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Using metamorphic modelling techniques to investigate the thermal and structural 

evolution of the Himalayan-Karakoram -Tibetan orogeny 

Richard Mark Palin, Department of Earth Sciences, Worecster College, University of Oxford, 

Trinity Term 2013 

Abstract 

Metamorphic rocks constitute a vast volumetric proportion of the Earthôs continental lithosphere and 

are invaluable recorders of the mechanisms and rates of deformation and metamorphism that occur 

at the micro-, meso- and macro-scale. As such, they have the potential to provide detailed insight 

into important tectonic processes such as the subductive transport of material into, and back from, 

mantle depths and also folding, faulting and thickening of crust that occurs during collisional 

orogeny. The Himalayan-Karakoram-Tibetan orogen is the youngest and most prominent example of 

a continent-continent collisional mountain belt on Earth today and is a product of the on-going 

convergence of the Indian and Asian plates that initiated in the Early Eocene. Thus, it provides an 

exceptional natural laboratory for the investigation of such processes. Recent advances in the 

computational ability to replicate natural mineral assemblages through a variety of metamorphic 

modelling techniques have led to improvements in the amount (and quality) of petrographic data that 

may be obtained from a typical metamorphic rock. In this study, phase equilibria modelling 

(pseudosection construction) using THERMOCALC, amongst other techniques, has been integrated 

with in-situ UïPb and ThïPb geochronology of accessory monazite in order to constrain the 

tectonothermal evolution of four regions intimately associated with the Himalayan-Karakoram-

Tibetan orogen. These regions comprise the Karakoram metamorphic complex (north Pakistan), the 

Tso Morari massif (north-west India), the eastern Himalayan syntaxis (south-east Tibet) and the Day 

Nui Con Voi metamorphic core complex of the Red River shear zone (North Vietnam). Each case 

study documents previously unreported metamorphic, magmatic or deformational events that are 

associated with the India-Asia collision. These data have allowed original interpretations to be made 

regarding the tectonic evolution of each individual region as well as the large-scale evolution of the 

Himalayan-Karakoram-Tibetan orogenic system as a whole.  
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Extended abstract 

Investigating the driving mechanisms and rates of plate tectonic processes is an essential step in 

understanding how the Earthôs continental lithosphere has evolved over geological time, and how it 

will continue to change in the future. Metamorphic rocks offer the best chance to investigate these 

processes, as they often undergo sequential mineralogical or textural changes during deformation 

and metamorphism. Thus, within the crust there exist a range of metamorphic lithologies that formed 

at different times (t), that have equilibrated at different pressure (P) and temperature (T) conditions 

and that are associated with different tectonic events. If these units are subsequently exhumed to the 

surface, they can provide valuable insight into the tectonothermal history of a particular area. These 

results are often extrapolated to provide constraints on the larger-scale evolution of a region, such as 

an orogenic belt. Petrological and thermobarometric analysis of such metamorphic rocks can provide 

absolute PïT conditions that were reached during different stages of their evolution. When these 

data are combined with age constraints obtained through geochronology, the timing and rates of the 

processes responsible can also be calculated. 

There is abundant geological evidence showing that continent-continent collisional orogeny 

has occurred throughout a large proportion of Earth history (e.g. Brown, 2007, 2009), the youngest 

such example being the Himalayan-Karakoram-Tibetan orogen, which was initiated at c. 50 Ma 

(Green et al., 2008) and formed as a result of the collision of India with Asia. Parts of the orogen are 

readily accessible, contain extensive exposures of exhumed deep-crustal lithologies and are still 

deforming today. As such, it provides a perfect natural laboratory for the investigation of plate 

tectonic processes and is the case study for this thesis. 

Four regions associated with the Himalayan-Karakoram-Tibetan orogen have been the subject 

of integrated petrographic, thermobarometric and geochronological investigation using a variety of 

techniques, including phase diagram (pseudosection) construction using THERMOCALC, in order 

to produce new data that describe their local metamorphic and structural evolution. These data have 

also provided insight into the regional-scale processes that affect the evolution of the orogen as a 

whole. Regions containing high-grade rocks belonging to the southern Asian margin (the Karakoram 

metamorphic complex, north Pakistan, and the eastern Himalayan syntaxis, south-east Tibet) have 

provided understanding of the processes that operated prior to, during, and after initial collision with 
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the Indian indenter. Mafic eclogite from the Tso Morari massif (north-west India) has provided 

information describing the geodynamic evolution of subducted crustal material immediately 

preceding closure of the Neo-Tethys Ocean during the Early Eocene. Finally, an investigation of 

magmatic and metamorphic units of the Day Nui Con Voi massif (North Vietnam) situated in the 

Red River shear zone that separates the Indochina and South China blocks of south-east Asia has 

provided insight into the timing of metamorphism and crustal melting and the continental extrusion 

hypothesis. The results of these studies are summarised below. 

Petrographic analysis of peraluminous metapelites from two separate regions of the 

Karakoram metamorphic complex (chapter 4) has produced new insights into the PïTït evolution of 

the deep crust along the south Asian margin before and after the India-Asia collision. Conventional 

thermobarometry and PïT pseudosection construction in the MnOïNa2OïCaOïK2OïFeOïMgOï

Al2O3ïSiO2ïH2OïTiO2ïO system have provided prograde and peak metamorphic conditions and in-

situ UïPb geochronology of metamorphic monazite has provided age constraints. Two new events in 

the tectonothermal evolution of the Hunza Valley have been documented within a single sample that 

exhibits a long and complex metamorphic history. Firstly, an andalusite-grade contact metamorphic 

event at unknown PïT conditions has been dated at 105.5 ± 0.8 Ma and is interpreted to be linked to 

widespread subduction-related granite magmatism caused by the Late Cretaceous closure of the 

Shyok suture and accretion of the Kohistan-Ladakh island arc to the southern margin of Asia. A 

separate episode of kyanite-grade metamorphism at 28.2 ± 0.8 Ma overprints an earlier sillimanite-

grade assemblage in the same sample, the former having peak PïT conditions of ~7.8 kbar and 645 

°C and is interpreted to be associated with the on-going India-Asia collision. A kyanite-grade event 

documented in the Baltoro region with similar peak PïT conditions of ~7.4ï8.0 kbar and ~640ï660 

°C is interpreted to have occurred sometime after 21.8 ± 0.6 Ma. A calculated prograde PïT path for 

this kyanite-grade event indicates that garnet nucleated on an initial geothermal gradient of ~30 

°C/km and grew during a significant increase in pressure of ~2.6 kbar and a temperature increase of 

~100 °C. This initially high geotherm is interpreted to represent evidence for conductive heating of 

the middle crust during early stages of intrusion of components of the Baltoro Plutonic Unit of the 

Karakoram batholith, which has emplacement ages ranging between c. 25ï13 Ma (Schärer et al., 

1990; Parrish & Tirrul, 1989; Searle et al., 2010a). The subsequent increase in pressure is attributed 
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to either lateral migration of these early intrusive components (ómagmatic over-accretionô) or to be 

the result of continued crustal thickening and burial associated with the India-Asia collision. 

Analysis of mafic eclogite from the Tso Morari massif (chapter 5) has provided new insight 

into the tectonothermal evolution of the leading edge of the Indian continental margin during 

subduction associated with the closure of the Neo-Tethys Ocean. Subsets of various mineral 

inclusions in poikiloblastic garnet core domains that lack significant compositional zoning are 

interpreted to represent an early prograde assemblage that formed during initial subduction, although 

the absolute PïT conditions of this event (M0) are uncertain. Strong compositional zoning and a 

variety of inclusions in garnet rim domains have allowed investigation of the latter stages of the 

prograde-to-peak metamorphic history of the eclogite. PïT pseudosections constructed in the Na2Oï

CaOïK2OïFeOïMgOïAl2O3ïSiO2ïH2OïTiO2ïO system suggest initial garnet rim growth at ~22.5 

kbar and ~525 °C (M1) followed by prograde metamorphism associated with on-going subduction 

allowing inclusion of omphacite, paragonite, epidote/allanite, rutile, talc, calcite and quartz grains. 

Peak metamorphism (M2) is calculated to have occurred at 25.5ï27.5 kbar and 630ï645 °C, 

equivalent to a depth of subduction of ~90ï100 km, with the variation in PïT conditions depending 

on whether the fractionation of cations into garnet is considered during thermodynamic modelling. 

This range in calculated peak M2 conditions is independently verified by THERMOCALC AvePT 

and conventional thermobarometry applied to a microstructurally-constrained peak paragenesis 

comprising garnet, omphacite, phengite, lawsonite, talc, epidote/allanite, rutile and quartz. 

Compositionally zoned matrix amphibole containing barroisite/winchite cores and 

magnesiohornblende rims is interpreted to have formed as a result of hydration of this peak 

assemblage during exhumation to lower pressure M3 conditions. PïM(H2O) pseudosection 

modelling of the effects of variable fluid content during exhumation show that it is possible to 

reproduce the observed amphibole compositions and proportions via the addition of H2O, which is 

interpreted from field observations to have been derived from an external source, most likely the 

host metasediments and orthogneisses. An additional result of exhumation is the formation of 

symplectite colonies along matrix omphacite grain boundaries. Such colonies are composed of 

intergrown calcic-amphibole, diopside and plagioclase and are calculated to have formed at PïT 

conditions of 10.3ï13.9 kbar and 461ï554 °C with an apparent trend from low-pressure eclogite-
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facies, through epidote-amphibolite-facies into blueschist-facies. Evidence for the retrograde 

breakdown of lawsonite during exhumation is given by the formation of porphyroblasts of 

clinozoisite and paragonite in the rock matrix and epidote-paragonite pseudomorphs within garnet 

rims. These data, which document stages in the prograde, peak, and retrograde evolution of the Tso 

Morari massif, demonstrate remarkable similarity to the documented evolution of the Kaghan 

eclogitic massif, Pakistan, suggesting a laterally continuous subduction-exhumation event along the 

leading edge of the Indian plate. 

A combined petrological and geochronological study of pelitic lithologies from the north-west 

flank of the eastern Himalayan syntaxis (chapter 6) has documented previously unreported 

metamorphic events in the history of the south Lhasa block (Asian margin). U(ïTh)ïPb in-situ 

dating of monazite suggests that fluid-absent sillimanite-grade leucosomes formed episodically 

between c. 71ï50 Ma at PïT conditions greater than 6.3 ± 1.2 kbar and 750 ± 30 °C, whereas a 

separate episode of fluid-fluxed partial melting at kyanite-grade conditions occurred between c. 44ï

33 Ma at PïT conditions of 10.4 ± 1.0 kbar and 698 ± 20 °C. A staurolite-grade metapelite, that was 

subsequently mylonitised, experienced peak metamorphism at 23.6 ± 0.3 Ma at a maximum 

temperature of 650 °C at mid-crustal pressures. This event is interpreted to represent an additional 

and separate prograde metamorphic episode within the south Lhasa block, although the provenance 

of the protolith is uncertain. A major ductile shear zone separates these rocks from the Indian plate 

Namche Barwa Group units in the core of the syntaxis. Mylonitised metapelites now exposed in this 

shear zone record monazite ages between c. 16ï11 Ma and c. 9.5ï8.0 Ma that are interpreted to date 

the timing of shearing along the bounding Milin -Yanggudajue-Lulang-Parlung fault. Together, these 

data are interpreted to document an early (pre-collision) Lhasa block sillimanite-grade melting event 

that is most likely related to conductive heat transfer to the middle crust caused by emplacement of 

units of the Gangdese batholith, which was followed by a higher pressure-lower temperature 

kyanite-grade melting event associated with burial and crustal thickening during the on-going India-

Asia collision. A comparison of the post-collisional PïTït evolution of the eastern Himalayan 

syntaxis and south Lhasa block suggests the possibility that both regions may have acted as a paired 

metamorphic belt since ~44 Ma. 
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Various lithologies from the Day Nui Con Voi massif, the southernmost of four ductiley-

deformed metamorphic core complexes situated along the Red River shear zone in south-east Asia, 

have provided new constraints on the tectonic and metamorphic evolution of this region prior to and 

following the initial India-Asia collision (chapter 7). Analysis of a weakly deformed anatectic 

paragneiss using PïT pseudosections constructed in the MnOïNa2OïCaOïK2OïFeOïMgOïAl2O3ï

SiO2ïH2OïTiO2ïO system has provided prograde, peak and retrograde metamorphic conditions and 

in-situ UïThïPb geochronology of metamorphic monazite has provided texturally controlled age 

constraints. Tertiary metamorphism and deformation, overprinting earlier Triassic metamorphism 

associated with the Indosinian orogeny, is characterised by peak metamorphic conditions of ~8.5 

kbar and ~805 °C between c. 38ï34 Ma. Exhumation from peak conditions occurred along a steep 

retrograde PïT path with final melt crystallising at the solidus at a pressure greater than ~5.5 kbar at 

~790 °C. Further exhumation through PïT conditions of 4ï5 kbar and 640ï700 °C occurred in the 

subsolidus environment at c. 31 Ma. UïPb geochronological analysis of monazite from a strongly 

deformed pre-kinematic granite dyke from the flank of the Day Nui Con Voi antiformal complex 

provides further evidence for exhumation at this time. Magmatic grains suggest initial emplacement 

at 66.0 ± 1.0 Ma, prior to the India-Asia collision, whereas grains with metamorphic characteristics 

indicate later deformation at 30.6 ± 0.4 Ma. Monazite grains from a cross-cutting post-kinematic 

dyke in the core of the antiform provide a minimum age constraint of 25.2 ± 1.4 Ma for the 

termination of fabric development. The cause of these high-grade Tertiary events is uncertain, but 

they are deemed likely to be be related to continued deformation during the evolution of the 

Himalayan-Karakoram-Tibetan orogeny, although these data are not supportive of the continental 

extrusion hypothesis. A disparate and significant episode of monazite growth at c. 83ï69 Ma is 

suggested to be the result of fluid-assisted recrystallisation following the emplacement of magmatic 

units, although the cause of pre-collisional magmatic activity in this region is unidentified.  
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1. Introduction  

1.1. A statement of the problem 

The theory of plate tectonics provides a solid framework with which the evolution of the Earthôs 

lithosphere may be described and understood (Vine & Matthews, 1963). Oceanic plate boundaries, 

for example, are characterised by narrow and well-defined regions of faulting, seismicity and 

magmatism where oceanic crust may be formed (mid-ocean ridges) or destroyed (subduction zones). 

