similar to the plagioclase-absent reactions, however, the involvement of quartz 
has not been shown in thin section, but is concluded from the reaction stoichiometry. 

The origin of sodium 

The appearance of plagioclase with a significant albite component as a breakdown product of 
garnet raises the question as to the origin of Na. In the case of reaction (16), the possibility 
exists that some relic gedrite dehydrated simultaneously to form orthopyroxene in adjacent parts 

of the rock. The released sodium could have migrated to the sites where garnet broke down to 
produce plagioclase. Since both gedrite and assemblage (16) occur within the sapphirine-garnet 
coronas typical of the Munwatte sample, the necessary diffusion lengths are small. 
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As for later reactions producing plagioclase, they occur simultaneously with reactions 
producing fluid-rich (about 2-3 wt-% fluid) cordierite. Hence, sodium may have entered the 
samples in a fluid phase which promoted cordierite growth. 

THERMOBAROMETRY 

Equilibrium P and T of some key assemblages were estimated with the GEOCALC software 
(Brown et aI., 1988; Mac version of J. Liebermann), which is based on Berman's (1988) 
internally consistent dataset. Fig. 10 shows the resulting P-T data. Early assemblages Hy + Co 
+ Gt (13) and Hy + Si + Gt + Q + PI (1, 15) give similar equilibrium P and T of about 9 kbar 
and 830°C (Fig. 3.lOa,b), indicating similar peak P-T conditions of CO-bearing samples 
(Munwatte) and Q-bearing samples (Hakurutale). Assemblage Gt + Q + Hy + Cd (6) gives 
significantly lower P of about 7.5 kbar at the same T. Together, these data show isothermal 
decompression from about 9 kbar to 7.5 kbar at peak T of about 830°C. This decompression 
path is consistent with the retrograde part of the qualitative P-T path (Figs. 3.6, 3.8, 3.9). 

DISCUSSION 

We have shown evidence from sapphirine-bearing granulites suggesting a clockwise P-T loop 
near the temperature peak. This supports the view that the sequence kyanite > sillimanite> 
andalusite in metapelites can be interpreted by a single-cycle, clockwise P-T path (Hiroi et al., 
1990; Raase & Schenk, 1993). By contrast, early growth of garnet + quartz ± clinopyroxene 
from plagioclase + orthopyroxene and subsequent garnet breakdown to the same assemblage in 
metabasites has been interpreted in terms of isobaric cooling at high pressures followed by uplift 
(Schumacher et aI., 1990). 

We believe that the sapphirine-bearing granulites have not witnessed this phase of isobaric 
cooling. They have equilibrated at the same T as during subsequent decompression (Fig. 
3.l0a,b) and do not record a previous higher T stage. Since such highly aluminous and 
magnesian granulites are well-known for their potential to record the high-T peak (e.g., Hensen, 
1987), an unrecorded high-T stage is unlikely. The observation that gamet in metabasites breaks 
down to the same assemblage it formed of is strikingly similar to our observations on the 
Hakurutale samples, which we interpret in terms of a clockwise path. 

Whether the reaction sequence in melabasites fits a clockwise path or not, depends on the slope 
of the reaction curve Gt + Cpx + Q =Hy + PI in CFMAS, which is a function of the bulk 
composition (Chapter 6). It is argued in Chapter 6 that a clockwise P-T path with a steep 
prograde path, I.e. a high dP/dT, can explain the textures recorded in metabasites. 

In our samples no evidence exists for the stability of sapphirine and quartz at any stage, 
although both minerals appear in some thin sections from the Hakurutale outcrop. OsaTlai et al. 
(1989), however, in the first report on sapphirine from Sri Lanka, describe the inferred stable 
assemblage sapphirine + quartz in a sample from the same area (Fig. 3.1). These authors also 
describe magnetite and hematite in their samples, indicating high f02 conditions. This supports 
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the hypothesis that the assemblage sapphirine + quartz can be stable at lower T under high fCh 
conditions (Hensen, 1986; Sandiford & Powell, 1988). 

An interesting conclusion emerging from our study is that assemblages in Q-bearing FMAS, 
for which good experimental data are available (Hensen & Green, 1972; Bertrand et al., 1991a), 
gave inconclusive evidence concerning the PoT path. while assemblages in Co-bearing FMAS, 
for which experimental data are lacking, provided good evidence for a clockwise P-T path. A 
similar conclusion can be drawn from the work of Bertrand et al. (1991b). This shows the 
importance of qualitative and semi-quantitative methods, such as textural analysis and 
Schreinemakers analysis, to establish P-T paths. 

The data presented here may place important constraints on petrogenetic grids for the silica
undersaturated, Co-bearing FMAS system (e.g., Hensen, 1987). Notably, we suggest that 
univariant boundaries Hy + Co + Sp = Gt + Sa, Hy + Co = Gt + Si + Sa, and Hy + Si = Gt + 
Sa + Cd are stable at low fOz. In contrast to suggestions by Hensen & Harley (1990), there 
seems to be considerable overlap in P-T space between Q-bearing and Co-bearing asemblages. 

CONCLUSIONS 

Sapphirine-bearing granulites in Sri Lanka experienced a clockwise P-T path culminating at 
about 830 OC and 9 kbar. Peak: conditions were followed by isothermal decompression to about 
7.5 kbar. The key information to derive the sense of the P-T path comes from assemblages in the 
Co-bearing FMAS system, for which experimental data are lacking. This underscores the 
importance of qualitative and semi-quantitative approaches in petrology. Our data indicate the 
stability ofunivariant boundaries Hy + Co + Sp =Gt + Sa. Hy + Co =Gt + Si + Sa, and Hy + 
Si = Gt + Sa + Cd at low fOz and considerable overlap in poT space between Q-bearing and Co
bearing assemblages. 



CHAPTER 4 

Construction of P-T grids in systems with incomplete 
thermodynamic data I. Optional intersections and the number 
of consistent grids, with an example from corundum 
+sapphirine-bearing FMAS 

INTRODUCTION 

Since the work of Korzhinskii (1959), a number of authors have studied the topological 
arrangement of P-T grids for (c+3) systems and proposed algorithms for their construction (Zen, 

1966a, 1967; Zen & Roseboom, 1972; Day, 1972; Mohr & Stout, 1980; Guo, 1982). These 
algorithms have in common that they require the construction of a closed net from which real 
petrogenetic grids can be derived. This leads to a large number of possible real grids. The 
calculation of slopes for univariant reaction boundaries is used to select the most plausible grid. 
On the other hand, Vielzeuf & Boivin (1984) proposed an algorithm in which slopes are 

calculated at an early stage. Similarly, Spear & Cheney (1989) used a quantitative approach by 

starting from end-member systems and calculating slopes with the Gibbs' method. Both 
methods result in one "ultimate grid", if the thermodynamic database is good enough. However, 
if thermodynamic data are insufficient for some phases in the system under consideration, semi
quantitative methods may be employed (e.g., Hensen & Harley, 1990), which will lead to 
number of possible grids which is smaller than in the closed grid approach, but generally larger 
than one. 

In this chapter, an algorithm is proposed in which all steps are performed in the order of 
decreasing reliability. Notably, entropy data are used at a late stage in this algorithm, for two 
reasons. Firstly, free entropy data of end-member phases differ per database (e.g., Holland & 
Powell, 1987, 1991; Berman, 1988) and depend partly on mixing models (e.g., Fuhrman & 
Lindsley, 1988 for plagioclase; Berman, 1990 for garnet). Secondly, thermodynamic data may 
be lacking or insufficient for some phases in the system under investigation. In FMAS(H) this is 
the case for staurolite, kornerupine, gedrite and sapphirine. 

Volume data are generally reliable and may be used at an early stage in order to defme the high
P side of Schreinemakers bundles. This approach was also followed by Hensen (1987) and 

Hensen & Harley (1990). Then ill grids consistent with volume and topological constraints are 
constructed. by considering that intersections of some univariant lines can be either stable or 
metastable within the limits put by these constraints. The resulting set of grids may be quite 

large, but can subsequently be reduced by considering other constraints, again in the order of 
decreasing reliability. This does not necessarily lead to one "ultimate" grid, but may give 
important information on the "state of the art" in a given system and the research needed to 
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improve this knowledge. The observation that more than one multigrid may be constructed for 

the same database has received surprisingly little attention in the literature. 
This approach is applied to the FMAS(c+3) system containing garnet (Gt), orthopyroxene 

(Hy), cordierite (Cd), alumino-spinel (Sp), sillimanite (Si), corundum (Co) and sapphirine 

(Sa)1. Rocks of highly aluminous and magnesian bulk composition, which commonly contain a 

subset of these minerals, have been increasingly used in the last few years to deduce part of the 

P-T path witnessed by granulite facies terrains (e.g. Droop & Bucher-Nurminen, 1984; Bertrand 
et al., 1992; Goscombe, 1992). These rocks commonly record a part of the P-T path close to 
peak temperatures (e.g., Hensen, 1987), where the sense of the P-T path - clockwise or anti

clockwise - may be determined. Hence, it is important to have reliable grids for this system. A 
new set of grids is given at the end of Chapter 5. 

MULTIGRID CONSTRUCTION IN SYSTEMS WITH INCOMPLETE 
THERMODYNAMIC DATA 

A practical algorithm 

Since volume data are generally more reliable than entropy data, I propose the following 
algorithm for mu1tigrid construction: (i) construct Schreinemakers' bundles by the arrangement 
of reaction boundaries about invariant points (e.g., Zen, 1966b), calculate AV of the reactions 

and orient the bundles in a way that is consistent with volume constraints; (ii) determine all grids 
consistent with volume and topological constraints; (iii) use all other constraints in the order of 

decreasing reliability to select the smallest possible set of grids; such constraints may include 
experimental data, entropy data and data from natural assemblages. The first step is essentially 
the same as the approach taken by Hensen & Harley (1990). 

Step 1: Schreinemakers bundles consistent with volume constraints 

Findinl: the correct reaction 
The first step in multigrid construction is to calculate the number of invariant and univariant 

assemblages in the system under investigation (e.g., Korzhinskii, 1959). For each univariant 

reaction, the products and reactants have to be dermed. Reactions can be balanced by simple 
matrix manipulations on a computer spreadsheet. In systems with solid solution phases more 
than one stoichiometrically correct, Le. balanced. univariant reaction can generally be written for 
each assemblage. The additional constraint that XMg is higher in some phases than in others in 
systems like FMAS and KFMASH (e.g., Schumacher & Robinson, 1987; Spear & Cheney, 

1989) generally ensures that only one of these reactions is correct. For example, since XMld > 
XMgHy > XMgGt, the only correct reaction for the FMAS assemblage containing these phases and 
sillimanite and quartz is: Hy + Si + Q =Cd + Gt. 

1 For abbreviations, see Table 3.2. 
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LabellinC 
Generally, invariant, univariant and divariant assemblages are labelled by the absent phases. 

For example, the above mentioned univariant reaction Hy + Si + Q = Cd + Gt in the 
FMAS(c+3) system containing sapphirine (Sa) and spinel (Sp) as additional phases, is labelled 
(Sp,Sa) and divariant assemblage Hy + Si + Q + Cd is labelled (Sp,Sa.Gt). In this chapter, 
stable and metastable invariant points are labelled [Sp] and {Sp}, respectively. 

Schreinernakers bundles consistent with volume constraints 
Zen (1966b) and others have described the method of constructing bundles of univariant lines 

for each invariant point, using the rules given by Schreinemakers and Morey. The volume 
change of a balanced reaction can be calculated using molar volumes of end-member minerals 
(e.g., Berman, 1988; Holland & Powell, 1991). Linear intrapolation between end-members is 

generally a valid method for the calculation of the molar volumes of solid solutions (e.g., 
Helgeson et al., 1978). The assemblage with the smallest volume will be located on the high-P 
side of a reaction (e.g., Zen, 1966; Hensen, 1971). Mirror image versions with respect to the P

axis are also consistent with volume constraints. 

Compositional degeneracies 
Bundle topologies can be affected by compositional degeneracies. The influence of 

degeneracies for systems with fixed compositions has been extensively treated in the literature 
(e.g., Zen, 1966b). An example from MAS(c+4) is the reaction Hy + Co =Gt (Sp,Si,Sa.Cd), 

which is independent of other phases present in the assemblage. The other phases are called 
indifferent (Korzhinskii, 1959). As a result, the stable part of univariant boundary 
(Sp,Si,Sa,Cd) may pass through some invariant points. 

In systems with solid solution phases, compositions change along univariant boundaries. At 
certain points, called singularities (Abart et al., 1992), the compositions may reach a critical 
value in such a way that one phase in the assemblage becomes indifferent and a balanced reaction 

can be written between the remaining phases. The indifferent phase will participate on one side 
of the reaction below this critical value and on the other side above it. Fig. 4.1b shows the 
influence on bundle topology: two lines trade places, but the rest of the bundle remains the same. 

This only has a minor influence on grid topology. Examples from FMAS(c+3) are given in a 
later section. 

Bundle ty.pes 

In theory, three types of bundles can be expected in a 4-component (c+3) system, when only 
volume constraints are used (Fig. 4.1a): (3-3) type bundles have three lines projecting to the low 

T side and three to the high T side; (2-4) type bundles have two lines projecting to the low T side 

and four to the high T side, or vice versa; (1-5) type bundles have bundles with one line 
projecting to the low T side and five to the high T side, or vice versa. 

The type of bundle places important constraints on the grid topology. For example, grids with 
five stable invariant points (Fig. 4.1d) require the presence of at least two bundles of the (2-4) 
type, if we exclude the academic possibility of infinite dP/dT slopes when two points could be 
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univariant lines on either side. B. compositional (XMg) degeneracies have little influence on bundle 
topology. C. volume degeneracies change the bundle type. D. a grid with five stable invariant points 
contains at least two bundles of the (2-4) type. The high T side is undefined because entropy data have 
not been used. 

stable at the same T. Similar arguments can be used in systems of more components and phases. 
The possible types of bundles can be defined and the minimum and maximum number of stable 
invariant points can be established for each combination of bundle types. 

Volume de~eneracies 

If ~V is close to zero, dP/dT (=~S/~V) approaches infinite values, Le. the slopes are nearly 

vertical in a poT diagram with a vertical P-axis. If we assume a more or less constant, [mite ~S, 

the slopes can be steeply negative or positive, depending on the sign of~V. This will be referred 

to as "volume degeneracies". Volume degeneracies may be caused either by compositional 
variations, e.g. line (Hy,Sa) in FMAS(c+3) (see below) or by the large uncertainty in molar 
volume for one or more phases, e.g. sapphirine. This may change the bundle type (Fig. 4.1c) 
and determine whether an invariant point is stable, metastable or optionally stable in some grids 
(below). Volume degeneracies can be found by calculating ~ V of balanced reactions for the 

entire range of realistic compositions. 
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Step 2: from bundles to multigrids 

Each phase in a given system must be represented on its related multigrid. Since any bundle 
around an invariant point is characterized by the absence of one phase in a (c+3) system, a 
minimum of two stable invariant points is therefore required in each grid (e.g., Korzhinskii, 
1959; Hensen & Harley, 1990). hI a (c+3) system, there are always two theoretically correct 
topologies, which form a complementary pair: invariant points that are stable in the first 
topology, called the "initial grid", are metastable in the other, "residual" grid, and vice versa. 
The choice between these two grids can only be made when additional information on the 
stability of at least one point is available (op. cit.). 

Since at least two invariant points are stable in each grid, all possible grids can be found by 
considering each pair of stable invariant points and determining the grids containing this pair, 
assuming straight lines and taking topological and volume constraints into account. The resulting 
set of grids can subsequently be minimized by considering other constraints. 

Bundle pair dia~ams, wtionalline intersections 
For the purpose of finding all topologies in which invariant points [A] and [B] are stable, 

"bundle pair diagrams" can be used (Fig. 4.2a), Univariant boundary (A,B) is drawn as a 
horizontal line and the other univariant boundaries are arranged in accordance with topological 
and volume constraints. Verticallines are drawn through the two invariant points, parallel to the 
P-axis. Since entropy data are not used at this stage, the univariant boundaries can assume any 
slope, with the restrictions that (i) the bundle topology remains correct, and (li) the vertical lines 
are never crossed (with the exception of volume degeneracies, see below). The way in which 
line pairs with the same label intersect, determines whether the invariant point with that same 
label is stable or metastable. Three cases can be distinguished (Fig. 4.2a): 

(i)	 two stable extensions necessarily intersect in a stable invariant point: [C] 
(li)	 two metastable extensions necessarily intersect in a metastable invariant point: {D}, {F} 
(iii)	 the two lines can be rotated in such a way that either the stable or the metastable 

extensions intersect; the exact values of the slopes, which depend on entropy data, 
determine whether that specific invariant point is stable or not: line pairs (A,E) + (B,E) 
and (A,G) + (B,G). 

The first two types of intersections can be called "necessary" and the third type "optional". If 
all intersections are "necessary", only one grid (and its mirror image version) will result. If 
optional intersections are present, however, the number of grids containing the two stable points 
involved, will be larger. hI the case of Fig. 4.2a. the resulting grids are [ABC], [ABCE] and 

[ABCG], where the short-hand label [ABC] means that invariant points [A], [B] and [C] are 
stable, etc.1 The distinction between "necessary" and "optional" intersections is therefore 
essential, and the use of "bundle pair diagrams" (Fig. 4.2) is proposed in order to make this 
distinction more explicit. The result of this method is a set of logical relations of the form: "If [A] 

1 Note that this notation differs from that employed by Vielzeuf & Boivin (1984), who label a grid with the 
absent invariant points. 
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and [B] are stable, then [C] is stable, {D} and {E} are metastable and IFf is optional". The 
correct grid should conform to all these relations. 

It is also possible to compare stable and metastable bundles, which may be useful when it is 

known from experimental data that a specific point is stable and another metastable. Two rules 
apply in this case: (i) the intersection of two metastable line segments gives a metastable invariant 
point; (ii) the intersection of a stable and a metastable line segment gives a stable invariant point 

(Fig. 4.4a). 

Influence of volume degeneracies 
Volume degeneracies may significantly influence grid topologies (Fig. 4.2). If univariant line 

(A,G) shows a volume degeneracy, its stable extension may either lie on the left side, in which 
case the intersection with line (B,G) is optional (Fig. 4.2a) or on the right side, in which case the 

intersection is necessarily stable (Fig. 4.2b). As a result, all stable grids in Fig. 4.2a are [ABC], 
[ABCE] and [ABCG], while those in Fig. 4.2b are [ABCG] and [ABCGE]. 5-point grids and 2
point grids are now possible, because the volume degeneracy of line (A,G) causes bundles [A] 

and [G] to change from the (3-3) type into the (2-4) type. This shows that it is important to 
consider the possibility of volume degeneracies and the bundle types present in the system 
before grid construction, in order not to overlook certain possibilities. 

In practice, it is only necessary to consider the effect of a volume degeneracy related to line 
(A,G) for bundle pair [A] + [G], because 5-point grids contain both [A] and [G]. In considering 
this bundle pair, the nature of a volume degeneracy makes it necessary to construct two bundle 

diagrams. Fig. 4.3a shows an example from FMAS where [Hy] and [Sa] are (3-3) type bundles. 
The only possible grid resulting from this diagram is [HySaSiSp]. Its residual grid, [GtCdCo] is 
also possible. In order to obtain Fig. 4.3b, line (Hy,Sa) in invariant point [Sa] is rotated 
clockwise until it crosses the vertical line and all other lines are rotated in a similar way in order 
to maintain a correct topology, without changing their high-P sides. In invariant point [Hy],line 
(Hy,Sa) is rotated anti-clockwise. Then [Sa] is moved to the right-hand side of the diagram and 

[Hy] to the left-hand side. The resulting diagram now contains two bundles of the (2-4) type 
(Fig. 4.3b) and gives one possible 5-point grid in which [Hy] and [Sa] are stable, being 
[HySaGtCdCo]. Taking the residual grid yields 2-point grid [SpSi] in which [Hy] and [Sa] are 

metastable. 

Internal consistency check 
Application of this method to all possible bundle pairs will result in a set of grids consistent 

with volume and topological constraints. The internal consistency of this set can be tested by 

realizing that both the initial and the residual grid are consistent with topological and volume 

constraints (above). Hence, it should be able to divide the resulting grids into two groups in 

such a way, that one group contains the initial grids and the other group the corresponding 

residual grids, which gives an even number of possible grids. If a grid lacks a correct residual 
grid, the topology of its metastable points should be incorrect, which can be checked easily. IT 
lhis is not the case, the residual grid may have been overlooked, which also needs checking. 
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(c+N'J systems (&3) 
Each grid in a (c+2+N) system system should at least contain N stable invariant points 

(Korzhinskii, 1959). Hence, the technique described above can be extended to (c+4) and more 

complex systems. In a (c+4) system three invariant points lie on each univariant line and only 
two of them are stable in the case of non-degenerate lines (e.g., Korzhinskii, 1959; Guo, 1982). 

The third, metastable point is located on one of the two metastable extensions of the connecting 

(non-degenerate) line. IT the line is degenerate, the possibility of three stable points on the same 

line is also allowed. Stable pairs follow the rules outlined above and similar bundle pair 

diagrams can be constructed for them. For systems with many components, however, the 

number of bundle pairs becomes very large. For example, MAS(c+4) already has 21 invariant 
points and, therefore, 210 bundle pairs. This technique is therefore only useful, when the 
stability or metastability of one or more invariant points has been established experimentally. A 

way to circumvent this problem is to derive all possible grids for a suitable (c+3) subsystem and 
to examine the effects of additional phases on their topologies. 

When comparing stable and metastable bundles, the rules differ from those in (c+3) systems. 
In a (c+3) system, the intersection of a stable and a metastable line segment invariably gives a 

stable invariant point (Fig. 4.4a), but in a (c+4) system the intersection may be either stable (Fig. 
4.4b) or mestastable (Fig. 4.4c). 

Other constraints 

When available, experimental data may provide good constraints on the system under 
investigation. However, this is only true when these experiments were performed under the 

same conditions (e.g., f02). Experimental data on related systems can be used as well. For 
example, Hensen (1987) used experimental data on MAS(c+4) to constrain the topology of his 
FMAS(c+3) grid. This will be discussed in Chapter 5. 

Data from natural assemblages may provide information as to which divariant and univariant 

assemblages are stable under specific natural conditions. For example, the assemblage 
sapphirine + quartz is typical for very high T (e.g., Ellis, 1980) and therefore constrains the 

topology of Q-bearing FMAS. Entropy and volume data can be used to calculate the slopes of 
reactions involving phases for which these data are reliable. This can be used to orient the grids 

and may help to minimize the number of possible grids . 

THE FMAS(c+3) SYSTEM INVOLVING Gt, Cd, Hy, Si, Sa, Sp, and Co. 

The approach outlined in the previous section is applied to the FMAS(c+3) system involving 
the phases Gt, Cd, Hy, Si, Sa, Sp, and Co. All possible grids using topological and volume 
constraints are derived and this set is minimized using other constraints. The final grids are given 
in Chapter 5. 
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Reaction balancing and volume constraints 

Stoichiometric (reaction) coefficients of univariant reactions in FMAS depend on the XMg 

values of the participating Fe-Mg bearing phases, where XMg = Mg/(Mg+Fe2+). There are five 

Fe-Mg phases (garnet, cordierite, orthopyroxene, spinel and sapphirine) in the present system. 

Hence, any univariant reaction involves at least three Fe-Mg phases and stoichiometric 

coefficients may vary as functions of P, T and f02. The relative order of XMg values partly 

determines on which side of the reaction boundary each Fe-Mg phase is located. The following 

analysis is based on the assumption that the XMg values decrease in the following general order: 

Cd > Sa> Hy > Sp > Gt, which is consistent with a variety of natural rock data (e.g. Hensen, 

1987; Goscombe, 1992; Kriegsman & Schumacher, 1993; Chapter 3). Since the FMAS grid is 

likely to be located between 700 and 1I00 OC and between 5 and 10 kbar, Fe-Mg exchange 

thermometers (e.g., Harley, 1984; Lee & Ganguly, 1988) can roughly constrain the 

compositional range to investigate. For example, I<d values of Fe-Mg exchange between garnet 

and orthopyroxene are about -1.5-3.5 in this P-T box, where Kd =(Fe!Mg)Gt/(Fe!Mg)Hy. 

Table 4.1 shows model compositions used for the calculations and the range of Kd values 

investigated. Table 4.2 gives balanced reactions for these compositions. Since sapphirine is not 

stable in FAS, the volume change caused by Mg-Fe exchange is unknown, but the effect was 

assumed to be small for sapphirine with XMg = 0.91. 
Checking a wide range of compositions, only one volume degeneracy was found in this 

system, namely for reaction (Hy,Sa) (Table 4.2): the assemblage Cd + Gt + Co is located on the 

low-P side of the univariant reaction to Sp + Si when the XMg of spinel is only slightly larger 

than that of garnet (Hensen, 1987), but on the high-P side when the difference between the XMg 

values is relatively large. The small !iV of reaction (Si,Cd) gives another potential volume 

degeneracy, but this has not been considered below. 

Table 4.1 Mineral compositions and thermodynamic data used in calculations. V (25 K, I bar) and S (1100 
K, I bar) calculated using Berman's (1988) dataset, except sapphirine. Non-ideal mixing terms neglected. 
Orthopyroxene values are for AI-free orthopyroxene with the same XMg' Sapphirine molar volume from unit 
cell dimensions (Kiseleva, 1976). ~ (Fe-Mg) value range: Gt-Hy 1.7-3.5; Gt-Cd 3.5-7.0; Gt-Sp 1.0-2.0 

phase model composition XMg V (J/bar) S(JIK) compositional range 
investigated 

Gt Mg1.9sFel.OsA12Si3012 0.65 11.38 871.3 XMg =0.40-0.75 
Hy Mg 1.52Feo.34AIO.28Si1.86°6 0.817 6.326 435.9 XMg =0.70-0.90 

XAI =0.07-0.16 
Cd MgI.9FeO.IA4SisOI8 0.95 23.33 1209 XMg =0.85-1.00 
Sp 
Sa 

MgO.7FeO.3AI204 
Mg3.13FeO.31AI8.92Sil.S9020 

0.7 
0.91 

4.006 
19.75 

301.7 
13341 

13892 

XMg =0.42-0.80 
XMg =0.75-0.95 
Al =8.4-9.0 

Si AI2SiOS 4.983 313.4 
Co AI203 2.558 191.6 

ISapphirine entropy after Kiseleva (1976), used in Fig. 4.5A. 2Same value increased by 4.1 %, consistent with 
Waters (1986; see text), used in Fig. 4.5B. 



Table 4.2 Reaction stoichiometry for univariant assemblages in FMAS. calculated volume and entropy change and approximate slope, 
dPjdT, of univariant boundaries. For compositions and thermodynamic data, see Table 4.1. Columns denoted by an asterix use a sapphirine 
entropy increased by +4.1%, i.e. +55 IIK,mol at 1100 K (see text, Fig. 4.6B). The last column gives the volume change divided by the 
number of oxygen atoms on one side of the equation. This normalized volume change does not depend on the stoichiometry used and 
therefore facilitates the comparison of reactions. 

label balanced reaction IJ.V IJ.S dP/dT IJ.S* dP/dT* IJ.V/I,oxy 

(Si,Co) - 1.195 GI +0.796 I-tf +0.739 Cd +4.07 Sp -1 Sa +5.21 +91.8 + 17.6 +36.8 +7.06 0.152 
(Si,Sa) - 0.038 GI • 0.537 I-tf +0.223 Cd +0.668 Sp -1 Co +1.48 + 11.8 + 7.97 + 7.97 0.222 
(Si,Sp) +0.158 GI - 0.668 I-tf +0.101 Cd +0.164 Sa -1 Co + 0.625 - 3.28 ·5.25 +5.74 +9.18 0.089 
(Si,Cd) +0.322 GI - o.m I-tf - 0.558 Sp +0.301 Sa -1 Co - 0.090 - 15.9 +177 +0.655 - 7.28 0.009 
(Si,Hy) + 0.721 Cd - 0.844 Gt +3.41 Sp - 0.675 Sa -1 Co +5.00 +73.8 + 14.8 +36.7 +7.33 0.188 
(Si,Gt) + 0.199 Cd - 0.562 I-tf +0.538 Sp +0.032 Sa -1 Co + 1.32 +8.87 +6.75 + 10.6 +8.05 0.207 
(Sa,GI) +0.706 Sp - 0.714 I-tf + 0.311 Cd - 0.229 Si -1 Co + 1.88 + 14.8 + 7.91 + 7.91 0223 
(Sa,Sp) • 0.715 Gt +2.605 I-tf • 1.35 Cd +4.05 Si -1 Co ·5.53 - 42.0 + 7.59 +7.59 0.154 
(Sa,Hy) · 0.154 Gt +0.554 Sp - 0.046 Cd +0.692 Si -1 Co +0.283 +2.62 +9.26 +9.26 0.050 
(Sa,Cd) • 0.134 Gt +0.573 Sp - 0.092 I-tf +0.573 Si -1 Co +0.489 +420 +8.59 +8.59 0.095 
(Cd,GI) +0.089 Sa +0.241 Sp - 0.293 I-tf +0.405 Si -1 Co + 0.319 - 1.70 ·5.34 +3.19 + 10.0 0.067 
(Cd,Sp) + 0.153 Sa +0.097 Gt - 0.439 I-tf +0.283 Si -1 Co + 0.196 - 5.98 - 30.6 +2.43 + 12.4 0.035 
(Cd,Hy) - 0.041 Sa - 0.195 Gt +0.726 Sp + 0.651 Si -1 Co + 0.567 +6.90 + 12.2 +4.65 +8.19 0.092 
(Hy,Gt) + 0.150 Sa - 0217 Cd - 0.083 Sp +0.847 Si -1 Co - 0.768 - 13.2 + 17.2 - 4.95 +6.45 0.106 
(Hy,Sp) +0.131 Sa - 0.195 Cd - 0.020 Gt +0.827 Si -1 Co - 0.631 • 11.2 + 17.7 - 3.99 +6.33 0.088 
(Sp,Gt) +0.135 Sa · 0.162 Cd ·0.075 I-tf +0.733 Si -1 Co ·0.489 . 10.3 +21.0 ·2.86 +5.84 0.077 
(Co,Gt) +0.492 Cd - 0.664 I-tf +0.734 Sp - 0.140 Sa -1 Si +2.46 +26.1 + 10.6 + 18.4 + 7.48 0.209 
(Co,Hy) + 1.11 Cd · 0.997 Gt +4.13 Sp - 0.975 Sa -1 Si +6.81 + 103 + 15.1 +49.4 + 7.25 0.029 
(Co,Sp) +0.358 Cd • 0.808 I-tf + 0.216 Gt + 0.041 Sa -1 Si + 152 +9.55 +6.28 + 11.8 +7.77 0.154 
(Co,Cd) - 1.97 Cd - 1.19 I-tf +0.795 Gt +0.526 Sa -1 Si • 1.01 - 35.0 +34.7 - 6.07 + 6.01 0.021 
(Co,Sa) +0.167 Gt - 0.776 I-tf +0.388 Cd +0.165 Sp -1 Si + 1.73 + 13.3 + 7.67 + 7.67 0.179 

Critical entropy value of sapphirine at 1100 K at the transition from the bundle orientations in Fig. 4.6a to those in Fig. 4.6b are as follows
 
(difference with the value of 1134 JIK. of Kiseleva, 1976 between brackets):
 
bundle [Co]: 1386 (+52); [Sp]: 1383 (+49); [Cd]: 1384 (+ 50); [Si]: 1386 (+ 52); [Gt]: 1384 (+ 50); [Hy]: 1375 (+ 41).
 



------------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------

Table 4.3 Compositional degeneracies in the silica-undersaturated FMAS system. Critical relations at the singular point are given for each degeneracy. At the 
singular point, three invariant points become colinear in petrogenetic grids. Last two columns give the value of the critical relation for natural assemblages using 
compositions reported by Hensen (1987) and those of Table 4.1. 

equilibrium at label at critical relation singular point colinearity fifth phase position'" value of critical relation 
singular point singular 

point Hensen (1987) Table 4.1 

1. Cd + Sp = Hy + Co (Sa,Gt,Si) XMgHy - 0.4XMgCd - 0.6 XMgSp = 0 [Sa],[Gt],[Si] Gt,Si RHS 0.107 0.017 

Sa illS 

2. Cd + Sp = Gt + Sa (Co,Si,Hy) XMgSa.(4-X) - (0.8+O.8x)XMgCd [Co],[Si],[Hy] CO,Si RHS 0.646 0.382 

- (3.2+1.2x)XMgsp + 3xXMgGt = 0, Hy illS 

where x = (Al-8){2 in Sa 

3. Cd+ Gt= Hy + Si (Co,Sp,Sa) XMg"Y.(2-x) - (0.8-1.6x)XM{d [Co),[Sp],[Sa] Sp,Sa,Co RHS 0.297 0.138 

- (1.2+O.6x)XMgGt = 0
 

where x=Al{2 in Hy
 

4. Gt + Co = Sp + Si (Cd,Hy,Sa) XMgSp - XMgGt = 0 [Cd],[Hy],[Sa] Cd,Hy,Sa illS 0.02** 0.05 

5. Cd + Sp = Hy + Si (Co,Gt,Sa) XMgHY.(2-x) - [(1.6-1.2x)XMgCd [Co],[Gt),[Sa] Gt RHS -0.097 -0.140 

- (0.4+0.2x)XMgSP = 0, Sa, Co illS 

where x=Alf2 in Hy 

·Position of fJith phase in the equilibrium equation when critical relation> O. LHS (RHS) = left (right) hand side of the equation. 

**XMgSp < XMgGt in samples described by Vielzeuf & Boivin (1984), giving a negative value for the critical relation. 
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Several compositional degeneracies exist in this system and the realistic ones, Le. those that 
conform to the XMg order and give Kd values within the limits, are summarized in Table 4.3. 
The effect of these degeneracies is that more than one balanced reaction is correct, depending on 
the exact compositions (Table 4.3). For the compositions used by Hensen (1987) and those of 
Table 4.1, the values of the critical relations are given. These values are consistent and indicate 
that singular points are not to be expected in this system. 

Schreinemakers bundles consistent with volume constraints 

Fig. 4.5 shows all Schreinemakers bundles that are consistent with volume data and 
topological constraints. This gives two correct versions of each bundle (e.g., Korzhinskii, 1959; 
Guo, 1982), Le. 14 bundles in total. When the difference between the XMg values of gamet and 
spinel is sufficiently large, the volume degeneracy on univariant boundary (Hy,Sa) changes the 
bundle type of invariant bundles [Hy] and [Sa] into the (2-4) type (Fig. 4.3). As a result, five 
stable invariant points may exist in grids in which points [Hy] and [Sa] are stable. Since these 
are the only bundles of the (2-4) type in the present system, and any 5-point grid must contain at 
least two bundles of this type, it follows that if [Hy] is stable, [Sa] is also stable, and vice versa. 
By implication, 2-point grids with metastable {Hy} and {Sa} are also possible. All other 
bundles are of the (3-3) type and combining them gives 3- or 4-point grids. 

All multigrids consistent with volume constraints (n= 32) 

Bundle pair diagrams were constructed for all 21 pairs of invariant points, using the bundles of 
Fig. 4.5 without considering their high-T side. Fig. 4.00 gives an example in which invariant 
points [Co] and [Si] are taken to be stable. It is clear that invariant points [Hy] and [Sp] are 
necessarily stable, while {Sa}, {Cd} and {Gt} are necessarily metastable. Hence, the only 
resulting grid is [CoSiHySp]. Fig. 4.6b shows the diagram for stable pair [Cd] + [Co]. {Si} is 
necessarily metastable and all other intersections are optional. An additional constraints apparent 
from this diagram is that if [Sa] is stable, [Gt] must be stable as well (see inset), but not vice 
versa. Similarly, if {Gt} is metastable in the residual grid, {Sa] must be metastable as well, but 
not vice versa. All possible grids containing points [Hy] and [Sa], which form a volume 
degeneracy, were derived earlier (Fig. 4.3). 

Table 4.4 gives the results for each bundle pair. Combining the logical relations obtained in 
this way, it follows that 8 grid pairs are consistent with volume and topological constraints 
(Table 4.5). Their mirror image versions with respect to the P-axis are also correct. The total 
number of grids consistent with volume and topological constraints is therefore 32. 
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- unlikely orientations of bundles involving sapphirine 

+14.8 

(Sa) 
+7.59 

(Sa) 
+9.26 

(Si) 
-5.25 

(Gt) +21.0 

(Sa) 
+7.67 

(Co) 
+6.28 

+17.7 (Hy) 

(Sa) 
+6.59 (Sp) 

-5.25 

(Gt) 
-5.34 

(Co) +34.7 

(Hy) +17.2 

(Cd) 
-5.34 

(Sp) 
+6.28 

Fig. 4.5 Bundle topologies and dP/dT (bar/l() of univariant lines in Co-bearing FMAS calculated using 
thermodynamic data given in Table 4.1. A. Unlikely topologies (see text) of bundles involving 
sapphirine resulting from low molar entropy values for this mineral at 1100 K (Kiseleva, 1976). 
B. (next page) Topologies of bundles involving sapphirine with molar entropy values increased by 55 
11K at 1100 K and by 70 11K (between brackets). Note that bundles [Sp]. [Si], [Cd] and [Gt] show the 
assemblage orthopyroxene + corundum (Hy + Co) on the low-T side. Bundle [Sa], which lacks 
sapphirine. shows a low-Tand a high-T topology (see text). »> 



- preferred bundle orientations 

+7.97 (+14.2) 

+6.33 
(+3.22) 

+7.06 
(+4.18) 

high-T topology 
(above -700 "C) 

+7.59 (Sa) 

-7.28 (Cd) 
(-57.4) 

+5.84 
(+1.70) 

(Gt) 

(Sp) 
+7.59 

low-T topology 
(below -700 "C) 

(Gt) +10.0 

Fig.4.5B 
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Fig. 4.6 Examples of bundle pair diagrams in FMAS(c+3): A. [Co] + [Si]. B. [Cd] + [Co]. For 
explanation, see text 

Pairs of initial-residual grids and constraints from natural assemblages (n=20) 

Vielzeuf & Boivin (1984) proposed that one grid of an initial-residual pair may be stable under 
specific natural conditions and the other under different conditions. More specifically, Hensen 

(1986) proposed that one grid in silica-saturated FMAS is valid at low f02 and the other at high 
f02. Powell & Sandiford (1988) obtained similar results in the system FMASTO by treating 
oxygen as an extra component at high f02 and considering the influence of titanium-bearing 

oxides as well. The inversion relation will be discussed in more detail in Chapter 5. Because a 
grid is stable under specific conditions, it should be possible to represent all natural assemblages 
which are stable under the same conditions on at least one of the two grids in a pair. If not, the 
entire grid pair is incorrect. 

Table 4.6 lists some key literature data indicating the stability of one or more univariant 
assemblages under reasonably well-constrained f02 conditions, as indicated by the presence of 
specific oxide minerals. The alleged stability of invariant point [Co] (Hensen, 1987, after data by 
Chekirda & Entin, 1969) is not included, since textural descriptions are lacking in the original 
paper and nothing is said about the redox state of these rocks. Assemblages (Si,Cd) and (Sp,Co) 

are clearly stable at low f02 (Chapter 3). Since (Si,Cd) cannot be represented on grid [SpHyCo] 
and (Sp,Co) is metastable on its residual grid [SaGtCdSi], it follows that this pair of grids is 
inconsistent with data from natural assemblages. Applying this logic to all grid pairs indicates 

that 5 grid pairs are consistent with constraints imposed by natural assemblages. Hence, 10 grids 

remain which are consistent with the constraints discussed up to now (Fig. 4.7). Their mirror 
image versions could also be correct. 



-----------------------------------------------------------------------------------------
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Table 4.4 Results of the construction of bundle pair diagrams in FMAS. See also Table 4.5 

stable metastable optional logical 

or bundle pair intersectioos intersectioos intersectioos relations possible grids .... 

I. [Co] + [Sp]	 [Hy] {Gt},{Sa} Cd,Si [CoHySp] ± [Cd]I[Si] 
2.	 [Co] + [Cd] {Si} Gt,HY,Sa,Sp [Gt] or [Sp] [CdCoGt] ± [Hyl/[Sa] 

[Sa] > [Gt] 
[Hy] or [Sa] [CdCoHy] 

3. [Co] + [Gt]	 [Cd] {Si},{Sp} Hy,Sa as 2. 
4. [Co] + lSi]	 [Hy],[Sp] {Cd},{Gt},{Sa} as I 
5. [Co] + [Hy] {Sa} Cd,Gt,Si,Sp as 1,2,3,4. 
6. [Co] + [Sa]	 [Cd],[Gt] {Hy},{Si},{Sp} as 2. 
7. [Sp] + [Sa] lSi] {Co},{Cd} Gt,Hy	 [Gt] or [Hy] [SaSiSp] ± [Gt]I[Hy] 
8.	 [Cd] + [Gt] {Sp} CO,HY,Sa,Si [Hy] > [Co] as 2. 

[Hy] or lSi] [CdGtSiSa] 
lSi] or [Co] as 2. 
lSi] > [Sa] [CdGtSaSi] 

9. [Cd] + [Hy]	 [Co] {Sa},{Si} Gt,Sp as 1,2,3. 
10. [Cd] + [Sp]	 [Co],[Hy] {Gt},{Si},Sp} as 1. 
11. [Cd] + lSi]	 [Gtl,[Sa] {Co},{Hy},{Sp} as 8. 
12. [Cd] + [Sa] [Gt] {Hy },{Sp} CO,Si	 [Co] or lSi] as 2,8. 
13. [Gt] + [Hy]	 [Cd],[Co] {Sa},{Si},{Sp} as 2. 
14. [Gt] + [Sp]	 [Sa],[Si] {Cd},{Co},{Hy} as 7. 
15. [Gt] + lSi]	 [Sa] {Co},{Hy} Cd,Sp [GtSiSa]; as 7,8 
16. [Gt] + [Sa] {Hy} Cd,Co,Si,Sp as 1,3,6,14,15 
17. [Hy] + lSi]	 [Sp] {Cd},{Gt} CO,Sa [HySiSp]; as 1,7 
18.	 [Hy] + [Sp] {Gt} Cd,Co,Sa,Si [Sa] > lSi] as 7. 

[Sa] or [Co] as 1,4. 
lSi] or [Cd] as 1,7,17. (see 20) 

19.	 [Hy] + [Sa] [SiUSp] {Cd},{Co},{Gt} as 7. 
[Cdl,[Co],[Gt] {Si},{Sp} [CdCoGtHySa]...... 

20.	 [Sp] + lSi] {Cd} CO,Gt,Hy,Sa [Gt] > [Sa] as 14,15, and [SpSi] 
[Co] > [Hy] as 1,5,17,18. 
[Sa] or [Co] as 7. 

2\. lSi] + [Sa) {Co} Cd,Gt,HySp as 7,11,12,15-20. 

"[A] or [B] means that [A] and [BI cannot be stable together; [A] > [B] means that if [A] is stable, [B] is also 
stable, but not vice versa; [A] + [B] indicates that [A] and [B] are both stable or both metastable (see p. 71). 
....Only grids consistent with the entire table are listed. Grids mentioned after lower numbers have been skipped. 
......Volume degeneracy (Hy,Sa) causes a 5-point grid (see text, Fig. 4.4). 

Table 4.5 List of initial and residual grids conforming to volume and topological constraints. 

Consistency with data from natural assemblages (Table 4.6) at low and high fOz is indicated. Only 

five pairs of initial and residual grids have one stable low fOz and one stable high fOz grid (see text). 

initial grid low fOZ high fOZ residual grid lowfOZ highf(}z pair 

[SiSpHyCo] + [SaGtCd] + +
 
[SpHyCo] [SaGtCdSi] +
 
[CoSpHyCd] + [SaGtSi] + +
 
[CdCoHy] + [SaGtSiSp] + +
 
[GtCdCoHy] + + [SaSiSp]
 

[GtCdCo] + + [SaSiSpHy] + +
 
[SaGtCdCo] + + [SiSpHy] + +
 
[SaGtCdCoHy] + + [SiSp]
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Table 4.6 Data from natural assemblages. 

assemblage label Fe-Ti oxides reference 

Co+Si+Hy+SptCd+Sa [Gil Dm,MI,Hem bigb 6 

assemblage label Fe-Ti oxides reference~ 

Co+Hy+Sp+Sa+GI (Si,Cd) RI low 9 
RI,IIm low? 3 

Si+Hy+Cd+Sa+GI (Sp,Co) RI low 9 
RI,IIm low? 3 

Co+Si+Hy+Sa+GI (Sp,Cd) RI low 9 
RI,Dm low? 3 

Co+Si+Sp+Sa+GI (Hy,Cd) RI,IIm low 5 
RI,IIm low? 3 

CO+SptCd+Sa+Gt (Si,Hy) RI,IIm low? 4 
Co+Hy+SptCd+Sa (GI,Si) 11m, Ml, Hem bigb 2 
Si+Hy+SptCd+Sa (GI,Co) 11m, Ml, Hem bigh 6, 8 
Co+Si+Hy+Sp+Sa (GI,Cd) 11m, MI,Hem high 6 
Co+Si+Hy+Cd+Sa (Gt,Sp) Dm,MI,Hem higb 6 
CO+Si+Sp+Cd+Sa (GI,Hy) Ihn, Ml, Hem bigb 1,6,7 

1. Ackennand et al. (1982&) 6. Goscombe (1992) 
2. Arima & Barnett (1984) 7. Lal et aI. (1984) 
3. Bertrand et aI. (1991) 8. Warren (1983) 
4. Droop (1989) 
5. Droop & Bucher-Nurminen (1984) 9. Cbapter 3 

Constraints from entropy data (n=4) 

Thermodynamic data in the present system are fairly accurate. with the exception of those for 
sapphirine (Table 4.1). The most reliable bundle should therefore be bundle [Sal. which lacks 
this mineral. Calculations at various compositions. however. indicate small differences in dP/dT 
of the six univariant lines involved, making the topology of this bundle very sensitive to small 
changes in thermodynamic properties or intensive variables. Calculations at various temperatures 
showed a reversal at about 700-750 OC, slightly dependent of composition. At the compositions 

given in Table 4.1. reversal occurs at 700 °C. Below this temperature. the topology given in 
Fig. 4.5a is valid. while the one in Fig. 4.5b applies at higher T. 

Slopes of univariant lines involving sapphirine were calculated at 1100 K (826.85 OC). which 
corresponds to the maximum equilibration T in Sri Lankan granulites (Chapter 3). The resulting 
bundle topologies depend on the entropy value for sapphirine. Using values for natural ordered 
monoclinic sapphirine with the composition given in Table 4.1 (Kiseleva & Topov, 1975; 

Kiseleva, 1976) results in the topologies of Fig. 4.5a. By contrast. using values for disordered 

synthetic sapphirine (Mg end-member) calculated by Waters (1986) after MAS experimental data 
by Seifert (1974). which are 4.1 % higher (Le. 55 11K at 11 00 K) than those of Kiseleva, gives 

the topologies of Fig. 4.5b. Reversal of the high-T side from Fig. 4.5a to Fig. 4.5b occurs 
when the 1100 K molar entropy value exceeds the values given by Kiseleva (1976) by about 50 
11K (Table 4.2). Values for dP/dT given in brackets in Fig. 4.5b apply to sapphirine molar 
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entropies higher than those of Kiseleva (1976) by 70 JIK. This results in larger differences 

between the slopes in each bundle and is probably more realistic, because it takes some Fe in 
sapphirine into account. 

Because all bundles invert their high-T side at about the same entropy value of sapphirine, the 
correct grid should only contain bundle topologies from Fig. 4.5a or from Fig. 4.5b, not from 

both. The topologies given in Fig. 4.5b are favoured for the following reasons. Firstly, the 

disordered state is favoured by high T and a triclinic variety with a high degree of disordering 
exists at high T (Kiseleva, 1976). Hence, the high entropy values in the disordered state given 
by Waters (1986) seem to be more realistic. secondly, experimental data in MAS (e.g., Schreyer 

& Seifert, 1969) indicate that the assemblage orthopyroxene + corundum is restricted to the low
T side of the grid (also Hensen, 1987), which is only true for the topologies given in Fig. 4.5b. 

Given the topologies of Fig. 4.5b, the best candidates for the correct grid are [SiSpHy] and 

[SaGtCdCo] (Fig. 4.7). Most other grids involve some bundle topologies taken from Fig. 4.5a, 
for example bundle [Co] in grid [SpSiHyCo], bundle [Cd] in [SpCdHyCo] and bundle [Si] in 
[SaGtSi]. Grids [SaSpHySi] and [GtCdCo], which show the low-T topology of bundle [Sa] 

from Fig. 4.5a (see above), could also be correct, because [Sa] is located on the low-T side of 
the grid, which could be as low as 700 °C. Hence, only 4 possible grids remain, namely 
[SiSpHy], [SaGtCdCol, [SaSpHySi] and [GtCdCo] (Fig. 4.7). Because entropy data have now 

been used, their mirror image versions are not correct. Grid [SaGtCdCo] corresponds to the 
grids derived by Waters (1986) and Hensen (1987). 

DISCUSSION 

The observation that more than one multigrid may be constructed for the same database has 
received little attention in the literature. Generally, grids are published without mentioning the 
underlying assumptions and other workers may use them without questioning their validity. In 
other cases, assumptions are stated, but the grid derived from them is only one of the 
possibilities. For example, Hensen & Harley (1990, fig. 2.4) derive a complete initial-residual 
grid pair from four assumptions: stability of invariant point [PySp] in MAS, stability of invariant 

point [HySa] in FAS, stability of univariant reaction Cd + Gt =Hy + Si + Q (Sp,Sa) in FMAS, 
and the slope of one additional univariant line in FMAS. Besides the use of unstated, though 
realistic, assumptions (e.g., stability of Sa + Q at high T; relative position in P-T space of the 
FAS and MAS invariant points), all intersections of univariant boundaries are considered 

"necessary", while some are clearly "optional" (terminology of this chapter). As a result, more 
grids are consistent with the same assumptions, for example low f{)z grids in which point {Q}is 

metastable. 
The distinction between "necessary" and "optional" intersections, though simple in principle, 

has considerable bearing on the number of grids consistent with constraints imposed by volume 

data, natural data and other considerations. Of course, in systems with good thermodynamic data 
the distinction is trivial, because slopes and positions can be calculated (e.g., Spear & Cheney, 
1989). However, in systems involving phases for which reliable thermodynamic data are 
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Fig. 4.7 Skeletal diagrams of the final two grid pairs consistent with topological, volume and entropy 
constraints and with comtraints from natural assemblages. 

lacking, the distinction becomes essential, because it gives a more explicit separation between 

facts and interpretation. Instead of yielding one "ultimate" grid, it may give important 

information on the "state of the art" in a given system and the research needed to improve this 
knowledge. 

The closed grid approach used by Zen & Roseboom (1972), Mohr & Stout (1980), Guo 

(1982) and others, is invaluable for systems for which only compositional data are available, 

while thermodynamic data are completely lacking. In view of the rapidly increasing 

thermodynamic database, this situation seems to become rare, however, and grid manipulation in 

systems with more than 3 components and 6 phases is extremely tedious (e.g., Guo, 1982). The 
strength of this method therefore lies more in the theoretical frontiers it may open than in its 

applications. 
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CONCLUSIONS 

In the construction of multigrids for systems with incomplete thermodynamic data, it is 
important to state the assumptions underlying the final results. Some tools were derived in this 
chapter to make some of the assumptions more explicit. Notably, the distinction between 
"necessary" and "optional" intersections of univariant boundaries may give a large number of 
grids consistent with the assumptions. 

Application to the FMAS(c+3) system involving sapphirine, garnet, orthopyroxene. cordierite. 
sillimanite. spinel and corundum gives 32 possible grids consistent with topological and volume 
constraints. Only 4 of these are consistent with constraints imposed by data on natural 
assemblages and entropy data. These grids form 2 pairs of initial-residual grids. 



CHAPTER 5 

Construction of P-T grids in systems with incomplete 
thermodynamic data II. Topological relations with end
member systems, with new grids for FMAS(c+4) 

INTRODUCTION 

Hess (1969) and Hensen (1971) showed that the topology of end-member systems places 
important constraints on the topology of systems with solid solution phases. Hensen (1987) 
therefore used the topology of MAS(c+4) to constrain the topology of FMAS(c+3) with the 
same seven phases. Similarly, Spear & Cheney (1989) used constraints from KFASH and 
KMASH as a basis for the calculation of a KFMASH grid. Thompson (1976), Vielzeuf & 
Boivin (1984) and Hensen & Harley (1990) gave theoretical backgrounds. This chapter aims to 
extend this technique to end-member systems with c+5 or more phases. It will be seen that an 
evaluation of the complete end-member system under consideration is required before 
extrapolating its topology to the system with solid solution phases. 

An example is given from FMAS. Previous workers dealing with the relation between FMAS 
and MAS did not consider corundum and quartz in one MAS grid, although partial grids for this 
system have been proposed in the literature (e.g., Schreyer & Seifert, 1969; Seifert, 1974). 
Hensen (1987) and Hensen & Harley (1990) do propose a link between the Q-FMAS and Co
FMAS grids, however, where the latter would be located at lower T. In this chapter experimental 
data on corundurn- and quartz-bearing assemblages are combined to construct a minimum 
MAS(c+5) grid, which serves as a constraint on FMAS(c+4) with the same eight phases. The 
influence ofkyanite on grid topology is also considered. 

RELATION BETWEEN END·MEMBER SYSTEMS AND NATURAL SYSTEMS 

(c+4) end-member systems and (c+3) natural systems 

In ideal end-member systems, mineral phases have constant compositions throughout P-T 

space. By contrast, natural systems generally contain solid solution phases, which change their 
composition as a function of P and T (e.g., Thompson, 1976a,b). As a result, these phases 
change their compositions along univariant lines in P-T space until they become equal to one of 
the end-members (op. cit.). Since univariant assemblages in FMAS have the same number of 
phases as invariant points in MAS and FAS, univariant lines in FMAS must terminate in these 
invariant points, irrespective of their stability. For example, Hess (1969) and Hensen (1971) 
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showed that univariant lines in FMAS generally terminate in MAS at high P and in FAS at low 
P, because Fe-Mg phases become more Mg-rich with increasing P. 

Vielzeuf & Boivin (1984) and Hensen & Harley (1990) gave the following rules for the 

relation between MAS(c+4) and FMAS(c+3): (i) if an invariant point [AB] is stable in either 
MAS(c+4) or FAS(c+4), univariant line (A,B) must be stable in FMAS(c+3); if (A,B) is a non
degenerate line, either invariant point [A] or [B] is stable, not both; (ii) if an invariant point 

{AB} is metastable in both MAS(c+4) and FAS(c+4), invariant points [A] and [B] in 

FMAS(c+3) are both stable, e.g. in grid [ABmp, or both metastable, e.g. in its residual grid 
[EFG]. 

These rules have to be modified when more phases are added to the system for two reasons. 

Firstly, adding a phase without changing the number of system components changes the natural 
system into a (c+4) system, in which invariant points lack two phases, and the end-member 

systems into (c+5) systems, in which invariant points lack three phases. Hence, rule (i) has to be 
modified in the following sense: if [ABC] is stable in MAS(c+5) or FAS(c+5), univariant line 
(A,B,C) must be stable in FMAS(c+3) and, if (A,B,C) is a non-degenerate line, only one of the 

~ invariant points [A] or [B] or [C] is stable. Rule (ii) also changes: if an invariant point 
{ABC} is metastable in both MAS(c+5) and FAS(c+5), two of the three invariant points [A], 
[B] and [C] in FMAS(c+3) are stable, or the entire line is metastable. The reason is that each 
univariant line in a (c+4) system passes through three invariant points instead of two in a (c+3) 
system. The addition of a phase to the system therefore opens a new possibility, which is 
overlooked when the attention is focused to the smaller subsystem. Of course, this is only true if 
the additional phase is not inherently metastable in the P-T space potentially covered by the 
system. 

For example, assume that invariant point [SpQ] is stable in Q-bearing MAS(c+4). The addition 
of corundum changes the system into MAS(c+5) and, assuming that the invariant point is still 
stable in the presence of corundum, it is now labelled [SpQCo]. Extrapolation to FMAS(c+4) 

implies that only one of the three invariant points [SpQ], [SpCo] and [CoO] can be stable in this 
system. This gives an extra possibility, namely point [CoO], which would have been overlooked 
if corundum had not been incorporated into the analysis. 

The second effect of adding phases to a system is that the stability fields of some assemblages 
are reduced. Hence, an invariant point that is stable in MAS(c+4) may become metastable when 

more phases are considered. Information deduced from the subsystem may therefore prove to be 
wrong. Notably, the extrapolation from end-member systems to natural systems may be affected 

by the stability reversal of some end-member invariant points. 

A general theory for the relation between natural systems and end-member 
systems 

Since a univariant assemblage in any system can always be represented by an equilibrium line 
in P-T space, irrespective of the number of phases or components, there can only be two end
member systems in which this line terminates. This points to the existence of a hierarchy of 

IGrids are labelled by their stable invariant points in this chapter. 
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relative end-member systems. For example, KFMAS(H) has end-member systems FMAS(H) 
and KFAS(H) and the first of these has higher order end-member systems FAS(H) and 
MAS(H), while the second has higher order end-member systems FAS(H) and KAS(H). The 

term "end-member system" is therefore a relative one: FMAS(H) is an end-member system with 

respect to KFMAS(H), even though it contains solid solution phases. MAS(H) is not an ideal 
end-member system either, because some phases (enstatite, spinel, sapphirine, chlorite) have 

variable Al-contents. 

Importantly, a number of phases may not be stable in one or either of the end-member 
systems. For example, sapphirine is not stable in FAS (Hensen & Harley, 1990). This may 

apply to each step in the hierarchy of relative end-member systems. 
The relation between a natural system and its (relative) end-member systems is governed by 

two simple rules. Firstly, a metastable extension of an equilibrium line in PoT space of a 

univariant assemblage in a natural system terminates in a metastable invariant point in one of the 
end-member systems. Secondly, a stable extension, if present and unlimited by other, more 

stable assemblages within the natural system, terminates in a stable invariant point in one of the 
end-member systems (e.g., Thompson, 1976). 

Irrespective of the number of phases in a natural system, the equilibrium line of a non
degenerate, univariant assemblage may be related to either zero or one or two stable invariant 

points in PoT space. In the first case, it only has metastable extensions and it will terminate in 
metastable points in either end-member system. Ifonly one stable point exists on the univariant 
line, it has one stable and one metastable extension. In this case, the stable extension terminates 
in a stable invariant point in one of the end-member systems, while the metastable extension 
terminates in a metastable invariant point in the other end-member system. If two stable points 
exist, the univariant line has two metastable extensions, which both terminate in a metastable 

invariant point in one of the end-member systems (Fig. 5.1). The following two rules govern the 
general extrapolation from end-member systems to natural systems: 
(i) if an invariant point [AB... Xl is stable in one of the two (c+N+l) end-member systems, 

univariant line (A,B, ...,X) is stable in the (c+N) natural system and only one of the N-l 
invariant points on this line is stable, if it is non-degenerate. 
(ii) if an invariant point {AB... X} is metastable in both (c+N+l) end-member systems, two of 

the N-l invariant points on a non-degenerate univariant line (A,B, ...,X) in the (c+N) natural 
system are stable, or the entire line is metastable (Fig. 5.1). 

It follows that the rules given by Vielzeuf & Boivin (1984) and Hensen & Harley (1990) are 

special cases valid for (c+4) end-member systems and (c+3) natural systems. 
Generally, a univariant line can only be stable on one side of an invariant point. In the case of a 

degenerate line, however, the topology of some invariant bundles allows it to be stable on both 

sides of the related invariant point (e.g., Korzhinskii, 1959). Hence, three or more invariant 

points can be stable on a degenerate univariant line in a (c+4) or higher system. 
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(c+5) end-member 
system 1 

natural (c+4) system (c+5) end-member 
system 2 

{ABC} 0 - -

[AB]

• 
[BC] 
• 

{AC} 
-0 - -0 {ABC} 

{ABC} 0 - -

{AB} 
--0 - -

[BC]. [AC].-  - -0 {ABC} 

{ABC} 0 - -

{AB} 
--0 - -

{BC} 
0

{AC} 
-0 - - -0 {ABC} 

Fig. 5.1 Example of the relation between a (c+4) natural system and its two (c+5) end-member 
systems. The metastability of invariant point (ABC) in both end-member systems gives three 
possibilities in the natural system in the case of a non-degenerate line (A,B,C), when the relative position 
of these points is known from topological considerations: (i) [AB] and [BC] are stable; (ii) [BC] and 
[AC] are stable; (iii) all three invariant points are metastable. 

Outline of a practical method to derive (c+k) grids with k>3 

It has been shown in the previous sections that the addition of phases to an end-member 
system may influence the extrapolation to natural systems. Hence, it would seem that correct 
extrapolation requires a complete and rigorous Schreinemakers analysis of the end-member 
system, which is a tedious task in multisystems with (c+4) or more phases (e.g., Rooseboom & 
Zen, 1982; Guo, 1984). For example, the system MAS(c+6) containing Gt, Hy, Cd. Sp, Sa, 
Si, Ky, Q and Co2 has 9!/5!4! = 126 invariant points and. because reliable thermodynamic data 

are lacking for sapphirine, a large number of possible grids would have to be investigated. The 

approach outlined in Chapter 4 is also unsuitable in this case, since the number of bundle pair 
diagrams would be 126x125/2 = 7875. 

A more practical approach is based on the rule that the stability field of an assemblage cannot 
be enlarged but only reduced by the addition of other phases (e.g., Guo, 1984). Hence, if the 
analysis ofpart of the system indicates that a certain invariant point is stable, this conclusion may 

be invalidated when more phases are taken into consideration. By contrast, if an invariant point 
is shown to be metastable in a given system, it will remain metastable, irrespective of the phases 

added. It is therefore easier to prove the metastability of a point than its stability on topological 

arguments. TIle best evidence for the stability of an invariant point is experimental verification. 
The procedure proposed here is to consider a subsystem of the end-member system and to 

construct a minimum grid containing the necessarily stable and metastable points only. This 

minimum grid can be extrapolated to the natural system, giving a number of possible grids. The 

2 Ky = kyanite. For other abbreviatioos, see Table 3.2. Note that the FMAS abbreviations are also used in MAS 
and FAS, instead of the common end-member names. Hence, "Gt" stands for gamet, pyrope and almandine. 
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Fig. 5.2 The influence of the addition of kyanite on the stability of MAS invariant points and the 
extrapolation to FMAS. A. kyanite absent. B. kyanite present. Addition of kyanite creates a stability field 
for the new MAS assemblage Hy + Sa + Ky (shaded area) at the expense of old assemblages. See text 
for explanation. 

effect of each additional phase can now be considered by looking at the simultaneous changes it 
may cause to the end-member system(s) and the natural system. The effect should always be 
such that it does not violate the basic rule given above. The following example serves to illustrate 
this method. 

An example from MAS and FMAS 

Fig. 5.2 shows a partial grid for the MAS(c+5) system comprising the phases Gt, 
Hy,Cd,Sp,Sa, Si, Q and Co, based on Schreyer & Seifert (1969) and Hensen (1987). The 
stability of MAS invariant point [CdSpQl indicates that univariant line (Cd,sp,Q) is stable in 

FMAS(c+3) and one of the three invariant points [CdQl, [SpQl and [CdSpl is stable. Of these, 
point {CdSp) involves the incompatible phases corundum and quartz and is therefore 

metastable. I will assume here that [SpQl is stable and {CdQ) metastable, but the reverse 

relation would not affect the argument. The inferred P-T location of [CdSpQl in MAS is about 

16 kbar, 1000 OC (Hensen, 1987), which is within the kyanite stability field. When kyanite is 
taken into consideration, invariant point [CdSpQl, which involves sillimanite, therefore becomes 
metastable. Since MAS has become a (c+6) system, this point is now labelled {CdSpQKy) and 
extrapolation indicates that two of the four invariant points [CdSpQl, [CdQKy], [SpQKy] and 
[CdSpKYl are stable in FMAS(c+4) or all are metaStable. Again, {CdSpKy) is metastable 
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because of Q + Co. IT all points are made metastable. the stability field of other assemblages 

lacking kyanite. which were already present in the system. is increased and this violates the basic 
rule. If [CdQKy] is made stable. this rule is also violated, because it was metastable in the 

subsystem analysis (with label [CdQ)). Hence, the only correct solution is that [CdSpQ] and 

[SpQKy] are stable. hI this way, the stability of [SpQKy], which is the same point as [SpQ] in 

the subsystem analysis, does not change. while invariant point [CdSpQ] represents a new 

FMAS assemblage. 
As a result, univariant line (Cd,Sp,Q,Ky) terminates at the kyanite-sillimanite boundary and 

the portion by which it has been reduced lies within the stability field of the new assemblage Gt 

+ Sa + Ky (shaded area in Fig. 5.2). This shows that the stability fields of assemblages present 

in the system are only reduced in favour of new assemblages involving the additional phase. The 

same happens in MAS, where a new stability field is created for the assemblage Hy + Sa + Kyat 

the expense of the assemblages already present in the system. 

A new MAS invariant point [CdSpQSi] is also created. which is stable because MAS 
univariant line Gt = Hy + Co must terminate before reaching metastable point (CdSpQKy). 

Extropolation indicates that univariant line (Cd.Sp,Q.Si) is stable in FMAS(c+4) and only one of 
the four invariant points [CdSpQ], [CdQSi] or [SpQSi] and [CdSpSi] is stable. Since the 

stability of [CdSpQ] has already been deduced, the other points must be metastable. The 

resulting MAS and FMAS topology is shown in Fig. 5.2b and indicates that univariant line Hy + 

Co =Gt + Sa + Si intersects the kyanite-sillimanite boundary and continues as Hy + Co =Gt + 
Sa + Ky within the kyanite field. 

Initial and residual grids and inversion in (c+4) or higher natural systems 

Since not all invariant points can be stable in a real multigrid, a set of points remains which 

defines the residual grid. Korzhinskii (1959) showed that when one point in a (c+3) grid is made 

metastable, the stability is reversed for all other points as well. Hence. two grids theoretically 

exist for each (c+3) system, which are called a pair of initial and residual grids. Vielzeuf & 

Boivin (1984) proposed that one grid of such a pair may be stable under specific natural 

conditions and the other under different conditions. More specifically, Hensen (1986) proposed 

that one grid in silica-saturated FMAS(c+3) is valid at low f02 and the other at high f02. He 

proposed the existence of an invariant point in P-T-f02 space, in which the low f02 grid is 

inverted in order to create the high ffh grid. The inversion mechanism was described in detail by 

PowelI & Sandiford (1988) and Hensen & Harley (1990). 

The notion of initial and residual grids is a special characteristic of (c+3) systems. which 

cannot be extended to higher systems. For example, consider a stable, non-degenerate univariant 

line in a (c+6) system. This line passes through 5 invariant points, of which a maximum of two 

can be stable. hI the residual grid, the other three points would have to be stable, but this 

contradicts the rule that no more than two points can be stable on a non-degenerate line. Hence, 
inversion relations in such multiphase systems must be more complicated than in a (c+3) system. 
A later section (p. 96) will describe the inversion of an FMAS(c+4) grid due to changing ffh. 
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Fig. 5.3 Minimum grid for MAS. showing only those stable invariant points whose stability has either 
been experimentally verified or follows from necessarily stable intersections of univariant lines. The same 
experimental data have been used as those quoted in Hensen (1987). Addition of kyanite malces some 
points metastable (see Fig. 5.2). 

APPLICATION TO FMAS AND MAS 

In this section. the necessarily stable. necessarily metastable and optionally stable invariant 
points will be derived for the MAS(c+5) system comprising the phases Gt, Hy. Cd. Sp. Sa, Sit 
Co and Q. It is not intended to construct a complete grid for MAS(c+5), which would have to 
incorporate assumptions concerning the stability of some optionally stable invariant points (see 

Chapter 4), but only a minimum grid. A minimum grid only contains the necessarily stable and 
metastable points (Chapter 4) and may serve as a constraint on the topology of FMAS grids. 

A minimum grid for MAS(c+S) 

The MAS(c+5) system comprising the phases Gt, Hy, Sp, Sa, Cd, Si , Co and Q, contains 

8!/(5!3!) =56 invariant points. Assemblages which contain both corundum and quartz are either 
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metastable or are located within the hypothetical stability field of corundum + quartz which, if 
existing, probably lies at pressures well above 20 kbar (Bohlen, 1986; Berman. 1988). The 
corresponding 6!{(3!3!) = 20 invariant points [ABC], where A,B,C is neither Q nor Co, are not 
considered here. The remaining 36 points have labels of the type [ABQ] (n=15), [ABCo] (n=15) 
or [AQCo] (n=6), where A,B,C is Gt, Cd, Sp, Sa, Hy, SL 

Experimental data used are shown in Fig. 5.3. Using the arguments put forward in Chapter 4, 
invariant points [CdSpQ] and [CdSiQ] are necessarily stable, even when the possible curvature 
due to the incorporation of Al in orthopyroxene (e.g., Hensen, 1987) is taken into account. In a 
(c+5) system, each univariant line contains four invariant points and, if this line is non

degenerate, only two points can be stable. Hence, the stability of invariant points [GtSpQ] and 
[GtSpCo] on univariant line (Gt,Sp,Co,Q) implies that the other two points on this line, 
(SpCoQ) and (GtCoQ) are metastable. Importantly, the location of these points cannot be 

inferred. Hence, (SpCoQ) may be located at either higher or lower T than the two stable 
invariant points on the same line. It will be seen later (p. 98) that this hampers the prediction of 
the FMAS topology. Similar arguments can be used to infer the metastability of some other 
points (Table 5.l). The metastability of the assemblage Cd + Gt + Q in MAS (e.g., Hensen, 
1971) implies that all 6 invariant points of the type (ABCo), where A and B are Hy, Sp, Sa or 
Si, are metastable in MAS(c+5) (Table 5.1). 

Most other points are optional, Le. the intersections of univariant lines involved are not 
necessarily stable or metastable (Chapter 4). This includes some of the points deemed stable in 
Hensen's (1987) grid for Co-bearing MAS. The minimum grid derived here (Fig. 5.3) is, 

however, sufficient to constrain the topology ofFMAS. 

Table 5.1 Necessarily stable and metastable invariant points in MAS(c+5). Alllhese points, 
except the last three, are metastable in FAS(c+5). 

invariant point arguments for (meta)stability 

[GtSpCo] experimental data 
[GtSpQ] experimental data 
[CdSpCo] experimental data 
[CdSpQ]* necessary intersection 
[CdSiQ] necessary intersection 
{SiSpQ} both intersections of (Cd,Si,Sp,Q) and (Gt,Si,Sp,Q) metastable 
{CdGtQ} only two stable points on non-degenerate lines (Cd,Gt,Si,Q) and (Cd,Gt,Sp,Q) 
(CdGlCo) only two stable points on non-degenerate line (Cd,Gt,Sp,Co) 
(GtCoQ) only two stable points on non-degenerate lines (Gt,Sp,Co,Q) and (Gt,Si'Co,Q) 
{CdCoQ} only two stable points on non-degenerate line (Cd,Sp,Co,Q) and (Cd,Si,Co,Q) 
(spCoQ) only two stable points on non-degenerate lines (Cd,Sp,Co,Q) and (Gt,Sp,Co,Q) 
{SpHyCo) Cd + Gt + Q metastable in MAS 
{SpSiCo} Cd + Gt + Q metastable in MAS 
(SiHyCo) Cd + Gt + Q metastable in MAS 
{SaSpCo) Cd + Gt + Q metastable in MAS 
(SaSiCo) Cd + Gt + Q metastable in MAS 
(SaHyCo) Cd + Gt + Q metastable in MAS 

* metastable if kyanite is taken into account 
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FAS(c+S) 

The topology of FAS, in which sapphirine is not stable (Hensen & Harley, 1990), can be used 
when it is regarded as a (c+5) system with all points involving sapphirine, i.e. lacking Sa in their 
labels, being metastable. In FAS(c+5) the number of such points is 35. This, and the stability or 
metastability of points involving similar phases in MAS(c+5) may serve as constraints on the 

topology ofFMAS(c+4). The remaining 21 invariant points in FAS(c+5) are labeled as [saXY], 

where X and Yare two of the seven stable phases in FAS. The stability or metastability of these 

points are not investigated here. 

Implications for FMAS(c+4) 

The metastability of point rSpHyCo} in MAS and FAS implies that ei ther two or zero points 
are stable on FMAS univariant line (Sp,Hy,Co). Since {SpHy} contains the incompatible 
assemblage Co + Q, it is considered metastable. Hence, FMAS invariant points [SpCo] and 

[HyCo] are both stable or both metastable. Using similar arguments based on the metastability of 
{SpSiCo} and {SiHyCo} in MAS and FAS, it follows that [SpCo], [HyCo] and [SiCo] are all 
stable or all metastable in FMAS. Similarly, the metastability of {OtCdCo} in MAS and FAS 
implies that FMAS invariant points [OtCo] or [CdCo] are both stable or both metastable. The 
stability of rOtSpCo] in MAS implies that either [OtCo] or [SpCo] is stable in FMAS, and the 
stability of rCdSpCol in MAS implies that either [CdCo] or [SpCo] is stable in FMAS. Using all 

these constraints in combination, it follows that two sets of invariant points are possible (Table 
5.2): either [SpCo] + [HyCo] + [SiCo] + {OtCo} + {CdCo} (= set A) or {SpCo} + {HyCo} + 
{SiCo} + [OtCo] + [CdCo] (= set B). These two sets are part of an initial-residual grid pair. 

Using similar arguments based on the metastability of {SiSpOl and {CdGtOl in MAS and 
FAS and the stability of rCdSpOl, rCdSiOl and [OtSpOl in MAS, two more grid sets result: 
either [SiQ] + [SpQ] + {CdQ} + {OtQ} (= set C) or {SiQ} + {SpQ} + [CdQ] + [OtQ] (= set 
D). These two sets are also part of an initial-residual grid pair. 

Sets A and B can be combined with either stable FMAS invariant point [CoQ] or metastable 
point {CoQ} , giving four possibilites: A + [CoQ], A + {CoQ}, B + [CoQ] and B + {CoQ}. 

Using the additional constraints mentioned in Table 5.2 and applying the rule that the maximum 
number of stable points on one line equals two, it follows that four grids are possible (Table 
5.3). As an example, consider set A, which contains stable point [SpCo]. The metastability of 
point rspCoO} in MAS and FAS implies that if one point is stable on FMAS univariant line 
(Sp,Co,Q), a second point should also be stable. Hence, if {CoQ} is assumed to be metastable 
in grid I (Table 5.3), it follows that [SpQ] is stable in this grid. which implies that set C (Table 

5.2) is part of the same grid. Similar arguments can be used to derive the other grids. As for 
invariant points /saCo/, !SaQ/ and /HyQJ. their stability cannot be inferred by extrapolation from 
MAS. 

Experimental work by Hensen & Oreen (1971) and Bertrand et al. (1991) has shown that 
FMAS invariant points [SpCo] and [HyCo] are stable at low f02. while {OtCo}. {CdCo} and 
(SaCo) are metastable. This suggests that either grid lor grid II (Table 5.3) is the correct grid at 
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low f02. It will be shown in the section on inversion from low to high f02 (below), that (CoO) 
is metastable at low f02 and, as a consequence, grid I is the correct low f<h grid. It followed 
from Chapter 4 that the stability of [SpQ] and [SiQ] at low f<h implies the stability of [HyQ] 
under the same conditions (Fig. 4.7). Hence, the only invariant point of unknown stability at 
low f02 is /SaQj. It was shown in Chapter 4 (p.83) that the correct topology of bundle /SaQj 
depends on temperature. As a result, if it is located below -700-750 OC, it may be stable in grid 

I, if it is located at higher T, it will be metastable in the same grid. 

Table 5.2 Logical relations for the extrapolation from MAS(c+5) to FMAS(c+4). 

MAS invariant points	 extrapolation to FMAS 

l. {SpHyCo} + {SpSiCo} + {SiHyCo}	 either [SpCo] + [HyCo] + [SiCo] + {GtCo} + {CdCo} = A 
+ {GtCdCo} + [GtSpCo] + [CdSpCo] or	 {SpCo} + {HyCo} + {SiCo} + [GtCo] + [CdCo] = B 

2. {SiSpQ} + [CdSpQ] + [CdSiQ]	 either [SiQ] + [SpQ] + {CdQ} + {GtQ} = C 
+ [GtSpQ] + {CdGtQ} 'or	 {SiQ} + (SpQ} + [CdQ] + [GtQ] = D 

3.	 {GtCoQ} [GtCo] + [GtQ] + {CoQ} 'or [GtCo] + [CoO] + {CoQ} 
'or [GtQ] + [CeQ] + {CoO} 'or {GtCo} + {GtQ} + {CoQ} 

4.	 {CdCoQ} [CdCo] + [CdQ] + {CoO} 'or [CdCo] + [CoO] + {CoO} 
'or [CdQ] + [CoQ] + {CoQ} 'or {CdCo} + {CdQ} + {CoQ} 

5.	 {SpCoQ} [SpCo] + [SpQ] + {CoQ} 'or [Spco] + [CoQ] + {CoQ} 
'or [SpQ] + [CoO] + {CoQ} 'or {SpCo} + {SpQ} + {CoQ} 

Table 5.3 Possible FMAS (c+4) grids and their invariant points, resulting from the constraints 
imposed by the relation with end-member systems. A,B,C,D are defined in Table 5.2. Rows represent 
invariant points on the same univariant line. For explanation, see text. 

univ. line grldI=A+{CoQ}+C grid III = B + {CoQ} + D 

(Sp,Co,Q) [Spco] [SpQ] {CoQ} {SpCo} {SpQ} {CoQ} 
(Cd,Co,Q) [CdCo} {<:a:2} {CoQ} [CdCo] [CdQ] {CoQ} 
(Gt,Co,Q) {GtCo} {GtQ} {CoQ} [GtCo] [GtQ] {CoQ} 
(Si,Co,Q) [SiCo] [SiQ] {CoQ} {SiCo} {SiQ} {CoQ} 
(Hy,Co,Q) [HyCo] [HyQ] ? {CoQ} {HyCo} {HyQ}? {CoQ} 
(Sa,Co,Q) {SaCo}? {SaQ} ? {CoQ} [SaCo] ? [SaQ] ? {CoQ} 

univ.line grid II = A + [CoO] + D grid IV = B + [CoO] + C 

(Sp,Co,Q) [Spco] {SpQ} [CoQ] {SpCo} [SpQ] [CoQ] 
(Cd,Co,Q) {CdCo} [CdQ] [CoQ] [CdCo] {CdQ} [CoQ] 
(GI.,Co,Q) {GtCo} [GtQ] [CoQ] [GtCo] {GtQ} [CoQ] 
(Si,Co,Q) [SiCo] {SiQ} [CoQ] {SiCo} [SiQ] [CoQ] 
(Hy,Co,Q) [HyCo] {HyQ}? [CoQ] {HyCo} [HyQI ? [CoQl 
(Sa,Co,Q) {SaCo}? {SaQ} ? [CoQ] [SaCo] ? {SaQ} ? [CoQ] 
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(Si) 

(Sa) 

(Hy) 

Fig. 5.4 Grid for the system FMASO(c+3). Bundle [Co] is taken from Hensen & Harley (1990). 
bundle [Q] was calculated from data given by Lal et aI. (1987, table 7). 

Inversion from low to high f02 

There are two ways of looking at assemblages with high Fe3+ contents of the constituent 

phases. The first approach is to consider it as indicative of high f(h and to treat f(h as an 

intensive variable (e.g.• Vielzeuf. 1983; Hensen, 1986), while the second takes Fe2O:J content 
as a compositional variable, Le. an additional component (Powell & Sandiford, 1988). Hensen 

& Harley (1990) used both approaches and showed that it gives the same results. The P-T-f(h 

invariant point in FMAS(c+3) (Hensen, 1986; Hensen & Harley, 1990) can therefore be 

regarded as an invariant point in the system FeO-Fe203-MgO-AI203-Si02(C+2) or 
FMASO(c+2), which only has one invariant point. 

The situation changes when corundum is taken into consideration, because the system changes 

into FMASO(c+3). This system has 8 invariant points, of which only two can be stable, namely 
[Q] and [Co], because the other points contain the incompatible assemblage Q + Co. Since the 

presence of two stable points is also the minimum requirement for a grid in a (c+3) system, it 

follows that the grid with stable points [Q] and [Co] is the only correct grid. 

Fig. 5.4 shows the topology of FMASO(c+3). Bundle [Col is after Hensen & Harley (1990, 

fig. 2.8a) with XPe3+ lower in spinel than in sapphirine, consistent with data from natural 

assemblages lacking magnite exsolution in spinel (e.g., Lal et al., 1987; Kriegsman & 
Schumacher, 1993; Chapter 3). Bundle [Q] was calculated after data from Lal et aI. (1987, table 

7). It is located at lower T than [Col, consistent with the general P-T shift from Q-bearing to Co
bearing assemblages. This is also true when bundle [Co] is constructed for spinel with higher 

XPe3+ than sapphirine (Hensen & Harley, 1990, fig. 2.8b). 
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Fig. 5.5 Inversion mechanism at increasing oxygen fugacity in the case of two inversion points, Le. P
T-f02 invariant point (see Fig. 5.4). Compare with Hensen (1986) and Hensen & Harley (1990) who 
show inversion in a single point. Two correct inversions exist, depending on the location of metastable 
FMAS invariant point (QCo) at lower (A) or higher (B) temperature with respect to other FMAS 
invariant points. C shows an incorrect inversion and demonstrates that invariant point [QCo] cannot be 
stable at the lowest values of 1"02. D. The location of metastable invariant point (QCo) depends on the 
exact slopes of univariant boundaries in FMAS (see Fig. 4.5). 

The presence of two invariant points in FMASO(c+3), or in P-T-fOz space, indicates that the 

invariant points involving corundwn in FMAS should be inverted in a different P-T point than 
the invariant points involving quartz. If this were not the case and all FMAS invariant points 

were inverted in a single common P-T-ffh invariant point, univariant lines involving corundwn 

would be located at higher T than univariant lines involving quartz at high fOz, which would 

violate the topology. Hence, the presence of two inversion points is consistent with topological 

requirements. 

Fig. 5.5a illustrates the inversion process for invariant points [SpQ], [SpCo] and (CoO}, 

when the topology of grid I is accepted as the correct low ffh grid with (CoO} located at lower 

T than [SpQ]. [SpQ] inverses its stability in [Q], [SpCo] in [Co]. Since assemblage (QCo} 
occurs in both FMASO bundles, its stability is inverted both in [Q] and in [Co]. This implies that 

it is stable between [Q] and [Co] and becomes metastable again after passing through [Co]. This 

can be explained by analogy with the relation between natural systems and end-member systems 
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(see above). If the system FMASO(c+3) is loosely regarded as a natural system with low and 
high f02 FMAS(c+4) as end-member systems. then the stability of points [Q] and [Co] on 
univariant line (Q.Co) in the natural system implies the metastability of (QCo) in both end

member systems. 
Alternatively. (CoO) could be located at higher T than [SpQ] and [SpCo] and inversion would 

occur in the reverse order (Fig. 5.5b): inversion would occur first in Q-bearing assemblages in 
FMASO invariant point [Co] and, at higher fOz. in Co-bearing assemblages in FMASO invariant 
point [Q]. 

Fig. 5.5c shows that the choice of grid 1 as the low f02 grid is inescapable: if grid II were 
chosen. assemblage [QCo] would be stable at low and high fOz. but not at intermediate fOz. 
Hence. it would have two stability fields. which is in conflict with a basic rule in petrology 
(e.g .• Zen. 1966b; Guo. 1984). In addition, line (Q.Co) in FMASO would be metastable. which 
is impossible. because both invariant points on this line are stable. 

Figs. 5.5a and 5.5b indicate the possibility of three different topologies for FMAS(c+4). each 
valid within a specillc fOz range. At the lowest and highest fOz. the correct topologies are those 
of grid I and m. respectively. At intermediate fOz, the correct topology depends on the position 
of (QCo) with respect to [SpQ] and [SpCo] (compare Figs. 5.5a and 5.5b). As was pointed out 
earlier (p. 93). this cannot be resolved by extrapolation from MAS. However. the relative slopes 
of univariant boundaries (Sp.Co.Q). (Hy.Co.Q) and (Si.Co.Q) can be calculated (Fig. 5.5d). 
which is equal to defining the high-T side of invariant bundle (QCo). The results of Chapter 4 
(Fig. 4.6) show that (QCo) is located at the low-T side of [SpQ] and [SpCo]. Hence. the 
correct inversion is the one depicted in Fig. 55a. 

Fig. 5.6 shows the inversion mechanism in a more elaborate way. With increasing oxygen 
fugacity the FMAS invariant points slide along the corresponding FMASO univariant lines 
(Hensen. 1986; Powell & Sandiford. 1988; Hensen & Harley. 1990). At a certain fOz. 
inversion of the corundum-bearing subsystem occurs at point [Q], while the topology of the 
quartz-bearing subsystem remains the same. Invariant point [QCo] becomes stable and the 
correct topology corresponds to grid II. which is the grid proposed by Waters (1986). Hensen 
(1987) and Hensen & Harley (1990). At still higher fOz. the topology of the quartz-bearing 
subsystem is inverted at point [Co] and (QCo) becomes metastable again. At higher fOz than 
[Co]. the correct topology is that of grid III. Fig. 5.7 gives the complete topology of the three 
final grids. 

These results indicate that the notion of pairs of initial and residual grids is a special feature of 
(c+3) grids and is not applicable to (c+4) and higher systems. which was already suggested in 
an earlier section. Instead, a (c+N+1) system may be characterized by N grids. which are stable 
under different conditions (e.g .• fOz). 

Fig. 5.6 (next page) Grid inversion by increasing f02. For a detailed topology of these grids. see Fig. 
5.7. »> 
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The influence of kyanite 

Addition of kyanite changes FAS and MAS into (c+6) systems and FMAS into a (c+5) 

system. The kyanite-sillimanite line has been drawn between invariant point (SpCdQKy) on one 
side and [SpCdCoKy] and [GtSpQKy] on the other (Fig. 5.2b), because MAS assemblages Gt 

+ Hy + Si + Sa (Boyd & England. 1959) and Gt + Q + Hy + Si (e.g., Schreyer & Seifert, 

1969) have stable line segments within the sillimanite stability field. The influence of kyanite on 

the stability of invariant point [SpCdQ] and the related changes to FMAS have been discussed 

already. 

Invariant point [CdSiQ] is certainly and point [PySiQ] possibly located within the kyanite 
stability field, but the stability of these points is not affected, because they do not involve 
sillimanite and kyanite. FMAS univariant line (Cd,Si,Q) should, however, transect the 

sillimanite-kyanite boundary in order to terminate in MAS invariant point [CdSiQ]. This is 
consistent with the observation by Johansson & Moller (1986) that divariant assemblage 
Co+Sp+Hy = Sa (Cd.Si/Ky,Q,Gt) is stable within the kyanite stability field. 

The addition ofkyanite to the system clearly does not change the topology of the low f02 grid. 
As for the intermediate and high fO:z grids, the influence of kyanite could be stronger. Morse & 
Talley (1971) and Droop & Bucher-Nurminen (1984) report the assemblage sapphirine + quartz 

within the kyanite stability field at P-T of about 10 kbar and 850 ce, which is incompatible with 
the low f02 experiments of Bertrand et al. (1991). At higher f02, however, the stability field of 
Sa + Q may shift to lower T, when FMASO (invariant) inversion point [Co] is located at lower T 

than FMAS invariant point [SpCo]. If this is true, the whole grid probably shifts to lower T, 
similar to Hensen's (1971), and the kyanite-sillimanite boundary may cut off some of the 
invariant points. 

The presence ofkyanite also changes the the system FMASO(c+3) into a (c+4) system with 
stable invariant points [QKy] and [CoKy]. At least one, but possibly more new invariant points 
are created on the line Ky = Si and these will be the locus of inversion of some FMAS invariant 

points on the same line. The influence on grid topology is not very large, but is similar to the 
effect described in relation to Fig. 5.2. 