The first-order processes that occur in the oceanic lithosphere are well understood (e.g. McKenzie & 

Bickle, 1988) whereas those that control the evolution of the continental lithosphere are commonly 

debated. Here, deformation is not restricted to plate boundaries and the intraplate effects of 

continent-continent collision can be noted vast distances away from them (e.g. Searle et al., 2011). 

The duration and timing of metamorphism and deformation occurring along collisional mountain 

belts, and the relationship between metamorphism, crustal anatexis, crustal thickening and mountain 

uplift are all major orogenic processes that this thesis will address. 

The Himalayan-Karakoram-Tibetan orogen (hereafter referred to as the óHKTOô), a result of 

the collision of India with Asia that initiated c. 50 Myr ago (Green et al., 2008), is the youngest 

continent-continent collisional belt on Earth. As such, it has received intense multidisciplinary study 

in an attempt to explain and understand the processes involved in its formation. This has been 

achieved through a combination of geophysical remote sensing, field investigation and laboratory 

study and has substantially improved our knowledge of how the continental lithosphere grows and 

deforms over time. Furthermore, as a young and well-exposed mountain belt that is still actively 

deforming today, the HKTO provides a unique opportunity to examine the tectonothermal processes 

that may have driven the formation and evolution of some older orogenic belts (cf. St-Onge et al., 

2006; Streule et al., 2010). In order to pursue such investigations, one requires detailed knowledge 

of the process of metamorphism, which considers the whole spectrum of changes that occur in the 

Earth between the upper crustal zone of weathering and erosion, and the deep crustal zone in which 

the last solid constituents melt to produce magma. These changes generally begin at a temperature of 

~150 °C and may continue up to ~1000 °C depending on factors such as confining pressure, 

lithology and the composition and abundance of coexisting fluid (Philpotts & Ague, 2009). As any 
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rock can be buried and heated, and hence metamorphosed, it is estimated that metamorphic rocks 

constitute a vast proportion (at least 60 volume percent) of the continents today (ibid). 

Exhumed high-grade metamorphic rocks within the HKTO system that belong to both the 

Indian and Asian plates can be used to interpret the thermal evolution of the unobservable lower 

crust prior to, and during, orogenesis. The HKTO in particular provides the chance to investigate the 

response of a lithospheric plate that has been pre-conditioned as an Andean-type plate margin (the 

Asian plate) to a continental collision, in comparison to that of a colder and more rigid passive plate 

margin (the Indian plate). So, four regions where structural and field relationships are relatively 

well-known have been targeted for multidisciplinary study in this thesis, which allows the results of 

metamorphic investigation to be integrated directly into their tectonic framework. These comprise 

the Karakoram metamorphic complex in north Pakistan (chapter 4), the Tso Morari massif in north-

west India (chapter 5), the eastern Himalayan syntaxis region in south-east Tibet (chapter 6) and the 

Day Nui Con Voi metamorphic complex of the Red River shear zone, North Vietnam (chapter 7). 

Lithologies from the Karakoram metamorphic complex and eastern Himalayan syntaxis record 

deformation of the Asian plate margin, whereas those from the Tso Morari massif document 

deformation of the leading edge of the Indian plate immediately preceding initial collision. Units 

from the Red River shear zone record distal deformation of the lithosphere in Southeast Asia that is 

supposedly related to the indentation of India with Asia. When studied together these regions allow 

investigation of the evolution of the HKTO on a broad temporal and spatial scale, the current 

understanding of which is introduced in chapter 1.4. 

1.2. Objectives, aims and motivation 

The four case studies noted above contain lithologies that record key events in the tectonothermal 

history of the HKTO and which formed in a range of tectonic settings (e.g. transpressive shear zone, 

subduction zone, and middle- and deep-crust of an orogenic core). Thus, they allow examination of a 

range of rock types (e.g. mylonites, migmatites, eclogites and Barrovian-type metasediments) with 

which to assess the strengths and weaknesses of various thermobarometric and metamorphic 

modelling techniques within the context of the tectonic evolution of the HKTO. The following 

approaches were used in each region investigated in this study: 
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1. Perform petrographic and thermobarometric investigation into sets of metamorphic and 

magmatic units to determine as accurately as possible a regionôs tectonothermal history. 

2. Identify key samples with minerals useful for geochronology so as to provide absolute age 

constraints on specific metamorphic or deformational stages in each rockôs history. 

3. Integrate the above PïT and age results to provide new interpretations about the evolution 

of each region. In each case the implications of these data should be considered within the 

framework of the HKTO rather than just the limited geographical extent of the region. 

Therefore, the two main objectives of this thesis can be summarised as follows: 

¶ Investigate the tectonic processes that lead to large-scale deformation of the continental 

lithosphere, quantifying their magnitudes and timescales in the context of the HKTO, by 

combining geochronological analysis with a range of metamorphic modelling techniques. 

¶ Investigate the advantages and limitations of the various metamorphic modelling techniques 

when applied to a wide range of petrological and tectonic situations. Consequently, suggest 

areas for improvement and future research directions in metamorphic modelling procedures. 

This thesis presents the results of the above work in the form of four research papers, chapters 4ï7. 

Methodologies and background principles that are common to all studies are described once in their 

relevant chapters (see below) in order to avoid unnecessary repetition. Each study is prefaced by an 

introduction to the regionôs geological setting, followed by a presentation of the new data obtained 

and its subsequent interpretation. Contributions to these studies made by collaborators and/or journal 

reviewers are clearly listed in Appendix 11.1; all other work is my own. 

1.3. Thesis structure 

Chapter 2 ï In this chapter, the underlying thermodynamic principles of metamorphic petrology are 

discussed in relation to the calculation of evolving pressure and temperature conditions through time. 

The methodology describing the construction of phase equilibria diagrams that are used in this study 

is outlined, including model chemical systems, bulk composition calculations and the acquisition of 

mineral compositions by electron-beam microanalysis. 

Chapter 3 ï This chapter deals with the systematics of the UïPb and ThïPb radiogenic isotope 

systems and their use in the radiometric dating of rocks and minerals. In particular, monazite 
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geochronology is discussed alongside the factors that determine its appearance in rocks of different 

bulk compositions. Work performed at the NERC Isotope Geosciences Laboratory is described 

alongside an account of analytical techniques and data interpretation methods. 

Chapters 4ï7 ï These chapters make up the majority of the thesis work and present detailed 

accounts of the work performed in each regional study. Regional introductions, geological 

backgrounds, literature reviews, calculated data and interpretations, and brief discussions and 

conclusions are presented in these sections. 

Chapter 8 ï The main results and conclusions of each individual study are compiled in this chapter 

and integrated into the framework of the HKTO as a whole. This chapter also discusses the 

implications of this work and gives suggestions for future research direction. 

Chapter 10 ï This chapter provides additional information concerning the work presented in this 

thesis including conference proceedings and peer-reviewed articles. 

Chapter 11 ï This chapter presents appendices that contain a variety of supplementary data and 

results relevant to the regional studies in this thesis. 

1.4. Geological setting of the HKTO 

The collision of India with Asia during the Early Eocene resulted in crustal thickening both along the 

northern margin of India (forming the Himalayan Range) and along the southern margin of Asia 

(forming the Hindu Kush, Karakoram Range and the Tibetan plateau; Fig. 1.1). Numerous 

geophysical, seismic and GPS investigations have shown that these regions are undergoing active 

deformation today (see Searle et al., 2011 for a review) as a result of the continuing northward 

movement of the Indian plate at a rate of 58 ± 4 mm/yr (Bilham et al., 1997). This convergence rate 

has reduced significantly following initial collision, when the northward motion of India was at least 

150 mm/yr (Molnar & Stock, 2009; Copley et al., 2010). 

Thickened crust beneath Tibet, numerous southwards-propagating thrust systems and the 

occurrence of high-pressure metamorphic rocks in the Himalayan Range (below) suggest that a 

significant amount of shortening of the upper-middle crust has occurred post-collision. Most 

estimates of total shortening across the orogen range between 500ï1000 km (see Johnson, 2002 for 
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discussion); however, recent investigation based on palaeomagnetic plate reconstruction and area 

conservation has argued for between 2600ï3200 km instead (Van Hinsbergen et al., 2011). This 

deformational response by the upper-middle crust is in contrast to that of the lower crust, which has 

acted in a more rigid manner, with the Indian lithosphere purported to underplate Tibet by up to 400 

km north of the collision zone at approximately ~33° N latitude (Kosarev et al., 1999). Deformation 

associated with the collision can also be observed at significant distances away from the HKTO, 

particularly in south-east Asia, where numerous large-scale strike-slip fault systems have been 

suggested to control the eastward and south-eastwardly motion of crustal blocks away from the 

Indian indenter (e.g. Tapponnier et al., 1986; see chapter 1.4.4). A brief summary of the main 

geological features of these regions associated with the HKTO is given below (after Le Fort, 1975; 

Hodges, 2000 and Yin & Harrison, 2000 unless otherwise stated). 

 

Fig. 1.1 ς Compound satellite imagery of the HKTO and environs showing major tectonic features (from Google 

Earth
©

). MBT = Main Boundary thrust; ITSZ = Indus Tsangpo suture zone; BNSZ = Bangong Nujiang suture zone; JSZ = 

Jinsha suture zone. 

1.4.1. The Himalayan Range 

The Himalayan Range (or óHimalayaô) stretches for ~2500 km from the Afghanistan-Pakistan border 

in the west to the South China (Yunnan)-Burma border in the east (Fig. 1.1). Despite its extent, it is 

merely a section of the much larger Himalaya-Alpine orogenic system that stretches from the 

Sumatran arc of Indonesia in the east to the Mediterranean Sea in the west. Lithostratigraphic units 
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of the Himalaya are those bounded between the Indus Tsangpo suture zone (ITSZ) to the north and 

the Main Frontal thrust (MFT) to the south (Fig. 1.2) and represent the leading edge of the Indian 

continent. These units are commonly divided into three major tectonic óslicesô. From north to south, 

these are the High Himalaya (comprised of the Tethyan Sedimentary Sequence (TSS) and Greater 

Himalayan Sequence (GHS)), the Lesser Himalaya (comprising the Lesser Himalayan Sequence 

(LHS)) and the Sub-Himalaya (the Siwaliks). These slices are separated by low-angle faults of Late 

Cenozoic age and are exposed at the surface today in a manner that is largely consistent along strike. 

 

Fig. 1.2 ς Generalised geology of the Himalayan Range (after DiPietro & Pogue, 2004 and Guillot et al., 2008, and 

references therein). 

The ITSZ marks the suture of the India-Asia collision and contains remnant constituents of 

the Neo-Tethys Ocean and related oceanic basins (ophiolitic mélange, flysch and occasional 

deformed island-arc volcanics). These units are separated from the underlying TSS by the Zanskar 

shear zone (ZSZ) in the west or the Great Counter thrust (GCT) in the east, a steep southward-

dipping backthrust fault (Fig. 1.2). The TSS is the northernmost and structurally highest 

lithostratigraphic unit of the Himalaya and represents a series of marine sediments that were 

originally deposited along the passive margin of the Indian plate (Gaetani & Garzanti, 1991) and 

have since been strongly folded and weakly metamorphosed to lower greenschist-facies (Steck et al., 

1993). The TSS is bound at its base by a low-angle northward-dipping normal-sense shear zone, the 

South Tibetan Detachment System (STDS). This shear zone is characterised by a series of sub-
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parallel detachments that are thought to have experienced displacement at different times and may 

have each undergone several periods of reactivation, although none are active today (Hodges et al., 

1996; Grujic et al., 2011). On the basis of deep seismic profiling Nelson et al. (1996) suggested that 

the STDS, unlike the other major fault systems within the Himalaya, levels off in the upper-middle 

crust instead of merging with the Main Himalayan thrust (MHT) at depth. 