The influence of other phases 

Probably the most important phases which may influence the topology of the grids presented 

here, are staurolite, gedrite and komerupine. Staurolite and gedrite probably appear at the low T 
side of the grid (Schumacher & Robinson, 1987) and may interfere with some of the univariant 

lines there, notably at higher fO:z in the case of staurolite. Komerupine possibly appears near the 

low P side of the grid (compare Droop, 1989). A full treatment of the influence of these phases 
on grid topology is beyond the scope of this chapter. 

Fig. 5.7 (next page) Grids for the FMAS(c+4) system containing the phases Gt, Cd, Sp, Sa, Hy, Si, Q 
and Co at low. intermediate and high ~. > > > 
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APPLICATION TO SRI LANKAN GRANULITES 

Two sapphirine-bearing granulites from the Highland Complex in central Sri Lanka were 
described in Chapter 3. One of them contains quartz, the other corundum, and both rocks 
display a large variety of reaction textures. A clockwise path was inferred from a partial grid in 

the Co-bearing system. The only oxides are Zn-poor spinel and rutile, suggesting low f02 
conditions. 

Fig. 5.8 shows the approx~ locations of the observed reaction assemblages in the low f02 

grid. The distribution of assemblages in P-T space and the reaction sequence derived from 
textures indicate a clockwise path, which passed through the [SpQ] and [SpCo] invariant points. 
The latter is located at about 1050 °C and 11 kbar (Bertrand et aI., 1991), while the former is 

located at unknown lower T. The path deduced here is consistent with the clockwise path 
experienced by metapelites (Raase & Schenk, 1993). In contrast to the path inferred by 
Schumacher et al. (1990) for metabasites, it shows no evidence for isobaric cooling. This 
apparent inconsistency is considered in detail in Chapter 6. 

(Cd) (GI) (Cd) (Cd) (Cd) 
FMAS(c+4) 

(Cd) 

(GI) 
(Sa)

(Sa) (Sa) 

Fig. 5.8 Application of the low f02 grid (see Fig. 5.7) to reactions recorded in sapphirine-bearing 
granulites from the Sri Lankan granulite terrain (Chapter 3). Sequential overstepping of univariant 
reaction boundaries (Chapter 3) occurred along a clockwise P-T path. 
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DISCUSSION 

Waters (1986) and Hensen (1987) proposed similar grids for Co-bearing FMAS. Hensen 

(1987) and Hensen & Harley (1990) proposed a connection between the Co-bearing and Q
bearing FMAS grids in which the former would be stable at lower T. The combined (c+4) grid 
corresponds to grid m in this chapter in which invariant point [QCo] is stable. The stability of 

[QCo] at low f02 is claimed by these authors, but it has not been experimentally verified 
(Hensen & Green, 1971; Bertrand et al., 1991). In this chapter, I have shown that [QCo] is only 
stable at intermediate fOz. The correct grid under these conditions depends on the position of 

[QCo] with respect to other points in the grid. Calculations given in Chapter 4 indicate, 
however, that it is probably the grid proposed by Waters (1986), Hensen (1987) and Hensen & 
Harley (1990). 

Despite the advancements made by, amongst others, Zen & Rooseboom (1972), Mohr & Stout 
(1980) and Guo (1984), the theoretical treatment of multigrids is still largely based on (c+3) 
systems. For example, the notion of initial-residual grid pairs (Korzhinskii, 1959; Vielzeuf, 
1983; Vielzeuf & Boivin, 1984; Hensen & Harley, 1990) only applies to (c+3) systems. 
Although no mathematical proof was furnished, the results of this chapter suggest that the theory 
can possibly be extended to higher systems as well: a (c+N+1) system may be characterized by 
N grids, each of which is stable under specific conditions (e.g., f02). Similarly, the inversion 
mechanism proposed for grid pairs (Hensen, 1986; Hensen & Harley, 1990) can be extended to 
larger systems by increasing the number of inversion points, Le. FMASO invariant points. 

Irrespective of the choice between grid IV or the grid proposed by Hensen & Harley (1990), 
the stable grid at intermediate f02 has stable [QCo]. This violates Guo's (1984) combination 
principle, which states that the combination of two (c+3) closed grids into a (c+4) closed grid 
requires the removal of the common point. As a result, the common point is metastable in all real 
grids derived from the (c+4) closed grid. Obviously, the common point in the Co-bearing and Q
bearing FMAS(c+3) closed grids is point [QCo], which would be metastable in the (c+4) closed 
grid and all real grids derived from it, ifGuo' (1984) combination principle is correct. 

The following arguments mitigate against Guo's (1984) combination principle. First of all, if 
the combination principle were correct, some assemblages, for which correctly balanced 
reactions can be written, should a priori be regarded as metastable, even when no 
thermodynamic data are considered. This seems contradictory in view of the claim that closed 
grids represent all possible grids. Furthermore, as pointed out by Guo (1984, p. 280), his 
approach gives fewer possible grids for binary (c+4) systems than the "overlapping stability 

fields approach" of Rooseboom & Zen (1982). 
The flaw of Guo's (1984) combination operation is that it takes away the common point. 

While this is undoubtedly the easiest procedure, another way of combining two (c+3) grids is to 
remove one point on each line that would get three stable points by the combination operation. 
This ensures that the rule that a non-degenerate line cannot contain more than two stable points is 
not violated. The extended combination principle therefore requires that if a line is stable in two 
(c+3) grids (closed or real) and contains two stable invariant points in each grid, one point has to 
be made metastable in the combined (c+4) grid. Since each line in a closed grid contains two 
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stable invariant points. this implies that the combination of two (c+3) closed grids gives three 
possible (c+4) grids. Hence. Guo's (1984) combination principle is a special case of a more 
general rule and this explains why some of the grids are not found by his method. 

CONCLUSIONS 

The relation between petrogenetic grids for natural systems and those for their end-member 
systems has been extended to (c+4) and higher natural systems. It is shown that this creates new 
possibilities for real grids that have previously been overlooked. Notably. the notion of initial
residual grid pairs breaks down for (c+4) or higher natural systems. Instead. more than two 
grids may be valid under specific conditions. for example at different values of fO'l. 

Application of this extended theory to the FMAS(c+4) system containing the phases garnet. 
orthopyroxene. cordierite. spinel. sapphirine. sillimanite. corundum and quartz. leads to a new 
set of three grids at various values of oxygen fugacity. Application of the low f02 grid to Sri 
Lankan granulites gives a clockwise P-T path. implying a crustal thickening event followed by 
heating and unroofing. 
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Divariant and trivariant reaction line slopes in FMAS and 
CFMAS: theory and implications for the p.T path of Sri 
Lankan granulites 

INTRODUCTION 

Recent petrological research in Sri Lanka has given detailed information on reaction textures 
and equilibrium P-T conditions in metabasites and intermediate rocks (e.g., Sandiford et al., 
1988; Schumacher et al., 1990; Faulhaber & Raith, 1991), acid charnockites (Prame, 1991a), 
metapelites (Prame, 1991b; Raase & Schenk, 1993) and sapphirine-bearing granulites (Chapter 
3). A pressure zonation across the Sri Lankan granulite terrane, originally proposed by 
Hapuarachchi (1975) and Newton & Hansen (1986), but disclaimed by Perera (1983), is now 
well-established. with maximum pressures and temperatures decreasing roughly from 9-10 kbar 
and about 830 OC in the E to 5-6 kbar and about 680°C in the W (Schumacher et al., 1990; 
Faulhaber & Raith, 1991; Schumacher & Faulhaber, 1993; Fig. 2.2b). 

The P-T path of Sri Lankan granulites is still somewhat controversial. Textures in metapelites, 
notably the sequence kyanite (inclusions) > sillimanite (prismatic) > andalusite (late), indicate a 
clockwise path (Hiroi et al., 1990: Raase & Schenk, 1993). Similarly, a clockwise path was 
deduced for sapphirine-bearing granulites in Chapters 3-5. By contrast. the P-T path followed 
by some meta-igneous rocks is interpreted in terms of isobaric cooling followed by uplift 
(metabasites: Schumacher et al., 1990; Fe-rich charnockites: Prame, 1991a). Such isobaric 
cooling is neither documented in metapelites nor in sapphirine-bearing granulites. The prograde 
path is further complicated by the possible growth of fibrolitic sillimanite prior to kyanite in 
some metapelites (Raase & Schenk, 1993). In addition, Faulhaber & Raith (1991) argued that a 
common retrograde P-T path with a dP/dT of about 10 barlK may have caused garnet growth in 
some assemblages and garnet breakdown in others, depending on compositional variables. 

It is the purpose of this chapter to show that all currently available data are consistent with a 
common clockwise P-T path. In order to do so, reaction line slopes, dP/dT. are calculated for 
some prograde and retrograde mineral reactions documented in the Sri Lankan granulites, 
because they give good constraints on the steepness of the P-T path. 

In relatively simple chemical systems, slopes of reaction lines are known fairly accurately. For 

example, the slope of the kyanite-sillimanite transition is about 22 barlK (Holdaway, 1977, 
Salje, 1986). By contrast, divariant reactions do not have single reaction lines, but are 

characterized by a set of lines dependent on bulk composition and Fe/Mg ratios (e.g., Albee, 
1965; Hensen, 1971; Thompson. 1976a.b). A common procedure is to consider isopleths of 
constant XMg =Mg/(Fe + Mg) for the Fe-Mg solid solution phases involved in the reaction, 
which are in most cases nearly parallel to the reaction line (op. cit.). Isopleth slopes are generally 
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derived by calculating compositions as a function of P and T for each phase in a mineral 

asssemblage and contouring the divariant field for constant XMg (op. cit.). 
An analytical method of computing isopleth slopes as a function of intensive and compositional 

variables was outlined by Spear et al. (1982), referred to as the Gibbs' method. In this chapter, 

the Gibbs' method is applied to divariant FMAS and CFMAS equilibria. A general equation is 
derived which is valid for all divariant assemblages in these systems, irrespective of the number 

of components in solid solution phases. An extension to trivariant assemblages is also 

discussed. Isopleth slopes are calculated for some common divariant FMAS and CFMAS 

reactions in Sri Lankan granulites, giving constraints on the prograde path. In addition, it is 

shown that isopleth slopes for trivariant CFMAS assemblage Hy + PI + Gt + Qdepend strongly 

on the Ca-contents of garnet and plagioclase. Some geometric constraints on reaction line slopes 

are discussed first. 

GEOMETRIC ASPECTS OF DIVARIANT REACTIONS IN poT SPACE 

Univarlant assemblages have one degree of freedom and, by implication. a one-dimensional 
stability field (line) in P-T space (e.g., Zen, 1966b). The slopes of univariant reactions in P-T 

space can be calculated in a straightforward way using the Clausius-Clapeyron relation dP/dT = 
as/aV, where as and aV are the entropy and volume change of the reaction, respectively. 

Divariant reactions, which are more common in natural systems and involve two or more solid 

solution phases with compositions dependent of P and T, have two degrees of freedom and a 
two-dimensional stability field (e.g., Hensen, 1971; Thompson, 1976a.b). 

A divariant reaction can be considered as a set of simultaneously operating reactions (e.g., 
Thompson, 1976a,b; Aranovich & Podleskii, 1990), which is fully characterized by any subset 
containing the maximum number of linearly independent equations. This number equals rc-rs, 

where rc is the number of phase components and rs is the number of system components 

(Thompson, 1976a). For example, divariant reaction garnet + quartz = orthopyroxene + 
sillimanite in FMAS involves 6 phase components (pyrope, almandine, quartz, enstatite, 

ferrosilite and sillimanite) and 4 system components (FeO, MgO, Ah03 and Si(2) and the 
number of linearly independent component reactions is 6-4 = 2. Hence, two of the following 

three component reactions would suffice to calculate equilibrium P and T: 

3 enstatite (En)1 + 1 sillimanite (Si) = I pyrope (Py) + 1 quartz (Q) (A) 

3 ferrosilite (Fs) + 1 sillimanite (Si) = 1 almandine (Aim) + 1 quartz (Q) (B) 

2 almandine (AIm) +3 enstatite (En) = 2 pyrope (Py) + 3 ferrosilite (Fs) (C) 

Computer programs designed for calculating P-T data from mineral assemblages (GEOCALC: 

Brown et at, 1988; THERMOCALC: Holland & Powell, 1985, 1990) make use of these 
relations. For example. Fig. 6.1 shows equilibrium lines for the three equations given above in 
a divariant assemblage with the indicated compositions. All three lines intersect in one P-T point, 

1 Orthopyroxene fonnulae are 01\ the basis of 3 oxygen in this chapter. 
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Fig. 6.1 Output of the GEO-CALC software (Mac version by J. Liebermann) for divariant FMAS 
reaction Hy + Si = Gt + Q at the indicated compositions. Labels on the three lines calculated by the 
program show that the topolOgy at the intersection point is consistent with Schreinemakers' rules. The 
line (Q.Si) is the Fe-Mg exchange line. Isopleth slopes were calculated with equation (3) (see text). The 
angular relation between the garnet and orthopyroxene XMg isopleths is consistent with the Fe-Mg 
exchange reaction. Square symbols on lines indicate that the reaction proceeds to the RHS (Gt growth) 
when the poT path is along that line in the given direction. Round symbols indicate the reverse. The 
position of the reaction line for this assemblage depends on the bulk: composition, but is constrained to lie 
within the shaded area. For abbreviations. see p. 106. 
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which reflects the redundancy of the system: two lines defme a P-T intersection and the third line 
is linearly dependent on the first two and therefore shares the same intersection. Another way of 
looking at this diagram is to consider it as a univariant point involving six end-member phases in 

the 4-eomponent system FMAS, valid only at this particular point, i.e. for these mineral 
compositions. Labels on the three degenerate reactions show that these equilibria are consistent 
with Schreinemakers' rules (Fig. 6.1). 

Information on the direction of the P-T path cannot be retrieved directly from these diagrams, 

because the reaction is not balanced for Fe and Mg and, by implication, no single equilibrium 
relation can be written at the actual phase compositions. It can be obtained indirectly, however, 
by considering XMg isopleths, Le. lines of constant XMg for each of the Fe-Mg solid solution 
phases, in this case garnet and orthopyroxene. Such lines are commonly about parallel to the 
reaction boundary (e.g., Hensen, 1971; Hensen & Harley, 1990). 

Fig. 6.1 shows the relation between the component reactions and the XMg isopleths. A way to 
calculate the slopes of these isopleths is given below. The angular relation between the Gt and 
Hy isopleths follows from the topology of the Fe-Mg exchange line and from the fact that XMg 

increases with pressure along this line (e.g., Hensen, 1971): pyrope and ferrosilite are on the 
high-T side of the Fe-Mg exchange line, indicating that increasing T shifts the equilibrium for 
Fe-Mg exchange in favour of this assemblage. Along the Gt isopleth, the pyrope content in 
garnet is constant and increasing T necessarily leads to an increase of the ferrosilite content in 
orthopyroxene. Hence, the orthopyroxene XMg decreases in this direction and the high-T part of 
the XMg isopleth lies anti-elockwise from that of the garnet XMg isopleth. 

The decrease in orthopyroxene XMg towards high T along the garnet XMg isopleth implies that 
garnet breaks down in this direction, because orthopyroxene draws its iron from garnet, which 
has a lower XMg. Following a similar reasoning, the way in which the equilibrium changes 
along P-T paths parallel to each of the five lines in Fig. 6.1 can be inferred. As a result, a narrow 
hourglass-shaped field can be defmed in which the reaction boundary would have to lie. Since 
this band has to be crossed for the reaction to occur, the vector of the P-T path can be 
constrained. Importantly, this field is constrained in two ways: (i) it lies between the isopleths, 
and (ii) it lies between those component reactions that have the same stoichiometric coefficients 
as the actual divariant reaction (balanced for Al and Si in FMAS). Note that the angular relation 

between component reactions and isopleths is not fixed in this manner, but is dependent of 
compositional parameters. 

This result can be compared with Hensen's (1971) analysis of divariant equilibria in FMAS. 
Hensen showed that a divariant reaction involving two Fe-Mg solid solutions can occur in a so
called "divariant band", which is limited at the low-pressure side by the isopleth for the low-P 
Fe-Mg phase (orthopyroxene in this case) at an XMg value equal to the bulk XMg and at the 
high-P side by the isopleth for the high-pressure Fe-Mg phase (garnet) at an XMg value equal to 
the bulk XMg (Fig. 6.2a). The low-P boundary defmes the frrst appearance of garnet along an 
up-pressure P-T path. while the high-P boundary defmes the ftrst appearance of orthopyroxene 

along a decompression path. These boundaries are therefore reaction lines for specific bulk 
compositions. The divariant reaction can only occur within the P-T area defmed by the divariant 
band, also called "reaction polygon" (Thompson, 1982). 
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Fig. 6.2 A. Divariant band in which the assemblage Hy + Si + Gt + Q is stable for a bulk composition 
with XMg = 0.7 (after Hensen, 1971). B. When the bulk XMg equals the orthopyroxene XMg, the 
reaction boundary is parallel to the orthopyroxene XMg isopleth; when the bulk XMg equals the garnet 
XMg. the reaction boundary is parallel to the garnet XMg isopleth. 

If the bulk XMg equals the orthopyroxene XMg in Fig. 6.1. which implies that the amount of 
garnet is inimitely small and garnet just starts to grow or. along the opposite path. has almost 
completely been consumed. the reaction boundary is parallel to the orthopyroxene XMg isopleth 
(compare Fig. 6.2b). On the other hand. if the bulk XMg equals the garnet XMg. which implies 
that the amount of orthoyroxene is inimitely small for the same reason. the reaction boundary is 
parallel to the garnet XMg isopleth. For intermediate bulk compositions. the reaction boundary 
lies in between. Le. within the hourglass-shaped field defmed by the isopleths. 

A similar result also follows from the work of Spear (1988), who calculated changes in the 

molar ratios of phases in an assemblage. The resulting slopes for different molar ratios are 
indeed intermediate between the two isopleth slopes (Spear. 1988. fig. 6.1). Hence, isopleth 
slopes give good constraints on the slope of the reaction boundary. which makes their 
calculation a useful exercise. 
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CALCULATION OF XMg ISOPLETH SLOPES FOR DIVARIANT 
ASSEMBLAGES IN FMAS AND CFMAS 

The way to calculate isopleths for divariant assemblages is by solving a set of thennodynamic 

equations by linear algebraic manipulation (Spear et al., 1982). The advantage of this method 

over the more common procedure of contouring P-T points at constant XMg (e.g., Thompson, 

1976b; Hensen & Harley, 1990) is that analytical functions are created which make it possible to 

investigate and weigh the influence of all factors on isopleth slopes (e.g., Fig. 6.5). Spear et al. 

(1982) give an outline of this so-called "Gibbs' method", which can be summarized as follows: 

A divariant assemblage has two degrees of freedom and the full thermodynamic description of 

such an assemblage is therefore a set of rc equations in rc+2 unknowns (dP, dT, and dJ.1 for each 

phase component), which has the same degrees of freedom. This set of equations comprises rs 

Gibbs-Duhem equations for homogeneous equilibrium for each of the rs solid solution phases 

involved and rc-rs linearly independent equations for heterogeneous equilibrium (see p. 106). 
Because only knowledge of the ratio dP/dT is required, the number of unknowns can be reduced 

by dividing all equations by dT. Only one extra equation is now required in order to give a 
solution, which is given by the total differential of the difference in chemical potentials of the 

two components in solid solution phase A for which the XMg isopleth is to be calculated (Spear 

et al., 1982): 

(I), 

where SZA =Sz - R1n(azA) is the partial molar entropy of component 2 in solid solution phase A. 

By realizing that dXzA =0 along the isopleth for phase A, the last tenn in this equation can be 
dropped giving a set of rc+1 equations in rc+1 unknowns. This can be solved to give an equation 

for dPldT which only contains compositional variables. 

Spear (1988) extended this method with mass balance equations in order to monitor changes in 

the molar ratios of the phases in an assemblage. For the calculation of isopleth slopes, however, 

it is not necessary to include these equations, because mass balance is already ensured by the 

equations for heterogeneous equilibrium. The extended method hardly leads to more precise 

results, because the reaction line slope is already well-constrained by the narrow band defmed by 

the isopleths. In addition, molar ratios are rarely given in the literature and application to 

published equilibria is therefore restricted to isopleth slopes. 
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Table 6.1 Set of 9 homogeneous equations in II unknowns for divariant FMAS or CFMAS 

assemblage A + B + C + D. See text for explanation. 

SA -VA ~ ~ 0 0 0 0 0 0 0 0 

SB -VB 0 0 ~ x: 0 0 0 0 0 dP 0 

Sc -Vc 0 0 0 0 XC 
f ~ 0 0 0 ~ 0 

So -Vo 0 0 0 0 0 0 ~ ~ 0 ~ 0 

0 0 VA 0 VB 0 Vc 0 VI) 0 0 ~ 0 

0 0 0 VA 0 VB 0 Vc 0 VI) 0 ~ 0 

0 0 0 0 Vc -vc -VB VB 0 0 0 d~ 0 

0 0 VB -VB -VA VA 0 0 0 0 0 ~ 0 

-(S:--S~) '1-~ - 1 0 0 0 0 0 o a2GlaZX~ ~ 0 

~ 0 

~ 0 

Table 6.2 Set of 9 non-homogeneous equations in 9 unknowns for the same assemblage as Table 6.1. 
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Divariant FMAS assemblaies involvini only binary solid solution phases 

Because deriving the appropriate equations and solving the total set by linear algebraic 

manipulations is time-consuming and prone to errors, it is rewarding to derive one general 

equation, from which specific cases can be deduced. The most general case of a divariant 

assemblage in FMAS is an assemblage A + B + C + 0, which are all Fe-Mg solid solution 

phases. The number of system components therefore equals 4 and the number of phase 

components equals 8 (Ac, Am, Be, Hm, Cc, Cm, Dc, Om). This gives 4 Gibbs-Duhem equations 

for homogeneous equilibrium and 8-4 =4 linearly independent equations for heterogeneous 

equilibrium. For the latter I chose the equilibrium conditions for the component reaction in FAS, 

vAAc + VBBC + vcCc + voDr = 0, a similar reaction in MAS, and two Fe-Mg exchange reactions 

of the type: nBAc - nBAm - nABc + nABm = 0, where Vi are the stoichiometric coefficients of 

the balanced reactions and Di the number of (Fe,Mg) atoms per formula unit in phase i. Adding 

the equation for the total differential of the difference in chemical potentials of the two end

member phases in solid solution phase A gives 9 equations in II unknowns (Table 6.1). Putting 

dX =0 and dividing by dT gives 9 equations in 9 unknowns (fable 6.2), which can be solved to 

give a general equation for isopleth slopes in divariant FMAS reactions: 

(2), 

where AS =l:iviSi of the appropriate sign and APe =l:iviniX~ is the difference in Fe atoms 

between the reactant and product sides in the reaction nAA + nBB +nee + noD :; 0, which is 

unbalanced for Fe and Mg. Note that AMg =l:iviniXmi =-APe, because AFe + AMg =°in 

FMAS, which implies that -AMg could be used instead of APe in the equation. 

It follows from equation (2) that the factor which determines the angular relation between 

isopleths of the various Fe-Mg solid solution phases is (S~ - SmA)/(V~ - VmA), because AS, AV 

and APe are constant in each P-T point. This factor includes the partial molar entropies of the Fe

and Mg- end-members in phase A, which suggests that the RInK term of the Fe-Mg exchange 

reaction may play an important role in determining the angular relation between isopleths. For 

example, cordierite XMg isopleths lie anti-clockwise from garnet XMg isopleths when the 

equilibrium constant K for Fe-Mg exchange between these phases is larger than about 3.5 

(which is the normal case) and clockwise for smaller K values. 

Divariant FMAS assemblages with temaIy solid solution phases 

Spear et al. (1982) show that ternary solid solutions, such as Ca-Mg-Fe garnet, require two 

equations similar to equation (1), each of which contains cross-derivatives of the Gibbs 
function. For the calculation of isopleths for phases other than garnet, this makes no difference, 

but calculation of the garnet XMg isopleth could be hampered by the unknown cross-derivative 
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tenos. It can be shown, however, that one of the two equations may be dropped, because the 

Gibbs-Duhem equation for homogeneous equilibrium can be rewritten as a linear combination of 

these two equations. Hence, equation (2) also holds for divariant assemblages with ternary solid 

solutions in CFMAS. Note, however, that both the partial molar entropies of the pyrope and 

almandine components in the AS term and the X~ term in ~e will be lower. 

Divariant CEMAS assemblaies with ternary solid solution phases 

In CFMAS, not only Fe and Mg, but also Ca is exchanged between different phases, for 

example between clinopyroxene and garnet. In the case of divariant reactions, it is possible to 

write a reaction which is balanced for Ca, but unbalanced for Fe and Mg. For example, consider 

the reaction orthopyroxene + sillimanite +plagioclase =garnet + quartz, for which the balanced 

(except Fe and Mg) reaction is: 

(3-3XGro) (Mg,Fe)SiO:J +(1-3XGro) AlzSiOs +(3XGro) CaAlzSizOs = 1 Ca(Mg,Fe)A1zSi3012 +1 SiOz (D) 

It is typical for divariant CFMAS reactions that XCa of one of the phases (here XGro of garnet) 
appears in the stoichiometry of the reaction. The exchange of Ca + Fe + Mg is governed by the 

relation .1Mg + .1Fe + .1Ca =O. The Ca-term gives .1Ca =EiviniXcai =3XGro - 3XGro =0, 

which was expected. because the reaction is balanced for Ca. Hence, in this case .1Mg =-~e as 

well. Equation (2) still holds, but .1S and .1V are calculated using the stoichiometry of the Ca

balanced reaction (D). Similar equations govern the equilibrium relations for reaction 
orthopyroxene + plagioclase = garnet + quartz + clinopyroxene (fable 6.3). 

Trivariant CEMAS reaction Hy + PI - Gt + 0 
In the case of trivariant reactions, isopleths can only be calculated when two variables are kept 

constant (Spear et al., 1982). This applies to the CFMAS reaction orthopyroxene + plagioclase = 
garnet + quartz, which is commonly used in barometry (e.g., Newton & Perkins, 1982; Perkins 

& Chipera, 1985; Bhattacharya et al., 1991). Since this type of reaction is unbalanced for Ca, 

.1Ca:F 0 and .1Mg:F -.1Fe. 

Useful isopleths for trivariant assemblage orthopyroxene + plagioclase =garnet + quartz are 

the one at constant XAlm and XGro and the one at constant XFs and Xaro. The set of equations 

to calculate the garnet XMg isopleths involves two equations for garnet compositional variables. 

for example dXGro and dXAlm, which are both set equal to zero, because XGro and XAlm are 
constant. This gives: 

(3). 

The set of equations to calculate the isopleth at constant XFs and XGro involves one equation 
for compositional variable dXGro. Since Ca-Fe-Mg garnet is a ternary solid solution, this 
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equation contains a second compositional variable, either dXPy or dXAlm. XPy and XAlm can 
vary along the XFs-XOro isopleth and their derivatives are therefore non-zero. This gives a 
cross-derivative term (a2Q/dX~Xoro)dXpy (see Spear et al., 1982, p. 116-117) and results in 

a set of n equations in n+1 unknowns, which cannot be solved. A way to circumvent this, is to 
write the total differential of dGot as: 

and to take the derivative to XGro at constant P and T: 

Because dXGro = 0 along the isopleth we are calculating, we obtain: 

a2QGt ) ( a2QGt )
(aX ax dXPy + ax ax dXAlm = 0 (4)

Py GTo Aim GTo 
P,T P.T 

Hence, if we write two independent equations for the chemical potential of grossular in garnet 
(following Spear et al., 1982): 

and 

and sum these equations, we obtain an additional constraint by putting dXGro = 0 and inserting 
equation (4): 

(5). 

Solving the resulting set of inhomogeneous equations (Table 6.4) gives the slope of the 
orthopyroxene XMg isopleth at constant XGro: 
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(2SGro - Spy - SAlm)
dP AS - (SFs - SEn) (9XAlm - 6XFs + 4.5XGro - 1.5) - 3 (4.5XGro - 1.5) 
M= ~ 

(2VGro - Vpy - VAim) 
AV - (VFs - YEn) (9XAlm - 6XFs + 4.5XGro - 1.5) - 3 (4.5XGro - 1.5) 

Note that if the tenns (SFs-SIW and (VFs-YEn) are replaced by (SAIm-SPy){3 and (VAIm-VPy){3, 

respectively, rewriting gives equation (3) for the garnet XMg isopleth at constant XGro. This 
internal check shows the validity of equation (6). 

The last term in the denominator and the last term in the numerator of equations (3) and (6) 

drop out when XGro = 1{3, which implies that the reaction becomes divariant. At the same XGro 
value, clinopyroxene drops out of the assemblage Gt + Q+ Cpx + Hy + Pl and sillimanite out of 
the assemblage Gt + Q+ Hy + Si + Pl. Hence, all three assemblages converge at XGro = 1{3. 

Table 6.3 Assemblages for which isopleths are calculated, their equilibrium <XJllditions and exchange relations. 

divariant assemblage equilibrium <XJllditilllll system AFe 

Hy + Co + Gt 3 Hy + I Co = I Gt FMAS 3XAlm - 3XFs 

Hy + Si + Gt + Q 3 Hy + I Si = I Gt + I Q FMAS 3XAlm - 3XFs 

Hy + Cd + Gt + Q, 4Hy+ I Cd=2Gt+3Q FMAS 6XAim - 4XFs - 2XfCd 

Hy + Si + PI + Gt + Q (3-3XGro) Hy + (1-3XGro) Si CFMAS 3XAim - (3-3XGro) XFs 

+ (3XGro) An = I Gt + I Q 

Hy + PI + Gt + Q + Cpx (l2-18XGro) Hy + 3 An CFMAS 9XAbo + (3-9XGro) XHd 

= 3 Gt + 3 Q + (3-9XGro) Cpx - (l2-18Xoro) XFs 

INote that these reactions are unbalanced for Fe and Mg. 

Table 6.4 Set of 8 non-homogeneous equations in 8 unknowns for the calculation of the orthopyroxene 

XMg isopleth at constant ~ in trivariant CFMAS assemblage Hy + PI + Gt + Q. 

-VGt Xoro Xpy XAbo 0 0 0 0 

-VHy 0 0 0 XEn XFs 0 0 
-VPI 0 0 0 0 0 I 0 

-VQ 0 0 0 0 0 0 I 

0 I 2 0 -6 0 -3 3 

0 0 I -I -3 3 0 0 

VFs-VEn 0 0 0 I -I 0 0 

2VGro-VPy-VAbo -2 I I 0 0 0 0 

dP/dT 

dJ.Io.otdT 
dJ!.py/dT 

<4LAIm!dT 

<4L&JcIT 
<4LFsldT 

<4LADldT 

~ 

-8Gt 

-~y 

-Sp) 

-~ 
:; 0
 

0
 

SEn-8Fs
 

2SGro-Spy-SAlm
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APPLICATION: THE P·T PATH OF SRI LANKAN GRANULITES 

Procedure 

The following procedure was followed to calculate isopleths for some divariant reactions 
observed in Sri Lankan granulites. Firstly, the equilibrium P and T of the assemblage were 
estimated or calculated using the GEO-eALC software (MAC version of J. Liebermann). f,.V 

and f,.S, which includes the partial molar entropies of all components involved in the reaction, 

were calculated at these P and T, using the appropriate reaction coefficients given in Table 6.3. 
Because the results were checked with the GEO-CALC software (below), the same 

thermodynamic dataset (Berman, 1988) was used. including the appropriate functions to 
extrapolate from reference P and T to the inferred equilibrium P and T, as well as the same 
mixing models (Table 6.5). 

Since this chapter is devoted to the calculation of slopes, only the entropy effect of non-ideal 
mixing is considered. Le. only Margules parameters Ws are employed. The generally small 
component of K-feldspar was neglected in plagioclase, which makes all relevant Ws terms equal 
to zero in the Fuhrman & Lindsley (1988) model. Similarly, the spessartine component was 
neglected in garnet. making it a ternary solution of grossular, pyrope and almandine in CFMAS 
and a binary solution of pyrope and almandine in FMAS. The mixing properties of ternary Ca
Fe-Mg garnet (after Berman, 1990) are given in Table 6.5. It follows from these equations that 
the excess entropy of mixing is zero in binary pyrope-alrnandine garnet, because XGro = O. 
Using other solution models (e.g., Bhattacharya et al., 1991) would give non-zero, but 

negligeably small excess entropy terms. 
The iron exchange relation fJ.Fe, the difference in partial molar entropies (srA -SmA) and the 

volume difference (VeA- VmA) between the components of the phase for which the isopleth is 
considered were calculated at the same equilibrium P and T. These values were used to calculate 
dP/dT of isopleths (Table 6.6). Slopes of reaction boundaries are intermediate between those of 
the garnet and orthopyroxene isopleths in all cases. Angular relations between the calculated 
slopes were checked by looking at the topology of the related Fe-Mg exchange reaction. 

In order to check the validity of the equations derived here, the computed isopleths were 
compared with the output of the GEO-CALC software (Brown et al., 1988). Isopleths were 
calculated with this software by varying the composition of one or more phases in order to 
obtain the isopleth for the remaining Fe-Mg phase. For example, the orthopyroxene XMg 

isopleth in assemblage Hy + Cd + Gt + Q was calculated by varying the XMg values of garnet 
and cordierite slightly, while maintaining "equilibrium", Le. forcing all lines to intersect in one 
point2• The resulting slopes deviated by less than 1.0 bar/K. from the theoretical ones for all 

assemblages. 

2 It is important to realize that the GED-CALC software does not prove equilibrium when aU lines intersect in one point. 
It merely sbows that the measured compositions are consistent with the thermodynamic data and mixing models used in 
the database. Using another database (e.g., Holland &; Powell. 1990) could give completely different results ! 
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Table 6.5 Solution models used in entropy calculations. 

Ca.Fe-Mg garnet (Berman, 1990):
 

excess enl:rQpjes of mixini
 

-3RlnYGro = 18.79 XPy(XPy +2 XaroXAbn) +5.08 XAIm(XAbn +2 XaroXPy) +23.87 XPyXAbn(l -2 Xaro)
 

-3RlnyPy = 18.79 Xaro(Xaro +2 XPyXAlm) -10.16 XeJroXAIm(Xaro +XAbnl +23.87 XaroXAbn(l -2 Xpy)
 

-3RlnYAlm = -37.58 XQroXPy<XGro +Xpy) +5.08 XGro(XGro +2 XPyXAlm) +23.87 XGroXPy(1 -2 XAlm)
 

-3RXGrolnYGro -3RXPylnyPy -3RXAlmlnYAIm
 

= 18.79 XQroXPy(Xaro +Xpy) +5.08 XaroXAlm(Xaro +XAIm) + 23.87 XaroXpyXAIm [IIK,mol] 

~ 

lIGro = yQroXGro apy = yPyXpy aAIm= YAlmXAbn 

Na-Ca plagioclase (Fuhnnan & Lindsley, 1988): aAn = [0.25 XAn (l + xAD'fl
 
orthopyroxene: ideal (aEn = XED ; aFs = X Fs)
 

clinopyroxene: ideal (aDi =XDi ; aHd = X Hd)
 

---------------------------------_._----------------------------------_.__._------ -- 

Table 6.6 Compositions used in the calculation of isopleth slopes. Calculation procedure is given in 
text. Equilibrium P and T are taken as 9 lebar, 1100 K. Reaction line slopes are intermediate between 
garnet and orthopyroxene isopleth slopes in each assemblage. 

reaction Xpy Xaro XED XDi xAn	 ---- dP/dT (bar1K) ---- a\ll:rage 

Gt Hy Cpx slope 

Hy + Co= Gt 0.65 0.032 0.817 -9.5 -3.5 -6.5 

Hy+ Si =Gt + Q 0.598 0.022 0.772 -5.5 -3.0 -4.3 

Hy + Si + PI = Gt + Q 0.585 0.021 0.77 0.3 -4.2 +1.5 -1.4 

0.535 0.09 0.77 0.3 +2.2 +4.3 +3.3 

Hy + PI = Gt + Q + Cpx 0.16 0.2 0.4 0.58 0.6 +8.0 +9.8 +1l.5 +8.9 

The prograde p.T path of Sri Lankan granulites 

Divariant reactions Hy + Co = Gt and Hy + 8i = Gt + Q have reaction boundaries with 
negative slopes of about -4 to -7 barlK at the measured compositions with garnet at the high

P/high-T side (Fig. 6.3c). In the latter case, this boundary was crossed twice during the 
metamorphic evolution, causing garnet growth and subsequent garnet breakdown, which is 
consistent with a clockwise poT path (Chapter 3). 
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Fig. 6.3 Slopes of reaction lines for assemblages observed in Sri Lankan granulites. plotted at 
approximate equilibrium P-T positions. For calculation procedure and explanation. see text. Insets give 
details. Note that diagrams in insets are not petrogenetic grids. 

Assemblage Hy + Si =Gt + Q locally contains plagioclase as a product of garnet breakdown. 
Taking the maximum measured value of 9% grossular component in garnet and the measured 
plagioclase XAn of 0.3 (Chapter 3) gives a positive slope of 3.3 barIK for the reaction boundary. 
At lower grossular components. the slope approaches the negative slope for the plagioclase

absent reaction. At higher grossular content of garnet. isopleth slopes for the reaction Hy + Si + 
PI =Gt + Q increase and become similar to those for reaction Hy + PI =Gt + Q. which has steep 
isopleths (about 8 to 18 barIK: next section). At XGro =1/3. these reactions are equal and 
sillimanite is absent from the assemblage, which follows directly from the equilibrium condition 
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(Table 6.3). Hence, isopleth slopes for the reaction Hy + Si + PI = Gt + Q vary from about -6 to 
+ 15 barIK, depending on composition (see next sections). 

The textures suggest simultaneous operation of garnet breakdown to assemblages with and 

assemblages without plagioclase. Garnet has similar grossular components in both cases and the 

appearance of plagioclase may therefore have been controlled by the influx of Na in a fluid 

phase. This is consistent with nearby breakdown of garnet to fluid-bearing cordierite (Chapter 

3). Since garnet growth and garnet breakdown basically involved the same reaction, I assume 

that prograde garnet growth also involved plagioclase. This gives an additional constraint on the 

steepness of the prograde path, which must have been steeper than 3.3 barIK. 

Divariant CFMAS reaction Hy + PI = Gt + Q + Cpx has been quoted extensively in the 

literature on Sri Lanka (e.g., Schumacher et aI., 1990; Faulhaber & Raith, 1991) and occurs 

widely in metabasites. Using compositions given by Schumacher et aI. (1990; sample K200, 

core compositions), the calculated garnet, orthopyroxene and clinopyroxene XMg isopleth slopes 
are +9, + 10 and + 11 barIK, respectively. Note that the amount of clinopyroxene produced in 

this reaction depends on the calcium content of garnet (Table 6.3). When XGro = 1/3, the 
stoichiometric coefficient of clinopyroxene is zero and the assemblage is reduced to Hy + PI = 
Gt + Q. In this example, no component reactions exist with the same stoichiometric coefficients 

as the partially balanced (for Ca, AI and Si) divariant reaction and the slope of the reaction line 
can therefore not be constrained by the slopes of component reactions. The isopleth slopes, 

however, constrain the reaction line slope at between +8 and + 10 barIK. 
Schumacher et aI. (1990) report the growth of garnet, clinopyroxene and quartz from 

orthopyroxene and plagioclase and subsequent breakdown to the same assemblage, which they 
interpeted in terms of isobaric cooling followed by uplift. In view of the calculated reaction line 

slopes, however, it is clear that a prograde path with a slope steeper than 10 barIK and 
subsequent decompression and uplift with a similar slope would cause the same reaction 
sequence. A clockwise P-T path is consistent with evidence from metapelites and sapphirine
bearing granulites (Chapters 3-5). 

Raase & Schenk (1993) give evidence for the growth of fibrolitic sillimanite before kyanite 
growth in metapelites. This could imply that the prograde path was steeper than 22 barIK. which 
is the slope of the kyanite-sillimanite boundary (e.g., Salje, 1986), although the rocks may have 

cooled down in the kyanite field before being transported to deep-erustallevels. The steepness of 

this path (Fig. 6.3b) is sufficient to cause prograde growth of garnet + clinopyroxene in 

metabasites. 

The retrograde P·T path of Sri Lankan granulites 

Faulhaber & Raith (1991) drew attention to possible differences in reaction line slopes in order 
to explain simultaneous garnet growth and garnet breakdown. Their chamockite sample SL 137

I shows garnet growth from plagioclase + onhopyroxene, while their metabasite sample SL 

130-1 shows garnet breakdown to the same assemblage. According to these authors, both 
samples experienced similar peak: P and T and similar P-T conditions during the subsequent 

retrograde stage. Using compositional data and P-T values reported by Faulhaber and Raith 
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gives the following slopes of garnet and orthopyroxene XMg isopleths, respectively: +8 and +14 

barIK for the metabasite sample and +15 and +20 barIK for the chamockite sample. The slope of 

the CFAS component reaction is similar to the orthopyroxene isopleth in both cases, while the 

CMAS slopes are close to zero. This gives the following reaction line slopes: 8-14 barIK for the 

metabasite and 15-20 bar/Kfor the charnockite. Hence, a reasonable value for the slope of the 

retrograde path at this stage is 15 barlK, causing garnet breakdown in the metabasite and garnet 

growth in the charnockite (Fig. 6.3a). This is slightly steeper than the value of 10 barIK given 

by Faulhaber & Raith (1991), which was based on core-rim therrnobarometry. 

A combined P·T path for Sri Lankan granulites 

Using all constraints mentioned in this chapter, a single P-T path can be derived for Sri Lankan 

granulites from the HC (Fig. 6.4). A possible tectonic interpretation of this path is (i) early 

rifting and extension, accompanied by low-P/high-T metamorphism (Wickham & Oxburgh, 

1985), followed by (ii) crustal thickening and subsequent granulite metamorphism; and (iii) 

uplift (see Chapter 8). Mafic magmas may have intruded during early rifting, in which case they 

have experienced a low-P isobaric cooling path followed by a clockwise P-T path (Fig. 6.4). 

Alternatively, they may have intruded into the overthickened crust and cooled down at deep

crustal levels, followed by uplift (Fig. 6.4; see Chapter 8). 

1. early extension and Iow-P/high-T
 
metarnaphism
 

2. austalthickening 
Basic magma 3. kyanite growth 
intrusion ? 

4. peak granulite metamorphism 

5. isothermal deCOfYlll"&ssion 

6. retrograde path, dP/dT =-15 bar/K 
6 7. andalusile growth 

3 

200 400 600 BOO 

Fig. 6.4 Common P-T path for all granulites from the Highland Complex in Sri Lanka, taking 
calculated reaction line slopes (see Fig. 6.3) into account. Basic magmas may have intruded prior to or 
after crustal thickening (see Chapter 8). 
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The influence of Ca +Na on reaction line slopes for assemblage Hy +PI +Gt +Q 

Faulhaber & Raith (1991) attributed simultaneous gamet growth and gamet breakdown to 

differences in bulk Fe/Mg ratio of the assemblage, in view of the highly variable XMg values in 

gamet (0.022-0.272) and orthopyroxene (0.061-0.609). These authors claimed that Fe-rich 

assemblages would have steeper reaction lines than Mg-rich assemblages, based on the 

difference in slopes of Kd-lines for component reactions in CMAS and CFAS (after Perkins & 
Chipera, 1985). In this analysis, however, I have shown that reaction lines are not parallel to 

these ~-lines, but have intermediate slopes. Hence, this is not the correct explanation for the 

observed difference in reaction sense. 

In addition to the difference in bulk Fe/Mg ratio, the chamockites and metabasites studied by 

Faulhaber & Raith (1991) show highly variable anorthite components in plagioclase (XAn = 
0.094-0.906, and grossular components in gamet (XGro =0.046-0.264). Calculating isopleth 

slopes for all their datapoints gives the following results: metabasites have dP/dT of 8-14 barIK 
for gamet and 11-17 barIK for orthopyroxene isopleths (Fig. 6.5a,b), while these values are 10

17 barIK and 13-19 barIK, respectively, for chamockites (Fig. 6.5c,d). Hence, reaction 

boundaries for this assemblage are slightly steeper in charnockites than in metabasites, but there 
is a considerable overlap. Fig. 6.5 shows dP/dT as a function of XAJrnIXPyr (Fig. 6.5a,c) and as 

a function ofaA.n!XGro (Fig. 6.5b,d) for all datapoints of Faulhaber & Raith (1991), calculated at 

the same P-T (7.5 kbar, 750 0C). Evidently, isopleth slopes correlate strongly with aAn/XGr, 

while the correlation with XAJrnIXPy is weak (chamockites) or completely lacking (metabasites). 

This shows that the NalCa ratio of the rock is the critical factor determining the slope of isopleths 
and not the bulk Fe/Mg ratio. 

A plot of dP/dT of all samples as a function of XGro and aAn (Fig. 6.5e,f) demonstrates that 
metabasites and chamockites show completely different trends: metabasites have constant Xoro 
of -0.2 and the variation in dP/dT is entirely due to variations in XAn; chamockites have a fairly 

constant XAn of about 0.3-0.4 and the variation in dP/dT correlates rather well with Xoro. From 

a chemical point of view, this is not unexpected: metabasites are Ca-rich (-10.3 wt.%: Pohl & 
Emmermann, 1991) and XGro is therefore buffered, whereas XAn depends on local variations; 
chamockites are Ca-poor (-2.8 wt.%: op. cit.) and the relations may be reversed. 

Fig. 6.5 (next page) Compositional dependence of the slope of garnet and orthopyroxene isopleths in 
the assemblage Gt + Q + Hy + Pi. Data after Faulhaber & Raith (1991). Four of their metabasite 
analyses. the ones with the lowest Xoro in garnet, give strongly deviating values and have been omitted 
from this group of samples.,Three of them plot on the chamockite line in D and have been regrouped 
under chamockites, while the metabasite with the lowermost Xa..o has been skipped. lsopleths were 
calculated at 7.5 kbar and 750 °C. Correlation factors were calculated using a logarithmic best-fit, 

because of the RIna terms in molar entropies. A, C dP/dT correlates only weakly with XAJm!XPy. which 
is a measure of the Fe/Mg mtio of the samples. B, D dP/dT correlates strongly with aAn!XGro' showing 
the dominant influence of Ca and Na. E, F dP/dT versus Xoro and aAn for all samples. showing distinct 
trends for both rock types. > >> 



B 

R2 =0.973 

18 

18 

14 

12 

10 

6 

~~--r--~........--'---,--"'-"",,~--+ 6
 
4 5 

charnock"_ a dP/dT garnet XMglsopleth • dP/dT orthopyroxene X Mg Isopleth 

2O"=============::::::;~~============::::'20 

8 

16 

12 

14 

18 

10 

3 

D 

2 

R2 =0.943 

I---...-----,r---.....----.----.....----t- 6 
40 0 

~ =0.610 

30 

Fi =0.402... 

10 

··· 
c 

6-f'--.......---.--...----r---.----.--...__--! 
o 

6 

10 

18 

16 

mlltabM"_ and charnock"_ a metabasltes • charnockites 

2O~====================::::;-~====================:::::;.
E 

1818 

.. ... 1616 

14~ 14 .. ..'U
12 ....Ii: 12 

"CII .,. .... 1010 • a 
a 

a 
8 8a 

6+---~----r---...-- ......---.---1 }-.....--r-........,-........- ..........,.-........-,..........-+ 8
0.2 0.30.00.0 0.1 02 0.4 0.6 0.8 1.0 

Fig. 6.5 



123 Reaction line slopes and P-T path 

The slopes of reaction boundaries are constrained by the slopes of garnet and orthopyroxene 

isopleths and by the slopes of component reactions. The upper limit is provided by the CFAS 

component reaction. which has a maximum slope 19 barIK (Perkins & Chipera, 1985) and by 

orthopyroxene isopleths. The lower limit is provided by the shallow slope of the CMAS 

component reaction and by the garnet isopleths, which have minimum slopes of 7 barIK. Hence, 
the slopes of reaction boundaries can vary from about 7 to 19barlK. Hence, any P-T path with a 

slope in between these values may cause garnet growth in some assemblages and garnet 
breakdown in others. 

DISCUSSION 

It is argued in this chapter that all reaction textures recorded in Sri Lanka are consistent with a 
clockwise P-T path. The hypothesis of deep-erustal isobaric cooling of metabasites prior to uplift 
(Schumacher et aI., 1990; Prarne, 1991) is not proven, because data on metabasites are 

inconclusive in themselves and fit into the clockwise path derived for metapelites (Raase & 
Schenk, 1993) and sapphirine-bearing granulites (Chapters 3-5). Growth of garnet + quartz + 
clinopyroxene from orthopyroxene + plagioclase (Schumacher et aI., 1990) may have 

commenced during the steep prograde segment of the P-T path, but the assemblage will have 
continuously reequilibrated until peak P-T. Hence, P-T estimates from core compositions in this 

assemblage do not necessarily reflect garnet growth, but the last high-T reequilibration. 
Metamorphic cooling is rejected here, because it is not recorded in sapphirine-bearing 

granulites (Chapter 3) and because the high temperatures required are inconsistent with the small 

volume of partial melt produced from Sri Lankan granulites. Hence, the recorded high-T 
pyroxene exsolution (Schumacher et al., 1990) probably reflects cooling of the precursor 
magma. The present dataset allows two possibilities: (i) intrusion during early extension and 
rifting prior to crustal thickening; (ii) intrusion into the lower crustal after crustal thickening, 

possibly caused by decompression melting of upwelling asthenosphere after delamination of the 

lowermost crust and upper mantle (Chapter 8). 
Isotopic work on one metabasite gave a well-defmed U-Ph zircon lower intercept of 608 ±3 

Ma (HOlzl et aI., 1991), which possibly reflects the intrusion age of the basic magma precursor. 
The wide scatter of the upper intercept at 2324 ± 175 Ma (op. cit.) may be due to the 

incorporation of inherited zircons. If this interpretation is correct, at least some metabasites may 

have intruded -30 Ma before the peak of metamorphism at -580 Ma (Chapter 2). This time 

difference fits both models. 

Faulhaber & Raith (1991) attributed simultaneous garnet growth and garnet breakdown to 
differences in bulk chemistry of the assemblage. This is confirmed by the calculation of isopleths 

in this chapter. The critical factor determining the slope of isopleths is the Na/ca ratio of the rock 
and not the bulk Fe/Mg ratio as proposed by Faulhaber & Raith (1991). This demonstrates that 
Na has a considerable influence on reaction line slopes in CFMAS and should be taken into 
account. In general, it is possible that additional components in solid solution phases may largely 
determine reaction line slopes in a given system. 
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Slopes of divariant reaction lines can vary considerably for the same assemblage. Examples 

were given for the assemblage Gt + Q + Hy + PI (+7 to +19barlK) and Gt + Q + PI + Hy + Si (
6 to +15 barlK). This may have a good potential for the assessment of P-T paths. A great 

advantage of this technique is that a single divariant reaction may give the same information as 
normally obtained from a consideration of reactions in a petrogenetic grid. For any recorded 

reaction. the full variation in compositions should be used as a constraint on the slope of the P-T 
path. Combined with textural or circumstancial evidence for the simultaneous development of 

these textures, rather exact values for the P-T slope may be obtained. 

CONLUSIONS 

Using the Gibbs' method (Spear et al., 1982), an equation has been derived for XMg isopleth 
slopes of divariant reactions in FMAS and CFMAS. Application to Sri Lankan granulites 

supports a P-T path with a steep (>20 barlK) prograde segment as proposed by Raase & Schenk: 
(1993). Simultaneous garnet breakdown in metabasites and garnet growth in charnockites 
(Faulhaber & Raith, 1991) resulted from a retrograde path with a slope of -15 barIK. Large 
variations in isopleth and reaction line slopes are possible due to the thermodynamic effect of 

additional components in solid solutions, e.g. albite in plagioclase. This has a good potential for 
the assessment of the exact form of P-T paths. 
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CHAPTER 7 

Evidence for nappe tectonics in the high-grade basement of 
central Sri Lanka: terrane assembly in the Pan-African lower 
crust ?1 

ABSTRACT 

Structural analysis in the Kadugannawa Complex (KC) in central Sri Lanka reveals the 
presence of an early, steep gneissic layering, SI, which has been overprinted by a younger 

event, 02, in the structurally deepest levels. 02 folds become progressively tighter towards the 
contact with the underlying Highland Complex (HC). The distribution of lithologies in the KC, 
the distribution of steep SI and subhorizontal S2, and the strain gradient towards the KC/HC 
contact, suggest that the KC is a fold nappe overlying the HC. Vergence of asymmetric sheath 

folds in sections parallel to a strong NNW-SSE lineation is towards NNW, indicating a top-to

the-NNW displacement. Granulite facies assemblages formed during and after the ftnal stages of 
02 in theKC. 

02 was the main fabric forming event in the HC, where meta-igneous and metasedimentary 
gneisses show L-S fabrics defmed by the peak granulite facies assemblages. The sense of shear, 
deduced from asymmetric foliation boudinage, is consistent with top-to-the-NNW displacement 
in the KC. Both units have been refolded around large-scale upright D3 folds. 

The nappe model and Nd model ages suggest that the KC and the eastern part of the HC may 
represent distinct lower crustal terranes juxtaposed during a Pan-African high-grade, high-strain 

event (02). The contact between them is interpreted as a terrane boundary in a lower crustal 
environment. The top-to-the-NNW movement sense suggests that the KC may have been 
originally located south of the Eastern Highland Complex. This, and the similarity in isotope 

signatures indicate a pre-assembly link of the KC, the Wanni Complex of western Sri Lanka and 
the Vijayan Complex of eastern Sri Lanka. 

INTRODUCTION 

The lower continental crust exhibfts a signiftcant diversity in composition (e.g. Kay and 
Mahlburg Kay, 1986), isotopic signatures (e.g. Liew et al., 1991a), structure (Dewey, 1986; 

Meissner, 1989), and P-T-t paths (Harley, 1989). The patterns of lower crustal diversity can be 

structured on a large scale by the recognition of tectonostratigraphic terranes, Le. rock masses 

1This chapter is in press in Precambrian Research IDlder the same title and by the same author. 
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II Kadugannawa Complex 

~ pink granitic gneiss 

c=J Highland Complex 

10km 

Fig. 7.1 Simplified map of the Kandy area, central Sri Lanka, showing rocks of the Kadugannawa 
Complex. a pink: granitic gneiss at its base and the underlying Highland Complex. Foliation trends are 
shown, as well as trends of large-scale upright D3 folds. 
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which have a unique history before the event that brought them together with adjacent rock 
masses (e.g. Jones et al., 1983). Recognition of terranes is of great importance for the 
reassembly of ancient plates and for models of crustal growth. Terrane analysis has been 
successfully applied to Phanerozoic orogenic belts (e.g. Jones et al., 1983) and has in the past 
few years been extended to Archaean examples in lower crustal (Friend et al., 1988; Friend and 
Nutman, 1991) and mid-crustal (Mogk et al., 1992) environments. 

As pointed out by Mogk et al. (1992), the allochthonous character of terranes, necessary by 
defmition, is difficult to establish for Precambrian analogues, because paleontological records 
and reliable paleomagnetic data are absent. Furthermore, recognition of terranes in high-grade 
gneiss domains suffers from a lack of climatic indicators. Hence, terranes in high-grade 
Precambrian areas have to be identified by integrating structural, petrological, geochemical, and 
isotopic data. It seems then that the existence of terranes in such areas cannot be rigorously 
proven, but only rendered likely. 

This paper will focus on an example from the high-grade basement of Sri Lanka, which is a 
small fragment of the Pan-African Mozambique Belt separating East and West Gondwana 
(Krijner, 1991). This gneiss terrain has been subdivided into four units (Cooray, 1993): Wanni 
Complex (WC), Kadugannawa Complex (KC), Vijayan Complex (VC) and Highland Complex. 
The Kadugannawa Complex (KC; see Kroner et al., 1991) corresponds to the "Arenas" of 
Vitanage (1972), to the "hornblende gneiss. hornblende-biotite gneiss, biotite gneiss" subunit of 
the Highland Series on the Geological Map of Sri Lanka (1982), and to the "amphibolite facies 
Highland Series/Group" of Perera (1983) and Sandiford et al. (1988). The Highland Complex 
(HC) comprises the Highland Series and South West Group of previous authors (e.g., Vitanage, 
1972). 

Recent investigations in Sri Lanka have revealed the presence of three provinces with distinct 
Nd model ages (Milisenda et al., 1988; Liew et al., 1991; Table 2.1): a central province with 
relatively old model ages (2-3 Ga) flanked by two provinces with relatively young model ages 
(1-2 Ga). The eastern limit of the "old" province coincides roughly with the boundary between 
the HC and VC. The correlation of the western limit with lithological or tectonic boundaries is 
less clear. In Cooray's (1993) paper, this western limit is the boundary between the combined 
WC and KC and the underlying HC by defmition. 

The isotopic boundary between the Highland Complex (HC) and the Vijayan Complex (VC) in 
eastern and southeastern Sri Lanka (Fig. 2.2) coincides with a change in lithology (Geological 
Map of Sri Lanka, 1982), a change in metamorphic grade (Schumacher et al., 199<T, Faulhaber 
and Raith, 1991) and a gravity anomaly (Blichel, 1991, 1993). This boundary has been 
interpreted as a thrust zone which places relatively old, granulite grade HC on top of young, 
amphibolite grade VC (Hatherton et al., 1975; Munasinghe and Dissanayake. 1982; Kriegsman, 
1991; Kleinschrodt, 1993). The combined isotopic, structural and petrological data suggest it is 
a terrane boundary. 

This paper focuses on the nature of the contact between the Kadugannawa Complex and the 
underlying Highland Complex in the Kandy area in central Sri Lanka (Fig. 7.1). These two 
complexes differ in lithology (Vitanage, 1972; Geological Map of Sri Lanka, 1982; Kleinschrodt 
et al., 1991), Nd model ages (Milisenda et aI., 1988; Liew et al., 1991b) and structures 
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(Kriegsman, 1991). The nature of the boundary between these two complexes has not yet been 

detennined. Whatever its origin, however, whether intrusive (Kleinschrodt et al., 1991) or 
tectonic (Liew et al., 1991b), it has clearly been strongly defonned (Kriegsman, 1991; 

Kleinschrodt et al., 1991). Given the low density of datapoints, the exact position of the Nd 

model age boundary is not yet known. In the Kandy area it may coincide with the lithological 
boundary between the "young" KC and the "old" HC, but it is just as well possible that the KC 

is separated from the HC by a thin strip of "young" WC rocks. 

This paper aims to show that (i) the KC represents a fold nappe, which was emplaced on top 
of the HC with a top-to-the-NNW displacement; and (ii) the KC and HC may be separated by a 

terrane boundary that developed in a lower crustal environment. 

LITHOLOGY OF THE KADUGANNAWA AND HIGHLAND COMPLEXES 

The rocks of the Kadugannawa Complex (KC) consist of biotite-hornblende and biotite 

gneisses with arnphibolites and minor quanzo-feldspathic and pelitic gneisses and quartzites 

(e.g. Vitanage, 1972; Perera, 1983; Cooray, 1984; Kroner et al., 1991). Kleinschrodt et al. 
(1991) describe a basic layered intrusion in the deepest levels of the KC. This intrusion is 
overlain by a thin metasedimentary sequence in the Hulu Ganga synfonn (Fig. 7.6a), and by 
dioritic to tonalitic gneiss in other pans of the KC. Pohl and Emmennann (1991), on the other 
hand, propose that all meta-igneous rocks of the KC constitute one calc-alkaline suite. 

Recent mapping by the author in the Hulu Ganga area (Victoria Lake Rerservoir) has largely 

confmned the lithogical description by Kleinschrodt et al. (1991). The only modifications are 
that (i) magnetite-bearing quartzites ("itabirites") have a larger outcrop extent (Fig. 7.6a); (ii) 
these quartzites are overlain and underlain by a sequence of rocks typified by elongate 
arnphibolitic lenses in a calcsilicate matrix; (iii) this sequence is intercalated with a 0.5 - 1.0 m 

thick pure marble member and, at a higher level, a 2m thick orthoquartzite overlain by a 5 m 

thick ultramafic layer. Typical metasediments only occur in the southern half of the Hulu Ganga 
synfonn and are absent from the northern half and from other parts of the KC, where the most 

conunon rock type is dioritic to tonalitic gneiss. 

Directly underlying the basic intrusion in most localities is a pink granitic gneiss studied in 
some detail by earlier workers (e.g., Perera, 1983; Munasinghe and Dissnayake, 1980; Figs. 

7.1,7.2, 7.3). This granitic gneiss has the same isotope signatures as the KC (Milisenda et al., 

1988). 

«< Fig. 7.2 (previous page) Structural data in and around the Dumbara dOUbly plunging synform. 
Foliation symbols correspond to the dominant gneissic layering, i.e. SI in the core of the Kadugannawa 
Complex (KC) and Sz near the Highland Complex (HC) and within the HC. Arrows indicate OJ fold axes 
in the KC, while they indicate both OJ fold axes and L2 mineral and stretching lineations in the HC. Finer 
lines in the KC correspond to enveloping surfaces of refolded main foliations. A pink granitic gneiss is 
taken as the base of the KC. Line of cross-section of Fig. 7.3 is indicated. 
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The sequence underlying the pink granitic gneiss consists for about 50% of metasedimentary 
rocks, notably marbles, orthoquartzites and metapelites, which have been intruded, prior to all 
recognizable deformation, by granitoids and basic rocks ranging in age from 1940 to 670 Ma 
(Baur et at, 1990; H61z1 et at, 1991). These granitoids and basic rocks have later been 
deformed and metamorphosed to chamockitic and metabasic gneisses, respectively. Cross
cutting relations between magmatic rocks and metasediments are extremely scarce, which has 
been attributed to either intrusion in the form of sills (Voll and Kleinschrodt, 1991) or to high 
strain obliterating intrusive contacts (Krtlner et al., 1991, 1993). Small-scale intrusive contacts 
have locally been observed (Fig. 9.2d), but such cross-cutting veins probably represent later 

remobilisation of the meta-granitoid gneiss. 
The first rock type directly underneath the pink granitic gneiss is generally an orthoquartzite. 

The lithological boundary between KC and HC has tentatively been drawn at the contact between 
these two lithologies. As pointed out earlier, it is not certain whether the entire sequence 
underneath the pink granitic gneiss forms part of the "old" Nd model age province (HC) of 
Milisenda et al. (1988). The uppermost lithologies could also belong to the "young" WC, which 
is lithologically very similar. 

NNW SSE 

Fig. 7.3 Schematic NNW-SSE cross-section along the long axis of this basinal structure. For location, 
see Fig. 7.2. The form of the contact is constructed by projecting fold axes of parasitic folds and L2 
lineations (parallel to D3 fold axes) E and W of the synform onto the plane of section. Thick arrows 
indicate projections of fold axes onto the plane of section. Most fold axes lie only slightly outside this 
plane. Note that steep fold axes abound in the core of the synform, within the Kadugannawa Complex, 
while fold axes are gently plunging near the contact with the underlying Highland Complex. q = quartzite; 
m =marble; a =amphibolite offset along extensional shear zone indicating top-to-the-NNW displacement. 
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STRUCTURAL EVOLUTION OF THE KADUGANNAWA COMPLEX (KC) 

Structures encountered in the KC have been ascribed to three phases of deformation 

(Kriegsman. 1991): formation of a first gneissic layering (Dl), folding and transposition of this 
gneissic layering to a second gneissic layering (D2) and late upright folding (D3). The latest of 

these, D3' has resulted in the present outcrop pattern of the KC and the underlying HC (Figs. 

7.1,7.2). The following description will start off with with structures related to D3 and then 

treat the pre-D3 phenomena. In order to interpret these earlier structures, the additional strain 

during D3 will be estimated. 

Str:uctures related to D3 

The rocks of the KC are exposed in the cores of six D3 synforms and one D3 antiform 
(Vitanage, 1972; Munasinghe and Dissanayake, 1980; Fig. 2.2). The geometry of these 
synforms are of Ramsay's (1967) class 1C, while the intervening antiform is of class 3 

(Kehelpannala, 1991). This corresponds to a pattern of large-scale cuspate-lobate concentric 

folds (Ramsay, 1982). The cusps of the folded KC/HC contact point towards the KC indicating 
this was the more competent rock unit during D3. The contact has been folded with a notable 

absence of parasitic folds (see map pattern, Figs. 7.1, 7.2). 
A cross-section along the long axis of the Dumbara doubly plunging synform (Fig. 7.3) 

shows that the depth of the contact with the HC in the central part is about 3.2 km. This figure of 

3.2 km equals the half width of this synform in a WSW-ENE direction (see map, Fig. 7.2). The 
main gneissic layering in the limbs of this synform has a steep to subvertical attitude. Hence, in 

order not to exceed the maximum depth of 3.2 km, the limbs have to be strongly curved. 
Consequently, the large-scale form of this synform in a WSW-ENE cross-section approximates 
that of a concentric fold. The amount of horizontal WSW-ENE shortening can be roughly 

estimated from the form of the folded contact between the KC and the HC, assuming that layer 
thickening is negligeable. This gives a horizontal shortening factor not much exceeding 1.6 (after 

Ramsay, 1967). 
Berger and Jayasinghe (1976) have analysed the shape of D3 folds. Their results can be 

interpreted as additional flattening superimposed on already existing parallel folds. A total 

horizontal shortening by a factor of about 2.2 can be calculated from their data, in agreement 
with the estimate from the form of the contact. This differs significantly from the value of 5.0 

given by Kleinschrodt et al. (1991). This moderate D3 strain and the absence of a penetrative 

axial planar fabric in most rock types suggest that D3 did not significantly affect the internal 

fabric of most rocks. The funnel shape mentioned by Berger and Jayasinghe (1976) for some 

large synforms is probably due to combining different sets of foliation planes (SI and S2: see 

below) into one fold model. 

D3 folds at outcrop scale show a considerable variation in fold style. Buckle folds, often 
disharmonic and cut by small-scale detachments, and chevron folds are the dominant fold type. 
Folds showing complicated layer modifIcations due to competency contrasts also exist. Parasitic 
D3 folds have interlimb angles of 60-900 (Fig. 7.5a) throughout the large-scale synforms. They 
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generally lack an axial planar cleavage (also Berger and Jayasinghe, 1976). 53 is only well 

developed in biotite-rich schists and in thin zones in the limb areas of the large-scale synfonns 

(Fig. 7.4e). More often it is defmed by discontinuous leucosome lenses and pods. Continuous 

leucosome veins following 53 may be present, but their spacing is much larger than for 51 or 52 

leucosome (Figs. 7.4c, 7.sa). 

In view of the moderate 03 strain deduced from fold shapes of both major and minor folds, 

and because of the rareness of a penetrative axial planar fabric, it is concluded that 03 did not 

significantly modify the internal fabric of most rocks. Hence, modification of early structures by 

03 strain will be neglected in the following section. 

D 

c 

ENE wsw 

Fig. 7.4 Field sketches from the Hulu Ganga area, showing critical structural relations. Scale bar is 20 

em. A. Hornblenditic boudin in S2 with relics of refolded S1. B. F2 fold with axial planar S2 schistosity 

overprinted by diffuse S3 foliation accentuated by the accumulation of leucosome. C. Penetrative SI 
cleavage crenulated with leucosome defining an axial planar D2 fabric. Later S3 also defined by formation 
of leucosome. Note increasing spacing from old to young fabric elements. D. Localized 1Iansposition of 
S2 to S3 in the western limb of the large-scale synform. E. Development of weak S3 fabric by the 
accumulation of melt-related (1) leucosome in woes parallel to the axial plane of large-scale OJ folds. 
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Structures preceding D3 in the Dumbara area 

The main fabric fonning element in the KC gneisses of the Durnbara area (Fig. 7.2) is a 

gneissic layering defIned by a ern scale alternation of plagioclase-rich leucosome and amphibole

biotite-rich layers. It is folded by decimetre- to metre-scale D3 folds with steep NNW-SSE 

trending axial planes. In the central parts of the Dumbara synfonn, and in the Gadaladeniya 

synfonn to the W, fold axes are steep to subvertical. This gneissic layering generally has a 
subvertical WSW-ENE trending enveloping surface in large-scale symmetric folds (Kriegsman, 

1991; Fig. 7.2). Fold axes near the contact with the HC are moderately plunging to horizontal, 

parallel to the fold axes in the HC (Fig. 7.3). 

Several mechanisms could be advocated to explain this 90° spread in plunges: (i) non

cylindrical D3 folds, (ii) rotation of fold axes during D3 simple shear, (iii) pre-D3 spread in 

attitudes of Sm. Arguments against the fIrst mechanism are the observation that folds at outcrop 

scale are generally cylindrical. The second mechanism would require much larger D3 strains than 

the observed values (above) in order to cause such a reorientation of lineations. Hence, a pre-D:3 

spread in Sm attitudes is proposed as the most likely explanation for the observed spread in fold 

axes. An important implication is that the pre-D3 attitude of Sm was subvertical in the shallower 
parts of the KC, but subhorizontal in the deeper parts of the KC and within the HC. Fig. 7.3 can 

therefore also be regarded as approximating a pre-D:3 NNW-SSE cross-section. 

At some localities in the Dumbara synfonn, located at 200-500 m from the contact with the 

HC, the generally steep gneissic layering is folded around recumbent folds with gently dipping 

axial planes and E-W to ENE-WSW oriented fold axes. These folds become tighter towards the 

contact. Locally, trondhjemitic gneiss with an Sl gneissic layering is cut by granitic material 

which has acquired a strong D2 fabric (Fig. 7.5b). This suggests that the main gneissic layering 

encompasses two foliations of different age, namely an early steep SI and a younger 

subhorizontal S2. 
Locally, rootless isoclinally folded plagioclase-rich leucosome predating the SI gneissic 

layering has been found, testifying to the existence of still older events. Because of the lack of 

continuity of such structures, their regional importance cannot be assessed. 

Fig. 7.5 (next pages) Representative pictures from various outcrops in the Kadugannawa Complex (KC) 
and Highland Complex (HC). A. Sl gneissosity folded in small-scale D3 folds with vertical fold axes. S3 
is accentuated by leucosome with a much larger spacing than SI leucosome. KC, core of Oumbara 
synform. B. Trondhjemitic gneiss with Sl gneissic layering cut by granitic gneiss with S2 gneissic 
layering. C. Tight recumbent 02 folds developed in leucosome in dioritic gneiss. KC, Hulu Ganga 
synform. D. Very tight recumbent 02 fold. KC, Hulu Ganga synform, 200 m from contact with HC. E. 
Isoclinally folded mafic band, possibly an old mafic dyke, defining a recumbent Dz fold. HC, chisel is 25 
cm long. F. Strong NNW-SSE trending stretching lineation. Same outcrop as c. G. Dz oblique 
recumbent folds with NNW-SSE fold axes parallel to a strong mineral and stretching lineation, and sheath 
fold. KC, Hulu Ganga synform. Plane of photograph about perpendicular to lineation. H. Extensional 
shear zone in gneisses of the HC, documenting a sinistral sense of shear. Plane of photograph is vertical, 
NNW is on the left side. > > > 
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Evidence for a D2 strain gradient in the Rulu Ganga area 

Gneisses at the highest level of the Hulu Ganga synfonn (Fig. 7.6) show recumbent D2 folds 

with NNW-SSE fold axes and interlimb angles of 45-600 (Figs. 7.5c, 7.6c) which refold a 

lithological banding of parallel hornblenditic layers and leucosome in a dioritic matrix. 

Approaching the contact with the HC, interlimb angles of these folds decrease and fold closures 

become tight to isoclinal (Figs. 7.5<1, 7.6c). Close to the contact, folds are isoclinal but rare. 

Relics of refolded SI are present in homblenditic boudins, surrounded by a host rock showing 

an S2 gneissic layering (Fig. 7.4a). Relics of SI are also found in amphibolitic gneiss shielded 

from intense deformation by the surrounding calc-silicate matrix (Fig. 7.4c). These structures 

are indicative of transposition due to high strain along the contact. 

The strain gradient deduced from the change in interlimb angles of recumbent folds is matched 

by a gradient in minimum finite strain calculated from boudinaged hornblendite layers (Fig. 

7.6d). The standard method (e.g. Ramsay, 1967) was used, in which total lengths of boudins 

and gaps are divided by total lengths of the boudins alone in sections parallel to the NNW-SSE 

stretching lineation. This gives a measure of the minimum stretch parallel to the NNW-SSE 

lineation. Care was taken to ensure that sections contained enough boudins to be statistically 
representative in order to avoid the limitations set by Ferguson (1981). In the core, Le. in the 

upper levels of the KC in the Hulu Ganga synform. the calculated stretch is less than 1.1, but it 

rapidly increases to values >3 near the contact (Fig. 7.6d). Close to the contact with the HC, 

values up to 12 have been found, similar to values reponed by Kleinschrodt et al. (1991) for the 

deepest levels of the KC and the HC. Although a comparison of minimum strain alone can never 

prove the existence of a strain gradient, it can be regarded as supporting evidence in view of the 

strong correlation with the change in interlimb angle. 

It could be argued that the strain gradient is due to tangential longitudinal strain (Ramsay, 

1967, p. 397 ff.) in the large-scale D3 folds, but the bulk D3 strain (above) is much too low to 

explain the observed strain differences. Hence, this strain gradient is largely attributed to D2, 

although minor modifications due to D3 strain are likely. 

Fig. 7.6 (next page) Maps of the Kadugannawa Complex (KC) in the Hulu Ganga synform. For 
location, see Fig. 7.2. Outer rim corresponds to the contact with the underlying Highland Complex (He). 
A. Lithological map. 1 =pink granitic gneiss, 2 ="layered basic intrusion" (after Kleinschrodt et a1., 
1991),3 =marble, 4 =magnetite-bearing quartzite, 5 =amphibolitic lenses in calcsilicate matrix, 6 = 
Bambaragala pink granite; dip signs indicate F2 axial planes. in the deepest levels corresponding to the 
main gneissosity, S2. B. Mineral and stretching lineations and fold axes, being essentially parallel with 
the exception of late biotite lineations, indicated by "(Di)", and D2 fold axes in sheath folds at localities 
indicated by an asterix. C. Interlimb angles of D2 folds. Interlimb angles in the surrounding Highland 
Complex are smaller than 4°. D. Values of minimum strain calculated from boudin separations parallel to 
the NNW-SSE lineations and expressed as the stretch in that direction. A value of 1 means stretch < 1.1. 
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Most localities show a strong NNW-SSE mineral lineation of hornblende, biotite and 
plagioclase (Figs. 7.5f, 7.6b). In sections perpendicular to this lineation, oblique folds, often 
with opposite closing directions, and closed structures are common (Fig. 7.5g). It could be 

shown in several localities, indicated in Fig. 7.6b, that these closed structures represent sheath 
folds, most commonly at a decimetre scale. Where sheath folds are asymmetrical, they are 
invariably N-vergent, indicating top to the N movement. Sheath folds with assymmetric profiles 
in NNW-SSE sections, Le. parallel to L2 and parallel to D3 fold axes, have been found both in 
the western limb and in the hinge zone of the large D3 synform (Fig. 7.6b), indicating that they 
predate 0:3. They also testify to high D2 strain. 

Dumbara Hulu Ganga 

KC 

HC 

Fig. 7.7 Schematic tectonostratigraphic column, illustrating the change in structural elements with depth 
in the Kadugannawa Complex (KC) and underlying Highland Complex (HC) prior to D3 refolding. 
Thic.k:nesses of domains are unrelated to true thic.k:nesses. The Dumbara synform shows an incompletely 
exposed transition from steep S1 to gently dipping 52 at deeper levels within the KC. 52 is the dominant 
gneissic layering in the Hulu Ganga area, where oblique folds and sheath folds are well developed, related 
to a strong mineral and stretching lineation. The HC shows recumbent isoclinal folds with NNW-SSE 
axes parallel to L2. and strong boudinage of metabasic gneiss. 
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Fig. 7.7 shows a summary of the key observations in the Dwnbara and Hulu Ganga areas 
(KC) and the underlying HC (below). Both areas show increasing strain towards the contact 
with theHC. 

STRUCTURAL EVOLUTION OF THE HIGHLAND COMPLEX (HC) 

Detailed accounts of the structural evolution of the HC are given by Berger & Jayasinghe 
(1976), Yoshida et al. (1990), von & Kleinschrodt (1991), Kehelpannala (1991) and 

Kriegsman (1991). Here, only data relevant to the above model will be briefly summarized. 

The main structural element in the HC of the Kandy area is a well developed gneissic layering 
(Sv made up of, amongst others, ribbon quartz and preferentially oriented feldspar, amphibole, 
pyroxene, biotite and sillimanite (Kriegsman, 1991). Large-scale lithological contacts are 

generally parallel to S2, suggesting complete transposition of S\ to S2. S2 has been refolded in 
upright D3 folds with gently plunging fold axes (Berger & Jayasinghe, 1976; Fig. 7.3). The 
form of large-scale D3 folds conforms to buckle folds, which have been modified by a small 
amount of additional horizontal shortening (Berger & Jayasinghe, 1976; above). The enveloping 
surface to these folds is subhorizontallO gently W-dipping. Backstripping D3 strain therefore 
results in a pre-D3 subhorizontal attitude of the gneissic layering. 

A strong mineral lineation exists, defined by peak-metamorphic minerals, such as ortho- and 

clinopyroxene, calcic amphibole and plagioclase in metabasiles, sillimanite and ribbon quartz in 
metapelites (see also Berger and Jayasinghe, 1976; Sandiford et al., 1988; von & Kleinschrodt, 
1991; Kriegsman, 1991). This lineation is constant on a 10 km scale (Figs. 7.2, 7.6b), but 
follows a 100 km scale oroclinal bend of the D3 axial planes across Sri Lanka (Chapters 2, 9). In 
the Kandy area it has a NNW-SSE trend (Figs. 7.2, 7.6b). The minerals defining this lineation 
recrystallized during and after formation of the lineation, showing thai the lineation originated 
during high-grade metamorphism. Strong boudinage and pinch-and-swell in the L2 direction and 

evidence for stretching of the above mentioned minerals and of mineral aggregates shows that 

this lineation lies in a direction of strong elongation. Minimum horizontal stretch calculated from 
boudinaged layers amounts to 20 or more (also von & K1einschrodt, 1991; Fig. 7.6d). This 

lineation is parallel to the stretching lineation in the deepest levels of the KC (Fig. 7.6b). 
S2 is the end-product of a prolonged crustal history (Kroner et al., 1993), which is 

documented by the presence of crenulated sillimanite needles in garnet porphyroblasts (Yoshida 

et al., 1990; Kehelpannala, 1991; Kriegsman, 1991; Fig. 8.2a), and isoclinal recumbent folds 
on a centimetre to decimetre scale with NNW-SSE trending fold axes parallel to L2 (Fig. 7.5e). 
Isoclinal recumbent folds at 10-1000 m scale have been reponed in the Adam's Peak: area more 

to the SE (Cooray, 1962, 1984). Evidence that these recumbent folds belong to DZ was found 
near Victoria Power Station SE of Kandy, where several layers. amongst others a thin marble 

layer, derme a recumbent fold with limbs of at least 100 m long, measured perpendicular to the 
fold hinge, and 20 m thiele, measured perpendicular to the gneissic layering. This outcrop is 
situated in the hinge of a large scale D3 fold and cannot represent a parasitic D:J fold. 
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Fig. 7.8 Interpretative NNW-SSE cross-section through the KC in the Hulu Ganga synform. Same 
ornaments as in Fig. 7.6. For explanation, see text. 

Pinch-and-swell type deformation also affected the main gneissic layering and often shows a 
marked asymmetry. When these structures are well developed, possibly due to high competency 
constrasts, they show thin bands along which the gneissic layering is offset, comparable to shear 
band cleavages (e.g., Platt & Vissers, 1980) or C' planes (Berth~ et al., 1979), but one or two 
orders of magnitude larger. Locally, these structures develop into small scale shear zones which 
produce steps. usually 5-20 cm measured perpendicular to S2 (Fig. 7.5h). They invariably cut 
away marker beds with offsets of up to 1 m. These shear zones, which are similar to the 
asymmetric foliation boudinage described by Lacassin (1988), testify to the strong attenuation of 
S2 and indicate a non-eoaxial component of flow during D2. Where S2 is horizontal, these shear 
zones invariably cut structurally downwards in a northerly direction, indicating a top-to-the
NNW movement parallel to the NNW-SSE mineral lineation, consistent with the D2 movement 
sense in the KC (above). 

Besides these extensional shear zones, the local presence of sheath folds also supports a non
coaxial component of flow. Although sheath folds do not necessarily indicate non-eoaxial flow, 
but only high strain (Cobbold & Quinquis, 1980), they are usually reported from shear zones 
(e.g., Carreras et al., 1976; Hanmer & Passchier, 1991). 

D2 strain in the HC may have become more localized after the peak of metamorphism, as is 
suggested by the presence of a high strain zone in the Kandy area with stretches up to 100 
(Kleinschrodt et al., 1991). Since it is difficult to acommodate such a localized high strain zone 
in a pure shear framework (e.g., Sandiford et al., 1988), its presence supports a simple shear 
component. According to Kleinschrodt et al. (1991), this high strain zone postdates the peak of 
metamorphism, but new data suggest that deformation stopped before cordierite growth, which 
is related to high-T decompression. 
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INTERPRETATION OF THE KC AS A FOLD NAPPE 

Fig. 7.8 gives an interpretative NNW-SSE cross-section through the KC in the Hulu Ganga 

synfonn. The magnetite-bearing quartzite is tentatively correlated with the orthoquartzite farther 

N (Fig. 7.00) and the relative position of marble occurrences suggests that they fonn one 
horiron underlying these quanzites. 

Metasediments occur in the southern half of this synfonn but do not crop out in the northern 
half. This is in marked contrast with the continuity of the underlying lithologies (e.g. Berger and 
Jayasinghe, 1976; Voll and Kleinschrodt, 1991; Kleinschrodt et al., 1991). Although wedging 

out of the metasediments cannot be excluded, the ubiquitous presence of small-scale recumbent 

D2 folds suggests that a large-scale D2 fold is a likely solution. The local presence of steep D3 
fold axes in calc-silicate rocks (marked "B" in Fig. 7.8) would then indicate the position of a D2 
hinge zone where foliations were steep prior to D3. The NNW-SSE cross-section through the 
KC in the Dumbara synfonn (Fig. 7.3) can be interpreted in a similar way, when steep Sl is 

taken to indicate the hinge rone ofa large-scale recumbent D2 fold. 
Combining the available lithological and structural evidence, the KC is interpreted as a D2 fold 

nappe (Fig. 7.9) with steep Sl in the hinge zones and Sl overprinted by S2 in the limbs. Both 
the asymmetry of sheaIh folds and the closing direction of this fold nappe indicate a top-to-the
NNW displacement, consistent with the sense of shear deduced from asymmetric foliation 
boudinage in the HC (above). It is not unlikely thaI the hinge of this fold nappe is also strongly 
curved, similar to sheath folds, which could help to explain why the KC does not reappear more 

to the west. 

RELATION BETWEEN DEFORMATION AND METAMORPHISM 

Sl in the Kadugannawa Complex, mainly defined by alignment of biotite and hornblende, is 

locally overgrown by orthopyroxene, indicating post-Sl granulite facies metamorphism. 
Stretched orthopyroxenes have neither been observed in areas dominated by Sl nor in areas 
where Sl is transposed to S2. In areas where S2 is the dominant gneissic layering, however, 
orthopyroxene-bearing partial melt pods occur in neck regions of late, symmetric foliation 

boudinage affecting the S2 gneissic layering. This suggests granulite facies conditions at a late 
stage of the D2 event. 

Gamet has fonned locally, associated with plagioclase and clinopyroxene, in circular 
segregations overgrowing and destroying the S2 fabric in hornblende-plagioclase gneiss (see 
also Kleinschrodt et aI., 1991). These segregations are similar to the ones described by Stiiwe 

and Powell (1989) and may reflect a prograde metamorphic reaction, possibly related to partial 

melting, which postdates D2. Gamet has subsequently broken down to symplectitic assemblages 
of either hornblende and plagioclase or orthopyroxene and plagioclase. which is essentially a 
retrograde phenomenon. 

In contrast, all structural phenomena related to S2 in the HC deform the peak metamorphic 
assemblage, which fonned at about 9 kbar, 830 OC (SChumacher et aI., 1990). This assemblage 
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was not destroyed, however, but annealed and recrystallized under granulite facies conditions 

(Kriegsrnan, 1991; VoU and Kleinschrodt, 1991). Retrograde symplectitic intergrowths in 

corona textures postdating D2 deformation formed at about 7.5 kbar, 830°C (Chapter 3), 

marking the lower limit of P-T conditions during the D2 event. 

The difference in timing of granulite facies metamorphism in the KC and HC is striking: while 

D2 deformation in the HC occurred under granulite facies conditions, most of the D2 

deformation in the KC probably occurred under amphibolite facies conditions. In view of the 

scarcity of P-T data from the KC it is difficult to assess the importance of this difference. The 

only P-T data available (Schumacher et al., 1990) suggest maximum pressures recorded by the 

KC gneisses which are about 2 kbar lower than those recorded by the underlying HC rocks in 

the same area. The KC and HC have very different bulk chemical compositions, however, and 

they may have atttained granulite facies assemblages at different P-T conditions, even along a 

similar P-T path. If these complications are ignored, however, it follows that (i) isograds rose to 

higher crustal levels during D2, and (ii) the ftnal stages of D2 were accompanied by decreasing P 
athighT. 

The relation between OJ and deformation is less clear. According to Kleinschrodt et al. (1991), 
a high-strain zone underneath the KC/HC contact was active after the peak: of metamorphism, 

but new data suggest that deformation stopped before cordierite growth, which is related to high

T decompression (Chapter 6). This high-strain zone has been refolding during D3. Since melt 

pods accumulated in the D3 axial plane in the KC, temperatures must have been higher than 

about 650 DC. This indicates that D3 took place early along the retrograde path. 

NNW SSE 

±5KM 

Fig. 7.9 Model for the Kadugannawa Complex (KC): a nappe emplaced on top of the Highland 
Complex (HC). TB = possible terrane boundary separating rocks of the KC, which have young Nd model 
ages (Milisenda et aI., 1988) from the HC rocks which have old Nd model ages (op. cit.). A small wedge 
ofWanni Complex (WC) rocks may separate the KC from the HC. Same ornaments as in Fig. 7.6. 
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A POSSmLE TERRANE BOUNDARY IN THE SRI LANKAN BASEMENT 

The nappe model proposed for the KC indicates that the boundary between the KC and the HC 
is a major tectonic contact. Since Nd model ages for rocks of the KC and the HC also differ 
significantly (Milisenda et al., 1988; Liew et aI., 1991), the relation between deformation and 
metamorphism differs (above) and the maximum recorded metamorphic pressures may be 

different (Schumacher et al., 1990), it is postulated that a terrane boundary may exist between 
these two units. 

Kehelpannala (1991) proposed that the boundary between the WC and HC (terminology of 
this paper) could possibly be drawn at the uppermost marble occurrence in the HC. Since the 
tectonostratigraphical position of this marble is several hundred metres below the apparent 
KC/HC contact, the KC and HC could be separated by a thin wedge of WC rocks (Fig. 7.9). 
The Digana High Strain Zone close to this marble (Kehelpannala, 1991; Kleinschrodt et al., 
1991) could then represent the actual model age boundary. 

The northward displacement deduced for the KC indicates that the KC may originally have 
been located south of the HC. If this is correct, then the KC, WC and the Vijayan Complex of 
eastern Sri Lanka, which has the same Nd isotopic signatures, may have constituted one, 
relatively young terrane south and east of the "old" HC. This is consistent with the fact that 
intrusion ages in all three units are in the range 770-1100 Ma (after Burton and O'Nions, 1990; 

Kagami et al., 1990; Baur et aI., 1991; HOlzl et aI., 1991; Krliner et aI., 1991), with the 
exception oflate- to post-tectonic granites and pegmatites which intruded at about 550 Ma (HoW 
et al., 1991). A link between these units has also been proposed by earlier workers (e.g., 
Vitanage, 1972). 