A variety of metamorphic rocks are exposed in tectonic windows along the length of the TSS, 

including eclogite-facies lithologies at Tso Morari in the western Himalaya (Fig. 1.2) and granulite-

facies gneiss and granite domes in the central-eastern Himalaya. The latter exposures are collectively 

called the ónorth Himalayan gneiss domesô and are thought to have affinity with the underlying GHS 

(King et al., 2011). The GHS exists as a sequence of metamorphic units that primarily include 

amphibolite-facies gneiss, schist, calc-silicate and amphibolite; all interpreted to represent accreted 

continental crust derived from the subducting Indian plate. Following the onset of continental 

collision this sequence was buried and metamorphosed and has a complex thermal history, a detailed 

description of which is given in chapter 1.5.1. In-situ crustal anatexis within the core of the GHS has 

resulted in the migration of partial melt and emplacement of leucogranitic dykes and plutons at the 

highest structural levels, some of which follow basal strands of the STDS. 

The Main Central thrust (MCT), a low-angle northward-dipping thrust fault, bounds the base 

of the GHS and emplaces it above the underlying LHS (Fig. 1.2). The LHS is characterised by a 

sequence of intercalated sedimentary and volcanic units, Cambro-Ordovician granites and gneisses 

and weakly metamorphosed NeoProterozoic pelitic and psammitic rocks (the Haimanta or Cheka 

Group). The LHS is in turn thrust over the Siwalik deformed foreland basin molasse deposits by the 

Main Boundary thrust (MBT) and the lower bound of the Siwaliks is the currently active Main 

Frontal thrust (MFT). Both the MBT and MFT are low-angle northward-dipping thrust faults that, on 

seismic evidence, are believed to converge with the basal detachment, the MHT, which is interpreted 

as the plane along which India is currently underthrusting southern Tibet today (Brown et al., 1996). 

1.4.2. The Tibetan plateau 

The Tibetan plateau (or óTibetô) is situated north of the Himalayan Range (Fig. 1.1) and has a 

surface area of ~3500 by 1500 km, a mean elevation ~5000 m (Fielding et al., 1994) and a crustal 
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thickness between 70ï90 km (Wittlinger et al., 2004; Rai et al., 2006). The plateau is structurally 

complex, having formed from the successive accretion of numerous microplates and island arcs to 

the southern margin of Eurasia since the Early Palaeozoic (Dewey et al., 1988). The collision of the 

Indian plate, closure of the Neo-Tethys Ocean and associated formation of the Himalaya represent 

the most recent of these events. Thus the plateau may be divided into a number of approximately Eï

W trending terranes including, amongst others, the Lhasa and Qiangtang blocks. 

 

Fig. 1.3 ς Cross-section through the central Himalaya-central Tibet showing the lithospheric structure and main 

geologic units (after Searle et alΦΣ нлмлŀύΦ ΨȄΩ ǿƛǘƘƛƴ ǘƘŜ DI{ ǊŜǇǊŜǎŜƴǘǎ ƳƛƎƳŀǘƛǘŜǎκǇŀǊǘƛŀƭ ƳŜƭǘ όƛōƛŘύΦ 

The Lhasa block is the southernmost tectonic block in Tibet and is bounded by the ITSZ to 

the south and the Bangong-Nujiang suture zone (BNSZ) to the north (Fig. 1.1). It was accreted to the 

former Asian plate southern margin (the Qiangtang block) during the Late Jurassic (Dewey et al., 

1988). The Lhasa block is bounded to the west by the right-lateral strike-slip Karakoram fault, but 

can be correlated across this structure with the Kohistan-Ladakh arc in north-west India and north 

Pakistan (Searle, 1996; Robinson, 2009). Here, the BNSZ is referred to as the Shyok suture zone 

(SSZ) or Main Karakoram thrust (MKT). The Qiangtang block is located between the BNSZ and the 

Jinsha suture zone (JSZ) and is was accreted to the southern Asian plate margin during the Late 

Triassic-Early Jurassic (Dewey et al., 1988). Like the Lhasa block, the Qiangtang block can be 

correlated across its western boundary, the Karakoram fault, becoming the lateral equivalent of the 

Karakoram Range (Tapponnier et al., 1981; Yin & Nie, 1996). The Qiangtang block consists largely 

of supracrustal rocks that surround a central ~600 km long by ~150 km wide tectonic mélange of 
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blueschist- and eclogite-bearing blocks (Kapp et al., 2003; Zhang et al., 2006) in a greenschist-facies 

matrix of Triassic age (Pullen et al., 2011). Very little evidence of the tectonic processes operating 

around the time of the India-Asia collision can be found in these regions; hence, the tectonothermal 

evolution of this terrane is not discussed further. A cross-section through the Himalaya and central 

Tibet (at approximately 90 °E) illustrating the major features described above is shown in Fig. 1.3. 

1.4.3. The Karakoram Range 

The Karakoram Range is approximately 700 km long and 100ï150 km wide and extends in a broad 

arc along the borders of Afghanistan, Pakistan, India and China (Fig. 1.4). Geophysical studies of the 

Karakoram Range show that very little seismic activity occurs in the upper and middle crust, with 

occasional seismicity at depths of 70ï100 km (Chen & Molnar, 1983), indicating that the upper 

mantle is relatively cold (Brandon & Romanowicz, 1986). Caporali (2000) showed that the axis of 

the range corresponds with a line of large negative gravity anomalies (<-500 mGal) and high heat 

flow, suggesting the presence of a deep crustal root similar to that under Tibet today. As previously 

noted, the Karakoram Range is the lateral equivalent of the Qiangtang block in central Tibet and can 

be correlated across the Karakoram fault (Fig. 1.1); however, unlike the Qiangtang block, extensive 

crustal thickening, rock uplift and erosion in this region have produced extreme topography and 

large exposures of deep crustal lithologies. 

 

Fig. 1.4 ς Schematic geological map of north Pakistan showing major geological relationships in the Karakoram 

Range (after Searle, 1991, Hildebrand et al., 1998, 2001, and Fraser et al., 2001). 
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Rocks exposed within the Karakoram Range record metamorphism and deformation of the 

southern extent of the Asian margin during the collision of the Kohistan-Ladakh island arc in the 

Late Cretaceous and the subsequent collision with the Indian plate during the Early Eocene (Searle 

et al., 1991, 2010a). A cross-section through the western Himalaya, Karakoram Range and western 

Tibet (at approximately 75ï80 °E) is shown in Fig. 1.5 illustrating major structural relationships. 

 

Fig. 1.5 ς Cross-section through the western Himalaya-Karakoram Range-western Tibet showing the lithospheric 

structure and main geologic units (after Searle et al., 2010a). 

1.4.4. Red River shear zone 

Although the effects of the collision of India with Asia are most prevalent in the aforementioned 

regions (the Himalaya, the Karakoram Range and Tibet) deformation allegedly attributed to this 

event can also be found in distant parts of south-east Asia. One of the tectonic models commonly 

used to explain the tectonics of south-east Asia (and Tibet) is that of ócontinental extrusionô, 

whereby regional-scale strike-slip fault systems control the eastward and south-eastward motion of 

large crustal blocks away from the Indian indenter (e.g. Tapponnier et al., 1986). In particular, left-

lateral strike-slip shearing along the Red River shear zone (RRSZ), the Sagaing fault and the Wang 

Chao fault (Fig. 1.6) has reportedly accommodated displacement of the Indochina block by 500ï

1000 km during the Tertiary, a range calculated from apparent offsets of geological markers along 

each fault zone (Leloup et al., 1993, 1995, 2001; Tapponnier et al., 1986, 1990, 2001). 
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Fig. 1.6 ς Tectonic map of south-east Asia showing the geological setting of the RRSZ and metamorphic core 

complexes (after Tapponnier et al., 1990, Leloup et al., 1995 and Gilley et al., 2003). Dashed box represents position 

of Fig. 7.1. XLS = Xuelong Shan, DCS = Diancang Shan, ALS = Ailao Shan, DNCV = Day Nui Con Voi. 

By contrast, other recent studies of major strike-slip faults in Tibet and south-east Asia 

contest the scale of the continental extrusion model by suggesting that total displacements are much 

less than previously proposed and that the offset geological features used by previous workers lack 

definite pinning points (Searle, 2006; Yeh et al., 2008; Searle et al., 2010b, 2011). Despite this 

disagreement, monazite and zircon ages obtained from both igneous and metamorphic lithologies in 

the RRSZ indicate that strike-slip deformation was occurring during the Tertiary (e.g. Lin et al., 
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2012). Such lithologies are exposed along the length of the RRSZ in four spatially distinct NWïSE 

aligned metamorphic core complexes: the Xuelong Shan, Diancang Shan and Ailao Shan in Yunnan, 

China, and the Day Nui Con Voi (DNCV) in North Vietnam (Fig. 1.6). These complexes are 

characterised by variably deformed orthogneiss and paragneiss, many of which exhibit strong 

mylonitic fabrics that are aligned with the Red River fault (RRF), a major structure in the RRSZ. 

The RRF is active today and exhibits dominantly right-lateral strike-slip motion (opposite in sense to 

Tertiary movement) coupled with a component of low-angle normal faulting along the margins 

(Tapponnier & Molnar, 1977; Allen et al., 1984; Leloup et al., 1995). 

As the timing of motion and total offset along the RRSZ are fundamental to the continental 

extrusion hypothesis, accurately constraining the timing of metamorphism and deformation in these 

complexes is of great importance. Many previous studies have been unable to produce a coherent 

model for the formation of these metamorphic units; hence, a multidisciplinary investigation of 

metamorphic and magmatic lithologies from the DNCV was undertaken in an attempt to clarify the 

relationship between the RRSZ to the HKTO (see chapters 1.5.4 and 7). 

1.5. Metamorphic-magmatic evolution of the HKTO 

The previously described regions contain metamorphic and magmatic rocks that are inherently 

linked to deformation caused by the on-going India-Asia collision. This is most apparent when 

examining units of the GHS, most of which have been transformed from sedimentary protoliths into 

high-grade schists, gneisses or crustal melts. Studies of this lithostratigraphic unit have proven to be 

invaluable for elucidation of the evolution of the Indian plate margin before, during and after 

collision with Asia. However, in comparison with the Indian plate, exposures of similar high-grade 

metamorphic rocks on the Asian plate are unevenly distributed and thus the response in central Tibet 

to the collision is harder to quantify. The current understanding of the metamorphic and magmatic 

evolution of these individual regions is summarised below. 

1.5.1. The Greater Himalayan Sequence 

Numerous thermobarometric and geochronological studies of regional metamorphic units of the 

GHS have produced a 3-stage tectonothermal evolution that, with few exceptions, is largely uniform 

along-strike of the Himalaya. A brief summary of these stages is given below. 



 

INTRODUCTION 32 

Initial ultra-high-pressure (UHP) metamorphism (M1) of the northern margin of the Indian 

plate is recorded in coesite-bearing eclogite that is exposed in two locations: the Kaghan Valley, 

Pakistan, and the Tso Morari massif (TMM), north-west India. Parrish et al. (2006) dated peak 

metamorphism of the former at 46.4 ± 0.1 Ma (UïPb zircon and allanite) at PïT conditions of >27.5 

kbar and 720ï770 °C. The latter UHP locality (Tso Morari) has been studied by numerous workers, 

although strong disagreement exists concerning the timing of subduction and exhumation, and also 

the calculated peak metamorphic conditions (see OôBrien, 2006 for discussion). Mafic eclogite from 

this locality was studied in this thesis (chapter 5) and a synthesis of the available petrographic and 

geochronological data is given in that section. 

Subsequent crustal thickening and Barrovian-type metamorphism along the Himalaya resulted 

in regional kyanite-grade metamorphism (M2) of the GHS that peaked between c. 37ï30 Ma, 

identified from UïPb dating of metamorphic monazite (Walker et al., 2001; Godin et al., 2001; 

Simpson et al., 2000) and SmïNd dating of garnet growth (Vance & Harris, 1999). Peak PïT 

conditions for this event range between 9ï12 kbar and 550ï680 °C (e.g. Vannay & Hodges, 1996 

and others). Subsequent decompression and heating along a clockwise PïT path resulted in 

sillimanite-grade metamorphism (M3), extensive migmatisation and the formation of leucogranites 

(Searle et al., 2009). UïPb ages of sillimanite-grade monazite mainly span the period between c. 24ï

15 Ma (Noble & Searle, 1995; Searle et al., 1997, 1999, 2003; Murphy & Harrison, 1999; Simpson 

et al., 2000; Viskupic & Hodges, 2001; Cottle et al., 2009a), though the youngest leucogranite dykes 

in the GHS are in Bhutan and are dated at c. 11 Ma (UïPb zircon; Kellett et al., 2009). Two notable 

exceptions to this along-strike evolution are the Himalayan syntaxis regions; Nanga Parbat in the 

west and Namche Barwa in the east (Fig. 1.2). These regions contain high-grade migmatitic rocks 

with extremely young (Pliocene) ages, indicating that they have undergone distinct episodes of 

deformation that do not relate to the main body of the GHS. The eastern Himalayan syntaxis region 

(EHS) and the adjacent Asian plate south Lhasa block forms another case study in this thesis, and a 

detailed discussion of its tectonothermal evolution is given in chapter 6.2.2 alongside a comparison 

with Nanga Parbat and the main body of the GHS. 

1.5.2. The Lhasa block 
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The surface geology of the Lhasa block is strongly heterogeneous, with lithologies documenting a 

protracted tectonometamorphic history prior to, and following, its collision with India. Pre-India-

Asia collision metamorphism is documented by a discontinuous belt of mafic and ultramafic rocks 

situated in the central Lhasa block, over 100 km south of the BNSZ (Liu, 1988). Following their 

discovery, these units were interpreted as either tectonic slices of the BNSZ that have been displaced 

southwards along low-angle thrust faults (Girardeau et al., 1984) or as evidence for an additional 

suture within the Lhasa block (Hsü et al., 1995) that was previously unidentified. Samples of 

eclogite from this belt were analysed by Yang et al. (2009), who produced Permian ages between c. 

292ï242 Ma (UïPb zircon), with an average value of 262 ± 5 Ma, and peak metamorphic conditions 

of 27 kbar and 730 °C. As a result of the concomitant identification of an EïW trending band of 

Carboniferous-Permian volcanic rocks to the north of this eclogite belt, the latter scenario of a 

previously unidentified suture zone within the Lhasa block was advocated (ibid). 

Consequently, the Lhasa block has been divided into northern and southern segments 

separated by this eclogite belt. The northern segment exposes vast regions of flat-lying sediments of 

Ordovician to Jurassic age (Yu & Zheng, 1979), suggesting that no significant deformation related to 

the India-Asia collision affected the region. By contrast, the geology of the southern Lhasa block is 

dominated by the pre-collision Gangdese composite batholith, which is composed of subduction-

related hornblende- and biotite-bearing diorites, granodiorites and granites, together with their 

extrusive equivalent calc-alkaline andesites, rhyolites and dacites (Chung et al., 2005). UïPb zircon 

dating shows that these subduction-related units were emplaced between the Jurassic and Early 

Eocene, with the main episodes between c. 133ï110 Ma and c. 66ï57 Ma (Wen et al., 2008; Chiu et 

al., 2009; Lee et al., 2009). Smaller post-collisional intrusions are mostly adakitic and are sourced 

from the melting of garnet-bearing crustal rocks (Chung et al., 2003, 2005; Zhang et al., 2009). 

In the south Lhasa block exposures of metamorphic rocks are rare. Intermittent exposures of 

amphibolite-facies sillimanite-bearing orthogneiss and garnet amphibolite have been reported by 

Dong et al. (2011) to be of Triassic age (c. 225ï213 Ma; UïPb zircon) and are suggested to be 

typical of the unobservable metamorphic middle crust. The only kyanite- or sillimanite-grade units 

currently documented to be of Tertiary age are those reported in the Bayi-Linzhi-Milin area in the far 

south-east of Tibet, in the immediate vicinity of the EHS (Zhang et al., 2010; Xu et al., 2010). These 
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young rocks are therefore extremely important to the investigation of the effects of the India-Asia 

collision on the south Lhasa block, and they constitute another case study in this thesis. A more 

detailed account of their metamorphic and magmatic evolution is given in chapter 6. 

1.5.3. The Karakoram metamorphic complex 

Rocks within the Karakoram Range that lie between the Karakoram batholith to the north and the 

Shyok suture zone to the south are collectively called the Karakoram metamorphic complex (KMC). 

Two particular regions of the KMC provide excellent exposure and have been targeted in the past for 

detailed study (Fig. 1.4): the Hunza Valley in the west (Zeitler, 1985; Crawford & Searle, 1993; 

Fraser et al., 2001) and the Baltoro region in the central-southeast (Searle & Tirrul, 1991; Searle et 

al., 1992, 2010a; Rolland et al., 2001, 2006). Although these regions are along strike of one another 

and are not separated by any major structural features, poor accessibility and limited exposure in the 

intermediate region does not allow for direct correlation of metamorphic units (Searle et al., 2010a). 

Lithologies in the KMC consist of abundant marbles, meta-marls and calc-silicates with subordinate 

metapelites and orthogneiss units (Desio, 1964; Searle et al., 1986, 1989; Searle, 1991; Rolland et 

al., 2006). A brief outline of the geological evolution of the Karakoram Range is presented below; 

however, discussion of metamorphic events utilises metapelites owing to their superior potential for 

recording changing PïTït conditions. 

Some units of the Karakoram Range preserve a metamorphic and magmatic record that 

predates the India-Asia collision. Early subduction of the Neo-Tethys Ocean beneath the south-

western Asian margin resulted in formation of the Karakoram batholith, a composite intrusion that 

contains I-type granodiorites, quartz diorites and monzogranites with intrusion ages ranging between 

c. 95ï105 Ma (RbïSr whole rock; Debon et al., 1987; UïPb zircon; Le Fort et al., 1983, Fraser et 

al., 2001). Consequently, rocks of the Asian margin experienced high-temperature contact 

metamorphism (M0) associated with magma intrusion (see chapter 4.7.1). Such magmatism ceased 

upon the closure of the Shyok suture and the accretion of the Kohistan-Ladakh island arc to the 

Asian margin during the Late Cretaceous (Mahéo et al., 2004). This accretion event has been 

interpreted to be responsible for a period of sillimanite-grade metamorphism (M1) that occurred 

between c. 83ï53 Ma (UïPb monazite; Fraser et al., 2001; Foster et al., 2004). It should be noted 
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that data to constrain the duration of metamorphism pre- and post-SSZ closure is lacking, therefore it 

is possible (but unlikely; see chapter 4.5.2) that M0 and M1 constitute one continuous thermal event. 

Following the subsequent closure of the Indus suture and onset of the India-Asia collision, 

thrusting of rocks to the south-west resulted in extensive crustal thickening and Barrovian-type 

kyanite- and sillimanite- grade metamorphism (M2) between c. 44ï22 Ma at PïT conditions of 8ï10 

kbar and 600ï700 °C (UïPb monazite and zircon; Allen & Chamberlain, 1991; Searle & Tirrul, 

1991; Bertrand et al., 1988; Lemennicier et al., 1996; Rolland et al., 2001; Searle et al., 1989, 

2010a). In the Baltoro region this event culminated in extensive crustal melting leading to formation 

of the Baltoro Plutonic Unit (BPU) of the Karakoram batholith. This body contains numerous biotite 

monzogranite and garnet two-mica leucogranite components that crystallised between c. 25ï13 Ma 

(UïPb zircon and monazite; Parrish & Tirrul, 1989; Schärer et al., 1990; Searle et al., 2010a). At 

this time in the Hunza Valley, unrelated prograde staurolite-grade metamorphism (M3) peaked at 

16.0 ± 1.0 Ma (UïPb monazite; Fraser et al., 2001). Most recently, exhumed metamorphic units in 

the Baltoro region record sillimanite- and K-feldspar-grade overprinting of M2 assemblages, with 

associated partial melting dated at 5.4 ± 0.2 Ma (UïPb monazite; Fraser et al., 2001) and 6.7 ± 0.5 

Ma (UïPb monazite; Smith, 1993) at pressures between 4ï7.5 kbar (Villa et al., 1996). 

This brief summary illustrates that major differences exist in the tectonothermal evolution of 

the Hunza Valley and Baltoro regions. Rocks from both have been studied in this thesis in order to 

provide insight into the causes of such disparity and to further explore the effects of the India-Asia 

collision on the Asian plate margin. Results of this work are given in chapter 4 and prefaced by a 

more detailed account of the geological evolution of the Karakoram Range as a whole. 

1.5.4. Red River shear zone 

The relative timing, cause and supposed inter-relationship between high-grade metamorphism, 

partial melting and strike-slip fault motion along the RRSZ are highly debated issues. In general, 

such hypotheses may be divided into two principal groups. Studies that support the continental 

extrusion hypothesis suggest that the high-grade metamorphism and magmatism within each core 

complex formed as a direct result of Tertiary shear heating along the RRSZ in response to the 

collision of India with Asia (Tapponnier et al., 1990; Leloup et al., 1993, 1995, 2001, 2007). In this 
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model, motion along the RRF and RRSZ supposedly induced heating in the middle-lower crust, 

causing an increase in ambient crustal temperature of ~150 °C, leading to metamorphism and partial 

melting (Leloup et al., 1995). However, a later study by Gilley et al. (2003) showed through time-

dependent conductive thermal modelling that up to 20 Myr of continual shearing would only raise 

temperatures by 60ï80 °C, weakening, but not dismissing, this argument. 

Other workers limit the RRF to the upper-middle brittle crust (Searle, 2006, Yeh et al., 2008), 

complying with the Sibson-Scholz model of fault zone architecture (Sibson, 1986), and suggest that 

the RRSZ includes all of the ductilely-deformed metamorphic rocks in the core complex. In this 

latter interpretation, all metamorphic rocks in the RRSZ formed during the Indosinian orogeny, prior 

to strike-slip motion, and have simply been exhumed as a result of fault motion so that current 

mylonitic fabrics have been imposed onto previous metamorphic foliations and lineations (Jolivet et 

al., 2001; Searle, 2006; Anczkiewicz et al., 2007; Yeh et al., 2008). The Indosinian orogeny 

represents the accretion of the Sibumasu continental block to Indochina/South China that occurred 

between c. 250ï190 Ma (Metcalfe, 2000) and is poorly documented given the later reworking of 

many metamorphic units and the generally poor degree of exposure throughout south-east Asia. 

Geochronological data obtained from each massif along the RRSZ support the existence of 

metamorphic and magmatic episodes during both the Triassic and the Tertiary. For example, UïPb 

dating of orthogneiss from the Ailao Shan and Diancang Shan massifs by Searle et al. (2010b) 

revealed zircon cores of Indosinian age (between c. 243ï239 Ma) and rims of Oligocene age (c. 26 

Ma), the former interpreted to represent protolith emplacement and crystallisation and the latter to 

represent a metamorphic or magmatic overprint. Additionally, in-situ ThïPb dating of monazite 

performed by Gilley et al. (2003) on DNCV paragneiss produced a large dataset spread between c. 

220ï21 Ma, with a significant cluster of young ages between c. 34ï21 Ma interpreted as signifying 

an episode of garnet growth related to prograde metamorphism and dating left-lateral shearing along 

the RRSZ. Samples of variably deformed anatectic paragneiss and granite dykes that were collected 

from the DNCV have been analysed in this study in order to provide new insight into these disputes 

through the combination of in-situ monazite geochronology and thermodynamic modelling of high-

grade metamorphism and partial melting. The results of this work are presented in chapter 7 in 

addition to a more detailed description of the PïTït evolution of the DNCV and its surrounding area.  
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2. Metamorphic petrology 

The word ómetamorphicô was first proposed by Charles Lyell following a trip to Norway in the early 

19
th
 century to describe Palaeozoic sedimentary rocks that had been óchanged by heatô as a result of 

the emplacement of Permian granite-syenite intrusions (Lyell, 1833, 1838; Hestmark, 2011). 

Subsequent work has expanded on this initial notion (see chapter 10.3); thus, a more generalised 

definition would describe metamorphism as the process by which a rock responds to changes in 

ambient physical and/or chemical conditions. In the context of orogenesis, these are primarily 

pressure (P), temperature (T) and composition (X). Such changes induce physiochemical reactions 

between constituent solid and fluid phases that result in the formation of a new mineral assemblage 

and/or microstructure. Hence, minerals and microfabrics observed in rocks at the Earthôs surface 

today are monitors of the changing PïTïX conditions over which those rocks formed. The principal 

aim of metamorphic petrology is to quantify the relative or absolute changes in these conditions over 

time and therefore understand the tectonic processes responsible. Further insight is gained by 

applying temporal constraints on these processes through microstructural analysis and isotopic 

dating to provide a relative or absolute geochronology. This chapter outlines the approach used to 

extract such PïTïX information from metamorphic rocks. 

2.1. Introduction 

The process of metamorphism acts to minimise a rockôs internal free energy through a variety of 

mechanisms, for example by the recrystallisation of pre-existing minerals into a new fabric or by the 

growth of new minerals via chemical reaction. Ultimately, a rock tries to reach a state of chemical 

and textural equilibrium characterised by a particular mineral assemblage that is unique to a specific 

PïTïX condition and can be described by definite proportions and compositions of constituent 

phases. Chemical thermodynamics allows prediction of which mineral assemblage will be stable (i.e. 

has the lowest total free energy) in a rock at equilibrium conditions. Therefore utilising petrological 

techniques on a metamorphic rock is primarily a reverse modelling problem, where the geologist 

desires to calculate the PïTïX conditions at which the observed mineral assemblage formed. 