This correlation of units suggests a northward displacement in the order of 100 km or more of 
the KC and WC. The very high Dz strain and the evidence for non-coaxial flow in the deepest 
parts of the KC and within the HC are consistent with this model. 

DISCUSSION 

The existence of a terrane boundary within the high-grade basement of Sri Lanka, postulated in 
this paper, cannot be rigorously proven, because (i) relatively young rocks now overly old 
rocks, (ii) relatively low-grade rocks overly high-grade rocks. Because of this, the possibility 
that KC sediments were originally deposited on top of the HC and precursors of KC igneous 
rocks intruded into the HC, would be compatible with the existing database. According to Jones 
et al. (1983), it is the absolute exclusion of this possibility that proves the terrane boundary. The 
argument of structural misfit cannot be used either, because any misfit that may have existed, has 
been obliterated during the high-strain D2 event. The proof is not likely to come from 
paleomagnetic analysis either, because granulite facies conditions will have completely reset the 
paleomagnetic system. , 

The very high. partly non-<:oaxial strain in the KC and HC, the fold nappe geometry of the 
KC, and the possible link between KC and WC - in central and northwestern Sri Lanka - and the 
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VC in southeastern Sri Lanka (above), strongly suggests an allochthonous character for the KC, 
with displacement in the order of 100 km or more. The combination with isotopic contrasts 
between the KC/WC and the HC (Milisenda et al., 1988; Liew et al., 1991b), the different 
relations between deformation and metamorphism and the possible break. in peak. metamorphic 
pressures (Schumacher et aI., 1990) renders the presence of a terrane boundary likely. In 
contrast to other inferred lower crustal terrane boundaries described in the literature (Friend at 
al., 1988; Friend and Nutman, 1991; Mogk et al., 1992), this boundary was established under 
granulite facies conditions. 

The northward displacement during D2 deviates strongly from the movement sense at the 
HCNC boundary (Kriegsman, 1991; Kleinschrodt, 1993). Since the HCNC boundary 
postdates granulite facies metamorphism (Kleinschrodt, 1993), while the HC/KC contact was 
established during granulite metamorphism, the latter is clearly older. The change from 
northward transport to eastward (Kriegsman, 1991; Chapter 9) transport may reflect a phase of 
back-thrusting. 

VOll & Kleinschrodt (1991) and Kleinschrodt et al. (1991) have established a stratigraphy for 
rocks of the KC and He. The data presented in this paper, however, indicate that the 
compositional variation does not simply reflect a flattened original stratigraphical sequence, but 
is the result of strong deformation, partly non-coaxial, superimposed on an already strongly 
folded and granitoid-intruded supracrustal sequence. It is therefore concluded that the validity of 
a stratigraphy is at least doubtful (see also Kroner et al., 1993). 

CONCLUSIONS 

Structural analysis of the Kadugannawa Complex in central Sri Lanka suggests that it 
represents a fold nappe, which was emplaced on top of the Highland Complex with a top-to-the
NNW movement sense during a high-grade, high-strain event (02). The combination of 
structural, petrological and isotopic data indicates a possible pre-assembly link between the 
Kadugannawa Complex, the Wanni Complex and the Vijayan Complex. The contact between the 

Kadugannawa Complex and the underlying Highland Complex may represent a terrane 
boundary which was established in a lower crustal environment during a Pan-African collision 
event. 
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Synmetamorphic extensional collapse in the Sri Lankan 
granulite terrain and the influence on recorded p.T arrays 

INTRODUCTION 

The role of extensional tectonics in the exhumation of deeply buried metamorphic terrains has 

been increasingly emphasized in the last decade, since erosional unroofmg is commonly shown 
to be insufficient and too slow to explain rapid exhumation of high-P metamorphic rocks (e.g. 
Thompson & Ridley, 1987). Exhumation may involve post-eollisional crustal extension (e.g., 

Van den Eeckhout & Zwart, 1988), alternating phases of shortening and extension (e.g. Platt, 
1986), or simultaneous shortening at deep crustal levels and extension at higher crustal levels 
(e.g., Tapponnier et aI., 1986). Crustal extension in zones of plate convergence is commonly 
explained in terms of wedge dynamics (e.g. Platt, 1986), by delamination of the overthickened 

and gravitationally unstable mantle lithosphere (e.g. Bird, 1979; Dewey, 1988) or by convective 
thinning of mantle lithosphere simultaneously with crustal thickening (Houseman et aI., 1981; 

Loosveld & Etheridge, 1990; Sandiford & Powell, 1991). 
Most workers emphasize extension at high crustal levels, but the following arguments suggest 

an equal importance of lower crustal extension. First of all, many areas show evidence for 

differential uplift between peridotites and granulites (e.g., Ronda. Spain: DobIas & Oyarzun, 
1989) and within granulite terrains (e.g., Pyrenees: De Saint-Blanquat et aI., 1990). Secondly, 

the subhorizontal foliations characteristic of many regional-sca1e granulite terrains may be related 

to crustal extension instead of crustal thickening (e.g., Sandiford, 1989). Strains in these 
granulites are commonly higher than in the overlying amphibolite and greenschist facies units 
and were produced close to the peak of metamorphism. after crustal thickening (e.g., Limpopo: 

Van Reenen et aI., 1987; Sri Lanka: Kriegsman, 1993; Chapter 7). In additiOn. thermal 
anomalies resulting from either delamination of the mantle lithosphere (Bird, 1979), 
delamination of eclogitized lower crust (Laubscher, 1990), or magmatic underplating (Bohlen & 
Mezger, 1989) are located near the base of the crust and thermally induced weakening is 

therefore likely to commence at deep levels. 
This chapter describes a case of late orogenic extensional collapse at mid- to lower crustal 

levels in the Pan-African granulite terrain of Sri Lanka. It is argued that this process was 

accompanied by granulite facies metamorphism, causing heating at shallow levels and isothermal 
decompression at deep levels. It is proposed that this may explain the very low (-II OC/km: 

Schumacher & Faulhaber, 1993) thermal gradient of the recorded P-T array. 



148 Chapter 8 

TECTONO-METAMORPHIC EVOLUTION OF THE SRI LANKAN BASEMENT 

The Pan-African orogeny was probably the only event causing high-grade metamorphism in 

the Sri Lankan basement, because no significant Pb-Ioss occurred between 1900 Ma, the end of 
deposition of the supracrustal rocks of the He, and 600 Ma (Liew et al., 1991). The time of 

peak granulite metamorphism in Sri Lanka was between -610 and 550 Ma (e.g., Baur et al., 

1991; Hlilzl et al., 1991, 1993; Krliner & Williams, 1993). Hence, the P-T path derived in 

Chapter 6 may be interpreted in terms of one orogenic cycle (see also Chapter 2). 

In this section, the P-T path is correlated with structural events, leading to the hypothesis of 

late-orogenic extension at high temperature. It will be argued that the Pan-African orogeny in the 

Sri Lankan basement can be summarized as early extension (DIa), crustal thickening (DIb)l, 

extensional collapse (D:i), and late-stage thrusting and uplift (D3; Fig. 8.1). 

(k~r) t 
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Basic magma 
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°2 
(-580 Ma) 

Basic magma intrusion? 
(-610 Ma ?) 

400 600 800 T~ 

Fig. 8.1 Composite P-T-l-palh for the Highland Complex granulites and correlation with structural 

events. For details of the P-T path, see Fig. 6.4. 

1 In this thesis all structures predating the main event (02) are included in Dl. See OJapter 2 
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Db. Early extension and low.P/high-T metamorphism 

The growth of fibrolitic sillimanite before kyanite in metapelites from the HC (Raase & 
Schenk, 1993) suggests low-P/high-T metamorphism prior to crustal thickening (Chapter 6; Fig. 
8.1). Such early low-P/high-T metamorphism is typical for crustal extension (Wickham & 
OXburgh, 1985; see also Thompson, 1989). 

The HC contains voluminous metabasite bodies, in some sections comprising 30 % of the rock 
pile, which are concordant to the main gneissic layering. Voll (1991) showed evidence for an 
intrusive contact in one case, but the high-strain D2 event has generally erased all cross-cutting 
relations (Kr6ner et al., 1993), resulting in strong flattening and boudinage of these metabasites. 
U-Pb zircon fractions from one locality gave a poorly derrned upper intercept age of 2324 ± 175 
Ma and a well-defmed lower intercept age of 608 ± 3 Ma (Holzi et al., 1991). The lower 

intercept possibly reflects the intrusion age of the precursor rocks, while the upper intercept may 
result from the incorporation of inherited zircons during ascent and emplacement. 

The magmatic precursors of these metabasites in the Highland Complex may have intruded as 
a mafic dyke swarm (Kroner et al., 1993) during Dl. This would date early extension at about 
610 Ma. Alternatively, they may have intruded after crustal thickening (Dlb) and before 
extensional collapse (D2, see p. 156). 

Dib. Crustal thickening ("'610-580 Ma) 

Crustal thickening (Dlb) is shown by the observation that relatively young sediments from the 
Wanni Complex, which were deposited around 770 Ma or later (Holzi et al., 1991), were 
transported to 20-30 Ian depth during a Pan-African event between about 610-550 Ma (op. cit.; 
Kroner & Williams, 1993). It is further supported by the clockwise poT path for the HC 
(Chapters 3-6; Fig. 8.1). The only structures that possibly document crustal thickening are 
crenulated sillimanite inclusions in garnet (Yoshida et aI., 1990; Kriegsman, 1991; 

Kehelpannala, 1991; Fig. 8.2a). Crustal thickening was followed by peak granulite 
metamorphism at -9 kbar and -830 °C at the deepest levels of the Highland Complex 
(Schumacher et al., 1990; Raase & Schenk, 1993; Kriegsman & Schumacher, 1993). 

D2. Extensional collapse ("'580 Ma): main deformation 

The main deformational event (02) in the Sri Lankan basement is a high-strain event which 
resulted in a pervasive gneissic layering and typical "straight gneisses" (sensu Hanmer & 
Passchier, 1991), locally mylonitic. Finite stretches along the N-S trending lineation are 
variable, but commonly reach values of 20 or more (Kleinschrodt et al., 1991; Chapter 7) 

throughout a 5 Ian thick rock pile. The presence of asymmetric foliation boudinage (Lacassin, 
1988) and sheath folds (Cobbold & Quinquis, 1980) strongly suggest non-coaxial flow and the 
available shear sense indicators indicate a consistent top-to-the-N movement sense parallel to a 
well-developed N-S trending mineral and stretching lineation (Chapter 7). At this stage, the 
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Wamti and Kadugannawa Complexes (WKC) were emplaced nonhwards as fold nappes on top 

of the Highland Complex (HC; Chapter 7).t 

D2 affected the HC granulites close to peak metamorphic conditions as indicated by the 

following observations. A strong L-S tectonite fabric with N-S stretching lineation, present in 

most rock types, is defmed by the peak metamorphic assemblages, such as sillimanite + garnet ± 
onhopyroxene in metapelites and magnesian granulites. These assemblages were not destroyed 

but recrystallized and annealed under granulite facies conditions (Kriegsman. 1991; VOll and 

Kleinschrodt, 1991). In addition, deformation was accompanied by minor partial melting in 

metapelites and metabasites, suggesting high-T deformation. Retrograde breakdown products of 

garnet and contiguous phases, notably cordierite coronas in metapelites and onhopyroxene

plagioclase symplectites in metabasites invariably overgrow the D2 fabric (Fig.8.2c). These 

symplectites formed during isothermal decompresion from about 9 kbar down to 7.5 kbar at 

-830 OC (Chapter 3; Fig. 8.1), which marks the lower limit of P-T conditions in the HC during 

the D2 event. A pink granite near the HCIKC boundary is only slightly affected by the latest 
stages of D2, suggesting a syntectonic nature. Hence, its intrusive age of -580 Ma (Hlnzl et al., 

1991) is taken here as the end ofD2 (see Chapter 2). 

By contrast, granulite facies metamorphism generally postdates D2 in the WKC. Notably, (i) 

prismatic sillimanite crystals overgrow aggregates of crenulated fibrolite and are postkinematic; 

(ii) onhopyroxene began to grow at a late stage of D2, commonly in the neck regions of late, 

symmetric foliation boudinage affecting the S2 gneissic layering; (iii) garnet formed locally, 
associated with quartz and clinopyroxene, in circular segregations overgrowing and destroying 

the S2 fabric in hornblende-plagioclase gneiss (Fig. 8.2d). Hence, granulite facies conditions 

reached these units later with respect to D2 than in the HC. Subsequent breakdown to 
symplectitic assemblages is similar as in the HC. 

The transition from synkinematic to postkinematic granulite facies assemblages coincides with 

a high-strain rone in central Sri Lanka, which was decribed by Voll & Kleinschrodt (1991). This 

shear zone separates the WKC nappes from the underlying HC (Chapter 7). Its extensional 

nature is suggested by a break in recorded pressures of about 2 kbar (Schumacher et al., 1990; 
Schumacher & Faulhaber, 1993) and the inferred downdip movement sense when isobars, 

which were established subsequently, are considered horizontal (Figs. 2.2, 8.3). Since the 

rotation sense of non-coaxial flow (02) within the HC and WKC domains is similar to the 

movement sense in this high-strain zone, it is likely that D2 represents a phase of late orogenic 

extension affecting the entire granulite terrain. 

Fig. 8.2 (next page) Relation between deformation and metamorphism. A. crenulated. fibrolitic 
sillimanite enclosed by garnet in HC. B. prismatic sillimanite showing strong preferred orientation of 
long axes parallel to L2 in HC. C. Garnet breakdown to orthopyroxene-plagioclase symplectite in 
metabasite from the HC. D. Segregation with garnet, clinopyroxene and plagioclase overgrowing and 
obliterating the S2 fabric in the KC. These phases have subsequently broken down to orthopyroxene + 
plagioclase. > > > 

t The Wanni and Kadug&lUlawa Complexes are henceforth refem:d to as WKC. the Highland Complex as HC. 
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D3. Late folding and thrusting (~S60·S10 Ma) 

The last deformation phase affecting the Sri Lankan basement (D3) caused development ofN-S 

trending upright folds and thrusting of the HC granulites on top of the Vijayan Complex (VC) 

amphibolite facies orthogneisses. Folding and thrusting resulted from E-W horizontal shortening 
(Chapter 9). Upright folding postdates the peak of metamorphism because previously 

established isograds became refolded (Raith et al., 1991). Temperatures are, however, still 

higher than -680 OC, as documented by structurally controlled arrested chamockitisation in the 
WKC and, locally, in the HC and VC, and by partial melting at all levels (Chapter 9). Small

scale isotopic reequilibration in such arrested chamockite occurred at -535 Ma in western Sri 
Lanka (Burton & Oo'Nions, 1990), which may be the time of 03 upright folding in that area. Pb 

loss in zircons (lower intercept) and monazite cooling ages in VC orthogneisses date this event 

as somewhere between 560-510 Ma (HOlzl et aI., 1991, 1993). 

granulite facies assemblages; 
SSE NNWsynkinematic postkinematic 

1::W'W'irrmW'1 Wanni &Kadugannawa Complexes isobars (kbaO ; 

c=J Highland Complex [[l........... pre-extensional 

EZ22l Lowermost crust / upper mantle ®- post-extensional 

Fig. 8.3 Idealized N-S cross-section through the Sri Lankan basement, showing D2 fold nappes in the 
Wanni and Kadugannawa Complexes. Recorded isobars at 5,6 and 7 kbar have not been displaced and 
were probably established after D2. Assuming an originally horizontal attitude for these isobars, it 
follows that the shear zone underlying the nappes was cutting structurally downwards in the transport 
direction. This suggests it is a low-angle extensional shear zone. Granulite facies assemblages are 
synkinemetic in hanging-wall rocks (HC), but post-kinematic in the footwall (WKC). 



153 Extensional collapse 

The amount of synmetamorphic unroofing 

Andalusite overgrowths on cordierite in the HC formed at about 550°C and 3.5 kbar (-13 
km; Raase & Schenk, 1988, 1993; Hiroi et al., 1990), suggesting at least 19 km unroofmg. This 
unroofing is synmetamorphic, because andalusite does not grow on stable geotherms (e.g., 
England & Thompson, 1984). It is argued in the next section that unroofmg may be due panly to 
extensional collapse (Dv and panly to uplift and denudation during and after D3. 

P·T ARRAYS AND SYNMETAMORPHIC EXTENSION 

The maximum recorded metamorphic P and T in the Sri Lankan granulite terrain decrease from 
about 9 kbar and 830 OC in the east to about 5 kbar and 680 OC in the west (Schumacher et al., 
1990; Faulhaber & Raith, 1991; Schumacher & Faulhaber, 1993; Raase & Schenk, 1993; Fig. 
2.2b). Hence, the recorded piezothermic array has a low thermal gradient with depth, dT/dz, of 
about 150°C per 14 km, i.e. 11 °C/km (Schumacher & Faulhaber, 1993; Fig. 8.4). This 
gradient is very low in comparison with that of stable geotherrns and it is proposed here that it 
may result from synmetamorphic extension. 

Evidence for the operation of synmetamorphic extension has been given above. The following 
observations suggest that this process may have caused -1.5-2.0 kbar isothermal decompression 
of the deepest granulites in the HC. Firstly, the present teetonosrratigraphic thickness, i.e. the 
thickness measured perpendicular to the gneissic layering, of the section in which the P-T 
gradient has been recorded (western Sri Lanka, see Fig. 2.2b) is about 8 kID (Voll and 
Kleinschrodt, 1991), which implies a field pressure gradient of 4 kbar across 8 kID. This 
pressure difference should, however, be -2.2 kbar across the same rock pile for an assumed 
average density of 2.75 g/cm3 . The "missing" 1.8 kbar cannot be explained by post
metamorphic flattening, because deformation postdating the peak of metamorphism is lacking in 
the exposed crustal section. Secondly, recorded pressures near Kandy show a break from -8-9 
kbar to -6-7 kbar, i.e. -2 kbar difference, across the HC/WKC contact (Schumacher et al., 
1990; Fig. 2.2b), which is interpreted as a low-angle extensional shear zone (above; Fig. 8.3). 

The mechanism of synmetamorphic extension can partly explain the low thermal gradient of 
the piezothermic array. Assuming the transient geotherm at any time is a line with dT/dz only 
slightly decreasing with depth z, the average geotherm in the upper 32 km (9 kbar) of crust 
directly after crustal thickening, as calculated from the maximum P-T conditions of the deepest 
exposed granulites, is -26 OC/km (Fig. 8.4, stage t). Between stages t) and t2 the deepest 
granulites were decompressed isothermally to -7.3 kbar, while the shallowest exposed rocks 

remained at a depth corresponding to 5 kbar confming pressure. Extension was accommodated 
by pervasive high strain in the entire section and culminated in the northward displacement along 
a discrete extensional detachment at the HC/WKC contact (Chapter 7; Fig. 8.3). Due to !he 
proximity of the underlying hot granulites the shallowest exposed rocks underwent an isobaric 
temperature increase, causing a granulite facies overprint at -680 OC and 5 kbar. Hence, !he 
actual pressure and temperature gradients across the exposed crustal section at stage t2 may have 



154 Chapter 8 

been 2.3 kbar and 150°C (19 °C/krn), respectively. The latter figure corresponds to the 

measured value for the field temperature gradient. 

SRI LANKAN GRANULITES AS A WIDE. LOW·ANGLE EXTENSIONAL 
SHEAR ZONE 

Extensional strain during D2 is restricted to the exposed rock pile and did not affect higher 

levels, which is suggested by the following arguments. Firstly, isothermal decompression from 

peak metamorphic conditions is about 1.5 kbar in the deepest HC granulites (Chapter 3), which 

is similar to the amount of decompression due to extension within the observed rock pile 

(above). If simultaneous extension and/or erosion had ocurred at shallower levels, the amount of 

decompression would have been higher. Secondly, Raase & Schenk (1993) provide evidence 

for isobaric heating from -600 to -750°C for granulites at the 6 kbar isobar, which also 
suggests that extension and/or erosion did not occur at shallower levels. This isobar was 
established after extension (above; Figs. 2.2b, 8.3), which is consistent with the observation 
that peak metamorphic assemblages postdate extension at these levels. 

Extension between t 1 and t 2 

6 

,, ~ 

3 ,..,.. ---- late andalusite: - high thennal gradients 

..400 600 800 T (0C) 

Fig. 8.4 Model thermal gradients with time. Thermobarometric P-T array after Schumacher & 

Faulhaber (1993). For explanation, see text 
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Fig. 8.5 E-W cross-section through Sri Lanka (for location, see Fig. 9.1). Serpentinized peridotite 
bodies are present at the base of the He granulites. The lowermost crust originally underlying these 
supracrustal-bearing granulites is lacking and may have been delaminated. 

In view of the significant decompression by -1.5-2.0 kbar of footwall rocks and the high 

extensional strains restricted to rocks in the observed rock pile, it is proposed that the HC 
granulites form part of a wide, low-angle extensional shear zone. This shear zone developed at 

high T during late orogenic collapse of an overthickened crust. 

DELAMINATION OF THE LOWERMOST CRUST AND THE HEAT SOURCE 
FOR GRANULITE METAMORPHISM 

The following arguments suggest that the HC granulites were underlain by a now unexposed 
basement of >10 km thickness before the Pan-African event. Firstly, the P-T path derived in 
Chapter 6 shows a low-P/high-T stage, during which the pressure did not exceed 5 kbar (Fig. 
8.1). Hence, the HC rocks were part of the upper 20 km of the crust at this stage. Assuming a 

crust of normal thickness before this event indicates a >10 km thick basement underlying the 

HC. Secondly, the HC granulites are composed for about 50% of supracrustal rocks which lack 

evidence for major tectonism before the Pan-African event (Chapter 2). This also suggests that 

they were part of the upper crust before being transported to depths of upto 35 km during the 

Pan-African event. 

The lower crustal basement originally underlying the HC is nowhere exposed in Sri Lanka. 

Instead, strongly serpentinized peridotite lenses are present at the base of the HC, along the 

contact with the VC (Dissanayake & Van Riel, 1978; Geological Map of Sri Lanka, 1982; Fig. 

8.5). This indicates that the HC granulites were in contact with upper mantle rocks at some stage 

of their development. Apparently, the underlying lower crustal basement has been detached 

during one of the defonnational events. This may have happened either during crustal thickening 

(DIb), during extensional collapse (D:2), or during late thrusting of the HC over the VC <03). 
Delamination of lower crustal rocks may occur when they have attained high-density eclogite

facies assemblages. Carswell & Cuthbert (1986) argue that eclogite may be stable at pressures as 

low as 10 kbar, if the temperature is less than about 600 ce. Such low temperatures may prevail 
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in the lowennost crust in regioos of rapid crustal thickening (e.g., England, 1987). Delamination 

of ec10gitized lower crustal rocks, and the subsequent emplacement of peridotites at shallow 
levels, has been advocated for the Alps by Laubscher (1990). 

Ifdelamination of the eclogitized lowermost crust occurs simultaneously with delamination of 

mantle lithosphere (e.g., Bird, 1979; Houseman et ai, 1981), the overlying rocks may come in 

contact with upwelling, hot asthenospheric material. Besides the anomalous contact between 

supracrustal granulites and peridotites, this may explain the heat source for high-T granulite 

facies metamorphism and the triggering of uplift and extensional collapse at mid-erustallevels. 

Decompression melting of upwelling asthenosphere may result in the intrusion of mafic 

magmas at mid- to lower crustal levels. This is one possible way to explain the abundant and 
voluminous metabasite bodies in the HC in Sri Lanka. It was mentioned earlier (Chapter 6) that 
the relative timing of these metabasites is uncertain. If they do result from this mechanism, their 

intrusive age of -610 Ma (see p. 149) would mark the onset of extensional collapse. 

DISCUSSION 

The significant differences in apparent crustal residence ages (Milisenda et aI., 1988), 

geochemistry (Pohl & Ernmennann, 1991) and U-Pb isotopic data (Baur et aI., 1991; H(»z1 et 
aI., 1991; Krliner et aI., 1991) above and below the WKC/HC contact suggest that the WKC 
and HC represent two different crustal blocks, which have been juxtaposed during the Pan
Mrican orogeny. This has been interpreted as a possible terrane boundary (Chapter 7). Data 
presented in this chapter suggest that final displacements along this contact occurred during 

synmetamorphic extensional collapse. 
Synmetamorphic extension provides a mechanism explaining the high field pressure gradient 

of 4 kbar across 8 km in the Sri Lankan granulites and the low dT/dz of the recorded P-T array. 
The resulting gradient of 19 OC/km is still low, however, and requires the operation of additional 

mechanisms, possibly a combination of (i) decreasing dT/dz with depth, (ii) high internaI heat 

production by radioactive decay, consistent with the evidence that the Sri Lankan supracrustal
bearing granulites were undepleted in U,Th and K before the peak of metamorphism (Liewet 

aI., 1991), (iii) minor decoupling of the blocking temperatures for barometers and thennometers 
(e.g., Raith et aI., 1983; Frost & Chacko, 1989), and (iv) temperature buffering by metamorphic 

reactions with or without partial melting (Vielzeuf & Holloway, 1988). In the latter case, it 

should be emphasized that the Sri Lankan granulites have retained upper crustal element 
abundances and ratios (Pohl & Emmermann, 1991), suggesting only minor melt extraction. In 
addition, only a small part of the exposed Sri Lankan granulites has experienced temperatures 

high enough for dehydration melting. 

The low dT/dz of the P-T array cannot be explained by temperature buffering due to massive 

intrusion of magmas during metamorphism (Schumacher & Faulhaber, 1993), because all 

granitoids and basic magmas that have been dated so far were emplaced either before the Pan
Mrican event or at the end of it (Hlilzl et aI., 1991). In addition, the temperature of granitic and 
granodioritic magmas is insufficient to produce granulite facies metamorphism in the host rock 
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and the intruding magmas should therefore be of more basic, e.g. gabbroic or tonalitic, 
composition. Significant volumes of metabasites only occur in the deepest levels of the Highland 
Complex, which cannot explain temperatures of 700-800 OC at shallower levels. In addition, it 
should be emphasized once more that the timing of intrusion of their precursor magmas is 
uncertain. 

Synmetamorphic intra-plate extension is an effective way to bring a heat source to shallower 
depth, because it does not dissipate its heat:. but only causes a redistribution of the temperature 
profile. The extent to which this mechanism affects the crust depends on such factors as the 
magnitude of the heat source and the rate and distribution of extensional strain with depth. 
Hence, synmetamorphic intra-plate extension may playa major role in determining the minimum 
depth affected by a heat source and. as such, may be the key to the occurrence of low-P/high-T 
metamorphism on a regional scale. 

CONCLUSIONS 

The tectonic evolution of the Sri Lankan granulite terrain in the late Proterozoic (Pan-Mrican) 
orogeny can be summarized as early extension (Dla), crustal thickening (Dlb), extensional 
collapse (Ov and late rethickening (03). Structures related to DI were erased during a later high
grade, high-strain event related to the northward emplacement of large-scale fold nappes (OV. 
The extensional nature of this high-strain zone is suggested by a break in recorded pressures of 
about 2 kbar and by the inferred downdip movement sense when isobars cutting across it are 
considered horizontal. Syn-metamorphic thinning within and above the exposed crustal section 
brought relatively hot:. deep-seated rocks in proximity with overlying cooler rocks, causing a 
relatively low-P/high-T metamorphic overprint in the hanging wall and isothermal 
decompression in the footwall. Extensional collapse may have been triggered by delamination of 
the lowermost crust and upper mantle. 
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Late reworking (D3): Thrusting, folding and wrenching 

INTRODUCTION 

Sri Lankan granulites experienced late-orogenic collapse at peak metamorphism (02) in 

response to a Pan-African collision event (Chapter 7, 8). The resulting subhorizontal L-S 

tectonite fabrics have been reworked during a later event (D3). This chapter discusses the 
geometry of OJ structures and their tectonic significance in Sri Lanka. 

For correlation with other workers (e.g., Berger & Jayasinghe, 1976; Voll & Kleinschrodt. 

1991; Kehelpannala, 1993), it should be noted that all structures associated with isoclinal folding 
and the formation of a pervasive L-S tectonite fabric are called D2 here. all structures deforming 
this gneissic layering, notably thrusts and upright to inclined folds, are called D3 and all 

structures preceding D2, generally with uncertain kinematic data, are called Dl (Chapter 2). 
It is argued that the kinematic framework of D3 is E-W shortening, causing upright folding and 

eastward thrusting, and simultaneous sinistral strike-slip along an E-W trending transcurrent 

shear zone located south of Sri Lanka before Gondwana break-up. In Gondwana coordinates 
with Africa stationary, this strike-slip belt trends N-S and a link with late Pan-African sinistral 
strike-slip in the Mozambique Belt (Shackleton, 1986) is therefore proposed. 

STRUCTURAL EVENTS 

Pre-D3 structures 

The earliest recognizable structures predating D3 in all units of the Sri Lankan basement (Fig. 
9.1) are SI foliations in F2 fold hinges (Fig. 9.2a). SI is commmonly parallel to lithological 
contacts of decimetre to several metres thick layers and is accentuated by rhythmic alternations of 

leucosome and melanosome. This suggests a tectonic origin of SI, enhanced by differentiation 
processes. Melanosome composition depends on lithology: hornblende-biotite-rich layers 
dominate in the VC, whereas sillimanite-biotite-garnet is more common in the WC and HC. 

Fig. 9.1 (next page) Sketch maps of Sri Lanka and E-W cross-section. A. basement units (see Fig. 
2.2); line of cross-section D indicated. B. trends of upright D3 folds. C. trajectories of L2 stretching 
lineations. D. schematic E-W cross-section after Silva (1985), Sandiford et aI. (1988) and new data.>>> 
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Sl is isoclinal1y folded (Fig. 9.18) with generally N- or S- plunging axes and N-S trending 

subhorizontal axial planes. Mineral lineations are generally parallel to F2 fold axes and involve 
mostly hornblende in the Vijayan (VC) and Kadugannawa Complexes (KC), fibrolitic sillimanite 

in the Wanni Complex (WC), prismatic sillimanite, orthopyroxene and garnet in the Highland 
Complex (HC) and feldspar and quartz in all units. The resulting fabric is a well-developed 

gneissic layering (SV, which is similar in all units. Locally, S2 is a mylonitic foliation. notably 

in high-strain zones within the HC. 
Structural phenomena of a more restricted distribution are metre-scale extensional shear zones 

with top-to-the-N displacement (HC only) and sheath folds in high-strain zones (HC, KC and 

WC). These are attributed to the main D2 event. D2 strain is highest in the HC and decreases 
from the deepest levels of the KC and WC to shallower levels (Chapter 7). D2 strain is also 
lower in the VC. One of the most striking structural features is the variable plunge of F3 fold 

axes on a kilometre-scale in some areas within the KC and WC, which is interpreted in terms of 

D2 nappe closures refolded during OJ (Chapter 7). 

D3 structures 

The S2 gneissic layering in each unit is refolded into kilometre-scale upright D3 folds. The 
order of events is brought out by the presence of refolded isoclinal D2 folds, which were about 
recumbent prior to OJ. Interference patterns of D2 and OJ structures have locally been observed, 
which also testify to polyphase deformation. 

D3 structures in the present scheme (Table 2.2) include the following phenomena mentioned 
by previous workers: upright and inclined folds at all scales, which become gradually more 

inclined in the eastern half of the Highland Complex (Berger & Jayasinghe, 1976; Sandiford et 
al., 1988), a thrust contact between the Highland (HC) and Vijayan (VC) Complexes (Hatherton 
et al., 1975; Silva, 1985; Kroner, 1986; Kriegsman, 1991a; Fig. 9.1), steep shear zones 

subparallel to the axial plane ofD3 folds (Voll & Kleinschrodt, 1991; Kriegsrnan, 1991a) and a 

syntactical bend of trend lines of upright folds (Oliver, 1957; Tectonic Map of Sri Lanka, 1982; 

Munasinghe & Dissanayake, 1982). D3 structures not mentioned by other workers, but 
described in the next sections, are: (i) early SW-ward directed thrusts refolded in upright folds in 

the HC; (ii) a refolded thrust stack comprising sheets of HC granulites and VC amphibolite 

facies orthogneisses in SE Sri Lanka (Kriegsrnan, 1991a); and (iii) eastward directed thrusts in 
the eastern half of the HC and at the HCNC contact. In addition, the observation that early 

stretching lineations follow the syntactical bend is not reported in the literature. 

Fig. 9.2 (next page) Field relations. A. early isoclinal fold, Vijayan Complex near Wellawaya; B. 
localized transposition of 52 to 53. Wanni Complex; C. asymmetric, E-vergent D3 fold (E is left). eastern 
part of Highland Complex; D. folded charnockite vein cross-cutting basic enclave; elongate plagioclase 
and quartz grains in this vein define an E-W subhorizontal stretching lineation, eastern part of Highland 
Complex. > > > 
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The geometry of large-scale D3 folds refolding the the KC/HC contact corresponds to a pattern 
of large-scale cuspate-lobate concentric folds (Kehelpannala, 1991). The contact has been folded 
with a notable absence of parasitic folds (see map pattern in Figs. 7.2, 7.3). At outcrop scale, D3 
folds show a considerable variation in fold style. Buckle folds, often disharmonic and cut by 
small-scale detachments, and chevron folds are the dominant fold type. Small-scale and 
mesoscale D3 folds are generally close to tight with interlimb angles of 60-900 (also Berger and 
Jayasinghe, 1976; Chapter 7). 

ill the HC, D3 folds generally lack axial planar foliations. ill the WC, KC and VC, however, 
discontinuous biotite foliations, elongate quartz aggregates, leucosome veins and melt pods (Fig. 

9.3c) locally accentuate F3 axial planes. Localized transposition of S2 to S3 occurs in decimetre 
to metre-scale high strain zones parallel to the steep limbs ofD3 folds (Fig. 9.2b). These zones 
are locally upto 100 m wide, e.g. in the Galla Paula outcrop in the WC of NW Sri Lanka 
(Kr5ner & Jaeckel, 1993). At high strains, they may become subparallel to F3 axial planes. 
Similar shear zones at 1-10 m scales also exist, which are commonly related to minor partial 
melting. 

A FOLD-ANn-THRUST BELT IN CENTRAL AND NORTHERN SRI LANKA 

Large-scale trends 

At the scale of the island, the trend of D3 axial planes varies from NNE-SSW in northern Sri 
Lanka to NNW-SSE in central Sri Lanka, NW-SE farther south and to WoE and WSW-ENE in 
the Ella area and close to the southeast coast (Oliver, 1957; Tectonic Map of Sri Lanka, 1982; 
Fig. 9.1). The mechanics of this syntactical bend is rarely addressed, although some workers 
have proposed a relation to thrusting near the VC (Munasinghe & Dissanayake, 1982) or later 
refolding (e.g., Kriegsman, 1991a; Buchel, 1993). An alternative solution is proposed in a later 

section. 
In western Sri Lanka (WC), dips ofD3 axial planes are variable. For example, the axial plane 

in the northern half of the Kurunegala synform in NW Sri Lanka (Kriegsman, 1991a) dips 

northeast at an angle of 4()0, while it is subvertical in the southern half. Kilometre-scale upright 
folds dominate the central part of Sri Lanka (e.g., Vitanage, 1985; Silva, 1985; Berger & 
Jayasinghe, 1976), where rocks of the KC are exposed in the cores of six D3 synforms and one 
D3 antiform (Berger & Jayasinghe, 1976; Kehelpannala, 1991; Figs. 7.2,7.3). 

Going eastwards, D3 folds change their style in several ways. Firstly, they appear at smaller 
scales, which is attributed to the smaller layer thickness. Secondly, steep D3 shear zones and 

pegmatites, often inter-related, appear and become frequent eastwards (Fig. 9.3a,b,c). The sense 
of shear is variable and may be either W-block up or down (Fig. 9.3), sinistral or dextral slike
slip (Fig. 9.4), depending on the angle between the shear zone boundary and the inferred E-W 
horizontal shortening direction. Small-scale drag folds and upright folds are omnipresent. 
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Fig. 9.3 Field sketches of D3 structures. A. relation between Sz, pegmatites and deformation, Highland 
Complex; B. eastward displacement on steep reverse faults and associated drag folding, Highland 
Complex; C. road section showing style of OJ folding in the eastern part of the Highland Complex, note 
the presence of a deformed pegmatite in the axial plane of a D3 upright fold, Highland Complex; D. E
verging overturned fold, eastern part of the Highland Complex; E. Accumulation of partial melt in zones 
parallel to S2 and in zones parallel to the D3 axial plane, Wanni Complex. 
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Still fanher east, the axial planes become more inclined and folds become asymmetric with E
vergence (Figs. 9.2c, 9.3d). Thrusts with eastward displacement appear, which transect and 
offset the axial planes. Thrust tectonics becomes more important close to the contact with the 
ve, where several shear sense criteria allow to deduce a top-to-the-E displacement (Figs. 9.8, 
9.9). Hence, approaching the main thrust contact from the W, deformation changes from fold
dominated to thrusHlominated (Fig. 9.1). 

Steep shear zones 

Locally, up to 100 m wide steep zones are present, in which all rocks have a steep to vertical 
gneissic layering. Voll & Kleinschrodt (1991) claim that rocks in them would show a strong 
overprint of D3 onto Dz fabrics. In the Munwatte steep zone (Fig. 9.4), however, which may 
serve as a case study, most structures documented were formed during Dz and a significant D3 
overprint is lacking (Kriegsman, 1991c). The following phenomena were observed which also 
abound in areas where the gneissic layering is subhorizontal: a high-T L-S tectonite fabric 
underlined by elongate hornblende, orthopyroxene, clinopyroxene and plagioclase and by quartz 
ribbons in metabasic gneiss; isoclinal folds; boudinage of gamet-hornblende gneiss in 
metabasite; asymmetric foliation boudinage; and orthopyroxene ± garnet-bearing melt pods and 
veins in metabasite. 

A more exceptional structure in the Munwatte steep zone is a -3-4 m thick augengneiss 
adjacent to the metabasite (Fig. 9.4), which shows a subhorizontal stretching lineation defmed 
by the long axes of plagioclase aggregates and quartz ribbons. This lineation has an attitude 
170/00 making an angle of -250 to the regional high-T lineation, 167/27. The large-scale relation 
between Sz in the metabasite and the boundary of the augengneiss (Fig. 9.4) suggests a sinistral 
sense of shear. Injection of pegmatitic material with a similar composition into metabasic gneiss 
caused brittle failure and block rotation. The augengneiss shows ductile flow around these 
blocks (Fig. 9.5a) and strong boudinage of pyroxenite within it. 

Augengneiss bodies of similar size and composition occur at the thrust contact between the 
Kataragama Outlier and the underlying VC in SE Sri Lanka (Kleinschrodt, 1993). Since this 
thrust developed simultaneously with D3 upright folds and steep zones (below), it follows that 
such magmatic bodies intruded before or during D3. Hence, most of the deformation related to 
the formation of the Munwatte steep zone may have been accommodated in the augengneiss. 

Fig. 9.4 (next page) Map of the Munwatte steep zone with trend lines of the gneissic layering and 
stretching lineations. Note the angular relation between the gneissic layering in the metabasite (parallel to 

lithological contacts) and the foliation in the augengneiss. A sapphirine-bearing boulder was found on top 
of this outcrop (Chapter 3). > > > 
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Fig. 9.5 Field relations in the Highland Complex. A. Ductile 
flow in orthogneiss around metabasite boudin. Munwatte (see 
Fig. 9.4); B. Asymmetric foliation boudinage producing 
dextral shear zone in metapelite near homogeneously flattened 
quartzite layers, Munwatte (see Fig. 9.4). C. Possible early 
D3 shear zone with asymmetric folds. new road S of Victoria 
Lake (top to the right; looking N). 
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Fig. 9.6 Field sketch Padiyapelella thrust, Highland Complex. For location, see Fig. 3.1. 
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Fig. 9.7 Schematic cross-section in the Padiyapelella-Munwatte area, showing a possible relation 
between inferred early D3 shear zones in the Munwatte outcrop (Fig. 9.4, 9.5b) and S of Victoria Lake 
(Fig. 9.5c) and the early D3 Padiyapelella thrust (Fig. 9.6). Assuming a subhorizontal attitude of the 
gneissic layering at this stage, all three structures can be interpreted in terms of SW-ward directed 
thrusting prior to upright folding. 

Out-or-phase structures in the HC: early thrusting? 

Some structures in the HC postdate D2, but predate D3, because they refold the S2 gneissic 

layering but have been refolded by the upright D3 folds. Asymmetric foliation boudinage in 
metapelitcs in the Munwatte steep zone (above) produced extensional shear zones with dextral 
offsets of upto 1 m, looking downplunge along a biotite lineation 350/25 (Fig. 9.5b). Similar 

asymmetric structures associated with a biotite lineation (170/46) occur in another steep zone 
exposed along the new road S of the Victoria Reservoir. The sense of shear in the present 
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attitude is sinistral, looking towards north (Fig. 9.5c). Plagioclase coronas separating garnet 

from biotite in both shear zones postdate deformation. A possibly simultaneous structure is a 

100 m-scale upright synform with fold axis 290100 cut by a thrust (Fig. 9.6), exposed in a large 

cliff outcrop close to Padiyapelella, 45 Ian S of Kandy (for location, see Fig. 3.1). The structure 

was confirmed at the top of the cliff. where the small synformal structure is truncated against a 

thin, strongly weathered mylonite. This outcrop is located close to the crest of a large-scale D3 

antiform (Fig. 9.7). Hence. the Padiyapelella thrust has been refolded during D3. 

The Munwatte outcrop is located to the E of a large-scale D3 antiform, while the steep zone 

along the new road is located W of the same antiform (Fig. 9.7). Both outcrops give a consistent 

top-to-the-SW displacement along a NE-SW trending biotite lineation when the main gneissic 

layering is rotated to a horizontal attitude (Fig. 9.7). The transpon direction in the Padiyapelella 

thrust is similar, if it is assumed to be at high angles to the fold axes of the associated upright 

fold. If this interpretation is correct, all three outcrops contain zones of localized SW-ward 

thrusting. which were refolded during OJ. 

Transport direction at the HC/VC contact 

The direction of tectonic transpon at the HCNC contact is still a matter of debate, since both 

N-S and E-W lineations have been found (cf. Voll & Kleinschrodt, 1991 and Kriegsman, 

1991a). Some localities near the main contact and near minor thrusts show pervasive N-S 

trending quartz-hornblende lineations and possibly younger E-W trending biotite lineations 

which are restricted to thin biotite-rich layers (Kriegsman, 1991a; Buchel. 1991). 

The direction of thrusting during the emplacement of the HC on top of the VC was probably E

directed, as suggested by: (i) the presence of E-W biotite lineations and asymmetric, E-vergent 
minor folds (Figs. 9.8, 9.9b) near the contact; (ii) the gentle dip to the W in north and east Sri 
Lanka (Hathenon et al., 1975; Buchel, 1991, 1993); (iii) the presence of asymmetric, E-vergent 
minor folds transected by small-scale thrusts (Figs. 9.2c, 9.3d) and small-scale shear zones with 

a top-to-the-E displacement (Figs. 9.8, 9.9a). The relation with N-S trending upright folds is 

also more consistent with E-W horizontal shonening and eastward thrusting than with the 

southward thrusting claimed by Voll & Kleinschrodt (1991). In addition, E-W trending 

stretching lineations defmed by elongate quartz grains were observed in late veins formed by 

panial melting of chamockite (Fig. 9.2d) in the eastern half of the cross-section (Fig. 9.1), 

where thrust tectonics becomes more important. 

Interpretation: fold-and-thrust belt 

Some thrusts in SE Sri Lanka have been refolded by upright D3 folds (above; Fig. 9.7), while 

others, notably in the eastern half of the HC (Fig. 9.3d) and the VC (Fig. 9.8), transect E

vergent, asymmetric D3 folds. These observations suggest that folding and thrusting were 
contemporaneous on the regional scale. This is a very common feature in fold-and-thrust belts. 
where folds may develop above blind thrusts, above ramps or in front of an approaching thrust 

sheet, depending on the location of obstacles to horizontal displacement (e.g., Butler, 1982). 
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Fig. 9.8 A. Field sketch of structures at the HCNC contact. B. interpretation as asymmetric, E-vergent fold cut by eastward directed thrust. 