Despite metamorphic rocks striving to reach a state of minimal free energy, in natural systems 

a state of equilibrium may never be fully achieved and rocks may instead preserve evidence of 
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previous stable assemblages, in a state of disequilibrium. This situation is often preferable to the 

geologist, as a rock preserving a state of perfect chemical and textural equilibrium is of limited use 

for the tectonic interpretation of an outcrop. Although peak metamorphic conditions are readily 

obtained in this latter situation, no information is provided about how the sample achieved (or 

departed from) those conditions. In most cases, the tectonic interpretation of an outcrop would 

significantly benefit from such information. By contrast, disequilibrium features can be used to 

determine numerous points along a PïT path that a rock must have travelled; the interpretation of 

which provides important geodynamic information about the tectonic processes responsible. In order 

to calculate these PïT conditions, knowledge of the underlying thermodynamic principles of 

thermobarometry is required; with the following treatment after Spear (1993). 

2.2. Thermodynamic principles 

In a multi-phase system, the thermodynamic potential for work to be performed governs the 

thermodynamic state of that system. When considering the state variables T, P and the number of 

moles ὲ  of components, this thermodynamic potential is referred to as the Gibbs free energy Ὃ. 

For a rock with a particular bulk composition, numerous possible phase assemblages could 

theoretically exist at any PïT condition and the Gibbs free energy of the system Ὃ  would be 

different for each. The configuration with the lowest Ὃ  is termed the stable assemblage and would 

exist in a state of heterogeneous equilibrium ï all other assemblages with higher values of Ὃ  are 

described as being metastable. If Ὃ  is not minimised, the constituent phases in the system will act 

to reduce the thermodynamic potential by means of heterogeneous reaction. During metamorphism 

and deformation a rock experiences many changes in ambient PïT conditions and will therefore 

undergo a series of continuous and discontinuous reactions in an attempt to achieve sequential 

equilibria, each representative of the current state of the system. 

For a rock comprised of four phases (A, B, C and D), at heterogeneous equilibrium, all phases 

will  have the same temperature and pressure and the free energy of the system will be minimised. As 

there is no potential for Ὃ to change under these conditions, then: 

 ὨὋ π (2.2.1) 

As Ὃ  is the sum of the free energies of all phases within the system, it follows that: 
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 ὨὋ π  ὨὋ ὨὋ ὨὋ ὨὋ (2.2.2) 

If a state of heterogeneous equilibrium is disturbed by a change in ambient PïT conditions, 

subsequent physical or chemical reactions must occur between constituent phases to reach a new 

equilibrium condition, at which point the free energy available for further reaction ЎὋ  is equal to 

zero. In a closed system, total mass is conserved over the course of any reaction. A similar 

relationship applies to the chemical potentials ‘ of phase components, whereby the sum of 

chemical potentials of products is equal to the chemical potentials of reactants. This is expressed as: 

 π ὺϽ‘ ЎὋ  (2.2.3) 

Here, ὺ represents the stoichiometric coefficient for each phase component Ὦ in a reaction where 

there are m phase components. Where a phase exhibits solid solution between multiple end-members 

(i.e. is impure), the chemical potential of each phase component is reduced from its pure state due to 

the entropy of mixing, as follows: 

 ‘ ‘Ј ὙὝÌÎὥ (2.2.4) 

In this relationship ‘Ј  is the chemical potential of phase component j at its standard state conditions 

(pure j at the P and T of interest), R is the gas constant (8.314 J·K
-1

 mol
-1

), T is temperature (in 

Kelvin) and ὥ is the activity of a component in a given phase. 

Combining equations 2.2.3 and 2.2.4 produces the following relationship, where ЎὋЈ is the 

change in Gibbs free energy between end-members in a reaction and ὑ  is the equilibrium constant 

that relates the activities of reactants and products (see later): 

 ЎὋ π ЎὋЈ ὙὝÌÎὑ  (2.2.5) 

The complete relationship between pressure, temperature and phase composition at equilibrium can 

be expressed as follows (Spear, 1993): 

 

ЎὋ π ЎὌ ȟ ЎὅὨὝ ЎὠὨὖ 

Ὕ ЎὛ ȟ

Ўὅ

Ὕ
ὨὝ ὙὝÌÎὑ  

(2.2.6) 

Here, ὌȟὛȟὠ and ὅ are enthalpy, entropy, volume and heat capacity respectively and these 

thermodynamic properties are given at standard state conditions of 298 K and 1 bar. For volatile-
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absent metamorphic reactions that occur in the subsolidus domain, this relationship may be 

simplified significantly. Although ὅ is a function of T, the Ўὅ of a reaction is often negligible so 

can be approximated to zero. Likewise, if all phases have a similar compressibility then Ўὠ can be 

assumed to be constant. This leads to the much simplified relationship: 

 ЎὋ π ЎὌ ὖЎὠ ὝЎὛ ὙὝÌÎὑ  (2.2.7) 

This equation can then be rearranged to express ÌÎὑ  as a function of T, P and the remaining 

thermodynamic parameters: 

 ÌÎὑ
ὝЎὛ ЎὌ ὖЎὠ

ὙὝ
 (2.2.8) 

Alternatively, this may be expressed as a thermometer (2.2.9) or barometer (2.2.10): 

Ὕ
ὖЎὠ ЎὌ

ЎὛ ὙÌÎὑ
 (2.2.9) ὖ

ὝЎὛ ὙὝÌÎὑ ЎὌ

Ўὠ
 (2.2.10) 

For any equilibrium, values of ЎὌȟЎὛ and Ўὠ may be calculated from experimentally determined 

values for phases of interest and ÌÎὑ  may be calculated from the measured or assumed 

compositions of reactants and products. Thus a univariant line representing a particular equilibrium 

can be positioned in PïT space, the slope of which is described by the Clausius-Clapeyron equation 

when considering pure phases (2.2.11) or those with solid solution (2.2.12): 

Ὠὖ

ὨὝ

ЎὛ

Ўὠ
 (2.2.11) 

Ὠὖ

ὨὝ

ЎὛ ὙÌÎὑ

Ўὠ
 (2.2.12) 

2.3. Thermobarometry 

From the treatment above it can be seen that PïT conditions of equilibration may be calculated from 

observed mineral assemblages, provided that they represent a frozen-in equilibrium. However, the 

extent to which this is achieved at various stages in a rockôs evolution relies on two important 

factors: the time available for equilibrium to be reached at a particular PïT condition and the scale at 

which equilibrium forms (Powell, 1978). These two factors are closely related ï the more time that a 

rock remains at a particular PïT condition, the larger the volume of the rock that should be able to 

reach equilibrium. After only a short amount of time, many small volumes may reach equilibrium 

even if the system as a whole is out of equilibrium ï a situation termed local or mosaic equilibrium 

(ibid). In this case, careful petrographic analysis must be used to determine the state of an 

assemblage under consideration. Two main methods of investigation of changing PïTïX conditions 
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are often employed: conventional thermobarometry and phase equilibria modelling. The choice of 

method depends on many factors, notably the extent of equilibrium observed in a sample, and the 

methodology, advantages and limitations of each technique are outlined below. 

2.3.1. Conventional thermobarometry 

Although phase equilibria modelling has been suggested to be the most powerful method of 

extracting PïTïX information from a metamorphic rock (below), it cannot be applied uncritically in 

all situations. Such examples include large-scale mosaic equilibrium or when investigating rocks 

where the bulk composition is thought to have changed by an unquantifiable amount (e.g. 

mylonitised high-grade rocks). Here, conventional thermobarometry is often able to provide 

estimates of pressures and/or temperatures of equilibration instead. 

Conventional thermobarometry allows equilibrium P or T conditions for a mineral 

assemblage to be calculated from the measured distribution of elements between particular phases. 

Good geothermometers have steep slopes in PïT space, a relatively large ЎὛ and a small Ўὠ and are 

typically cation exchange reactions. Good geobarometers have shallow slopes in PïT space, a large 

Ўὠ and relatively small ЎὛ and are typically net transfer reactions. The methodology for 

thermobarometric calculation is demonstrated by examination of equation 2.2.8. Thermodynamic 

parameters occurring on the right hand side of the equation, relevant to a specific reaction, may be 

used to produce a linear relationship between P and T with a specific gradient. The equilibrium 

constant on the left hand side provides a compositional constraint that determines the absolute 

position of this calculated relationship in PïT space. Using a single geothermometer, for example, 

suggests that a mineral assemblage equilibrated somewhere along the calculated line. However 

simultaneous solution of multiple thermometers and barometers allows calculation of a PïT point 

where these individual equilibria intersect. 

2.3.1.1. Geothermometry 

The distribution of Fe and Mg between garnet and biotite is temperature-dependent and can be used 

as a geothermometer in suitable rocks. The cation exchange equilibrium is expressed as follows: 

 
KMg3AlSi3O10(OH)2 + Fe3Al2Si3O12 = KFe3AlSi3O10(OH)2 + Mg3Al2Si3O12 

 (2.3.1) 
             phlogopite              almandine                  annite                    pyrope 
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As thermodynamic data for most common mineral end-members are readily available (e.g. Helgeson 

et al., 1978), it can be seen from equation 2.2.9 that the temperature of equilibration at a given 

pressure is calculated simply with knowledge of ὑ  for this reaction. The concept of the equilibrium 

constant was first described by Waage & Guldberg (1864), who noted that ówhere a system is at 

equilibrium, a constant value is established by the multiplicative product of the concentrations of the 

products (each raised first to the power of its coefficient), then divided by the multiplicative product 

of the reactants (each raised first to the power of its coefficient)ô. 

 ὥὃ ὦὄP ὧὅὨὈ (2.3.2) 

In the case of the above generic relationship between four phases (A, B, C and D) in a system, the 

equilibrium constant may be written as: 

 ὑ
ὥ ὥ

ὥ ὥ
 (2.3.3) 

And for the garnet-biotite thermometer, ὑ  is: 

 ὑ
ὥ ὥ

ὥ ὥ
 (2.3.4) 

The compositions of minerals exhibiting solid solution are often reported in mole proportions 

of end-members; however, this is not equivalent to activity unless mixing is ideal. For example, 

aluminosilicate garnet (X3Al2Si3O12) is a solid solution between four end-members, where X is a 

different divalent cation in each; almandine (Fe), pyrope (Mg), grossular (Ca) and spessartine (Mn). 

Determination of the activity of each end-member in a natural garnet requires an ionic model 

describing the crystallographic sites over which cations may mix. For ideal mixing of ‌ cations on a 

single site, the activity of each component is related to the mole fraction by equation 2.3.5: 

 ὥ ὢ  (2.3.5) 

Here, the activity of component i is the mole fraction of the cation j raised to the power of the 

number of sites over which that cation may exchange. In the case of biotite and aluminosilicate 

garnet, if it is assumed that the divalent cations ideally mix over a single site, the activity of 

almandine in garnet, for example, is expressed as: 

 ὥ ὢ
ὊὩ

ὊὩ ὓὫ ὅὥ ὓὲ
 (2.3.6) 
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The calculation of end-member activities can become increasingly complex where minerals exhibit 

cation mixing over several sites, where mixing is not ideal or it involves coupled substitutions (e.g. 

Tschermakôs exchange). However, these activities must be quantified in order to determine the 

equilibrium constant and thus calculate P or T conditions of interest. If ideal solutions are assumed 

for the garnet-biotite thermometer then the equilibrium constant may be written as: 

 ὑ
ὢ ὢ

ὢ ὢ
 (2.3.7) 

For the discussion of element partitioning between minerals, Spear (1993) notes that it is common to 

use the term distribution coefficient ὑ  that is a reduced form of ὑ  without any exponents: 

 ὑ
ὢ ὢ

ὢ ὢ

ὓὫὊὩϳ

ὓὫὊὩϳ
ὑ  (2.3.8) 

Experimental investigation of FeïMg partitioning between biotite and garnet at constant pressures 

quantifies ὑ  and provides a link between the theoretical basis described above and natural samples. 

Thus, PïT space may be contoured for values of ὑ  for a particular reaction, for example as shown 

in Fig. 2.1a using the experimental data of Ferry & Spear (1978) for the garnet-biotite thermometer. 

 

Fig. 2.1 ς Distribution coefficient and equilibrium constant contouring of PςT space for (a) the Grt-Bt thermometer 

and (b) the GASP barometer (after Spear, 1993). 

2.3.1.2. Geobarometry 

While cation exchange reactions are mostly temperature sensitive, the consumption and production 

of mineral species is strongly pressure sensitive if the product and reactant assemblages have very 
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different molar volumes (i.e. densities). Here, a reaction has a large Ўὠ and is a good geobarometer. 

A common example is the garnet-aluminosilicate-silica-plagioclase (GASP) barometer that involves 

the exchange of Ca between plagioclase and garnet through the following relationship: 

 
3 CaAl2Si2O8 = Ca3Al2Si3O12 + 2 Al2SiO5 + SiO2 

 (2.3.9) 
                              anorthite          grossular         kyanite     quartz 

Although the form of Al2SiO5 used here is kyanite, any polymorph may participate in this reaction. 

As before, by assuming ideal mixing and simple ionic solution models, the equilibrium constant is: 

 ὑ
ὢ ὢ ὢ

ὢ

ὢ

ὢ
 (2.3.10) 

As a result of aluminosilicate and quartz both exhibiting negligible solid solution, their activities are 

both set to 1 and are thus eliminated from the calculation. Experimental data for this reaction have 

been reported by Koziol & Newton (1988), which allows the contouring of PïT space for ὑ . For a 

rock containing pure grossular, anorthite, quartz and kyanite, where the activity of all phases is equal 

to 1, it can be seen that the above reaction would take place at high-pressure along the isoline 

labelled ὑ ρ in Fig. 2.1b. More commonly, where solid solution occurs and the activities of 

grossular in garnet and anorthite in plagioclase are reduced, reaction 2.3.9 occurs at lower pressure 

conditions and is defined by a larger value of ὑ  (Fig. 2.1b). Therefore, measurement of the ratio of 

grossular to anorthite content in the presence of quartz and aluminosilicate determines the value of 

ὑ , which can then be used to find the absolute pressure of equilibration for an assemblage (if an 

independent temperature estimate can be obtained). 

2.3.1.3. Single phase óconcentration thermobarometryô 

Alongside cation exchange and net transfer reactions described above, an important and distinct type 

of thermobarometer uses the saturation concentration of a minor element in a single mineral. Thus, 

the concentration of the minor element may provide a pressure or temperature estimate if saturation 

levels are sensitive to these variables. Example thermometers include the Ti content of biotite 

(Henry et al., 2005), the Ti content of quartz (Wark & Watson, 2006) and the Zr content of rutile 

(Zack et al., 2004). Example barometers include the Al content of hornblende (Hammarstrom & 

Zen, 1986 and others) and the Ti content of phengite (Auzanneau et al., 2010). 
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If saturation conditions are not satisfied, so that the mineral in question incorporates a less-

than-optimum concentration of the element in question, the calibration can provide limiting 

constraints. For example biotite that has recrystallised in the presence of ilmenite or rutile with a Ti 

content of 0.35 cations (per 22-oxygen formula unit) and an XMg = 0.5 suggests equilibration at a 

temperature of 685 °C with an associated uncertainty of ± 23 °C (Henry et al., 2005). If this analysis 

was taken in the absence of a Ti-saturating phase, so that the Ti content of the biotite was not 

maximised, this result would represent a minimum temperature of crystallisation. 

2.3.1.4. Simultaneous solution of multiple independent reactions (AvePT) 

Although individual geothermometers and geobarometers can provide single P or T conditions of 

equilibration, greater confidence is gained by the simultaneous solution of multiple independent 

reactions written between end-member phases in an equilibrium assemblage (Powell & Holland, 

1994). In this study this is achieved using THERMOCALC version 3.33 and thermodynamic dataset 

ds55 (Powell & Holland, 1988; Holland & Powell, 1998, updated to August, 2004) in AvePT mode. 

Compositional analyses of phases judged to be in equilibrium (at the chosen stage of metamorphism) 

were recalculated into end-member activities for this process using the program AX (Holland, 2009). 

The AvePT function provides substantial advantages over utilising individual conventional 

thermobarometers, in particular by providing detailed statistical information on the reliability and 

confidence level of the calculated result (see Powell & Holland, 1994). This information allows the 

user to exclude data that are suspected to be of a poor quality (e.g. from a phase not actually in 

chemical equilibrium with the rest of the assemblage). For calculations in this study, where fit 

indices exceeded the maximum allowable value for 95% confidence, the end-member with the most 

suspicious input activity (largest e*) was removed and the calculation re-run until all indices 

conformed (the ɢ
2
 test, Powell & Holland, 1994). Additionally, AvePT allows the user to monitor the 

sensitivity of results to a variable fluid composition. In carbonate- or graphite-bearing rocks, AvePT 

may be employed over a range of XH2O (where XH2O = H2O/(H2O+CO2)) in order to examine the 

resulting PïT conditions, or alternatively perform calculations in a fluid-absent environment. This 

gives much-improved flexibility over conventional thermobarometers, which in some cases may be 

only calibrated for particular rocks types or for restricted mineral compositional ranges. 
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2.3.2. Phase equilibria modelling 

Phase equilibria modelling involves the relation of mineral assemblages and compositions observed 

in real rocks with calculated equilibrium assemblages that are represented graphically on a phase 

diagram. In this study, all such diagrams were constructed using THERMOCALC version 3.33 and 

thermodynamic dataset ds55 (Powell & Holland, 1988; Holland & Powell, 1998, updated to August, 

2004). THERMOCALC constructs phase diagrams by solving sets of non-linear equations relating 

to an assemblage that represent balanced chemical reactions between end-members of phases that 

are in mutual equilibrium (i.e. they all satisfy equation 2.2.3). For each phase in a system that 

exhibits solid solution and contains Ὡ end-members, there are Ὡ ρ compositional variables. So 

for ὖ phases in an equilibrium assemblage, the number of end-members of phases Ὓ and 

compositional variables are determined by equations 2.3.11 and 2.3.12 respectively: 

Ὡ Ὓ (2.3.11) Ὡ ρ Ὓ ὖ (2.3.12) 

The number of independent reactions between these phases is equal to the number of components 

subtracted from the number of end-members, Ὓ ὅ, which is also equal to the number of unknowns 

that can be solved for (Powell & Holland, 1998). Thus, at equilibrium, there exist a total of Ὓ ὖ

ς variables, which is equal to the number of compositional variables (equation 2.3.12) plus pressure 

and temperature. The total number of degrees of freedom Ὂ in the system is therefore the number 

of variables Ὓ ὖ ς minus the number of solvable unknowns Ὓ ὅ: 

 Ὂ ὅ ὖ ς (2.3.13) 

This relationship is termed the Gibbs phase rule, and is of fundamental importance to the 

construction of phase diagrams. 

Once a model chemical system and phases of interest in a rock have been identified, the 

various equilibria between those phases may be graphically presented in many ways. A ótotal phase 

diagramô contains all of the phase equilibria in a system, so is able to define all possible stable 

assemblages, phase proportions and compositions in the limits of interest in PïTïX space. The 

number of axes required to describe a total phase diagram depends upon the number of components 

in that system, such that a total phase diagram in an n-component system would have axes of 

pressure, temperature and ὲ ρ independent compositional axes. However, as the graphical 
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representation and interpretation of 3-dimensional diagrams is challenging, it it often the case that 

lower-dimension representations of a total phase diagram are constructed instead. These include 

projections, sections and pseudosections, which are all 2-dimensional. 

 

Fig. 2.2 ς Example PςT projection(from Powell et al., 1998). 

Information from a total phase diagram can be projected onto an appropriate plane of 

reference. For example, projection can be made from all compositional variables onto PïT space to 

produce a óPïT projectionô or ópetrogenetic gridô (Fig. 2.2). Such projections show all possible 

equilibria between considered phases in PïT space, although specific bulk compositions will only 

experience a small number of this total set. Furthermore, in order to keep such diagrams simple 

enough to visually interpret, model systems cannot contain large numbers of components, limiting 

their value for comparison with natural systems. 

A total phase diagram may alternatively be sectioned with respect to an intensive variable (ὖ, 

Ὕ or ‘) or extensive variable (Ὓ, ὠ or ὲ). In the former case, all calculated assemblages will  lie in 

the plane of the section as the value of any intensive variable is equal in all phases. In the latter case, 

compositions of phases in the system do not lie in a single sectioned plane and the calculated phase 

diagram is referred to as a pseudosection as a result. The most common (and useful) pseudosections 
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are those where the sectioning variable specifies the systemôs total composition and the two 

remaining variables (axes) are P and T, yielding a PïT pseudosection (Fig. 2.3). As such, the 

construction of a pseudosection by solving sets of non-linear equations for equilibrium relationships 

involves the simultaneous consideration of sets of equations describing mass balance constraints. 

These constraints require the phase compositions and proportions in each calculated assemblage to 

sum to the bulk rock composition. As a result, the equilibrium state of the (closed) system may be 

completely defined by two independent variables (a result known as Duhemôs theorem). Hence, each 

PïT pseudosection uniquely portrays the equilibrium assemblages that occur in a rock composition. 

 

Fig. 2.3 ς Example PςT and TςX pseudosection (from Powell et al., 1998). 

An alternative form of pseudosection fixes either P or T at a constant value and considers a 

compositional variable axis instead (Fig. 2.3). These TïX and PïX pseudosections can be used in 

many ways, for example to test the sensitivity of phase relations to a compositional variable (such as 

XMg) and can provide brackets for this value based on an observed assemblage. Alternatively the 

effects of metasomatism, retrogressive alteration and extraction or addition of partial melt may be 

investigated with the relevant choice of compositional vector. 

2.3.3. Limitations and uncertainties 

There are numerous sources of error that must be considered when employing any kind of 

thermobarometry. A fundamental source of uncertainty arises from whether the metamorphic 

mineral assemblage being used has achieved full equilibrium. The degree of equilibrium may be 



 

METAMORPHIC PETROLOGY 49 

assessed qualitatively by textural (microstructural) criteria that can suggest which minerals are most 

likely to represent a stable assemblage. For example, minerals that have formed through retrograde 

reaction (i.e. are not part of a peak assemblage) can be omitted from calculations. A quantitative 

assessment of equilibrium can be made with compositional criteria by simultaneously employing 

multiple thermobarometers. Here, all independent estimates of equilibration conditions should 

converge on a restricted region of PïT space if mutual equilibrium was achieved. This is commonly 

achieved with programs that can solve sets of independent reactions simultaneously, for example 

THERMOCALC in AvePT mode (as described in chapter 2.3.1.4). 

A limitation to both conventional thermobarometers and phase diagrams is the reliance on 

idealised model systems, whereby omitted elements may significantly alter the stability of certain 

phases in PïT space (e.g. Mn in garnet, Zn in staurolite, Ti in biotite). Consideration of such 

components, that are otherwise unaccounted for, can cause considerable departure from formerly-

calculated conditions. This also includes uncertainty regarding the oxidation state of certain cations 

in a phase (in particular, the Fe
3+

/Fe
total

 ratio), which cannot be obtained through microprobe 

analysis, so must be estimated or calculated in another way. In the case of conventional 

thermobarometry this problem can be circumvented by strictly following the compositional 

constraints that are reported for each calibration. In addition, where thermobarometric calibrations 

are formulated experimentally (rather than empirically), extrapolation outside of the considered Pï

TïX ranges may propagate uncertainty in an unpredictable fashion. 

A somewhat unavoidable source of uncertainty results from variation in experimental 

techniques and machine precision in different laboratories worldwide. Values for thermodynamic 

parameters such as H, S and V for individual phases are determined by such experiments and are 

therefore subject to both random and systematic uncertainty. This issue is avoided in the case of 

phase equilibria modelling where large datasets slightly adjust these data within their error brackets 

to make all values internally-consistent (cf. Holland & Powell, 1998). 

An important source of uncertainty for conventional thermobarometry lies in the choice of 

activity models that are used to describe solid solutions in minerals of interest. For example, the 

GASP geobarometer assumes ionic solution models with ideal mixing; however, mixing in natural 

garnet and plagioclase is known to be non-ideal (Orville, 1972; Spear, 1993). More sophisticated 
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models that can better replicate observed traits require additional terms to describe the excess Gibbs 

free energy of mixing at intermediate compositions between two end-members, such as activity 

coefficients and interaction parameters (e.g. Green & Usdansky, 1986). Although, these values 

potentially carry large uncertainties themselves as a result of the difficulty in constraining them 

experimentally, they are employed in the vast majority of cases for activity-composition 

relationships used in THERMOCALC. 

2.4. Pseudosection construction and analysis 

The construction and interpretation of pseudosections is the preferred method of investigation of the 

tectonothermal evolution of metamorphic rocks (e.g. Vance & Mahar, 1998; Powell & Holland, 

2008) and was chosen as the main interpretive tool for most samples in this project. The ability to 

define equilibrium relationships between minerals at different PïT conditions for a sample-specific 

bulk composition makes pseudosections extremely flexible for examining different stages in a rockôs 

evolution. In addition, the ever-improving activity-composition relationships for minerals (e.g. 

Diener et al., 2007; White et al., 2000, 2005) and expansion of internally-consistent thermodynamic 

datasets (Holland & Powell, 1998, 2011) results in increasing reliability and accuracy in replicating 

natural chemical systems. Additionally, the potential accuracy of pseudosection construction and 

interpretation overshadows most conventional thermobarometry, where uncertainties on calculated 

PïT conditions are commonly at least ±1 kbar and ±50 °C (at 2ů; Powell & Holland, 2008). 

Calculated assemblage fields on a pseudosection that are relevant to observed assemblages may be 

much smaller than these aforementioned errors, or otherwise refinement of PïT conditions within 

large fields may be achieved by correlating observed modal proportions and individual compositions 

of phases with calculated values. All pseudosections presented in this study were constructed 

following the method of Powell et al. (1998) using THERMOCALC v3.33 and thermodynamic 

dataset ds55 (Powell & Holland, 1988; Holland & Powell, 1998; updated to August, 2004). 

2.4.1. Model systems and activity-composition models 

The model system chosen for thermodynamic modelling is a necessary simplification of a natural 

chemical system and the choice of components is effectively limited by the activity-composition 

relationships available for minerals of interest. The more components that comprise this model 
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system, the better the resulting phase diagram should reproduce the modelled sample. In this thesis 

pseudosection modelling was performed for samples from the KMC (chapter 4), the TMM (chapter 

5) and the DNCV (chapter 7). 