Fig. 9.9 Field relations of Highland Complex rocks in the Tanamalwila duplex. A. Shear zone cutting moderately deformed orthogneiss. 
B. asymmetric folds produced around rigid calcsilicate nodules, taken as evidence for a dextral sense of shear. East is to the right in both figures. 
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The steep zones mentioned above can be interpreted as places where the detachment horizons 
are steepened above a ramp. The relation between upright folds and steep shear zones is 
common in hanging-wall anticlines in thrust stacks (op. cit.). In the case of the Padiyapelella 
thrust. the size of the outcrop allowed direct observation of such a relation. In view of this, the 
cross-section in Fig. 9.1 may be interpreted as a D3 fold-and-thrust belt. where the central part 

can be characterized as a thrust stack with upright folds produced in the hanging wall. Out-of
phase structures (above) with opposite transport directions are also common in such belts. 

FOLDING, THRUSTING AND WRENCHING IN SOUTHERN SRI LANKA 

In contrast to the rather simple structural pattern in northern and central Sri Lanka, defined by 
-N-S trending upright folds and a single thrust contact in the east separating granulites from 
underlying amphibolite facies rocks, structures in Southern Sri Lanka are more complicated and 
show highly variable trends. Most of these structures, however, can be explained in terms of a 
single model, which will be presented below. The following data have to be considered. 

Observations 

(1) The HC structurally overlies the VC in northern Sri Lanka and in the Mahiyangana area 
(Vitanage, 1959; Hatherton et al., 1975). The higher metamorphic grade experienced by the 
HC (Schumacher et al., 1990) indicates that the contact represents a thrust (Hatherton et al., 
1975; Vitanage, 1985; Kroner, 1986; Kriegsman, 1991a). The Kataragama Complex (Figs. 
9.1,9.10) is a HC outlier (klippe) resting on top of the VC (Hatherton et al., 1975; Kroner, 
1987; Kriegsman, 1991a) and indicates at least 50 Ian displacement along the main thrust 
contact. 

(2) The area S of Wellawaya displays a thrust stack with the top-to-bottom sequence HC-VC
HC (Fig. 9.11). 

(3)	 In the area east of Wellawaya (Fig. 9.10) rocks of the HC and VC are folded by D3. 
Attitudes of foliations and orientations of fold axes and stretching lineations are similar in 
both domains (Kriegsman, 1991a; Fig. 9.10). The general northward plunge of the fold axes 
supports the position of the HC on top of the Vc. 

(4) Upright folds defme a syntactical bend, having -N-S trend in the north and -E-W trend in 
the south of Sri Lanka (Fig. 9.1). 

Fig. 9.10 (next page) Sketch map of SE Sri Lanka, showing structural data. All upright folds outlined 
in this map are attributed to D3. Note the presence of an earlier set in the NW corner, which is refolded 
by a second set. The NW-SE trending late upright fold near Wellawaya can be traced into the 
Tanarnalwila duplex. Also note the absence of early upright folds in the Tanarnalwila duplex and the -N
S azimuth of stretching lineations in that area as opposed to the average E-W trend elsewhere. > > > 
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(5) In the Ella-Wellawaya area, the trend of axial planes and stretching lineations locally swings 

round from NW-SE to NE-SW and back to E-W and NW-SE (Fig. 9.10). As a result, 

stretching lineation trajectories are highly variable in this area and some minor folds refold 

the stretching lineation, which is extremely rare in Sri Lanka. This shows that the syntactical 

bend itself is affected by later refolding. Similarly, the local presence of steep fold axes may 

be explained by late refolding of limbs of early D3 folds. 

(6) The axial plane of refolding has a NW-SE to N-S trend and can be traced southwards to the 

W-dipping Tanamalwila thrust (Figs. 9.10). This suggests it is a hanging wall anticline 

above a blind thrust (Fig. 9.11). The main thrust contact is folded in this anticline, which 

shows that the Tanamalwila thrust postdates the main thrust contact. 

(7)	 Syntactical bending does not affect all levels with the same intensity: rocks in the 

Tanamalwila duplex (Fig. 9.10) have N-S trending, W-dipping foliation planes, N-S 

trending stretching lineations and lack E-W trending upright folds. 

(8) The Vijayan Complex shows two different levels, which are separated by a line forming the 
continuation of the thrust contact in northern Sri Lanka: the Badulla-Mahirawa lineament 

(Fig. 9.1). East of this line, axial planes of upright folds are N-S to NNW-SSE trending and 

syntactical bending is negligeable. In contrast, Vijayan rocks W of this line, notably near the 
Kataragama outlier, derme the same syntactical bend as the HC rocks. 

(9) Close to the main thrust contact and near minor thrusts, stretching lineations are locally E-W 
trending, perpendicular to the trend of the main thrust. 

w 

surface 

E 

~ Vljayan COITplex ItBI Highland Complex 

Fig. 9.11 Schematic E-W cross-section through SE Sri Lanka, constructed in a plane perpendicular to 

the -N-plunging. late-D3 fold axis. For location. see Fig. 9.10. Data from deep levels are taken from the 
Tanamalwila-Kararagama area, those from shallower levels are from the Ella-Wellawaya area. The late
03 anticline near Ella is interpreted as a hanging wall anticline above the Tanarnalwila duplex. Note the 
doubling of the Highland Complex in this area, with Vijayan Complex rocks in between. 
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Fig. 9.12 Simultaneous N-S shortening and sinistral strike-slip along a N-S trending shear belt may 
cause a progressive increase (from a to c) of syntactical bending of the (N-dipping) thrust plane and the 
axial planes of associated upright folds in the hanging wall (modified after Brun & Burg, 1982). Shaded 
area gives the approximate position of Sri Lanka in such a setting. 

Interpretation: folding, thrusting and wrenching 

Brun & Burg (1982) gave an analytical treatment of the fonnation of arcuate belts and applied 
it to the lbero-Armorican arc. These authors showed that continental collision in the presence of 
an indenting promontory leads to a so-called "comer effect". which induces simultaneous 

thrusting and wrenching. A main characteristic of their model is that the lower plate shows only 

minor syntactical bending. while the upper plate may show a strongly curved arc (Fig. 9.12). 
The above mentioned observations in southern Sri Lanka suggest that the "comer effect" may 

explain at least part of the tectonic evolution. E-ward thrusting. the formation of upright folds, 
the formation of a syntactical bend defined by these folds and by stretching lineation trajactories. 
refolding of the syntactical bend by later upright folds, thrust stacking. and the presence of 

several generations of steep shear zones are all consistent with such a model. 
The observation that pervasive stretching lineations are parallel to the thrust contact, while 

lineations perpendicular to it are localized and mainly occur close to the contact, is also consistent 
with the model proposed by Brun & Burg (1982). A major implication of this model is that the 
common N-S trending horizontal L3lineation (which is colinear with Lz) does not indicate the 
transport direction at the thrust contact. but is perpendicular to it. This is consistent with the 

eastward transport direction deduced from other arguments (above). 
The Badulla-Mahirawa line may fonn the boundary between upper and lower plate rocks in the 

Vet because foliation and lineation trends southwest of this line defme a syntactical bend, while 

such a bend is lacking in the northeast (Fig. 9.10). Similarly. the absence of syntactical bending 

in the Tanarnalwila thrust suggests it may form a window to the lower plate. which was only 

affected by the last thrusting stage. Apparently. thrusting and wrenching caused syntactical 
bending in the thrust stack dermed by the HC and VC in the entire area from Ella to Kataragama, 
while rocks directly underneath were unaffected by this process. This is consistent with the 

observation that the Tanamalwila thrust postdates the main thrust contact at Kataragama (above). 
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THE RELAnON BETWEEN D2 AND D3 

The syntactical bend postdates or is simultaneous with D3 upright folding. The timing with 
respect to D2 is less certain, however. The following arguments suggest that the L2 stretching 

lineation predates thrusting and wrenching and is related to a phase of extensional collapse with 
northward nappe transport (Chapter 7). Firstly, this stretching lineation was formed at peak poT 

conditions in the granulites, i.e. at about 9 kbar and 830°C (Chapter 3), while thrusting 

probably occurred at lower P and T (Chapter 8). Secondly, it is locally associated with high

strain zones, notably in the Kandy area (Kleinschrodt et al., 1991) and the large displacements 

along these zones should predate refolding into open to tight, upright folds. Finally, the 

displacement parallel to the stretching lineation remains the same, irrespective of the position in 

the syntaxis. For example, some outcrops in the Ella area document a top-to-the-W 

displacement, which is top-to-the-N after straightening the syntaxis, similar to nappe 

displacement in the Kandy area (Chapter 7). 
An important question that remains to be solved is whether the change from Dz to OJ reflects a 

major change in the kinematic framework or can be explained within the same tectonic setting. 
Several observations suggest a short time-span between both deformation events. First of all, 

isotopic data indicate that D2 occurred at -580 Ma and D3 deformation began not more than 20 
Ma later (Chapters 2,8; below). Secondly, D2 was accompanied by isothermal decompression 
and D3 with subsequent cooling and uplift (Chapter 8). Cooling between D2 and D3 did not 

exceed 100 OC and indicates a similar time-span of <30 Ma. Such a short time-span precludes a 

major change in kinematic framework. In addition, pervasive L2 and L3 lineations show a 
striking colinearity throughout the syntactical bend, with the exception of a second set of 

localized L3 lineations (above), which indicates a similar kinematic framework. 

The difference between D2 to D3 finite strains is explained in Fig. 9.13. The pre-D3 
subhorizontal attitude of S2 foliation planes indicates that both AI, the largest axis of the finite 

strain ellipsoid and 1..2, the intermediate axis, were horiwntal and the main shortening direction 

vertical. The well-developed N-S stretching lineation is, of course, parallel to AI. The local 

presence of L-tectonites and oblique folds indicates some shortening parallel to 1..2, Le. E-W 

shortening. Hence, deformation was probably not plane-strain, but may have involved 
shortening in two directions (Fig. 9.13a). Evidence for non-coaxial flow (Chapter 7) indicates 
that the finite D2 strain pattern looked like Fig. 9.13b. Vertical shortening exceeded E-W 

shortening. By contrast. D3 caused the formation of N-S trending upright folds and localized, 
N-S trending steep foliations. This indicates that the finite shortening axis, i.e. the smallest axis 
of the finite strain ellipsoid 1..3, is E-W and horizontal (Fig. 9.13c). Again, Al is N-S and 

horizontal. Whether 1..2 is a shortening or a stretching axis or whether the fmite D3 strain is 

plane-strain is uncertain. 

It is evident from Fig. 9.13 that both D2 and D3 may have involved E-W horizontal shortening 
and, possibly, vertical shortening. The only difference is the relative positions of 1..2 and 1..3: 

vertical shortening exceeded E-W horizontal shortening during D2, while the reverse may apply 
during D3. It is therefore proposed that D2 and D3 may result from continuous plate 

convergence, causing E-W horizontal shortening. During D2, forces due to gravitational collapse 
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A 

Fig. 9.13 Schematic representation of finite strains due to DZ (A) and D3 (B). Cubes represent the 
undeforrned reference state. A takes non-eoaxial flow into account. The only difference between Dz and 
D3 is the relative positions of 1..2 and 1..3. See text for explanation. 

of a previously overthickened crust (Chapter 8) exceeded those due to convergence, but during 

D3 the force balance was reversed. This may be explained either by an increase in the 

convergence rate or by a change in other boundary conditions (cf. Ratschbacher et al., 1991). 

RELATIVE POSITION OF THE HC AND VC 

For reconstructions of the geometry prior to D3 thrusting, it is important to know the relative 

positions of the HC and VC. There are two possibilities: both units were far apart or the VC 

rested on top of the HC. The second geometry could result from D2 nappe tectonics (Chapter 7). 

A third possibility, namely that the HC was located on top of the VC, implies an early D3 thrust 

contact, because relatively high-grade rocks would lie on top of relatively low-grade rocks. 
In the Polonnaruwa-Mahiyangana section (Fig. 9.1), the HCIVC contact is smoothly W

dipping at an angle of 10-300 without any signs of refolding (Vitanage, 1959). Geological and 

gravimetrical data suggest that the VC has been underthrust below the HC (Buchel, 1991, 

1993). In the Tanamalwila area, however, the VC is underlain by HC rocks (Fig. 9.11; above) 

and the same could apply to the northern section. The top-to-bottom sequence HC-VC-HC 

indicates doubling of the tectonostratigraphy, but does not give a conclusive answer as to the 

pre-D3 relative position of both units. 

Several arguments support the hypothesis that the VC was located at a higher level than the 

HC prior to D3 thrusting (1993; Chapter 7). Firstly, biotite-rutile-ilmenite-bearing assemblages 
from the VC record similar peak: temperatures as the shallowest levels of the Wanni Complex 
(Schumacher et al., 1990; Chapter 2). This suggests a shallower crustal level than the HC before 

thrusting. In addition, Nd model ages of the VC and the Wanni Complex are similar and differ 
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greatly from those of the HC (Milisenda et al., 1988; Liew et al., 1991), which favours a 

common tectonic setting for both units. As indicated in Fig. 9.14a, an overlap between the VC 

and the WC did not necessarily exist: the WC may have rested on top of the western parts of the 

WC, while the VC may have been located in a similar position more to the east. 

TECTONIC MODEL 

Fig. 9.14 shows a possible scenario for the tectonic evolution of the Sri Lankan basement 

during D3. E-W shortening was accommodated by eastward thrusting at deep levels and 

simultaneous upright folding at shallower levels (Fig. 9. 14a,b). Some SW-ward directed thrusts 

were also initiated at this stage (p. 164). Thrust stacking possibly progressed eastwards, 

resulting in a pattern oflarge-scale, N-S trending upright folds (Fig. 9.l4c). Subsequently, E-W 

shortening was complicated due to the effects of wrenching along an E-W or ESE-WNW 

trending shear wne south of Sri Lanka in its pre-drift position.. The thrust plane in southern Sri 

Lanka may have been steepened (Fig. 9.14d). At this stage, a syntactical bend was formed in the 
upper plate, causing rotation of upright folds into an E-W trend in southern Sri Lanka. The last 

shortening increment was accommodated by thrusting along the Tanamalwila thrust, producing a 

duplex structure and overlying hanging-wall anticline (Fig. 9.14d). At this stage, steep N-S 
trending shear wnes were formed, which truncate all earlier structures. 

The E-W or ESE-WNW trending transCurrent zone postulated south of Sri Lanka has probably 

been cut off from Sri Lanka during Gondwana break-up. In most Gondwana reconstructions 

(e.g., Lawver & Scotese, 1987; Powell et al., 1988), Sri Lanka is rotated about 7fY' clockwise 

from the present situation when Africa is retained in its present position. This suggests that the 

transcurrent zone was about N-S prior to Gondwana break-up, i.e. parallel to the Mozambique 

Belt. In view of the evidence for sinistral strike-slip along this belt (Shackleton. 1986), It is 

proposed that D3 phenomena in Sri Lanka are related to sinistral strike-slip along the 

Mozambique Belt. The E-W trending thrust and upright folds (Gondwana coordinates; see 

Chapter 2) in that part of Sri Lanka which is farthest away from the Mozambique Belt suggests 
an E-W trending branch of this belt, where deformation acted simultaneously (See Chapter 10). 

Fig. 9.14 (next page) Schematic diagrams illuslIllting the possible evolution of the D3 fold-and-thrust

belt in the Sri Lankan basement. A. situation at the onset of thrusting and folding. The Vijayan Complex 

is interpreted as overlying the eastern parts of the Highland Complex at this stage, while the Wanni 

Complex was overlying it in the west. B, C. continued thrusting, folding and simultaneous development 

of an arcuate belt defined by upright folds in the upper plate (Figs. 9.1, 9.10). Note the position of the 

future Tanamalwila duplex in the lower plate, explaining the absence of upright folds in that area. D. 

thrusting of the Tanamalwila duplex, causing the fonnation of a hanging wall anticline which refolds the 
syntactical bend in the upper plate (Figs. 9.10, 9.11). »> 
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RELATION TO METAMORPHISM AND PARTIAL MELTING 

D3 deformation is associated with arrested chamockitisation and partial melting in all units. 
Arrested chamockitisation is a well-studied phenomenon in the WC (Hansen et al., 1987; Burton 
& ONions, 1990; Milisenda et al., 1991), but locally affected rocks from the KC (new data), 
the HC near Polonnaruwa (Baur et al., 1991 ) and Matale (Kehelpannala, 1993), and the VC 
near Pottuvil, close to the east coast (new data). It commonly occurs in D3 shear zones, in F3 
axial planes and near boudin necks, which suggests a structural control of this process. Syn-DJ 
chamockitisation implies that T >-680 OC during DJ. Pressures may be in the order of 5-7 kbar 
(Burton & O'Nions, 1990). Small-scale isotopic reequilibration in chamockite pods in 
northwestern Sri Lanka occurred at -535 Ma (op. cit.). which may be interpreted as the age of 
D3 upright folding in that area. 

Leucosome has commonly accumulated in FJ axial planes. Fig. 9.3e shows an example of 
melt accumulation in the axial plane of open DJ folds and simultaneous intrusion as micro
laccoliths in between layers. Together, these structures support the possibility of melt 
accumulation in planes perpendicular to the maximum differential stress, as proposed by Hand & 
Dirks (1992). Pre-D3 partial melt pods are also common and have been folded during D3. This 
suggests multi-stage partial melting and T >-650 0c. Notably the Vijayan rocks have been 
affected by strong, syn-D3 migmatization. 

Rocks of the HC typically show decompression textures after peak metamorphism (e.g., 
Schumacher et al., 1990; Chapter 3). Isobars were established before decompression in the 
deepest levels of the HC, but after decompression at shallower levels (Chapter 8). DJ upright 
folds refold the isograds (Faulhaber & Raith, 1991) and therefore postdate decompression. The 
lack of deformation of reaction coronas is not inconsistent with this interpretation, because D3 
strain in these folds is low. In addition, the relation between feldspar exsolution and deformation 
suggests that upright folding occurred at temperatures of about 700-750 OC, Le. 50- l()() °C 
below peak T (Voll & Kleinschrodt, 1991; Evangelakakis et al., 1991). 

DISCUSSION 

The present interpretation of D3 as being due to E-W horizontal shortening supports earlier 
views (e.g., Munasinghe & Dissanayake, 1982; Silva, 1985), but contradicts more recent 
models (Voll & Kleinschrodt, 1991; Kleinschrodt, 1993). The latter authors claim a major event 
of southward thrusting and interpret the N-S trending part of the HCNC contact as a lateral 
ramp. Their arguments are presented and discussed below. 

Kleinschrodt (1993) used the orientation of stretching lineations in partial melt veins in the HC 
to infer the transport direction at the HCNC contact, under the assumption that partial melting 
was triggered by fluid infiltration from the underlying Vc. Peak temperatures of about 850 OC in 
the He close to the thrust contact (Schumacher et aI., 1990) and evidence for biotite dehydration 
reactions producing K-feldspar and garnet (Raase & Schenk, 1993), however, allow the 
possibility of biotite dehydration melting in this domain (Vielzeuf & Boivin, 1984). Since D2 
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deformation occurred at peak temperatures at these levels (Chapters 7, 8), the stretching 

lineations developed in partial melt may correpond to L2 and cannot be used to infer the D3 
thrusting direction. 

Another argument advanced in favour of southward thrusting (YoIl and Kleinschrodt, 1991) is 

the observation that the VC dips northward underneath the HC in southern Sri Lanka (Figs. 9.1, 

9.10). The transport direction during D2 in the HC was clearly top-to-the-N, however (Chapter 

7), Le. the opposite of what has been claimed. In addition, the local northward dip of the 

HCIVC contact can be attributed to refolding of the thrust stack with N-plunging fold axes (Fig. 

9.10) and to synUlCtica1 bending. The dip prior to refolding was probably westwards, similar to 

the present attitude in the northern half of the island. 

The observation that pervasive stretching lineations are parallel to the thrust contact, while 
lineations perpendicular to it are localized and mainly occur close to the contact, is consistent 

with the model ofBrun & Burg (1982). It can be explained by E-W shortening and simultaneous 
strike-slip along an E-W trending steep shear belt. In this model, D3 thrusting is eastwards along 

most of the N-S trending thrust contact, but possibly southwards in the Kataragarna area, where 

structures strike E-W. Hence, the pervasive stretching lineation is not parallel to the direction of 

D3 thrusting, as proposed by Voll & Kleinschrodt (1991) and Kleinschrodt (1993), but 
perpendicular to it. At an early stage of deformation (02), however, the pervasive stretching 

lineation was indeed parallel to the N-ward transport direction of high-T fold nappes (Chapter 
7). 

Concerning the pre-D3 relation between the HC and YC, the simplest interpretation of the 

structural data is to locate the YC on top of the HC prior to D3 thrusting. This results in a pre-D3 
connection of the WC, the KC and the YC, which is consistent with their "young" 0-2 Ga) Nd 
model ages as opposed to the "old" (2-3 Ga) Nd model ages of the HC (Milisenda et al., 1988). 
This reconstruction is also consistent with the similarity of peak temperatures in the WC and YC 
(Schumacher et al., 1990) and the similar range of intrusive ages of -770-1000 Ma in the WC 
(Burton & O'Nions, 1990; Baur et al., 1991; HOIzl et al., 1991), -890-1010 Ma in the KC 

(Krtlner et al., 1991) and 1020-1030 Ma in the VC (H()Izl et al., 1991). Because the YC is a 
juvenile (-1000 Ma) addition to the crust and does not show evidence for the incorporation of 

older crustal components, it cannot have formed in this position. Hence, its location on top of 

the HC must be due to the inferred crustal thickening event prior to granulite metamorphism (01) 

or to subsequent extensional collapse (02; Chapter 7). 

The D3 event described here caused a variety of structures with complex interference patterns, 
evidence for refolding, localized transposition, syntactical bending, thrusts transecting upright 

folds which refold earlier thrusts, etc. All these localized phenomena can, however, be explained 
in terms of a relatively simple tectonic process, namely the E-W directed collision between two 

crustal blocks and simultaneous strike-slip along an E-W trending transform fault or transcurrent 

shear zone. Most of the D3 data are consistent with the model proposed by Brun & Burg (1982) 

for the Thero-Armorican arc. 
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CONCLUSIONS 

Late Pan-African reworking of the Sri Lankan basement gave rise to a fold-and-thrust belt. A 
large-scale syntactical bend dermed by upright folds folds and earlier stretching lineations can be 
attributed to a combination of E-W shonening and sinistral strike-slip along an E-W trending 
transcurrent zone parallel to the south coast of Sri Lanka. In Gondwana coordinates, this strike
slip zone fits into the late kinematics of the Mozambique Belt (Shackleton. 1986). The resulting 
geometry is consistent with a "corner effect" (Brun & Burg, 1982) produced by westward 
indenting of the basement underneath the Vijayan Complex during collision. The Vijayan 
Complex may have been located on top of the Highland Complex prior to D3 thrusting. This 
position is either due to earlier custal thickening (Dl) or subsequent extensional collapse (Di). 

Strong N-S stretching (Di) largely predates the development of this fold-, thrust- and wrench

belt. However, D2 and D3 fit into the same tectonic setting of simultaneous N-S plate 
convergence (Gondwana coordinates) in a belt perpendicular to the Mozambique Belt and 
sinistral strike-slip along it (Chapter 10). During D2, forces due to gravitational collapse of the 
ovenhickened crust exceeded those due to plate convergence; during D3, the force balance was 
reversed without necessarily changing the movement picture. 
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Sri Lanka in Gondwana: a triple junction of Pan-African 
orogenic belts 

INTRODUCTION 

The significance and extent of the Pan-African orogeny in Gondwana has been shown by 
many workers who variously emphasized its panly ensialic character (KrOner, 1977), the 
importance of its volcanic arc systems (Gass, 1981; KrOner et aI., 1992) and its similarities with 
modern-day plate tectonics (e.g., Shackleton, 1986; Kroner, 1979, 1991; McWilliams, 1981). 
Pan-African thermal events influenced large part of Africa, India, East Antarctica and eastern 
Brazil, except for the Archaean cratons (e.g., McWilliams, 1981). In Africa, the main tectonic 
belt of Pan-African age is the Mozambique Belt, first defined by Holmes (1951), which 
probably resulted from the closure of a major Late Proterozoic ocean during the Pan-African 
orogeny (Burke & Dewey, 1972; McWilliams, 1981; Kr6ner, 1979, 1991). The time-span of 
the "Pan-African" event is about 700 to 500 Ma (Kroner et aI., 1992). 

Most Gondwana reconstructions (e.g., Lawver & Scotese, 1987; Powell et aI., 1988) locate 
Sri Lanka in a more northerly position with respect to India than at present, close to the east coast 
of Tamil Nadu (Fig. 2.1). Alternative reconstructions (e.g., De Wit et aI., 1988), however, 
locate Sri Lanka more southwards with respect to India and close to the south coast of 
Madagascar. Sri Lanka is juxtaposed with East Antarctica in both reconstructions, but at different 
positions: adjacent to the Liitzow-Holm Bay in the former, next to Dronning Maud Land in the 
latter. This chapter presents structural arguments in favour of the link with the Liitzow-Holm 
Bay. 

Both reconstructions have in common that Sri Lanka shows a total rotation of about 70° 
clockwise from present-day to Gondwana coordinates, when Africa is retained in its present 
geographical coordinates (Chapter 2). This rotation angle, which has been confirmed by 
paleomagnetic data (Yoshida et al., 1992), implies that present-day N-S trends were -ENE
WSW trends in Gondwana coordinates. The importance of this observation for the relation 
between Sri Lanka and other Gondwana fragments is emphasized here. In this chapter. all 

sttuctwal data from Sri Lanka. Madal:ascar and India are Given in Gondwana coordinates, with 
Africa in its present-day position. As for East Antarctica, present-day and Gondwana coordinates 
are practically identical. 

In the first type of Gondwana reconstructions (e.g., Lawver & Scotese, 1987; Powell et al., 
1988), Sri Lanka is located at the intersection of the Mozambique Belt and a belt encompassing 
the Eastern Ghats of India and adjacent parts of East Antarctica (30-60 °E), called the Sri Lanka
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Indian Eastern Ghats-East Antarctica-Albany Fraser Belt by Katz (1989). This led Fedorov et aI. 
(1977) and Katz (1989) to interpret the geology of Sri Lanka in the light of this -1000-1100 Ma 
old belt. Kroner (1991), however, emphasized its relation to the -700-500 Ma old Mozambique 

Belt, because U-Ph isotopic data have shown a similar age for the main tectonometamorphic 
event in Sri Lanka (e.g, Baur et aI., 1991; Hlitzl et aI., 1991). 

This chapter aims to show that Sri Lanka was located off the Liitzow-Holm-Bay in East 

Antarctica, at the triple junction of two orogenic belts: the Mozambique Belt and the Liitzow

Rayner Belt. It is argued that a late event of N-S shortening (Gondwana coordinates) in the 

Liitzow-Rayner Belt can be attributed to a Pan-African (-600-500 Ma) tectonometamorphic 

event. In this interpretation, the Liitzow-Rayner Belt developed in part simultaneously with the 
Mozambique Belt, reworking an older granulitic basement in the Rayner Complex. 

TECTONOMETAMORPHIC EVOLUTION OF THE SRI LANKAN BASEMENT 

The tectonometarnorphic evolution of Sri Lankan granulites can be summarized as follows (see 
Chapter 8). An initial phase of extension with accompanying low-Pftllgh-T metamorphism (01a) 

was followed by crustal thickening (01b). Supracrustal rocks were brought to -30 km depth and 
reached high-T granulite metamorphic grade. At the peak of metamorphism, about 9 kbar and 
830 ac (Chapter 3), the overthickened rock pile started to collapse, resulting in a high-T, high

strain event (02) at all observed levels (Chapter 8). Some units (WKC) were emplaced 

eastwards· as nappes on top of HC granulites (Chapter 7). Granulites in the footwall were 
decompressed isothermally, while hanging wall rocks experienced a temperature rise due to the 

vicinity of hot, deep-level material (Chapter 8). Subsequent N-S shortening and simultaneous 
srrike-slip (03) caused the formation of an arcuate fold-and-lhrust belt (Chapter 9). Granulites 
formed part of the hanging-wall at this stage. They were emplaced on top of amphibolite facies 
rocks and followed an uplift path with a slope of about 15 bar/K (Fig. 8.1). The entire cycle was 
completed between -610 and -500 Ma (after data by Baur et al., 1991 and HBlzl et al., 1991). 

It was argued in Chapter 9 that D2 and D3 may result from the same kinematic framework. The 

difference would be due to a change in the balance between forces related to horizontal plate 

convergence and vertical gravitational forces. In the early stages (02), vertical shortening 

exceeded N-S shortening (Gondwana coordinates), causing material to flow eastwards from 
regions with overthickened crust (Mozambique Belt? See below). In the late stages (03), N-S 

shortening exceeded vertical shortening, giving rise to thrusting and upright folding. The main 
stretching direction remained E-W oriented. 

The following sections are an attempt to correlate this tectonometamorphic evolution with the 

geology of adjacent Gondwana fragments in order to defme the large-scale plate-tectonic setting 
of the Sri Lankan basement. Notably, the relation to the Mozambique Belt (KrOner, 1991) and to 

the Liitzow-Holm Complex (e.g., Yoshida & Kizaki, 1983; Hiroi et al., 1987) are considered. 

• Gondwana coordinates. See Introduction. 



Liitzow-Holm Complex 

Fig. 10.1 Compilation of the geology of Sri Lanka, South India, East Africa and Madagascar in their 
Gondwana settings. showing trend lines of upright folds and dominant stretching lineations. Compiled 
after data by Shackleton (1986), Ackennand et a1. (1989), DrIlJY et aI. (1984), Lllchelt (1988). Yoshida 
(1978), Clarke (1988) and this thesis. The geology of Madagascar is based on an unpublished map by 
B.F. Windley. with kind pennission. The possible-margins of a late. sinistral strike-slip belt affecting 
large part of the Mozambique Belt is indicated. 
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COLLISION AND SINISTRAL STRIKE-SLIP IN THE MOZAMBIQUE BELT 

The following summary of relevant geological data is meant to assess the relation of Sri Lanka 
to the Mozambique Belt. Adjacent Gondwana fragments in all reconstructions (e.g., Powell et 
al., 1982; Lawver & Scotese, 1987; De Wit et al., 1988) are South India. Madagascar, and the 

Tanzanian-Mozambican segment of the Mozambique Belt. As for South India, only the geology 

of the Southern Granulite Province is discussed here. The Eastern Ghats have been omitted. 

because they lack Pan-African isotopic data. 

Southern granulite Province, South India 

The Southern Granulite Province of South India consists of the Kodaikanal Massif, dominated 

by ENE-WSW to E-W trending structures, in the north and the KeraIa Khondalite Belt with N-S 
trending structures in the south (Fig. 10.1). These basement provinces are claimed to be 
separated by the NNW-SSE trending l Achankovil shear zone (Drury et al., 1984). Other 

workers, however (Radhakrishna et al., 1990) argue that no distinct shear zone exists. Instead, 
foliation planes and trends of upright folds could defme an arcuate bend similar to Sri lanka. 
Both provinces consist mainly of supracrustal gneisses and chamockites. Maximum poT 

conditions in the Kodaikanal Massif vary from about 5 kbar, 700 OC to 10 kbar, 850 OC (Raith 
et al., 1983). Peak conditions were followed by near isothermal decompression in sapphirine
bearing granulites from the Kodaikanal Massif (Lal et al., 1987; Hensen, 1988). Hence, both the 

maximum poT conditions and the retrograde poT path are similar to those of the Highland 
Complex granulites in Sri Lanka. A Rb-Sr whole rock isochron age of 550± 15 Ma for a 
migmatite near Madurai (Hansen et al., 1985) indicates that a Pan-African thermal event affected 
at least part of the area. although much older ages have also been obtained (Bemard-Griffiths et 
al., 1987). 

The Kerala Khondalite Belt has several characteristics in common with the Wanni Complex of 

Sri Lanka, notably the presence of graphite in high-quality vein deposits (Soman et al., 1986; Sri 
Lanka: Kehelpannala, 1993); and arrested chamockitisation. commonly associated with late 
shear zones (India: Srikantappa et al., 1985; Santosh et al., 1990; Sri Lanka: Burton & ONions, 

1990). The early structural evolution of these basement provinces is unknown. Notably, 
stretching lineations have not been reported in the literature. Maximum poT conditions are -5-6 
kbar, 700-750 OC (Harris et al., 1982; Chacko et al., 1987). Some late alkali-granites in this area 

give Rb-Sr isochrons of -550 Ma (Santosh & Drury, 1988). Although this may not be a very 

reliable age. it is similar to U-Pb zircon upper intercepts for late- to post-tectonic granites from 
Sri Lanka: (Baur et al., 1991; Holzl et al., 1991). 

Madagascar 

The high-grade basement of Madagascar shows several separate units with different values of 
maximum poT and different tectonic styles (Fig. 10.1). North of Antananarivo, granite sheets, 

1 Gondwana ooordinates. See Introduction. 
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gneisses, migmatites and amphibolites display gently W-dipping foliations and WSW-plunging 
magnetic lineations, which are interpreted as stretching lineations (N~d~lec et aI., 1993). 

Maximum pressure was about 4-5 kbar (op. cit.). These authors infer an intrusion age of 585 

Ma for the granites from single zircon Pb-evaporation data. Other recent zircon data for 
granulites show evidence for an important Pb-Ioss event at 560-565 Ma (Andriamarofahatra et 

aI. 1990), similar to Sri Lanka. 

The southern quarter of the Madagascan basement, south of the Ranotsara sinistral strike-slip 
belt (Ackermand et aI., 1989), shows domains with km-scale sheath folds, associated with steep 

stretching lineations, bounded by wide, steep shear zones with subhorizontal stretching 

lineations, interpreted as zones of ductile strike-slip (Martelat et aI., 1993). All these structures 
fonned during granulite metamorphism, possibly at rather constant poT (op. cit.). 

East Africa 

The Mozambique Belt separates the African cratons and Archaean mobile belts in the west 

from India and East Antarctica in the east in Gondwana reconstructions. Shackleton (1976) and 
Krijner (1979) interpeted this belt as the result of continental collision. McWilliams (1981) 
showed paleomagnetic data in favour of a large pre-Pan-African separation between the two 

continental masses and proposed that the Mozambique Belt resulted from the destruction of a 

major oceanic plate and subsequent continental collision between W and E Gondwana. In 
Tanzania, defonnation can be summarized as early westward thrusting and emplacement of 
ophiolite nappes along WSW-ESE trending stretching lineations, which became reoriented into a 
NNW-SSE trend in E Tanzania, suggesting late, sinistral strike-slip movement parallel to the 
plate boundary (Shackleton, 1986). Fritz et aI. (1993) report sinistral strike-slip in a collisional 
setting for the southern Egyptian segment of the Mozambique Belt. 

Peak metamorphic conditions in the high-pressure granulites of the Fuma Complex in 
Tanzania are 8-12 kbar (Newton & Perkins, 1982) and occurred somewhere between 540 and 

740 Ma (Muhongo, 1989). Kaz'Min (1988) proposed westward subduction for the Tanzanian 
segment of the Mozambique Belt, but Shackleton (1986) suggested the opposite, based on the 
westward direction of thrusting. 

In Mozambique, displacement along major, subhorizontal mylonite zones is consistently 
towards ESE (Uichelt, 1988; Pinna et aI., 1993). The latter authors show a complicated 
structural evolution with several phases of thrusting and folding. According to these authors, a 

major phase of ESE-ward thrusting ("Mozambiquian") took place from -1100 to -850 Ma, 

while later, "Pan-African" reworking ocurred between 800 and 550 Ma, also involving 
thrusting. 1he main displacement sense is opposite to the vergence in Tanzania, but similar to the 
displacement sense in the Sri Lankan granulite terrain, which is interpreted in terms of late 
orogenic collapse (Chapter 8). 
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Summary 

Combining the data from these areas and Sri Lanka. it seems that the earliest Pan-African 

tectonism resulted in the westward emplacement of thrust sheets including ophiolites in 

Tanzania. Subsequent extensional collapse in Sri Lanka and. possibly, Mozambique resulted in 
the eastward emplacement of granulite facies nappes. In Sri Lanka, this event is related to 

isothermal decompression of the deepest units at about 580 Ma (Chapter 8). 
A later phase of southward thrusting is unique to Sri Lanka and is not documented in other 

fragments of the Mozambique Belt descibed here. New structural data indicate it is related to N-S 

horizontal shortening simultaneous with sinistral strike-slip along the Mozambique Belt (Chapter 

9). Steep upright folds with E-W strike occur in Sri Lanka and in the Kodaikanal Massif in 

South India. In both areas, the E-W trend becomes reoriented into a N-S trend near the western 

margin (Fig. 10.1). In view of the similar, but opposite bend in Tanzania (Shackleton. 1986) 
and the evidence for pervasive, high-T strike-slip in Madagascar (Martelat et aI., 1993), it seems 
that sinistral strike-slip marks the last stages of continental collision in the Mozambique Belt and 

affected a centraI belt which is about 300 km wide (Fig. 10.1). The Achankovil shear zone 
(Drury et aI., 1984) and the Ranotsara strike-slip zone in Madagascar (Ackermand et aI., 1989; 
Fig. 10.1) could represent the eastern boundary of this strike-slip belt or, alternatively, a discrete 

shear zone which developed at a late stage. 

SRI LANKA AND THE LUTZOW·RAYNER BELT 

Structural arguments for the juxtaposition of Sri Lanka and the Liitzow·Holm 
Complex (37-45 °E) 

The observation that sinistral strike-slip affected only the western l part of the Sri Lankan 
basement (Chapter 9) indicates that the rest of Sri Lanka was located east of the late strike-slip 
belt forming the eastern margin of the Mozambique Belt (Shackleton, 1986; Fig. 10.1). Hence, 
in view of the fit between the Napier Complex and the Eastern Ghats of India (e.g., Katz, 1989; 

Powell et al., 1988) Sri Lanka must have been in a more easterly1 position with respect to India 
and. by implication, adjacent to the Liitzow-Holm Bay (Figs. 2.1, 10.1). Petrological arguments 

are summarized in the next section. 

An additional argument comes from the revised Gondwana fit proposed by Powell et al. 
(1988). These authors propose that Sri Lanka was located east of the Gunnerus Ridge offshore 
from the Riiser Larsen peninsula in East Antarctica (-330 E). The trend of this ridge is about N

S to NNE-SSW and its trace hits the southern tip of India. where it is parallel to the foliation 

trend in the Kerala Khondalite Belt and to the Achankovil sinistral strike-slip zone (above; Fig. 

10.1). It is therefore proposed that this ridge forms the southern continuation of the eastern limit 

of the Mozambican strike-slip belt (Fig. 10.1). During the break-up of India and Antarctica, part 

of this transcurrent fault may have been reactivated as a transform fault. 

1 Gondwana coordinates. See Introduction and Chapter 2. p. 19. 
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Comparison between Sri Lanka and the Liitzow-Holm Complex 

The lithologies of the Skallen Group of Liitzow-Holm and the Highland Complex (highest P) 

of Sri Lanka are strikingly similar and show a sequence comprising onhogneisses, metabasites, 
quartzites, rnetapelites and marbles (cf. Yoshida, 1978 and Kroner et al., 1991). The Ongul 

Group contains significantly less metabasites and less marbles and may be either correlated with 

the shallowest levels of the Highland Complex and/or the deepest levels of the Wanni Complex. 
Finally, both the Okuiwa Group and the shallowest levels of the Wanni Complex are dominated 
by pink. granites, migmatites and biotite gneisses. The lithological change from high-P&T to 
10w-P&T rocks is very similar in both areas: the highest poT are reached in the Slcal1en Group 
and Highland Complex, intermediate poT in the Ongul Group and deepest Wanni Complex, the 

lowest poT in the Okuiwa Group and shallowest Wanni Complex (cf. Schumacher et al., 1990 

and Ogo et al., 1992). Rocks similar to the Vijayan Complex in Sri Lanka seem to be lacking in 
East Antarctica. 

Besides the similar field pressure and temperature gradient, the P-T path is clockwise both in 
the Liitzow-Holm Complex (Hiroi et al., 1987; Shiraishi et al., 1987; Motoyoshi et aI., 1987; 
Ogo et al., 1992) and in the Sri Lankan granulites (Raase & Schenk, 1993; Chapters 3-6). In 
addition, recent U-Pb zircon data for Liitzow-Holm zircons (Shiraishi et aI., 1992) are rather 
similar to those for Sri Lankan zircons. Shiraishi et al. (1992) proposed that granulite meta
morphism occurred at -550 Ma, similar to Sri Lanka (Baur et aI., 1991; HOlzl et al., 1991). 
Detrital zircons in the Ongul and Skallen Group are 1.7-2.9 Ga old. which is similar to ages 
obtained by Kroner et al. (1987). This suggests that both units may correspond to different 
levels of the Highland Complex, because such old zircons are lacking from the Wanni Complex 
(Kroner et aI., 1987). One sample from the contact between the Skallen and Ongul Groups 
contains zircons with -1000 Ma old cores, which suggests that a-WOO Ma event affected this 
area, in contrast to the Sri Lankan granulites. 

Yoshida (1978) gave a detailed account of structures in the Liitzow-Holm Bay area and 
showed a similar tectonic evolution as that experienced by Sri Lankan granulites, comprising 
early isoclinal folds and late upright folds. Similar to Sri Lanka, the trends of upright folds 
defme a syntactical bend: trends are -E-W close to the Rayner Complex - in the Okuiwa Group
and gradually change to N-S farther west in the Ongul Group. In the Slcallen Group, near the 
contact with the Ongul Group, upright folds are absent and recumbent isoclinal folds with E-W 
trending fold axes are present instead. Yoshida (1978) shows a thrust contact in this area and his 

data suggest that the change from N-S trending upright folds to E-W trending recumbent folds 
coincides with this thrust contact. This may be interpreted in a similar way as in Sri Lanka: 
hanging wall rocks show upright folds and syntactical bending, while footwall rocks retain the 

pre-thrusting orientations of earlier fabrics. 
Fig. 10.2 shows a compilation of structural data in the Sri Lankan and Liitzow-Holm 

granulites and foliation trends and lineation trajectories from the inferred lower (Fig. 1O.2b,c) 
and upper plate (Fig. 1O.2d). The parallel trend of syntactical bending supports the fit of Sri 
Lanka and Liitzow-Holm. In this fit, axial planes of upright folds in Sri Lanka continue into the 
Rayner Complex. Fold axes and mineral and stretching lineations in the lower plate are about 
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Skallen Group 

Fig. 10.2 A. Structural trends in the Rayner Complex (Clarke, 1988), LUtzow-Holm Complex 
(Yoshida, 1978) and Sri Lanka (Chapters 2. 9). Two major thrust contacts in Sri Lanka and the LUtzow
Holm Complex are correlated. B, C. Structural trends in the inferred upper plate of this thrust and 
interpretation. D. Lower plate interpretation. The inferred structural position of the Rayner Complex is on 
top of the Sri Lankan granulites. Note the similarity with the model by Brun & Burg (1982; Fig. 9.12). 

parallel in Sri Lanka and Liitzow-Holm, nearly at right angles to the trend of me Gunnerus ridge 
and to the trend of me Mozambique Belt. This may be taken as the original trend of stretching 
lineations in this area and is possibly related to extensional collapse of me nappe pile in me 
Mozambique Belt (Chapter 8). 

Sri Lanka, Liitzow-Holm and Rayner 

The Rayner Complex is a polymetamorphic terrain wim a protracted tectonometamorphic 
evolution ranging from me Archean to me late Proterozoic (e.g., Black et aI., 1987; Harley & 
Hensen, 1990). Granulite metamorphism is well-eonstrained at about 960 Ma (Black et aI., 
1987). The structural evolution is complex and may be partly Archean, partly Proterozoic (James 
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et al., 1991). Late upright folds are present throughout the area and have an E-W trend following 

the boundary with the Napier Complex (Grew, 1978; Black et al., 1987, Clarke, 1988). 