Samples from the KMC were modelled in the 11 component system MnOïNa2OïCaOïK2Oï

FeOïMgOïAl2O3ïSiO2ïH2OïTiO2ïO (MnNCKFMASHTO) considering the following solid 

solution models: silicate melt (White et al., 2007), cordierite and staurolite (Mahar et al., 1997; 

Holland & Powell, 1998), garnet and ilmenite (White et al., 2005), chloritoid (White et al., 2000; 

Mahar et al., 1997), chlorite (Mahar et al., 1997; Holland et al., 1998), biotite (Mn-bearing model; 

White et al., 2007), muscovite and paragonite (Coggon & Holland, 2002), K-feldspar and 

plagioclase (Holland & Powell, 2003), epidote (Holland & Powell, 1998) and magnetite (White et 

al., 2000). Additional pure phases included andalusite, kyanite, sillimanite, rutile, quartz and H2O. 

Sample L08-03A from the TMM was modelled in the 10 component system Na2OïCaOï

K2OïFeOïMgOïAl2O3ïSiO2ïH2OïTiO2ïO (NCKFMASHTO). Calculations at (U)HP conditions 

considered the following solid solution models: glaucophane, actinolite and hornblende (Diener et 

al., 2007), diopside, omphacite and jadeite (Green et al., 2007), muscovite and paragonite (Coggon 

& Holland, 2002), talc and epidote (Holland & Powell, 1998), chloritoid, magnetite, ilmenite and 

hematite (White et al., 2000), chlorite (Holland et al., 1998), garnet (White et al., 2007), plagioclase 

and K-feldspar (Holland & Powell, 2003). Pure phases included clinozoisite, lawsonite, albite, rutile, 

titanite, quartz, coesite and H2O. Calculations at LP conditions additionally included solid solution 

models for cummingtonite (Diener et al., 2007) and biotite (Mn-bearing model; White et al., 2007). 

Sample DNCV01 from the DNCV metamorphic complex was modelled in the 11 component 

system MnNCKFMASHTO considering the following solid solution models: silicate melt (White et 

al., 2007), cordierite (Mahar et al., 1997; Holland & Powell, 1998), garnet and ilmenite (White et 

al., 2005), orthopyroxene (White et al., 2002), chlorite (Mahar et al., 1997; Holland et al., 1998), 

biotite (Ti-bearing model; White et al., 2007), muscovite (Coggon & Holland, 2002), K-feldspar and 

plagioclase (Holland & Powell, 2003) and magnetite (suprasolidus model; White et al., 2002). Pure 

phases included andalusite, kyanite, sillimanite, rutile, quartz and H2O. 

In each case, not all considered phases were necessarily calculated to be stable in the relevant 

PïT limits of each pseudosection and some were included in order to define limits to assemblage 
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fields of interest. Sample-specific detail regarding bulk composition calculations, thermodynamic 

modelling procedures and general analytical techniques is described in the relevant chapters. 

2.4.2. Bulk composition calculation 

Pseudosection construction follows Duhemôs theorem and thus requires a unique bulk composition 

to be specified for each modelled sample ï THERMOCALC requires this to be expressed in terms of 

proportions of oxide components. The process of obtaining a bulk composition suitable for 

modelling is non-trivial, as the full (actual) bulk composition of a sample of metamorphic rock can 

be calculated and subsequently reduced in various ways. Techniques such as X-ray fluorescence 

(XRF) are able to provide a full elemental analysis of a sample of rock; however, this method does 

not account for the existence of partial disequilibrium or compositional zoning in porphyroblasts, 

and also assumes that the analysed portion is representative of the rock as a whole. Furthermore, 

XRF cannot distinguish between different ion valence states and also provides contributions from 

elements that are not included in the model system and need to be accommodated for on reduction. 

A more effective method that avoids many of these shortcomings is provided by the 

calculation of modal proportions and representative compositions of major modellable minerals (e.g. 

Meyre et al., 1997; Carson et al., 1999). In this way, the actual bulk composition is manually 

reduced to a modellable bulk composition by the omission of unmodellable phases. Crucially, this 

method allows for accommodation of partial disequilibrium whereby domains judged on textural or 

compositional criteria to be out of equilibrium with the larger reacting volume can be excluded from 

the bulk compositional contribution. Thus, even though some phases may be reproducible in a 

model, if they are part of a domain that is outside of the equilibration volume, they are excluded 

from the effective bulk composition. This method also ensures that the compositions and proportions 

of phases calculated through thermodynamic modelling may be directly compared to those in the 

thin section of interest. As the calculation of an equilibration volume, and hence the effective bulk 

composition, is the primary control on the geometry of a pseudosection (Stüwe, 1997), all bulk 

compositions were calculated using this latter method. Modal proportions of considered phases were 

obtained through analysis of thin section and SEM BSE images of representative areas (Fig. 2.4), the 

latter using the area calculation tool provided in the SEM imaging software. 
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Fig. 2.4 ς Example SEM BSE contrast image used for modal proportion calculations through inspection of individual 

mineral species count intensity. These proportions are then used in bulk composition calculations. 

Representative compositions of each relevant mineral species were obtained through SEM-

microprobe analysis following the techniques described below in chapter 2.4.3. Where phase 

compositions varied throughout petrographic position, analyses were chosen of phases that were 

judged to be in mutual equilibrium with each other at the desired conditions e.g. mica from the 

matrix foliation instead of included grains for the calculation of peak PïT conditions. Garnet was 

commonly observed to be internally chemically heterogeneous and a compositional contribution was 

obtained by the integration of concentric shells, assuming spherical geometry. 

Accessory phases containing components outside of each model system were not considered 

for the bulk rock composition calculations (e.g. apatite). Omission of accessory phases in these cases 

is justified due to their total volume contribution being negligible compared to the bulk rock volume 

under analysis. To date, activity-composition relationships for use with internally-consistent dataset 

ds55 mostly consider major rock-forming minerals, although thermodynamic modelling of zircon 

has been successfully undertaken by Kelsey & Powell (2011). 

2.4.3. SEM-microprobe analysis methodology and analytical conditions 

For each studied sample, multiple thin sections were examined using a petrographic microscope in 

order to determine characteristic mineral assemblages and microstructural evidence for the sequence 

of deformation events and mineral growth. Representative polished thin sections were chosen for 

further examination in order to obtain mineral compositional data for use in thermobarometry and 

phase diagram construction. All chemical analyses were performed in the University of Oxford Earth 

Science Department on a JEOL JSM-840A SEM-microprobe equipped with an Oxford Instruments 
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Isis 300 energy-dispersive analytical system. Operating conditions were consistent for all analyses, 

including a working distance of 15 mm, an acceleration voltage of 20.0 kV and a beam current of 

6.00 nA. The beam current was checked regularly and the count rate calibrated every 120 minutes 

using a pure cobalt metal standard. The instrument was calibrated for the analysed elements with a 

range of natural and synthetic standards and a ZAF correction procedure was applied. Each point 

analysis was performed for a 100 second live time and multiple analyses were obtained across 

individual grains and throughout each sample in order to determine the extent of chemical 

heterogeneity. Compositional profiles across garnets were determined by accumulating counts along 

a 256-channel line scan for approximately 45 minutes. The profiles were corrected for background 

counts and calibrated against six point analyses taken at known positions along the profile in order to 

calculate mole fractions of garnet end-members. Multiple lines and point analyses were taken across 

each garnet as a check to ensure that compositional zoning was concentric and similar in all 

directions. For particular grains of interest, compositional maps were obtained via a cumulative area 

scan for approximately 30 minutes at the same operating conditions as for point and line analyses. 

Anhydrous phase compositions were calculated to standard numbers of oxygens per formula 

unit (Deer et al., 1992) whereas mica compositions were calculated to a total of 11, epidote-group 

minerals to 12.5, amphibole to 23, chlorite to 28 and staurolite to 46 oxygens. For hydrous phases, 

H2O content was assumed to be present in stoichiometric amounts (except for biotite in sample 

DNCV01; see chapter 7.4.1). Amphibole analyses were transformed to the general chemical formula 

AB2
VI

C5
IV

T8O22(OH)2 according to the method of Leake et al. (1997) to allow estimation of Fe
3+

 and 

individual cation site allocations. For all mineral species aside from amphibole, where stoichiometric 

criteria can be applied, the proportion of Fe
3+

/Fe
total

 was calculated from SEM-microprobe analyses 

using the software AX (Holland, 2009). Mineral compositions presented in tables that show a 

proportion of Fe2O3 represent original SEM-microprobe analyses that have been recalculated 

through AX in order to calculate this value. All mineral abbreviations in the text, figures, and tables 

of this thesis follow the guidelines given by Whitney & Evans (2010).  
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3. UïThïPb geochronology 

In the late 19
th
 century the physicist William Thompson, later to become Lord Kelvin, published a 

landmark paper suggesting that the age of the Earth lay between 20 and 400 Ma, based upon the 

length of time required for a homogeneous molten Earth to cool to its current surface temperature 

(Kelvin, 1863). Critically, however, Kelvin did not consider convection in a layered Earth, nor did 

he envisage any additional sources of heat. As a result even the upper limit of this range fell far short 

of that required to account for many geological phenomena. Insight into this óyoung Earthô problem 

was provided approximately 30 years later by the French chemist Henri Becquerel who accidentally 

discovered radioactivity whilst investigating phosphorescence in uranium salts (Becquerel, 1896). 

Subsequent investigation of this phenomenon has had a major impact on the field of geology, as 

radioactive decay provides a means by which the age of the Earth, or individual rocks in it, can be 

determined absolutely and thus allows the timescales and rates of major tectonic processes to be 

measured accurately. This chapter summarises the methodology and scope of this technique. 

3.1. The principles of radioactive decay 

Radioactive decay describes the probability that a constituent particle of the nucleus of an atom will 

overcome the potential energy barrier binding it to the nucleus, therefore escaping from the atom and 

creating a new nuclide. In addition, the rate of radioactive decay is exponential and independent of 

varying physical or chemical conditions that may occur in the Earth (Rutherford & Soddy, 1902). In 

the following discussion the term óparentô is applied to the radioactive atom at the start of a decay 

chain, which ultimately produces a stable ódaughterô atom at the end of the decay chain, with several 

intermediate radioactive nuclides in-between. 

The rate of decay of any parent atom is directly proportional to the number of those atoms 

ὔ  present in the system at any time ὸ through the following relationship: 

 
Ὠὔ

Ὠὸ
ᶿὔ (3.1.1) 

Variation in the rate of decay of different elements is represented by an associated decay constant 

‗, which is assumed to have remained unchanged over the whole of Earth history: 

 
Ὠὔ

Ὠὸ
‗ὔ (3.1.2) 
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This equation can then be rearranged to relate the number of parent atoms present at any time since 

decay began to the initial number of parent atoms ὔ : 

 
ὔ

ὔ
Ὡ  (3.1.3) 

If no radiogenic daughter atoms are present at the start of decay ὸ π, then the total number that 

have been produced by decay Ὀᶻ at any time can be related to ὔ  via the following relationship: 

 Ὀᶻ ὔ ρ Ὡ  (3.1.4) 

Alternatively, if the original number of parent atoms is unknown, Ὀᶻ may then be related simply to 

ὔ by rearranging and substituting equation 3.1.3: 

 Ὀᶻ ὔὩ ρ (3.1.5) 

In the latter case, which is relevant to most geological problems, the total number of daughter atoms 

Ὀ  present in a system is the sum of those initially present Ὀ  at the start of decay and those 

that have been produced as a result of the decay process: 

 Ὀ Ὀ Ὀᶻ (3.1.6) 

As such, a fundamental relationship can be found between the number of parent and daughter atoms 

in a system and the time elapsed since the start of decay: 

 Ὀ Ὀ ὔὩ ρ (3.1.7) 

Analysis of a sample via mass spectrometry allows measurement of Ὀ  and ὔ, whereas Ὀ may be 

assumed or calculated based on the known behaviour of individual metamorphic minerals. As the 

decay constant for a particular radioactive isotope is known, this equation may then be solved for ὸ, 

allowing the calculation of an age since decay initiated. 

3.2. UïThïPb systematics 

Uranium has three naturally occurring radioactive isotopes, 
238

U, 
235

U and 
234

U, although only 
238

U 

and 
235

U exist in sufficient abundance to be used for geochronology (Table 3.1). These two parent 

isotopes ultimately produce the stable daughter isotopes 
206

Pb and 
207

Pb through the óuranium seriesô 

and óactinium seriesô respectively; 
234

U exists solely as an intermediate nuclide in the uranium series 

(Fig. 3.1). Thorium exists in nature almost exclusively as 
232

Th and ultimately produces the stable 

daughter isotope 
208

Pb through the óthorium seriesô (Fig. 3.1). 
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Table 3.1 ς Properties of the main radioactive isotopes of U and Th (from Wetherill, 1966; Steiger & Jäger, 1977). 