The following arguments suggest that (i) the Rayner Complex was tectonically overlying the 

Liitzow-Holm granulites prior to and during upright folding and (ii) these upright folds formed 

at -550 Ma. Firstly, the metamorphic grade in the Liitzow-Holm Bay decreases towards the 

Rayner Complex from granulite facies, culminating at -8-9 kbar and 800-850 OC, to amphibolite 

facies at -6.5 kbar and 700 °C (Hiroi et al., 1987; Ogo et al., 1992). Extrapolating the P-T 

gradient. simultaneous lower p.T conditions are to be expected in the Rayner Complex, which is 

consistent with the inferred 400-500 °C of retrograde metamorphism in that area (Harley & 

Hensen, 1990). This retrogressive metamorphism in the Rayner Complex is dated at -550 Ma 
(Black et al., 1987) and occurred during upright folding (Clarke, 1988). In the Liitzow-Holm 

Bay and in Sri Lanka, upright folding was accompanied by granulite facies metamorphism, 

which is also dated at -550 Ma (Liitzow-Holm: Shiraishi et al., 1992; Sri Lanka: Baur et al., 

1991; HOlzl et al., 1991; Chapters 2, 8). 

Summary and conclusion 

In Gondwana reconstructions (Fedorov et al., 1982; Yoshida & Kizaki, 1983; Powell et al., 

1988), trends of upright folds in Sri Lanka, the Liitzow-Holm Bay and the Rayner Complex are 

parallel (Figs. 10.1, 10.2). Trend lines derme an arcuate belt in the inferred hanging wall of a 

major thrust and a constant E-W to ESE-WNW trend in the footwall. Upright folding was 

accompanied by upper greenschist to lower amphibolite facies metamorphism in the Rayner 

Complex as opposed to high-amphibolite to granulite facies metamorphism in Sri Lanka and the 

Liitzow-Holm Bay. This suggests that the Rayner Complex was located at a shallower structural 

level than Sri Lanka/Liitzow Holm at this time, possibly separated from them by a thrust contact 

or an extensional contact. 

PLATE-TECTONIC MODEL 

The simultaneous evolution of the Mozambique Belt and the Liitzow-Rayner Belt proposed in 

this chapter suggests the interaction of three independently moving continental plates: proto

Africa, proto-India and proto-Antarctica. The leading edge is without any doubt the Mozambique 

Belt. Paleomagnetic evidence suggests a large separation between East and West Gondwana, but 

differential movement within East Gondwana could not be detected (McWilliams, 1981). 

Separation between India and Antarctica may have been in the order of -500 km, however, 

which is undetectable by paleomagnetic methods (op. cit.). This is consistent with the short time 

interval (-30 Ma: Chapter 9) between structures related to collision and subsequent collapse in 

the Mozambique Belt and those related to thrusting in the Liitzow-Rayner Belt. which prohibits a 

larger separation between India and Antarctica. 
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Fig. 10.3 Plate-tectonic cartoons illustrating the possible Pan-African evolution of Sri Lanka and 
adjacent Gondwana fragments. A. Subduction underneath India and Antarctica caused crustal extension 
and rifting in the upper plate; separation between India and Antarctica was probably too small to induce 
sea-floor spreading and may instead have resulted in a thinned continental crust. B. Collision in the 
Mozambique Belt resulted in underthrusting of basement units in Sri Lanka and LUtzow-Holm, followed 
by granulite facies metamorphism and extensional collapse. C. Convergence of India and Antarctica and 
simultaneous strike-slip along the Mozambique Belt caused thrusting, folding and wrenching in Sri 
Lanka and the LUtzow-Holm and Rayner Complexes. 

The following plate-tectonic model is proposed for the interaction between these three 
continental plates (Fig. 10.3), which should be regarded as a working hypothesis. 
(I) Subduction in the realm of the later Mozambique Belt may have induced N-S tensile forces in 

the overriding plate, causing crustal extension between proto-India and proto-Antarctica 
(Fig. 10.3a). This may have been similar to the early stages of the opening of the present
day Caribbean between 160 and 120 Ma ago (cf. Ross & Scotese, 1988). In view of the 
relatively small separation between fudia and Antarctica (above), however, oceanic crust 
may not have been generated. 
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(2) Collision in the Mozambique Belt (Fig. lO.3b) may have resulted in a different force balance, 
causing convergence between India and Antarctica (Fig. lO.3c), which collided not much 
Ia1er to form the Liitzow-Rayner Belt (Fig. lO.3d), simultaneously with strike-slip along the 
Mozambique Belt. This caused underthrusting of basement units in Sri Lanka and the 
Liitzow-Holm Complex, followed by granulite facies metamorphism. Extensional collapse 
may have resulted from a decrease of the convergence rate (e.g., Platt. 1986). At a late 
stage, a 500 lan-scale syntactical bend was formed in Sri Lanka and the Liitzow-Holm 
Complex due to their position at the triple junction of the two belts. 

COMPARISON WITH A MODERN MOUNTAIN BELT: THE ALPS 

If the plate-tectonic model outlined above is correct. collision in the Mozambique Belt preceded 
plate convergence in the Liitzow-Rayner Belt. Hence, the Mozambique Belt probably had an 
overthickened crust. while the Liitzow-Rayner Belt may have been characterized by normal 
crustal thickness or even thinned crust (after Dla: see Chapter 8). In a setting of extensional 
collapse it can be expected that material flows from areas with overthickened crust to areas with 
thinner crust (e.g., Ratschbacher et al., 1991). The inferred top-to-the-E displacement ofhigh-T 
nappes (1)2) in Sri Lanka (Gondwana coordinates; see Chapter 7) is consistent with this model. 

In the Eastern Alps, material has flown eastwards from the overthickened Alpine realm 
towards the thinner crust underneath the Styrian and Pannonian basins (Ratschbacher et al., 
1991; Fig. lOA). North-south plate convergence acted simultaneously with sinistral strike-slip 
along the NNE-SSW trending Giudicarie belt and caused eastward flow of material in the Tauem 
window (op. cit.). In view of this similarity, Fig. 10.4 may serve as a model for Pan-African Sri 
Lanka during Dz. 

w E/'
o 

6O..J..!:Moho~~ -

Sri Lanka 

Fig. 10.4 Cross-section through the Eastern Alps and the Stynan basin (after Ratschbacher et aI., 

1991), which may serve as a model for the setting of Sri Lankan granulites in the Mozambique and 
LUtzow-Rayner Belts. 
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Laubscher (1990) argued that the lowennost crust in the Alps may have delaminated after 

being transfonned into high-density eclogites. These levels would have been replaced by 

upwelling asthenospheric material. It was argued in Chapter 8 that a similar process may have 

operated at levels underneath the Sri Lankan granulites. Observations consistent with this model 

in Sri Lanka are (i) the anomalous contact between supracrustal-bearing granulites and 

serpentinized peridotites (Chapter 8); (ii) possible magmatic (See Chapters 6, 8) cooling of 

metabasites at deep-crustal levels, which may point to mafic intrusions triggered by 

decompression melting of upwelling asthenosphere; (iii) evidence for high-T extensional 

collapse and subsequent uplift (Chapter 8). 

High-T granulite metamorphism could result from the vicinity of the asthenosphere, similar to 

the contact metamorphic aureole around the Ronda peridotite (Torres Rol<Mn, 1981), but on a 

much larger scale. Hence, the process of delamination of the lowennost crust and upper mantle 

may explain a variety of structural and metamorphic phenomena in the Sri Lankan basement. 

Interestingly, the P-T path and maximum P-T recorded by sapphirine-bearing granulites from the 
Gruf Complex in the Alps (Droop & Bucher-Nunninen. 1984) are very similar to those from Sri 

Lanka (cf. Chapters 3-5). According to these authors, granulite metamorphism in this area may 

be of Alpine age and not Variscan, which also suggests that similar processes operated in Pan
African Sri Lanka as in the present-day Alps. 

SRI LANKA AT A TRIPLE JUNCTION OF OROGENIC BELTS 

The tectonometamorphic evolution of the Sri Lankan basement, as presented in this thesis, 

shows considerable complexities, both in the resulting geometry and its time sequence. All 

phenomena can, however, be interpreted in terms of the position of Sri Lanka at the triple 
junction of two simultaneously active orogenic belts. Early crustal thickening resulting in the 
transport of supracrustal rocks to 30 km depth; subsequent eastward (Gondwana coordinates) 

nappe emplacement during extensional collapse; the change to southward thrusting; the 

development of a syntactical bend at 100 km-scale and refolding of this syntaxis by late upright 

folds: all these features fit into a setting of simultaneous plate convergence in the Liitzow-Rayner 

Belt and sinistral strike-slip in the Mozambique Belt 

The development of the Liitzow-Rayner and Mozambique Belts may be similar to the Alps

Apennines system in Europe. Laubscher (1988) pointed out some complications that may arise 

from the interaction between such belts and emphasized the importance of strike-slip zones. In 

particular, the alternation in time of "push-arc" type belts related to indentation and "pull-arc" 

type belts caused by hinge recession in a subduction zone may change the force balance and 

cause alternating phases of shortening and extension (op. cit.), similar to the change from D2 to 
D3 in Sri Lanka (Chapter 9). 
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DISCUSSION 

The simultaneous evolution of the Mozambique Belt and the Liitzow-Rayner Belt proposed in 

this chapter is based largely on structural and petrological data. The main arguments are: (i) late 

strike-slip in the Sri Lankan basement suggests a position at the eastern margin of the 

Mozambique Belt; (ii) Sri Lanka was therefore situated next to the Liitzow-Holm Bay in East 

Antarctica; (iii) E-W trending upright folds produced by N-S shonening (Gondwana 

coordinates) in Sri Lanka are parallel to upright folds in East Antarctica (30-60 °E); (iv) eastward 

decreasing P-T in Sri Lanka and Liitzow-Holm is consistent with simultaneous low-T (400-500 
0q, retrograde metamorphism in the Rayner Complex (Clarke, 1988); (v) simultaneous upright 

folding at -550 Ma in that area (op. cit.) therefore suggests that the Rayner Complex was located 

at a shallower level than granulites from Sri Lanka and Liitzow-Holm at that time. 

Some isotopic data seem inconsistent with the above model. Notably, the -770 Ma intrusive 

age for a late pegmatite in the western Rayner Complex (Black et aI., 1987) seems conflicting. 
Black et aI. (1987) claim that this pegmatite is post-tectonic, but Clarke (1988) shows that 

similar late pegmatites are deformed by rerrograde shear zones (his D4) in the eastern Rayner 
Complex, which locally reached upper amphibolite facies conditions. In addition. upright 
folding caused only low-strain deformation with localized, weakly developed axial planar 

foliations (op. cit.) and may therefore postdate pegmatite emplacement. 

A connection between the Liitzow-Holm and Sri Lankan granulites has been proposed by 

earlier workers on the basis of a similar clockwise P-T path (Hiroi et al., 1987; Shiraishi et al., 

1987; Motoyoshi et al., 1987; Ogo et aI., 1992), a similar field pressure and temperature 

gradient (op. cit.), the presence of rerrograde andalusite (Hiroi et al., 1990; Ogo et aI., 1992), 

paleomagnetic data (Yoshida et al., 1992) and U-Pb zircon data (Shiraishi et al., 1992). The late 
sinisrral srrike-slip event in Sri Lanka described in this chapter indicates that Sri Lanka was 

located on the eastern side of the Mozambique Belt, which supports the connection with the 
Liitzow-Holm granulites. Other reconstructions, which show Sri Lanka farther away from India 

than at present (e.g., De Wit, 1988) therefore seem inconsistent with the structural evolution of 

the Sri Lankan basement. 

CONCLUSIONS 

New structural data from the Sri Lankan basement indicate that Sri Lanka was located on the 
eastern side of the Mozambique Belt, adjacent to the Liitzow-Holm granUlites. Similarities in the 

structural evolution of both areas suppons the connection proposed by earlier workers (e.g., 

papers in Hiroi & Motoyoshi, 1990). Late upright folding in these areas cannot be explained by 

their position in the Mozambique Belt, but can be correlated with similar structures in the Rayner 

Complex. The Rayner Complex was situated at shallower levels than Sri Lankan and Liitzow 

Holm granulites at this stage, possibly on top of them. Structural rrends define a syntactical 
bend, which can be explained by simultaneous convergence of India and Antarctica and strike
slip along the Mozambique Belt 
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RESULTS AND CONCLUSIONS FROM THIS THESIS 

1	 The succession of divariant mineral reactions in sapphirine-bearing granulites from central 

Sri Lankan granulites shows the stability of four univariant reactions in FMAS: 
(i) orthopyroxene + spinel + corundum = garnet + sapphirine 

(ii) orthopyroxene + corundum = garnet + sapphirine + sillimanite 
(iii) orthopyroxene + sillimanite + quartz = garnet + cordierite 
(iv) orthopyroxene + sillimanite = garnet + sapphirine + cordierite 

2 These reactions operated during isothermal decompression from 9 to 7.5 kbar at 830 OC. 
3 The construction of petrogenetic grids in systems with insufficient thermodynamic data 

requires a technique midway between the theoretical closed grid approach and rigorous 

calculation. A new algorithm is proposed which involves the construction of all possible 
grids using volume and topological constraints. The number of grids is reduced by using 
other data. 

4 The relation between petrogenetic grids for natural systems and those for their end-member 
systems can be extended to (c+4) and higher natural systems, which creates possibilities that 
have been overlooked by earlier workers. 

5 The notion of initial-residual grid pairs breaks down for (c+4) or higher natural systems, 
because the number of real grids becomes larger than two. The number of invariant points 
where the grid is reversed also increases. The resulting set of grids may be valid for specific 
conditions, for example at different values of fOz. 

6 Application of the extended theory to FMAS(c+4) containing the mineral phases garnet, 
orthopyroxene, cordierite, spinel, sapphirine, sillimanite, corundum and quartz, leads to new 
grids at various fOz values. 

7 Application of the new low fOz grid to Sri Lankan granulites gives a clockwise P-T path, 
implying a crustal thickening event followed by heating and unroofmg. 

8 Quantification by the Gibbs' method (Spear et al., 1982) of slopes of divariant reactions 
suggests a clockwise P-T path showing a steep prograde path. 

9 Trivariant CFMAS assemblage garnet + plagioclase + orthopyroxene + quartz shows a large 

variation in reaction line slopes (8 to 18 barIK). This is due to variable Ca-contents of the 
first two phases and not to the bulk rock Fe/Mg ratio. A retrograde path with a slope of -15 
barIK after isothermal decompression can explain simultaneous garnet growth and garnet 
breakdown in this assemblage. 

10 The Kadugannawa and Wanni Complexes constitute a pile of nappes which were emplaced 
northwards on top of the Highland Complex during late orogenic extension 

11 Simultaneous high-T granulite metamorphism in the hanging wall of an extensional shear 
zone and isothermal decompressiOn in the footwall can explain the low thermal gradient of 
-11 OC/km of the recorded thermobarometric P-T array (Schumacher & Faulhaber, 1993). 

12 Delamination of the lowermost crust and upper mantle may provide the heat source for 
granulite metamorphism; it also gives an explanation for high-T extensional collapse and 
subsequent uplift and for the possible intrusion of mafic magmas at deep crustal levels. 
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13	 A syntactical bend defmed by the trend of late upright folds involves earlier stretching 
lineations as well. It developed only in hanging wall rocks of a major thrust contact, which 
can be explained by the "corner effect" near a colliding promontory (Brun & Burg, 1982). 

14 This late deformation resulted from sinistral strike-slip along the Mozambique Belt and 
simultaneous shortening in a belt comprising the Liitzow-Holm and Rayner Complexes in 
East Antarctica. This constrains the position of Sri Lanka in Gondwana and also suggests 

that the Pan-African event in East Antarctica may involve significant deformation. 
15	 The persistent colinearity of fold axes of upright folds and earlier stretching lineations in Sri 

Lanka may be explained by changes in the balance between forces due to plate convergence 
and gravitational forces. In the early stages, vertical shortening exceeded N-S shortening 
(Gondwana coordinates with Africa stationary), causing material to flow eastwards from 
regions with overthickened crust (possibly the Mozambique Belt). In the late stages, N-S 

shortening exceeded vertical shortening resulting in thrusting and upright folding. 
16 Early nappe tectonics and ductile flow in the Pan-African lower crust exposed in Sri Lanka 

may provide a model for deep-crustal tectonics in the present-day Alps. 



REFERENCES 

Abart, R., Connolly, J.A.D. & Trommsdodf, v., 1992. 
Singular point analysis: construction of 
Scbreinemaken projections for systems with a 
binary solution. Am. J. Sci., 292: 778-1105. 

Ackermand, D., R.K. Herd, M. & B.F. Windley. 1982. 
Chemographic relationships in sapphirine-bearing 
rocks of the Limpopo belt, Southern Africa Rev. 
Bras. Geosc., 12: 292-300. 

Ackermand, D., Windley, B.F. & Razafmiparany, A., 
1989. The Precambrian mobile belt of southern 
Madagascar. In: Daly, J.S., Cliff, R.A. & Yardley, 
B.W.D. (Eds.), Evolution of Metamorphic Belts. 
0001. Soc. Spec. Publ., 43: 293-296. 

Adams, ED., 1929. The geology of Ceylon. Canad. J. 
Res., I: 425-511. 

Albee,	 1965. A petrogenetic grid for the Fe-Mg 
silicates of pelitic schists. Am. J. Sci., 263: 512
536. 

Allmendinger, R.W., Nelson, K.D., Potter, C.J., 
Barazangi, M., Brown, L.D. & Oliver, J.E., 1987. 
Deep seismic reflection characteristics of the 
continental crust. Geology, 15: 304-331. 

Andriamarofahatra, J., De La Boisse, H. & Nicollet, C., 
1990. Datation U-Pb sur monazites et zircons du 
dernier l!pisode tectono-metamorphique granulitique 
majeur dans Ie Sud-Est de Madagascar. C.R. Acad. 
Sci., Paris, 

Aranovicb,	 L. Ya. & Podleskii, K.K., 1989. 
Goothermobarometry of high-grade metapelites: 
simultaneously operating reactions. In: Daly, J.S., 
Cliff, R.A. & Yardley, B.W.D. (Eds.), Evolution of 
Metamorphic Belts. 0001. Soc. Spec. PubI., 43: 45
61. 

Arima, M. & R.L. Barnen. 1984. Sapphirine bearing 
granulites from the Sipiwesk Lake area of the late 
Arcbean Pikwitonei granulite terrain, Manitoba, 
Canada. Contr. Mineral. Petrol., 88: 102-112. 

Baur, N., KrOner, A., Todl, W., Liew, T.C. & Hofmann, 
A.W., 1991. U-Pb isotopic systematics of zircons 
from prograde and retrograde transition zones in 
higb-grade orthogneisses, Sri Lanka. J. Gool., 99: 
527-545. 

Berger, A.R., 1973. The Precambrian metamorphic 
rocks of Ceylon. A critique of a radical 
interpretation. With reply by Katz, M.B. Gool. 
Rundsch. 62, 347-350. 

Berger, A.R. & Jayasinghe, N.R., 1976. Precambrian 
structure and chronology in the Highland Series of 
Sri Lanka. Precambrian Res. 3: 559-576. 

Berman, R.G., 1988. Internally-consistent thermo
dynamic data for minerals in the system Naz<>-K20
CaO-Mgo-FeO-Fez03-AJ2~-Si02-TiOz-H20
C02. J. Petrol., 29: 445-522. 

Berman, R.G., 1990. Mixing properties	 of Ca-Mg-Fe
Mn garnets. Am. Mineral., 75: 328-344. 

Berman, R.G. & Perkins, E.H., 1987. GEOCALC: 
software for calculation and display of pressure-

temperature-composition phase diagrams. Am. 
Miner., 72: 861-862. 

Bernard-Griffiths, J., Jahn, B.-M. & Sen, S.K., 1987. 
Sm-Nd isotopes and REE geochemistry of Madras 
granulites, India: and introductory statement. Prec. 
Res., 37: 343-355. 

Berth~, D., Choukroune, P. & Jegouzo, P., 1979. 
Orthogneiss, mylonite and non-coaxial deforma
tion of granites: the example of the south
Armorican shear zone. J. Str. GeoL, I: 31-42. 

Bertrand, P., Ellis, D.J. & Green, D.H., 1991. The 
stability of sapphirine-quartz and hypersthene
sillimanite-quartz assemblages: an experimental 
investigation in the system FeO-MgO-AI203-Si02 
under H20 and CO2 conditions.Contr. Mineral. 
Petrol., 108: 55-71. 

Bertrand, P., OUzegane, Kh. & Kienast, J.R., 1992. p_ 
T-X relationships in the Precambrian AI-Mg-rich 
granulites from In Ouzzal, Hoggar, Algeria. J. 
Metam. Geol., 10: 17-31. 

Bhattacharya, A., Krishnakumar, K.R., Raith, M. & 
Sen, S.K., 1991. An improved set of a-X parameters 
for Fe-Mg-Ca garnets and refinements of the 
orthopyroxene-garnet thermometer and the 
orthopyroxene-garnet-plagioclase-quartz 
barometer. J. Petrol., 32: 629-656. 

Bird, P., 1979. Continental delamination and the 
Colorado Plateau. J. Goophys. Res., 84B: 7561
7571. 

Black, L.P., Harley, S.L., Sun, S.S. & McCullcoh, 
M.T., 1987. The Rayner Complex of East 
Antarctica: complex isotopic systematics within a 
Proterozoic mobile bell J. Metam. Gool., 5: 1-26. 

Bohlen, S.R., 1987. Pressure-temperature-time paths 
and a tectonic model for the evolution of granulites. 
J. Gool., 95: 617-632. 

Bohlen, S.R., Dollase, W.A. & Wall, V.J., 1986. 
Calibration and application of spinel equilibria in 
the system FeO-AI203-Si02. J. Petrol., 27: 1143
1156. 

Bohlen, S.R. & Mezger, K., 1989. Origin of granulite 
terranes and the formation of the lowermost 
continental crusl Episodes, 12: 326-329. 

Boyd, F.R. & England, J.L., 1959. Pyrope. Carnegie 
Institution, Washington Yearbook, 58: 83-87. 

Brown, T.H., Berman, R.G.	 & Perkins, E.H., 1988. 
GBO-CALC: software package for the calculation 
and display of pressure-temperature-composition 
phase diagrams using an IBM or compatible 
personal computer. Computers & Goosc., 14: 279
289. 

Brun, J.-P. & Burg, J.-P., 1982. Combined thrusting 
and wrenching in the Ibero-Armorican arc: a comer 
effect during continental collision. Earth Planet. 
Sci. Lett., 61: 319-332. 

Bilchel, G.,	 1991. Gravimetric investigations across 
tectonic boundaries between the Highland! 
Southwestern Complex and the Vijayan Complex in 
Sri Lanka. In: KrOner, A. (Editor), The crystalline 
crust 0 f Sri Lanka, Part I, Summary of Research of 



197 

the German-Sri Lankan Consortium. Geo!. Surv. 
Dept Sri Lanka Prof. Paper,S: 89-93. 

Bilchel, G., 1993. The origin of a tectonic boundary 
between two lower crustal blocks in Sri Lanka. In: 
Raith, M. & Hoemes, S. (Eds.), Tectonic, 
metamorphic and isotopic evolution of deep-crustal 
rocks, with empbasis on Sri Lanka. Prec. Res., in 
press. 

Burke, K.C.A. & Dewey, I.F., 1972. Orogeny in 
Africa. In: Dessauvagie, T.I.F. & Whiteman, A.1. 
(Eds.), African Geology. Univ. Ibadan, Nigeria, pp. 
583-608. 

Burton, K.W. & O'Nions, R.K., 1990. The timescale 
and mechanism of granulite formation at 
Kurunegala, Sri Lanka. Contrib. Mineral. Petrol., 
106: 66-89. 

Butler, R.W.H., 1982. Hanging-wall strains: a function 
of duplex shape and footwall topographY. 
Tectonophysics, 88: 235-246. 

Caporuscio, F.A.	 & Morse, S.A., 1978. Occurrence of 
sapphirine plus quartz at Peeskill, New York. Am. 
I. Sci., 278: 1334-1342. 

Carreras, I., Estrada, A. & White, S., 1977. The effects 
of folding on c-axis fabrics of a quartz mylonite. 
Tectonophysics, 39: 3-24. 

Carswell, D.A.	 & Cuthbert, S.1., 1986. Eclogite facies 
metamorphism in the lower continental crust. In: 
Dawson, I.B., Carswell, D.A., Hall,' I. & 
Wedepohl, K.H. (Editors), The nature of the lower 
continental crust, Geol. Soc. Spec. Publ., 24: 193
209. 

Chacko, T., Ravindra Kumar, G.R.	 & Newton, R.C., 
1987. Metamorphic P-T conditions of the Kerala 
(South India) khondalite belt, a granulite facies 
supracrustal terrain. Ioumal of Geology 95, 343
358. 

Chekirda, A.I. & A.R. Entin. 1969. New data on the 
sappbirine associations of the Aldan shield. Dokl. 
Acad. Sci. USSR, Earth Sci. Sect. 186: 131-134. 

Clarke, G.L., 1988. Structural constraints on the 
Proterozoic reworking of Arcbaean crust in the 
Rayner Complex, MacRobertson and Kemp Land 
Coast, East Antan:tica. Prec. Res., 40-41: 137-156. 

Coates,	 I.S., 1935. The geology of Ceylon. Ceylon I. 
Sci., 19: 101-215. 

Cobbold, P.R. & QUinquis, H., 1980. Development of 
sheath folds in shear regimes. I. Str. Geol., 2: 119
126. 

Cooray, P.G., 1962. Chamockites and their associated 
gneisses in the Precambrian of Ceylon. Quart. I. 
Geol. Soc. London, 118: 239-273. 

Cooray, P.G., 1965. Geology of the country around 
A!utgama. Ceylon Geo!. Survey Dept. Mem., 3, 
111 pp. 

Cooray, P.G., 1984. An introduction 10 the geology of 
Sri Lanka (Ceylon). 2nd edition. National Museums 
of Sri Lanka Publicalion, Colombo, 340 pp. 

Cooray, P.G., 1993. The Precambrian of Sri Lanka: a 
historical review. In: Raith, M. & Hoemes, S. 
(Eds.), Tectonic, metamorphic and isotopic 

evolution of deep-crustal rocks, with emphasis on 
Sri LaDka. Prec. Res., in press. 

Cordani, U. & Cooray, P.G., 1989. Rb-Sr ages 01 
granites and gneisses from the Precambrian of Sri 
Lanka. I. Geo!. Soc. Sri LaDka, 2: 35-43. 

Crawford, A.R. & Oliver, R.L., 1969. The Precambrian 
geochronology of Ceylon. Geol. Soc. Australia 
Spec. Publ., 2: 283-306. 

Dahanayake, K. & Iayasena, H.A.H., 1983. General 
geology and petrology of some Precambrian 
crystalline rocks from the Vijayan Complex of Sri 
Lanka. Precambrian Res. 19: 301-315. 

Day, H.W., 1972. Geometrical analysis of phase 
equilibria in ternary systems of six phases. Am. I. 
Sc., 272: 711-734. 

Dewey, I.F., 1986. Diven;ity in the lower continental 
crust. In: Dawson, I.B., Carswell, D.A., Hall, I. & 
Wedepohl, K.H. (Eds.), The nature of the lower 
continental crust, Geo!. Soc. Spec. Publ., 24: 71
78. 

Dewey, I.F., 1988. Extensional collapse of orogens. 
Tectonics, 7: 1123-1139. 

Dissanayake, C.B. & Munasinghe, T., 1984. 
Reconstruction of the Precambrian sedimentary 
basin in the granulite belt of Sri Lanka. Chemical 
Geology, 47: 221-247. 

Dissanayake, C.B. & van Riel, B.I., 1978. Petrology 
and geochemistry of a recently discovered 
nickeliferous serpentinite in Sri Lanka. I. Geol. 
Soc. India., 19: 464-471. 

DobIas, M. & Oyarzun, R., 1989. Neogene extensional 
collapse in the westem Mediterranean (Betic-Rif 
Alpine orogenic belt): implications for the genesis 
of the Gibraltar Arc and magmatic activity. 
Geology, 17: 430-433. 

Downes, H. & Leyreloup, A., 1986. Granulitic 
xenoliths from the French Massif Central 
petrology, Sr and Nd isolOpe systematics and model 
age estimates. In: Dawson, I.B., Carswell, D.A., 
HaU, I. & Wedepohl, K.H. (Eds.), The nature of the 
lower continental crust, Geo!. Soc. Spec. Publ., 24: 
319-330. 

Droop,	 G.T.R., 1987. A general equation for 
estimating Fe3+ concentrations in ferro-magnesian 
silicates and oxides from microprobe analyses, 
using stoehiometric criteria. Min. Mag. 51: 431
435. 

Droop, G.T.R. 1989. Reaction history of gamet
sapphirine granulites and conditions of Archaean 
higb-pressure granulite-facies metamorphism in the 
central Limpopo Mobile Belt, Zimbabwe. I. 
Metam. Geo!. 7: 383-403. 

Droop, G.T.R. & Bucher-Nurminen, K., 1984. Reaction 
textures and metamorphic evolution of sappbirine
bearing granulites of the Grof Complex, Italian 
Central Alps. I. Petrol., 25: 766-803. 

Drury,	 S.A. & Holt, R.W., 1980. The tectonic 
framework of the South Indian craton: a 
reconnaissance involving LANDSAT imagery. 
Tectonophysics, 65: Tl-Tl5. 



198 

Drury, S.A., Hanis, N.B.W., Holt, R.W., Reeves
Smitb, G.J. & Wrigbtman, R.T., 1984. 
Precambrian tectonics and crustal evolution in 
South India. J. Geol., 92: 3-20. 

DuToit, A.L., 1937. Our wandering continents. Oliver 
and Boyd, Edinburgh, 366 pp. 

Eeckbout, B. van dell & Zwart, H.J., 1988. Hercynian 
crustal-scale extensional sbear zone in the 
Pyrenees. Geology, 16: 135-138. 

Ellis, D.J., 1980. Osumilite-sappbirine-quartz 
granulites from Enderby Land, Antarctica: P-T 
conditions of metamorpbism, implications for 
gamet-cordierite equilibria and the evolution of the 
deep crust. Contr. Mineral. PetrDl., 74: 201-210. 

England, P.C., 1987. Diffuse continental deformation: 
length scales, rates and metamorphic evobation. In: 
Oxburgb, E.R., Yardley, B.W.D. & England, P.C. 
(Eds.), Tectonic settings of regional 
metamorpbism. Pbil. Trans. R. Soc. London, A 
321: 3-22. 

England,	 P.C. & Thompson, A.B., 1984. Pressure
temperature-time paths of regional metamorpbism 
1. Heat transfer during the evolution of regions of 
thickened continental crust. J. Petrol., 25: 894
928. 

Faulhaber, S. & Raith, M., 1991. Geothennometry and 
geobarometry of high-grade rocks: a case study on 
gamet-pyroxene granulites in southern Sri Lanka. 
Mineral. Mag., 55: 17-40. 

Fedorov, L.V., Hofmann, J. & Ravicb, M.G., 1977. 
Ein Vergleicb des geologischen Baus SQdostindiens 
einschliesslicll Sri Lankas und der OslaDtarlttis (35
90 "E). Z Gool. Wiss., 5: 1319-1336. 

Fedorov, L.V., Ravicb, M.G. & Hofmann, J., 1982. 
Geologic comparison of southeastern Peninsular 
India and Sri Lanka with a part of East Antarctica 
(Enderby Land, MacRobertson Land, and Princess 
Elizabeth Land). In: Craddock, C. (Ed), Antarctic 
Geoscience. Int. Union Geol. Sci., Wisconsin, 
series B, 4: 73-78. 

Ferguson, C.C., 1981. A strain reversal method for 
estimating extension from fragmented rigid 
inclusions. Tectonophysics, 79: T43-T52. 

Fernando, L.J.D., 1949. Some aspects of the geology 
of Ceylon. Proc. Ceylon Ass. Advanc. Sci., 2 

Friend, C.R.L. & Nutman, A.P., 1991. Refolded I18ppes 
formed during late Arcbaean terrane assembly, 
Gothabsfjord, southern West Greenland J. Geol. 
Soc. London, 148: 507-519. 

Friend, C.R.L., Nutman,	 A.P. & McGregor, V.R., 
1988. Late Arcbaean terrane accretion in the 
GodtbAb region, southern West Greenland. Nature, 
335: 535-538. 

Fritz, H., WaUbrecber, E., Kbudier, A.A. & Abu EI EIa, 
F., 1993. Formation of basement domes during 
oblique convergence: example from the Eastern 
Desert (Egypt). Terra Abslr., 5(2): 11. 

Frost,	 B.R. & Chacko, T., 1989. The granulite 
uncertainty principle: Limitations on thermo
barometry in granulites. J. Geol., 97: 435-450. 

Fuhrman, M.L. & Lindsley, D.H., 1988. Ternary
feldspar modelling and thermometry. Am. Mineral., 
73: 201-215. 

Gass, I.G., 1981. Pan-African (Upper Proterozoic) 
plate tectonics of the Arabian-Nubian Sbield. In: 
Kr6ner, A. (ed.), Precambrian Plate Tectonics. 
Elsevier, Amsterdam, p. 387-405. 

Geological Map of Sri Lanka, 1982, 8 miles to one 
incb. Geological Survey Departmellt, Colombo, Sri 
Lanka. 

Goscombe, B., 1992. Silica-undersaturated sappbirine, 
spinel and kornerupine granulite facies rocks, NE 
Strangways Range, Central Australia. J. Metam. 
Gool., 10: 181-201. 

Grew, E.S., 1978. Precambrian basement at 
Molodezbnaya station, East Antarctica. Geol. Soc. 
Am. Bull., 89: 801-813. 

Guo, Q., 1984. Topological relations in multisystems 
of more than 0+3 pbases. J. Metam. Geol., 2: 267
295. 

Hand, M. & Dirks, P.H.G.M., 1990. The influence of 
deformation on the formation of axial-planar 
leucosomes and the segregation of small melt 
bodies within the migmatitic Napperby Gneiss, 
centrsl Austrslia. J. Str. Geol., 5: 591-604. 

Hanmer, S., & Passcbier, C.W., 1991. Sbear-sense 
indicators: a review. Geological Survey of Canada 
paper 90-17, 72 pp. 

Hansen, E.C., Hickman, M.H., Grant, N.K. & Newton, 
R.C., 1985. Pan-African lIfle of "Peninsular Gneiss" 
near Madurai, S. India (Abs.). EOS, 66: 419-420. 

Hansen, E.C., Janardban, A.S., NeWlon, R.C., Prame, 
W.K.B.N. & Ravindra Kumar, G.R., 1987. Arrested 
cbarnockite fonnation in southern India and Sri 
Lanka. Contrib. Mineral. Petrol., 96: 225-244. 

Hapuarscbchi, D.l.A.C., 1983. The granulite facies in 
Sri Lanka. Geol. Survey Dept. of Sri Lanka Prof. 
Pap. no. 4: 32 pp. 

Harley, S.L.,	 1984. An experimental study of the 
partitioning of Fe and Mg between garnet and 
orthopyroxene. Contrib. Mineral. PetrDl., 86: 359
373. 

Harley,	 S.L. 1989. Tbe origins of granulites: a 
metamorphic perspective. Geol. Mag. 126: 215
247. 

Harley, S.L. & Fitzsimons, I.C.W., 1991. Pressure
temperature evolution of melapelitic granulites in a 
polymetamorpbic terrane: the Rauer Group, East 
Antarctica. In: Hensen, B.J. & Vemon, R.H. 
(Editors), Granulite Metamorpbism. J. Metam. 
Geol., 9: 231-24 

Harley, S.L. & Hensen, B.J., 1990. Arcbaean and 
Proterozoic high-grade terranes of East Antarctica 
(4(}'80 "E): a case study of diversity in granulite 
facies metamorpbism. In: Asbworth, J.R. and 
Brown, M. (Eds.), High-temperalUre metamorphism 
and crustal anatexis. Unwin Hyman Ltd, London, p. 
320-370. 

Harris, N.B.W., Holt, R.W. & Drury, S.A., 1982. 
Geobarometty, geothermometry and late Archaean 



199 

geotherms from the granulite facies terrain of South 
India. I. Geal., 90: 509-527. 

Harte, B. &: Dempster, T.I., 1987. Regional 
metamorpbic zones: tectonic controls. In: 
OXburgb, E.R.• Yardley, B.W.D. &: England, P.C. 
(Eds.), Tectonic Setlings of Regional 
Metamorphism. Phil. Trans. R. Soc. Lond. A 321, 
105-127. 

Hatherton, T., Pauiarcbchi, D.B. &: Ranasingbe, R.B., 
1975. Gravity map of Sri Lanka, 1:1,000,000. 
Geal. Survey DepL Prof. Paper, 3: 39 pp. 

Helgeson, H.C., Delany, I.M., Nesbill, H.W. &: Bird, 
D. K., 1978. Summary and critique of tbe 
tbermodynamic properties of rock-forming 
minerals. Am. I. Sci., 278-A: 1-299. 

Hensen, B.I., 1971. Theoretical pbase relations 
involving cordierite and gamet in the system MgG
FeO-AI203-Si02. Contrib. Mineral. Petrol., 33: 
191-214. 

Hensen,	 B.I. 1986. Tbeoritical phase relations 
involving cordierite and garnet revisited: the 
inOuence of oxygen fugacity on the stability of 
sappbirine and spinel in the system Mg-Fe-AI-Si
0. Conti". Mineral. Petro1.92: 362-367. 

Hensen, B.I. 1987. P.T-grids for silica-undersaturated 
granulites in the systems MAS(c+4) and 
FMAS(c+3); tools for the derivalion of poT paths of 
metamorphism. J. Meta. Geal. 5: 255-271. 

Hensen, B.J. 1988. Chemical potential diagrams and 
cbemograpbic projections: application to 
sappbirine-granulites from Kiranur and 
Ganguvarpalli, Tamil Nadu. Evidence for rapid 
uplift in part of the South Indian sCbield? N. lb. 
Miner. Abb. 158(3): 193-210 

Hensen, B.J. &: Green, D.H. 1971. Experimental study 
of the stability of cordierite and garnet in pelitic 
compositions at bigh pressures and temperatures. I. 
Compositions with excess aluminosilicate. Contr. 
Mineral. Petrol. 33: 309-330. 

Hensen, B.I. &: Green, D.H. 1972. Experimental study 
of the stability of cordierite and garnet in pelitic 
composilioons at bigb pressures and temperatures. 
11. Compositions without excess aluminosilicate. 
Contr. Mineral. Petrol. 35: 331-354. 

Hensen,	 BJ. &: Green, D.H. 1973. Experimental study 
of the stability of cordierite and garnet in pelitic 
compositioons at bigb pressures and temperatures. 
111. Synthesis of experimental data and geological 
applications. Contr. Mineral. Petrol. 33: 65-71. 

Hensen, B.I. &: Harley, S.L., 1990. Grapbical analysis 
of P-T-X relations in granulite facies metapelites. 
In: Asbworth, I.R. &: Brown, M. (Eds.), Higb
temperature metamorphism and crustal anatexis. 
Unwin Hyman Ltd. London, p. 19-55. 

Hess, P.C., 1969. The metamorphic paragenesiS of 
eordierite in pelitic rocks. Contr. Min. Petrol. 24, 
191-207. 

Hiroi, Y.	 &: MOlOyosbi, Y., 1990 (Eds.), Study of 
geologic correlation between Sri Lanka and 
Antarctica (1988-1989). Cbiba University, Japan, 
151 p. 

Hiroi. Y., Asami, M., Cooray, P.G., Fernando, 
M.R.D., Iayatileke, I.M.S.. Kagami, H.• 
Mathavan, V., Matsueda, H.• Motoyosbi, Y.• ago, 
Y., Osanai, Y., Owada, M., Perera, L.R.K., Prame, 
K.B.N., Ranasinghe, N.S., Shiraisbi, K., Vitanage, 
P.W. &: Yoshida, M., 1990. Arrested cbamockite 
formation in Sri Lanka: field and petrographical 
evidence. In: Hiroi, Y. &: MOlOyosbi. Y.• 1990 
(Eds.), Study of geologic correlation between Sri 
Lanka and Antarctica (1988-1989). Cbiba 
University, lapan, 1-18. 

Hiroi, Y.• Yosbida, Y. &: Vitanage, P.W., 1987. Relict 
kyanite in the Highland and Soutwest gneisses in 
Sri Lanka: evidence of prograde metamorphism and 
a cbaracteristic in common with the LillZow-Hohn 
Complex in East Antarctica. Geal. Soc. Sri Lanka, 
Spec. Publ., 3: 28. 

Holdaway, M., 1971. Stability of andalusite and the 
aluminium silicate phase diagram. Am. I. Sci 271: 
97-131. 

Holland,	 TJ.B. &: Powell, R., 1985. An internally 
consistent tbermodynamic dataset witb 
uncertainties and correlations: 2. Data and reSUlts. 
J. Metam. Gool.. 3: 343-370. 

Holland, T.J.B. &: Powell. R., 1990. An enlarged and 
updated internally consistent tbermodynamic 
dataset with uncertainties and correlations: tbe 
system K20-Na20-CaO-MgO-MnO-FeO-Fez03
AI203-Ti02-Si02-C-H2-02. J. Metam. Goo/., 8: 
89-124. 

Holmes, A., 1951. The sequence of pre-Cambrian 
orogenic bellS in south and central Africa. 18th InL 
Geol. Congr., London (1948), 14: 254-269. 

Holmes, A.• 1955. Dating the Precambrian of 
Peninsular India and Ceylon. Proc. Geol. Soc. 
Canada, 7: 81-105. 

HIlIz\, S., Kilbler, H., Krllner, A., Jaeckel, P. &: Liew, 
T.C., 1991. Geocbronology of the Sri Lankan 
basemenL In: KrIlner, A. (Ed), The crystalline ClU5t 
of Sri Lanka. Part I, Summary of Researcb of the 
German-Sri Lankan Consortium. Geol. Surv. DepL 
Sri Lanka Prof. Paper, 5: 237-257. 

HIlIzI, S., Hofmann, A.W., Tool, W. &: Kilbler, H., 
1993. U-Pb geocbronology of the Sri Lankan 
basement. In: Raith, M. and Hoemes, S. (Eds.), 
Tectonic, metamorpbic and iSOlOpic evolution of 
deep-crustal rocks, with empbasis on Sri Lanka. 
Prec. Res., in press. 

Houseman, G.A., McKenzie, D.P &: Molnar, P., 1981. 
Convective instability of a thickened boundary 
layer and its relevance for the thermal evolution of 
continental convergent bells. I. Geopbys. Res., 
86B: 6115-6132. 

Irwin. J.J., Kirscbbaum, C., Lim, T., Glassley, W., 
Ryerson, F.I., Sbaw, H.F., Niemeyer, S. &: 
Abeysingbe, P.D., 1987. Laser-Microprobe 39Ar
40Ar Ages of High Grade Metamorphic Rocks from 
Sri Lanka. Eos, 68: 431. 

Jaeckel, P., Krllner,	 A. &: Williams, I.S., 1991. U/Pb 
isotopic systematics in single zircons from lower 
crustal rocks in Sri Lanka as revealed by ion 



200 

microprobe and evaporation analysis. Terra 
Abslracls, 3: ... 

lames, P.R., Ding, P. & Rankin, L., 1991. SlrUClUral 
geology of the early Precambrian gneisses of 
northern Fold Island, Mawson Coast, East 
Anlarctica. In: Thomson, M.R.A., Crame, lA. &. 
Thomson, I.W. (Eels.), Geological Evolution of 
Anlarctica. Cambridge University Press, p. 19-23. 

Ianardban, A.S., NeWlon, R.C. &. Hansen, E.C., 198Z. 
The lransformation of amphibolile facies gneiss ID 
chamockile in Southern Karnalab and Norlhern 
Tamil Nadu, India. Conlrib. Mineral. Pelrol., 79: 
130-149. 

Iayawardena, D.E. de S. & Carswell, D.A., 1976. The 
geochemislry of "charnockiles" and their 
constituent ferromagnesian minerals from the 
Precambrian of south-east Sri Lanka (Ceylon). 
Mineral. Mag., 40: 541-554. 

Iohansson, L. & Mllller, C., 1986. Formation of 
sapphirine during retrogression in a basic high
pressure granulile, Roan, Weslem Gneiss Region, 
Norway. Conlr. Mineral. Pelrot., 94: 29-41. 

lones, D.L., Howell, D.G., Coney, P.I. &. Monger, 
I.W.H., 1983. Recognition, character, and analysis 
of leclDnoslratigraphic lerranes in Weslem Norlh 
America. In: HashimolD, M. &. Uyeda, S. (Eds.), 
Accretion leclDnics in the Circum-Pacific Regions. 
Adv. Earlh Plane!. Sci., 15: 21-35. 

Kagami, Ii, Owad.. M., Osanai, Y. & Hirai, Y., 1990. 
Preliminary geochronological study of Sri Lankan 
rocks. Hiroi, Y. & MOloyoshi, Y., 1990 (Bds.), 
SlUdy of geologic correlation between Sri Lanka 
and Anlarctica (1988-1989). Chiba University, 
lapan, 55-70. 

Katz, M.B., 1971. The Precambrian melamorphic rocks 
of Ceylon. Geot. Rundsch. 60, 1523-1549. 

Katz, M.B., 1989. Sri Lanka-Indian Eastern Ghats-East 
Antarctica and the Australian Albany Fraser mobile 
belt: gross geometry, age relationships, and 
leclDnics in Precambrian Gondwanaland. I. Geot., 
97: 646-648. 

Kay,	 R.W. &. Mahlburg Kay, S., 1986. Pelrology and 
geochemistry of the lower continenlal crust: an 
overview. In: Dawson, I.B., Carswell, D.A., Hall, 
I. &. Wedepohl, K.H. (Eds.), The nalUre of the lower 
continenlal crust. Geot. Soc. Spec. Pubt. no. 24: 
147-159. 

Kaz'min, V.G., 1988. Teclonic development of the 
Mozambique Zone: from accretion 10 collision. 
Geolectonics, 22: 213-219. 

Kehelpannala, K.V.W., 1991. SlrUClUral evolution of 
high-grade terrains in Sri Lanka with special 
reference 10 the areas around Dodangaslanda and 
Kandy. In: KrIlner, A. (Ed.), The cryslalline crust of 
Sri Lanka, Part 1, Summary of Research of the 
German-Sri Lankan Consortium. Geot. Surv. Dept. 
Sri Lanka Prof. Paper,S: 69-88. 

Kehelpannala,	 K.V.W., 1993. Polyphase deformation 
of a Proterozoic high-grade suspect terrane: 
evidence from the Wanni Complex of Sri LankL I. 
Geol Soc. Sri Lanka, in press. 

Kiseleva, LA., 1976. Thermodynamic parameters of 
nalUral ordered sappbirine and synthetic disordered 
specimetlll. Geochem. Inl 1976: 113-122. 

Kiseleva, I.A. &. Topov, N.D. 1975. The high 
temperature specific heat of sapphirine. Geoch. Int 
12, 1: 196-198. 

Kleinschrodl, R., VolI, G. &. Kehelpannala, W .• 1991. 
A layered basic intrusion, deformed and 
melamorphosed in granulite fa.cies of the Sri Lanka 
basemenl Geot. Rundsch., 80: 779-800. 

Kleinschrodt. R., 1993. Large scale thrusting in the 
lower cruslal basement of Sri Lanka. In: Raith, M. 
& Hoemes, S. (Eds.), Teclonic, melamorphic and 
isOlopic evolution of deep-cruSlal rocks, with 
emphasis on Sri Lanka. Prec. Res., in press. 

Korzhinskii, D.S., 1959. Physicochemical basis of the 
analysis of the paragenesis of minerals (English 
lranst.). New YorIr, Consullants Bureau, Inc.: 142 

pp. 
Kriegsman, LM., 1991 L SlrUclUral geology of the Sri 

Lankan basement - a preliminary review. In: 
KrIlner, A. (Ed.), The crySlaUine crusl of Sri Lanka, 
Part I, Summary of Research of the German-Sri 
Lankan Consortium. Geol. Surv. Dept. Sri Lanka 
Prof. Paper,S: 52-68. 

Kriegsman, L.M., 1991b. Sapphirine-bearing 
granulites from cenlral Sri Lanka - outcrop 
description and mineral chemistry. In: Krllner, A. 
(Ed.), The cryslalline crusl of Sri Lanka, Part 1, 
Summary of Research of the German-Sri Lankan 
Consortium. Geot. Surv. Dept. Sri Lanka Prof. 
Paper,S: 178-187. 

Kriegsman, L.M., 1991c. The Munwatle outcrop. In: 
VolI, G &. Kleinschrodt, R. (Eds.), The crySlalline 
crust of Sri Lanka, Part II, Excursion Guide for 
Geological Field Trip in Sri Lanka, September 
1991. Geot. SUI'Y. Dept. Sri Lanka Prof. Paper, 6: 
31-34. 

Krllner, A., 1977. Precambrian mobile bells of 
soulhern and eastern Africa - ancient sutures or siles 
of ensialic mobility 7 A case for cruslal evolution 
lowards plale leclonics. Teclonophysics, 40: 101
135. 

KrIlner, A., 1979. Pan-African plale leclonics and its 
repercussions on the crust of northeast Africa. 
Geot. Rundschau, 68: 565-583. 

Krllner, A., 1986. Composition, slruclUre, and 
evolution of the early Precambrian lower 
continental crust: conSlraints from geological 
observations and age relationships. Am. Geophys. 
Union, Geodyn. Series, 14: 107-119. 

KrIlner, A., 1991. African linkage of Precambrian Sri 
LankL Geot. Rundsch., 80: 429-440. 

KrIlner, A., Cooray, P.G. &. Vilanage, P.W., 1991. 
Lithotectonic subdivision of the Precambrian 
basement in Sri Lanka. In: Krilner, A. (Ed.), The 
crySlalline crust of Sri Lanka, Part 1, Summary of 
Research of the German-Sri Lankan Consortium. 
Geol Surv. Dept Sri Lanka Prof. Paper,S: 5-21. 

KrOner, A. & laeckel, P., 1993. Zircon ases from rocks 
of the Wanni Complex: a cruslal unit distinct from 



201 

!he Highland Complex. J. Geol. Soc. Sri Lanka, in 
press. 

Krllner, A., Kehelpumala, K.V.W. & Kriegsman, LM., 
1993. Origin of c:ompositional layering and 
mec:banism of c:rustal thic:kening in tile high-grade 
gneiss terrain of Sri Lanka. In: Raitll, M. & 
Hoemes, S. (Eds.), Tectonic:, metamorphic: and 
isotopic evolution of deep-crustal rocks, witll 
emphasis on Sri Lanka. Prec. Res., in press. 

Krllner, A., Todt, W., Hussein, I.M., MansOIll', M. & 
Rashwan, A.A., 1992. Dating of late Proterozoic: 
ophiolites in Egypt and !he Sudan using !he single 
grain zirc:oo evaporation tec:bnique. Prec. Res., 59: 
15-32. 

Krllner, A. & Williams, 1993. Age of metamorphism in 
tile high-grade rocks of Sri Lanka. J. Geol., in 
press. 

Krllner, A., Williams, I.S., Compston, W., Baur, N., 
Vitanage, P.W. & Perera, L.R.K., 1987. Zircon ion 
microprobe dating of high-grade roc:ks in Sri 
Lanka. J. of Geol. 95: 775-791. 

Lac:assin, R., 1988. Large-Scale foliation bOUdinage in 
gneisses. J. Str. Geol., 10: 643-647. 

Uc:belt, S., 1988. Beitrag zur geologisc:h-tektonisc:hen 
EnlWic:klung des An:baikums und Proterozoikums in 
der VR M~ambique. Zeilsc:br. geol. Wiss., Berlin, 
16: 627-634. 

Lal, R.K., Ac:kermand, D., Raase, P. & Seifert, F., 
1984. Sapphirine bearing assemblages from 
Kiranur, Soutllem India: A study of chemographic: 
relations in !he Na20-FeO-MgO-AI20]-Si02-H20 
system. N. lb. Miner. Abh. 150: 121-152. 

Lal, R.K., Ac:kermand, D. & Upadbyay, H., 1987. P-T
X relationships deduced from c:orona textures in 
Sappbirine-Spinel-quartz assemblages from Paderu, 
Soutbern India. J. Petrol., 28: 1139-1168. 

Laubsc:her, H.P., 1988. The arcs of tile Western Alps 
and tile NortIlem Apennines: an updated view. 
Tectonophysics, 146: 67-78. 

Laubscher, H., 1990.	 The problem of !he Mobo in !he 
Alps. Tectonophysics, 182: 9-20. 

Lawver, L.A. & Scotese, C.R., 1987. A revised 
reconstruction of Gondwanaland. In: Mc:Kenzie, 
G.D. (Ed.), Gondwana six: structure, tectonics, and 
geophysics. Geophysical Monograph, 40. Am. 
Geophys. Union, Washington, 17-23. 

Lee, H.Y. & Ganguly, J.• 1988. Equilibrium 
c:ompositions of c:oexisting garnet and 
orthopyroxene: experimental detenninations in !he 
system FeO-MgO-AI203-Si02, and applications. J. 
Petrol., 29: 93-113. 

Liew, T.C., Milisenda, C.c. & Hofmann, A.W., 1991a. 
Isotopic: c:ontrasts, c:hronology of elemental 
transfers and high-grade metamorphism: The 
central Sri Lankan granulites and tile Lewisian 
(Sc:odand) and Nuk (SW Greenland) gneisses. Geoi. 
Rundsc:bau, 80: 279 

Liew, T.C., Milisenda, C.C., H/lIzI, S., K6bIer, H.	 & 
Hofmann, A.W., 1991b. Isotopic: c:barac:terizaliOD 
of tile high-grade basement rocks in Sri Lanka. In: 
Krilner, A. (Ed), The crystalline crust of Sri Lanka, 

Part I, Summary of Research of !he German-Sri 
Lankan Consortium. Geol. Surv. Dept. Sri Lanka 
Prof. Paper,S: 258-267. 

Loosveld, R.J.H. and EtIleridge, M.A., 1990. A model 
for low-pressure fac:ies metamorphism during 
c:rustal tIlic:kening. J. Melam. Geol., 8: 257-267. 

Maessc:halc:k, A.A. de, Oen, I.S., Hebeda, E.H., 
Versc:hure, R.H. & Arps, C.E.S., 1990. Rubidium
Strontium whole-rock ages of Kataragama and 
Pottuvil c:hamockites and East Vijayan gneiss; 
indication of a 2 Ga metamorphism in tile 
Highlands of soutlleast Sri Lanka. J. Geol., 98: 
772-779. 

Martelat, J.E., Lardeaux, J.M., Nic:ollet, C., Vidal, G., 
Thou~, F. & Rakotondrazafy, R., 1993. Strain 
patterns during Precambrian high to ultra high 
temperature metamorphism: The example of !he 
soutllern Madagascar. Terra Abstracts,S: 319. 

Mc:Williams, M.O., 1981. Palaeomagnetism and 
Precambrian tec:tonic: evolution. In: Krllner, A. 
(Ed.), Precambrian Plate Tectonic:s. Elsevier, 
Amsterdam, p. 649-687. 

Meissner, R., 1989. Rupture, c:reep lamellae and 
c:roc:odiles: Happenings in the c:ontinental crusl 
Terra Nova, I: 17-28. 

Mezger, K., 1992. Temporal evolution of regional 
granulite terranes: Implications for !he formation 
of lowermost continental c:rust. In: Fountain, D.M., 
Arc:olus, R. & Kay, R.W. (Eds.), Continental Lower 
Crusl Developments in Geolec:lonics, 23. Elsevier, 
Amsterdam, 447-478. 

Milisenda, C.C., 1991. Compositional c:harac:taristic:s 
of !he Vijayan Complex. In: Krilner, A. (Ed), The 
crystalline c:rust of Sri Lanka, Part I, Summary of 
Researc:h of tile German-Sri Lankan Consortium. 
Geol. Surv. Depl Sri Lanka Prof. Paper,S: 135
140. 

Milisenda, C.C., Liew, T.C. , Hofmann, A.W. & 
Kr/lner, A., 1988. Isotopic: mapping of age 
provinces in Precambrian high-grade terrains : Sri 
Lanka. J. Geology, 96: 608-615. 

Milisenda, C.C., Pobl, J.R. & Hofmann, A.W., 1991. 
Charnoc:kite formation at Kurunegala, Sri Lanka. 
In: Krilner, A. (Ed.), The crystalline crust of Sri 
Lanka, Part I, Summary of Research of tile German
Sri Lankan Consortium. Geol. Surv. Dept. Sri 
Lanka Prof. Paper,S: 141-149. 

Mogk, D.W., Mueller, P.A.	 & Wooden, J.L., 1992. The 
nature of Archean terrane boundaries: an example 
from tile nortbem Wyoming Province. In: Van 
Reenen, D.O., Roering, C. & De Wit, M.J. (Eds.). 
The Archaean Limpopo GTanolite Belt: Tectonic:s 
and Deep Crustal Processes. Prec:. Res., 55: 155
168. 

Mohr, R.E. & Stout, J.H., 1980. Multisystem nels for 
systems of 0+3 phases. Am. J. Sc:i., 280: 143-172. 

Morse,	 S.A. & Talley, J.M., 1971. Sapphirine 
reac:tions in deep-seated granulites near Wilson 
Lake, Central Labrador, Canada. Earth Planet. Sci. 
lett. 10: 325-328. 



202 

Motoyoshi, Y., Matsubara, S. '" Matsueda, H., 1989. 
P-T evolution of the granulite-facies rocks of the 
LUlZow-Holm Bay re8ion, East Antarctica. In: Daly, 
I.S., Cliff, R.A. '" Yardley, B.W.D. (Eds.), 
Evolution of Metamorphic Belts. Geol. Soc. Spec. 
Publ., 43: 325-329. 

Muhon80, S., 1989. Tectonic setting of the 
Proterozoic metamorphic terrains in eastern 
Tanzania and their bearing on the evolution of the 
Mozambique Belt. IGCP 255 Newsletter, UNESCO 
Bull., 2: 43-50. 

Munasinghe, T. '" Dissanayake, C.B., 1980. Pink 
granites in the Highland Series of Sri Lanka - a case 
study. I. Geol. Soc. India, 21: 446-452. 

Munasinghe, T. '" Dissanayake, C.B., 1982. A plate 
tectonic model for the geologic evolution of Sri 
Lanka. Journal Geol. Soc. India. 23: 369-380. 

Myers, J .S., 1978. Formation of banded gneisses by 
deformation of igneous rocks. Precambrian Res., 6: 
43-64. 

N6dl!lec, A., Paquette, J.L., Bouchez, J.1.., OliVier, P. '" 
Ralison, B., 1993. Suatoid granites of Madagascar: 
low-angle shearing of the Panafrican middle crust. 
Terra Absuacts, 5: 241-242. 

Newton, R.C. '" Hansen, E.C., 1986. The South India
Sri Lanka high-grade terrain as a possible deep
crust section. In: Dawson, D.B., Carswell, D.A., 
Hall, J. '" Wedepohl, K.H. (Eels.), The Nature of the 
Lower Continental Crust. Geol. Soc. Spec. Publ., 
24: 297-307. 

Newton, R.C. '" Perkins m. D., 1982. Thermodynamic 
calibration of geobarometers based on the 
assembla8es garnet-plagioclase-orthopyroxene 
(cllnopyroxene)-quanz. Am. Mineral., 67: 203
222. 

Ogo, Y., Hlroi, Y., Prame, K.B.N. '" Motoyoshi, Y., 
1992. A new insight of possible correlation 
between the LOtzow-Holm Bay granulites (East 
Antarctica) and the Sri Lankan granulites. In: 
Yoshida. Y., Kamlnuma. K. '" Shiraishi, K. (Eds.), 
Recent Progress in Antarctic Earth Science. Terra 
Scientific Publ. Comp., Tokyo, p. 75-86. 

Oliver, R.I.., 1957. The geological suucture of Ceylon. 
Ceylon Geographer, 11: 9-16. 

Oliver, G.I.H., 1977. Feldspathic hornblende and 
gamet granulites and associated anorthosite 
pegmatites from Doubtful Sound, Fiordland, New 
Zealand. Conuib. Mineral. Petrol., 65: 111-121. 

Osanai, Y., 1989. A preliminary report on 
sapphirinellcornerupine granulite from Highland 
Series, Sri Lanka (Extended absuact). Seminar on 
Recent Advances in Precambrian Geology of Sri 
Lanka. August 29th 1989, IFS, Kandy, Sri Lanka. 

Passchier, C.W., Myers, J.S. '" Kr6ner, A., 1990. Field 
geology of high-grade terrains. Springer-Verlag, 
Berlin, 150 pp. 

Perera, L.R.K., 1983. The origin	 of the pink granites 
of Sri Lanka - another view. Precambrian Res., 20: 
17-37. 

Perera, I..R.K., 1984. Co-existing cardierite-almandine 
• a key to the metamorphic history of Sri Lanka. 
Precambrian Res., 25: 349-364. 

Perkins 111, D. '" Chipera, S.I., 1985. Garnet
orthopyroxene-plagioclase-quartz barometry: 
refmement and applicatioo to the English River 
subproVince and the Minnesota River valley. 
Contrib. Mineral. Petrol., 89: 69-80. 

Pinna, P., Jourde, G., Calvez, I.Y., Mroz, I.P. '" 
Marques, I.M., 1993. The Mozambique Belt in 
norlhern Mozambique: Noo-proterozoic (1100-850) 
Ma crustal growth and tectogenesis, and 
superimposed Pan-African (800-550 Ma) 
tectonism. Prec. Res., 62: 1-59. 

Platt, J.P., 1986. Dynamics of orogenic wedges and the 
uplift of high-pressure metamorphic rocks. Gool. 
Soc. Am. Bull., 97: 1037-1053. 

Piau, J.P. '" Vissers, R.L.M., 1980. Extensional 
structures in anisotropic rocks. Journal of Structural 
Geology, 2, 397-410. 

Pohl. I.R. '" Emmermann, R., 1991. Chemical 
composition of the Sri Lankan Precambrian 
basement. In: Kr6ner, A. (Ed), The crystalline crust 
of Sri Lanka, Part I, Summary of Reseatch of the 
German-Sri Lankan Consortium. Geol. Surv. Dept. 
Sri Lanka Prof. Paper,S: 94-124. 

Powell, R. '" Sandiford, M., 1988. Sapphirlne and 
spinel phase relationships In the system FeO-MgO
A1203-SiOrTi02-02 with presence of quartz and 
hypersthene. Conuib. MineraI. Petrol., 98: 64-71. 

Powell, C.McA., Roots, S.R. '" Veevers, 1.1., 1988. 
Pre-breakup continental extension in East 
Gondwanaland and the early opening of the eastern 
Indian Ocean. Tectonophysics, 155: 261-283. 

Prame, W.K.B.N., 1991a. Metamorphism and nature of 
the granulite-facies crust in southwestern Sri 
Lanka.: characterization by peliticlpsammopelitic 
rocks and associated granulites. In: Kr6ner, A. 
(Ed.), The crystalline crust of Sri Lanka, Part I, 
Summary of Research of the German-Sri Lankan 
Consortium. Geol. Surv. Dept. Sri Lanka Prof. 
Paper,S: 188-199. 

Prame,	 W.K.B.N., 1991b. Petrology of the Kataragama 
Complex, Sri Lanka: evidence for high P,T 
granulite-facies metamorphism and subsequent 
isobaric cooling. In: Kr6ner, A. (Ed.), The 
crystalline crust of Sri Lanka, Part I, Summary of 
Research of the German-Sri Lankan Consortium. 
Geol. Surv. Dept. Sri Lanka Prof. Paper,S: 200: 
224. 

Raase, P. '" Schenk, V., 1988. Petrologie 
granulitfazieller Metapelite Sri Lankas. Fortscbr. 
MineraI., 66: 130. 

Raase, P.	 '" Schenk, V., 1993. Phase relations in 
metapelites of the Highland Complex, Sri Lanka: 
Indications for a metamorphic zonation. In: Raith, 
M. '" Hoernes, S. (Eds.), Tectonic, metamorphiC 
and isotopiC evolution of deep-crustal rocks, with 
emphasis on Sri Lanka. Prec. Res., in press. 

Radhakrishna, T., Mathai, J.	 '" Yoshida, M., 1990. 
Geology and structure of the high-grade rocks Iiom 



203 

Punalur-Achankovil sector, South India. J. Goo!. 
Soc. India, 35: 263-272. 

Raith, M., Ruse, P., Ackennand, D. '" Lal, R.K., 
1983. Regional geothermobarometry in the 
granulite facies terrane of South-India. Trans. R. 
Soc. Edinburgh, Earth Sci., 73 (for 1982): 
221 .....244. 

Raith, M., Faulhab~, S., Hoffbauer, R '" Spiering, B., 
1991. Characterization of high-grade 
metamorphism in the southern part of Sri Lanka. 
In: Knlner, A. (Ed.), The crystalline crust of Sri 
Lanka, Part I, Summary of Research of !be German
Sri Lankan Consortium. Goo!. Surv. Dept. Sri 
Lanka Prof. Pap~, 5: 164-177. 

Ramsay, J.G., 1967. Folding and fracturing of rocks. 
McGraw Hill, New York, 568 pp. 

Ramsay, J.G., 1982. Rock ductility and ilS influence 
On the development of tectonic slJ"uctures in 
mountain belts. In: HSil, K. (Ed.), Mountain 
Building Processes, Academic Press, London, pp. 
111-127. 

RalSchbacber, L., Frisch, W., Linzer, G. '" Merle, 0., 
1991. Lateral eXlrUsion in the eastern Alps. Part 2: 
slrUctural analysis. Tectonics, 10: 257-271. 

Reenen, D.D. van, Barton, J.M. jr., Roering, C., 
Smith, C.A. '" Van Schalkwyk, J.F., 1987. Deep 
crustal response to continental collision: The 
Limpopo belt of southern Africa. Geology, 15: ll 
14. 

Rooseboom, E.H. jr. '" Zen, E-An, 1982. Unary and 
binary multisystems; Topologic classification of 
phase diagrams and relation to Euler's theorem on 
polyhedra. Am. J. Sci., 282: 286-310. 

Ross, M.I. '" Scotese, C.R., 1988. A hierarchical 
tectonic model of the Gulf of Mexico and Caribbean 
region. Tectonophysics, 155: 139-168. 

Rudnick, RL., 1992. Xenoliths - samples of the Iow~ 

continental crust. In: Fountain, D.M., Arculus, R. 
'" Kay, R.W. (Eds.), Continental Lower Crust. 
Developments in Geotectonics, 23. ElseVier, 
Amsterdam, 269-316. 

Saint Blanquat, M. de, Lardeaux, J.M. '" Brunei, M., 
1990. PelrOlogical arguments for high-temperature 
extensional deformation in the Pyrenean Variscan 
crust (Saint-Barth~l.mty Massif, Ari'ege, France). 
Tectonophysics, 177: 245-262. 

Salje, E., 1986. Heat capacities and enlJ"opies of 
andalusite and sillimanite: the influence of 
fibrolitization on the phase diagram of the AI2SiOS 
polymorphs. Am. Mineral, 71: 1366-1371. 

Sandiford, M., 1989. Horizontal slrUetures in granulite 
terrains: A record of mountain building or mountain 
collapse? Geology, 17: 449-452. 

Sandiford, M. '" Powell, R, 1986. Deep crustal 
metamorphism during continental extension: 
modem and ancient examples. Earth Planet. Sci. 
Leu., 79: 151-158. 

Sandiford,	 M. & Powell, R., 1991. Some remarks on 
high-temperalure-low-pressure metamorphism in 
convergent orogens. J. Metam. Geol., 9: 333-340. 

Sandiford, M., Powell, R., Martin, S.F. '" Perera, 
L.RK., 1988. Thermal and baric evolution of 
garnet granulites from Sri Lanka. J. Metam. Gool., 
6:	 351-364. 

Santosb, M. '" Drury, S.A., 1988. Alkali granites with 
Pan-african afrmities from Kerala, S. India. J. 
Gool., 96: 616-626. 

Santosb, M., Harris, N.B.W., Jackson, D.H. '" Mattey, 
D.P., 1990. Dehydration and incipient cbamockite 
formation: a phase equilibria and fluid inclusion 
study from South India. J. Gool., 98: 915-926. 

Schenk, V., Ruse, P. '" Schumacher, R., 1991. 
Metamorphic zonation and P-T history of the 
Highland Complex in Sri Lanka. In: KrOner, A. 
(Ed.), The crystalline crust of Sri Lanka, Part I, 
Summary of Research of the German-Sri Lankan 
Consortium. Gool. Surv. Dept. Sri Lanka Prof. 
Paper,S: 150-163. 

Schreyer,	 W. '" F. Seifert. 1969. Compatibility 
relations of the aluminum silicates in the systems 
MgO-AI203-Si02-H20 and K20-MgO-AI203
Si02-H20 at high pressures. Am. J. Sci. 267: 371
388. 

Schumacher, J. C. '" Robinson, P., 1987. Mineral 
chemistry and metasomatic growth of aluminoous 
enclaves in gedrite-cordierite-gneiss from 
Southwestern New Hampshire, USA. J. PelrOl, 28: 
1033-1073. 

Schumacher, R. '" Faulltaber, S., 1993. Summary and 
discussion of P-T estimates from garnet-pyroxene
plagioclase-quartz-bearing granulite-facies rocks 
from Sri Lanka. Precambrian Res., in press. 

Schumacher, R., Schenk, V., Raase,	 P. '" Vitanage, 
P.W., 1990. Granulite facies metamorphism of 
metabasic and intermediate rocks in the Highland 
Series of Sri Lanka. In: Ashworth, J.R. & Brown, 
M. (Eds.), High-temperature metamorphism and 
crustal anatexis. Unwin Hyman Ltd, London, p. 
235-271. 

Seifert, F., Ackennand, D. '" Czank, M., 1992. A 
coherent orthopyroxene exsolution from 
sapphirine. Zeitscbr. fOr Kristallogr., 199: 99-111. 

Seifert, F., 1974. Stability of sappbirine: a study of 
the aluminous part of the system MgO-AI203
Si02-H20. J. Goof. 82: 173-204. 

Shackleton, R.M., 1986. Precambrian collision 
tectonics in Africa. In: Coward, M.P. '" Ries, A.C. 
(E<Is.), Collision Tectonics. Gool. Soc. London 
Spec. Pubf., 19: 329-349. 

Shaw, H.F., Niemeyer, S., Glassley, W., Ryerson, F.J. 
'" Abeysinghe, P.B., 1987. Isotopic and trace 
element systematics of the amphibolite to granulite 
facies transition in the Highland Series of Sri 
Lanka. Eos, 68: 464. 

Shiraishi, K., Hiroi, Y., MOIoyoshi, Y.	 '" Yanai, K., 
1987. Plate tectonic development of Late 
Proterozoic paired metamorphic complexes in 
Eastern Queen Maud Land, East Antarctica. In: 
McKenzie, G.D. (Ed.), Gondwana six: structure, 
tectonics, and geophysics. Geophysical 



204 

Monograph, 40. Am. Geophys. Union, 
Washington, 309-318. 

Shiraishi, K., Hiroi, Y., Ellis, D.J., Fanning, C.M., 
Motoyoshi, Y. & Nakai, Y., 1992 The nrsl report 
of a Cambrian orogenic bell in Easl Anlarctica • an 
ion microprobe Sludy of the UllZow-Holm 
Complex. In: Yoshida, Y., Kaminuma, K. & 
Shiraishi, K. (eds.), Recenl Progress in Anlarctic 
Earth Science. Terra Scientinc Publ. Comp., 
Tokyo, p. 67-73. 

Silva, K.K.M.W., 1985. Geological SlrUcture of Sri 
Lanka - A new perspective. In: Dissanayake. C.B. 
& Cooray, P.G. (Eds.), Recenl advances in the 
geology of Sri LankL Inl. Cenler for Training and 
Exchanges in the Geosciences, Occasional Publ., 6: 
101-108. 

Soman, K., Lobzova, R.V. & Sivadas, K.M., 1986. 
Geology, genetic lypes, and origin of graphite in 
South KeI"a1a, India. Econ. Geol., 81: 997-1002. 

Spear, F.S., 1988. The Gibbs method and Duhem's 
theorem: The quantitative relationships among P, 
T, chemical polential, phase composition and 
reaction progress in igneous and melamorphic 
syslems. 

Spear, F.S. & Cheney, J.T., 1989. A pecrogenetic grid 
for pelitic schists in the system SiOz-AlzOrFeO
MgO.K 20-H20. Conlrib. Mineral. Petrol., 101: 
149-165. 

Spear, F.S., Ferry, J.M. & Rumble Ill, D., 1982. 
Analytical formulation of phase equilibria: the 
Gibbs' melhod. In: Ferry, J.M. (Ed.), 
Characlelization of metamorphism through mineral 
equilibria. Reviews in Mineralogy, vol. 10: 105
152. 

Srikantappa, C., Raith, M. & Spiering, B., 1985. 
ProgreSSive charnockitization of a leplynite
kbondalite suile in sou1hel"n Kera\a, India - evidence 
for fonnation of charnockites through decrease in 
fluid pressure. J. Geol. Soc. India, 26: 849-872. 

SIOwe,	 K. & Powell, R., 1989. Metamorphic 
segregations associaled with garnet and 
orthopyroxene porphyroblast growlh: IWO 
examples from the Larsemann Hills, Easl 
Antarctica. Contrib. Mineral. Petrol., 103: 523
530. 

Tapponniel", P., Peltzel", G. & Armijo, R., 1986. On the 
mechanism of the collision between India and Asia. 
In: Coward, M.P. and Ries, A.C. (Eds.), CoUision 
Tectonics. Geol. Soc. Spec. Publ., 19: 115-157. 

Taylor, S.R. & McLennan, S.M., 1985. The 
continental crust: its composition and evolulion. 
Blackwell SCientific, Oxford. 

Tectonic Map of Sri Lanka, 1982, 8 miles 10 one inch. 
Geological Survey Departmenl, Colombo, Sri 
Lanka. 

Thompson, A.B., 1976a. Mineral reactions in pelitic 
rocks: I. Prediction of P-T-X(Fe-Mg) phase 
relations. Am. J. Sci.. 276: 401-424. 

Thompson, A.B., 1976b. Mineral reactions in pelitic 
rocks: n. calculation of some P-T-X (Fe-Mg) phase 
relations. Am. J. Sci., 276: 425-454. 

Thompson, A.B. & Ridley, J.R., 1987. Pressure
temperature-lime (P-T·t) histories of orogenic 
belts. In: OxburSh, E.R., Yardley, B.W.D. & 
England. P.C. (Editors), Tectonic sellings of 
regional metamorphism. Phil. Trans. R. Soc. 
London, A 321: 27-45. 

Thompson, J .B., 1982. Reaction space: an algebraic 
and geometric approach. In: Ferry, J.M. (Ed.), 
Characterization of metamorphism through minel"a1 
equilibriL Reviews in Mineralogy, voL 10: 33-52. 

Thompson, P., 1989. An empirical model for 
metamorphic evolution of the Archaean Slave 
Province and adjacenl Thelon Tectonic Zone, nor1h
weslerD Candian Shield. In: Daly, J.S.• Cliff, R.A. 
and Yardley, B.W.D. (Eds.), Evolution of 
Metamorphic Belts, Geol. Soc. Spec. Publ., 43: 
245-263. 

Vielzeuf, D., 1983. The spinel and quartz associations 
in high grade xenoliths from Tallante (SE Spain) 
and their pOlential use in geothermometry and 
barometry. Contrib. Mineral. Petrol., 82: 301-311. 

Vielzeuf, D. & Boivin, P., 1984. An algorithm for the 
construction of petrogenetic grids - Application to 
some equilibria in granulitic paragneiss. Am. J. 
Sci., 284: 760-791. 

Vielzeuf, D. & Holloway, J.R., 1988. Experimental 
determination of the fluid-absent melting relations 
in the pelitic system. Contr. Mineral. Petrol., 98: 
257-276. 

Vitanage, P.W., 1959. The geology of the country 
around PolonnaruwL Mem. Geol. Surv. Ceylon, 1: 
75pp. 

Vitanage, P.W., 1972. Post-Precambrian uplifts and 
regional neotectonic movements in Ceylon. 24th 
Int. Geol. Congr., Montreal, Canada, Section 3: 
642-654. 

Vitanage, P.W., 1985. Tectonics and minel"a1ization in 
Sri Lanka. GooL Soc. Finland Bull., 57: 157-168. 

VolI, G. & Kleinscbrodt, R., 1991. Sri Lanka: 
structural, magmatic and metamorphic development 
of a Gondwana fragment. In: KrOner, A. (Ed.), The 
crystalline crust of Sri Lanka, Pari I, Summary of 
Research of the German-Sri Lankan Consortium. 
Geol. Surv. Dept. Sri Lanka Prof. Papel', 5: 22-51. 

Wadia, D.N., 1942. Geological Survey. In: Ceylon 
Adminislration Reports, pari n, 14-15. 

Warren, R.G., 1983. Metamorphic and tectonic 
evolution of granuliles, Arunta block, central 
Australia. Nature, 305: 300-303. 

Waters, D.J. 1986. Metamorphic history of sapphirine 
bearing and related Magnesian gneisses from 
Namaqualand, South Africa. J. Petrol., 27: 541
565. 

Wedepohl, K.H., 1991. Chemical composition and 
fractionation of lhe continenlal cruSI. Geol. 
Rundsch., 80: 207-223. 

Wernicke, B., 1985. Uniform-sense normal simple 
shear of the conlinental lithosphere. Can. J. Earth 
Sci., 22: 108-125. 

Wickham,	 S.M. & Oxburgh, E.R., 1986. A rifled 
tectonic selling for Hercynian high thermal 



205 

gradient metamorphism in the Pyrenees. In: BlIIlda, 
E. '" Wickham, S.M. (Eds.), The geological 
evolution of the Pyrenees. Tectonophysics, 129: 
53-69. 

Williams, P.F., 1985. Multiple deformed terrains 
problems of correlation. J. Str. Geol., 7: 269-280. 

Windley,	 B.F. '" Tamey, J., 1986. The structural 
evolution of the lower crust of orogenic belts, 
present and pasl In: Dawson, J.B., CarsweD, D.A., 
Hall, J. '" WedepohI, K.H. (Eds.), The nature of the 
lower continental crust, Geol. Soc. Spec. Publ. no. 
24: 221-230. 

Wit, M. de, Jeffery, M., Bergh, H. '" Nicolaysen, L., 
1988. Geological map of seeton of Gondwana 
reconstructed from their position ca. 150 Ma. Am. 
Assoc. Pel Geol., Tulsa, OK. 

Yoshida,	 M., 1978. Tectonics and petrology of 
chamocldtes around LQtzow-Holmbukta, East 
Anwctica. J. Geosc. Osaka City Univ., 21: 65
152. 

Yoshida, M. '" Kizaki, K., 1983. Tectonic situation of 
Lutzow-Holm Bay in East Antarctica and its 
significance in Gondwanaland. In: Oliver, R.L., 
James, P.R. '" Jago, J.B. (Eds.), Anwctic Earth 
Science. Australian Acad. Sci., Canberra, 36-39. 

Yoshida, M., Funaki, M. '" Vitanage, P.W., 1992. 
Proterozoic to Mesozoic East Gondwana: the 
juxtaposition of India, Sri Lanka. and Antarctica. 
Tectonics, 11: 381-391. 

Yoshida, M., Kehelpannala, K.V.W., Hiroi, Y.. '" 
Vitanage, P.W., 1990. Sequence of deformation and 
metamorphism of granuliet facies rocks of south to 
southwestern Sri Lanka. In: Hiroi, Y. '" 
Motoyoshi, Y., 1990 (Eds.), Study of geologic 
correlation between Sri Lanka and Antarctica 
(1988-1989). Chiba Univenity, Japan, 71-106. 

Zen, E-An,	 1966&. Some topological relationships in 
multisystems of n+3 phases. 1. General theory; 
unary and binary systems. Am. J. Sc., 264: 401
427. 

Zen, E-An, 1966b. Construction of pressure
temperature diagrams for multicomponent systems 
after the method of Schreinemaken: A geometric 
approach. U.S. Geol. Surv. BuD., 1225: 56 p. 

Zen, E-An, 1967. Some topological relationships in 
multisystems of n+3 phases. II. Unary and binary 
metastable sequences. Am. J. Sc., 265: 871-897. 

Zen,	 E-An '" Rooseboom, E.H. jr., 1972. Some 
topological relationships in multisystems of n+3 
phases. m. Ternary systems. Am. J. Sc., 272: 677
710. 

Zingg, A., Handy, M.R., Hunziker, J.C. and Schmid, 
S.M., 1990. Tectonometamorphic bistory of the 
Ivrea Zone and its relationsbip to the crustal 
evolution of the Southern Alps. Tectonopbys., 
182: 169-192. 



ACKNOWLEDGEMENTS 

At the end of this exhausting job, it is a great pleasure to sit back and think of all those who 
have contributed to this thesis in one way or another. First of all, I want to thank professors 

Cees Passchier and Alfred Kr()ner, who gave me the opportunity to work in Sri Lanka, who had 
the unpleasant task of correcting each version of the manuscript, who stimulated my work and 
who accepted that I became deeply involved in petrology, while I was hired to "do the 

structures" . 

The work presented in this thesis was supported by a three-year research grant by the German 

Science Foundation and travel grants by the Dr. Schiirmann fund. Conference travel grants to 
Qulu in 1991 by the Dr. Schiirmann fund and to Graz this year by the Koninklijke Shell 

Nederland gave me the opportunity to make and strengthen international contacts and to 
exchange ideas with a large group of colleagues. Professor Chris Rooring and an anonymous 
reviewer gave stimulating comments on an earlier draft of Chapter 7. Professor B.F. Windley 
kindly allowed me to use his unpublished map of Madagascar in Chapter 10. 

All members of the German-Sri Lankan Consortium have contributed through discussions at 
the Max Planck Institute in Mainz and "in situ". It was extremely pleasant to work with this 
group of scientists. I will never forget the exhausting excursion in 1988, when after long days in 
the field we would drive back to our hotel in the dark and sleep on the bus or talk and sing. The 

1991 excursion was a good rehearsal. The never-ending tropical nights and the never-ending 

drinks have greatly increased my love for this profession. Notably I would like to mention 
Renate Schumacher, my paranymph, who would continue chatting with me on the bus when the 

others were too tired even to listen. She and Peter Raase also gave me a very pleasant 
introduction to Sri Lankan thin sections in Kiel in 1990. Professor Al Hofmann led the Mainz 
meetings in an admirable way and was always able to transcend the sometimes biased and heated 
disputes. Frau Fetzer's pizzas at lunch should be commemorated as important contributions to 

science. It was also a great privilege to enjoy the hospitality of Al and Julie and of Alfred and 
Marion during these meetings. Gisa Prescott was always helpful in financial matters and 
tolerated my messy fieldwork accounts. 

In Sri Lanka. a large number of people have facilitated my stay. The kind hospitality of 
professor Dasa Vitanage and his wife Ranee in Kandy was invaluable. They provided me with a 
second home in a world which was, and to some extent still is, a bit strange to me. Ranee and 

her assistants Lata, Shiva and Kumari cooked meals of unrivalled quality and quantity. Playing 

with the kids - Desmond. Srinath and Raja - increased my sense of family life. 
It was also a privilege to enjoy dinner with Professor P.G. Cooray and his wife on several 

occasions. Bernard Prame and his wife kindly provided lodging when I was in the Colombo 

district. Professor David Almond is thanked for sharing several days in the field, for his 
hospitality and his interest in my work. Professor Dissanayake and Dr. Rupasinghe of the IPS in 

Kandy were helpful in providing transport. N.G. Somapala of the IPS and others are thanked 
for their safe driving. "Uncle Som~" was also very helpful and considerate in the field and I 



207 Acknowledgements 

enjoyed these trips very much. He and his wife and children gave me a good view of the village 

life as well. 

In Utrecht. I thank professor Stan White for accepting me as his Ph.D student, for his 

comments on the first manuscript and for the friday "bull and beer" sessions, which greatly 

stimulated the exchange of ideas in the department. All members of the Structural Geology 

Group were kind enough to allow me to work in Utrecht without being affiliated. Magda 

Martens is thanked for an infinite array of favours, for always having the right information and 

for reading the Dutch summary, together with Tea Broer-de Jong. Hans Hoek was an ideal room 

mate who always provided the material I just needed. Cees van den Ende and Martyn Drury 

kindly gave me the key to their rooms and allowed me to use their computers during evening and 
weekend sessions. Wout Nijman is thanked for giving me a key reference to wrench tectonics, 

Paul Dirks for stimulating discussions on granulites and Bernard de Jong for urging me to 

conclude. Fred Quint and Fred Trappenburg are thanked for help and advice concerning the Mac, 

Brigit Benders and Wit den Hartog for the photographs, Jan de Groot. Inge, Otto and Wout for 

those pretty thin sections, Tilly Bouten for calibrating the microprobe and Lidy, Jan, Agaat, 

Marcel, Willem and Frans for running the small, but fme library. Cees van Bemmel and Joop 

Frederiks were also helpful in many ways. My special thanks go to Margret and Bema for the 

invaluable coffee and lunch and for their good humour. 

Timo Nijland and Piet Thijssen were of great help during my frrst efforts to do petrology. At a 

later stage, when I was about to drown in all these complicated reaction textures, John 
Schumacher taught me some of the magic tricks of grids and projections in Freiburg, which was 

of crucial importance and significantly improved the interpretation. It was equally important that 

he often discovered the Achilles' heel in my arguments and made a good effort to streamline my 

unconventional approach to petrology. 

Alan Rice, Paul Bons, Ronald Bakker, Martijn Moree, Corinne Davids and Akke-Marijke 
Gunst are thanked for the pleasant company during all these dinners at the campus canteen or 

restaurant. Without naming all of them, I would like to thank the post-graduate and Ph.D 

students in the department for the pleasant atmosphere. My personal friends are acknowledged 

for their consideration when I was too stressed and had no time to share. 

My mother has always urged me to study and unwillingly stimulated my profound interest in 

problems unrelated to economy or humanity. As for my career, lowe a great deal to Rob van der 

Hilst, who so convincingly argued one day on the train from Utrecht to Ede, early October 1979, 

that geology is far more interesting than physics, that I decided the next day to change my 

curriculum, and my life. Another key figure in my scientific life is Bas van den Eeckhout, my 

other paranyrnph, who stimulated my interest in geology by his enthusiasm at a time when I was 

thinking of becoming a Spanish interpreter. 

Finally, and most importantly, my beloved Gonda had a tremendous patience when I was on 

fieldwork for months on end or spent yet another night at the department working like a fool. At 

home, she was able to teach me some culture and show me that life does exist outside geology. 

In addition. she made the Dutch summary understandable for non-geologists. 



208 

CURRICULUM VITAE 

Leo Kriegsman was born in Alkmaar on the 7th July 1961. He went to school in Ede and 

obtained a VWO+ diploma at the Christelijk StreekIyceum, June 1979, with Dutch, English, 

German, Latin, Mathematics, Physics and Chemistry as the main subjects. The same year, he 

started at Utrecht University. In november 1982 he obtained his first degree, "kandidaats", in 

geophysics. He graduated in August 1987 as a structural geologist, with exploration geophysics 
and engineering geology as additional subjects. His masters' thesis treated the geology of an area 

within the Lys-Caillaoauas massif in the French Pyrenees, the results of which were published in 
1989. 

After an introductory excursion in Sri Lanka in 1988, he was employed from 1st OCtober 1989 

until 30th September 1992 at the Johannes Gutenberg Universitat in Mainz, on a grant provided 
by the German Science Foundation, as the only Dutch member of the German-Sri Lankan 
Consortium. In the summers of 1990 and 1991 he supervised fieldwork by second year students 

in the Pyrenees. In november and december this year he will give lectures in structural geology 
for third year students in Utrecht. 