The total decay schemes for these isotopes involve the emission of Ŭ and ɓ radiation and the release 

of energy as follows: 

 Ὗ Ÿ ὖὦ + 8‌ + 6‍  + 47.4 MeV/atom (3.2.1) 

 Ὗ Ÿ ὖὦ + 7‌ + 4‍  + 45.2 MeV/atom (3.2.2) 

 ὝὬ Ÿ ὖὦ + 6‌ + 4‍  + 39.8 MeV/atom (3.2.3) 

Although intermediate daughter nuclides exist in these decay schemes (Fig. 3.1), the half lives of the 

parent U and Th isotopes are many orders of magnitude longer than these products (Faure, 1986). As 

such, the production rate of each stable Pb isotope is limited by the rate of decay of each parent, so U 

and Th are effectively considered to decay directly to Pb in a state of so-called secular equilibrium. 

 

Fig. 3.1 ς Schematic representation of the 
238

U, 
235

U and 
232

Th decay schemes (after Faure, 1986). Greyscale reflects 

half life, with darker shades representing longer half lives. 

The production of each daughter Pb isotope is defined by the following governing equations, where 

concentrations are normalised to ὖὦ, the sole non-radiogenic lead isotope (Faure, 1986): 
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ὖὦ

ὖὦ

ὖὦ

ὖὦ

Ὗ

ὖὦ
ϽὩ ρ 

 

(3.2.4) 

 

 

ὖὦ

ὖὦ

ὖὦ

ὖὦ

Ὗ

ὖὦ
ϽὩ ρ 

 

(3.2.5) 

 

 

ὖὦ

ὖὦ

ὖὦ

ὖὦ

ὝὬ

ὖὦ
ϽὩ ρ 

 

(3.2.6) 

 

Three independent ages may be obtained by solving these equations for time, all of which should be 

similar within error (concordant), provided various conditions are met. Where these ages do not 

agree (are discordant), any of a range of factors may be responsible; the causes of this discrepancy 

and the interpretation of such data are discussed below. 

3.3. Uncertainty on calculated ages and the interpretation of UïPb data 

The accuracy and reliability of a calculated age depend on multiple assumptions. Most importantly 

the mineral under examination is assumed to have remained closed to the loss or gain of parent or 

daughter atoms since radioactive decay began. From equations 3.24ï3.26 it can be seen that the 

initial number of daughter atoms must also be known (or can be estimated with confidence) and the 

current number of parent and daughter atoms must be measured accurately using mass spectrometry. 

Additionally, it is assumed that the relevant decay constant is precisely known and has remained the 

same over the whole of Earth history. If these conditions are met, ages calculated from equations 

3.24ï3.26 will be in agreement; yet, as this is often not the case, a variety of methods have been 

developed to assess the reasons behind disagreements and aid the interpretation of discordant data. 

The UïPb isotope system is uniquely useful for dating of geological materials, as two 

independent age determinations can be obtained through a single measurement of U and Pb 

concentrations in a mineral (via the uranium and actinium decay series). The classical interpretation 

of such UïPb data is performed on a Wetherill plot, which plots 
207

Pb/
235

U concentration against 

206
Pb/

238
U concentration (Fig. 3.2a). The solution to equation 3.1.5 for both UïPb decay series over 

geological time produces a curve known as concordia, which is the geometric locus of concordant 

analyses/ages satisfying all assumptions outlined above. Discordant analyses may plot either above 

or below concordia and are interpreted using a straight line best-fit (called discordia) plotted through 
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these points (Fig. 3.2a). Discordia may occur on a Wetherill plot as a result of continual or episodic 

loss of Pb (or gain of U) from the analysed mineral at some time after initial crystallisation. This is 

commonly as a result of a high-temperature metamorphic overprint reaching conditions above the 

closure temperature of the mineral in question and allowing for open system behaviour of U or Pb 

through cation diffusion. The discordia chord may intersect concordia curve at either one or two 

locations. The upper (older) intercept, which should always be present, is inferred to represent the 

time of initial formation of the analysed minerals and when UïPb decay began (Wetherill 1956a). 

The lower (younger) intercept, if present, is taken to represent the timing of a later episode of Pb loss 

(or U gain), for example a metamorphic overprint (Wetherill, 1965b). 

Although the Wetherill plot is used extensively for the interpretation of Precambrian UïPb 

data, the curvature of concordia becomes extremely weak for Phanerozoic ages, approximating a 

straight line for Tertiary ages and younger. As a result, discordia chords for such young analyses can 

plot sub-parallel to concordia, hindering interpretation and leading to large uncertainties for 

intercepts. It follows, therefore, that this plot is unsuitable for the analysis of óHimalayanô data. 

 

Fig. 3.2 ς Idealised plots for the interpretation of UςPb data illustrating associated nomenclature (a) Wetherill plot 

(b) Tera-Wasserburg plot. 

An alternative method of interpretation for such young data is performed on a Tera-Wasserburg plot, 

which plots 
207

Pb/
206

Pb concentration against 
238

U/
206

Pb concentration (Fig. 3.2b). Due to the 

different gradient of curvature of concordia on a Tera-Wasserburg plot, significantly higher 

resolution is obtained when interpreting young age data. As with Wetherill plots, discordant data 

may occur as a result of open system behaviour during later metamorphism if temperatures are 

sufficient for the mineral in question to allow intracrystalline diffusion of U and/or Pb and so modify 
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the 
207

Pb/
206

Pb and 
238

U/
206

Pb ratios acquired at the time of first growth. Alternatively, a cause of 

discordia that results in data points trending towards the origin on a Tera-Wasserburg plot is that of 

óexcess 
206
Pbô where a disequilibrium amount of daughter 

206
Pb is present, when compared to the 

amount of parent 
238

U (Fig. 3.2). This may result from either the incorporation of radiogenic 
230

Th 

during monazite crustallisation, an intermediate isotope in the 
238

Uï
206

Pb decay scheme (Fig. 3.1), or 

by inclusion of additional 
206

Pb that was produced during an earlier (and presumably disparate) 

episode of 
238

U radiogenic decay. The former case is more likely as Th and U are considerably more 

compatible with monazite than Pb (Parrish, 1990); however, either may cause a wide spread of data 

if different grains (or internal domains) behaved significantly differently during crystallisation. 

Data populations on Tera-Wasserburg plots are interpreted with straight-line regressions 

termed ócommon lead trajectoriesô. Upper intercepts for trajectories may be anchored at assumed 

initial 
207

Pb/
206

Pb ratios obtained during crystallisation (cf. Stacey & Kramers, 1975), or calculated 

where analysed monazite contains sufficient variation in common lead concentrations throughout the 

grain. Such trajectories can also bracket durations of crystallisation for protracted metamorphic or 

anatectic events (e.g. Kellett et al., 2010; Palin et al., 2013). Tera-Wasserburg plots are used in the 

analysis of all UïPb geochronological data in this study, with sample-specific methods used to 

interpret ages and their geological implications. Detailed accounts of these individual interpretation 

methods are provided in chapter 3.5.2 and the relevant regional study (chapters 4ï7). 

3.4. Monazite geochronology 

Monazite is a rare earth element (REE) phosphate commonly found as an accessory mineral in 

metaluminous and peraluminous granitic and metapelitic rocks (Spear & Pyle, 2002). It is often the 

mineral of choice for geochronological work on these lithologies due to its propensity for 

incorporation of high concentrations of Th and U (Kohn & Malloy, 2004) alongside very low initial 

concentrations of common lead (Parrish, 1990). Monazite is also extremely resistant to UïThïPb 

internal diffusion at temperatures less than 900 °C (Cherniak et al., 2004), which can allow 

successive phases of growth to be recorded in a rock that has undergone multiple metamorphic 

episodes (e.g. Kohn et al., 2005). Furthermore, geochronological analysis using in-situ laser ablation 

from thin section can provide a robust petrographic context to any age data obtained (e.g. Foster & 
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Parrish, 2003; Foster et al., 2004). For example, monazite included in garnet can potentially become 

isolated from the reacting matrix, allowing evidence of former metamorphic events to be preserved, 

even if matrix crystals are partially reset during subsequent metamorphism (Montel et al., 2000). 

3.4.1. The occurrence of monazite in metasedimentary rocks 

Isotope geochronology allows a geologist the valuable opportunity to assign absolute ages to a 

metamorphic or igneous rock by dating the radiogenic minerals within. By associating these ages 

with calculated PïT conditions of metamorphism and deformation, insight is gained into the tectonic 

processes involved in its formation. However, it is the responsibility of the geologist to make 

interpretations on exactly what those ages signify, avoiding common pitfalls. For example, an age 

obtained from a grain of monazite included in a garnet does not necessarily date the timing of host 

garnet growth. This uncertainty can be significantly reduced if a direct chemical, petrographic or 

textural link can be made between the timing of growth of the dated mineral and a significant event 

in the rockôs history (e.g. major mineral growth). This non-trivial question óat what point in a rockôs 

metamorphic history did a particular grain of monazite grow?ô has invoked intense study in recent 

years and is actively researched today. The current understanding of this problem is outlined below. 

Monazite has been reported in a range of metasedimentary rocks at-and-above the 

greenschist-facies (Spear & Pyle, 2002 and references therein) and is thought to be involved in 

metamorphic reactions with major (e.g. Foster & Parrish, 2003; Kohn & Malloy, 2004) and 

accessory minerals (e.g. Finger et al., 1998; Foster et al., 2000). In general, albeit strongly dependent 

on bulk composition, monazite in metasedimentary rocks occurs both at low- and high-grade, with 

allanite more stable at intermediate PïT conditions. In many cases, some monazite grains in low-

grade metasedimentary rocks may be detrital in nature, as they are able to withstand sedimentation 

and diagenetic processes (Morton & Hallsworth, 1999). Although such grains are expected to 

become unstable during the early stages of metamorphism (below), detrital monazite has also been 

reported from greenschist and amphibolite-facies terranes (Williams, 2001; Krenn et al., 2008) 

While these detrital grains have only minor use for geochronological analysis of their host rocks, 

metamorphic overgrowths on inherited grains have also been reported (Janots et al., 2008) and as 

such can be valuable for age determinations. A detailed study of detrital monazite from 
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metamorphosed sandstones and conglomerates by Rasmussen & Muhling (2009) showed that such 

grains are commonly pseudomorphed by (or recrystallise into) metamorphic monazite and are often 

associated with neocrystallised chlorite, quartz and sericite. 

With increasing metamorphic grade, allanite commonly takes over from monazite as the 

dominant REE-bearing accessory phase (Spear & Pyle, 2002). Mass balance calculations performed 

on a range of metapelitic rocks by Yang & Pattison (2006) showed that garnet and other major 

silicate minerals do not contain sufficient REEs to be initial low-grade precursors to allanite 

formation. Instead, textural evidence of allanite forming at the expense of low-grade monazite has 

been documented at 450 ± 25 °C (Fig. 3.3), roughly coincidental with the appearance of biotite 

(Wing et al., 2003) or chloritoid (Janots et al., 2008). Several reactions have been proposed for this 

transition based on commonly observed mineralogical associations in meta-marls (reaction 3.4.1; 

Wing et al., 2003), metapelites (reaction 3.4.2 ï unbalanced; Janots et al., 2008) and metapsammites 

(reaction 3.4.3; Rasmussen & Muhling, 2009): 

 3 monazite + 3 muscovite + 8 ankerite + 4 siderite + 9 quartz + 2 H2O Ÿ 

3 allanite + 3 biotite + apatite + 20 CO2 

(3.4.1) 

 monazite + chlorite + anorthite Ñ hematite Ÿ 

allanite + xenotime + apatite + chloritoid + fluid 

(3.4.2) 

 3 monazite + chlorite + 11 Ca
2+

 + 4 quartz Ÿ 

3 allanite + apatite + 0.06 huttonite + 1.5 LREE
3+

 

(3.4.3) 

The reverse of these reactions can produce low-grade monazite from allanite breakdown during 

retrograde metamorphism and can thus date the timing of exhumation through the ~450 °C isotherm. 

 

Fig. 3.3 ς Temperature and bulk rock CaO/Na2O controls on monazite and allanite stability (after Janots et al., 2008). 
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Monazite may reappear in a metasediment during prograde metamorphism as a result of the 

breakdown of allanite which, depending on its individual chemistry, may also form additional 

xenotime, plagioclase, epidote or clinozoisite (Janots et al., 2008). The stability of allanite with 

increasing grade is strongly dependent on rock bulk composition and it may alternatively persist to 

high-temperatures in high-Ca metasediments (Fig. 3.3). In low-Ca bulk compositions, many studies 

have noted that the transition occurs in the middle amphibolite-facies, coincident with the staurolite 

or kyanite isograd and facilitated by the simultaneous breakdown of P-bearing phases such as apatite 

(Spear & Pyle, 2002; Kohn & Malloy, 2004; Janots et al., 2008 and others). Textural relations 

observed in metapelitic bulk compositions by Wing et al. (2003) suggest that the formation of 

monazite from allanite coincides with the first appearance of an óAl-rich mineral reactantô, and that 

all rocks with metamorphic monazite also contain apatite, muscovite, biotite, plagioclase and quartz. 

From this the following amphibolite-facies reaction was proposed: 

 
3 allanite + apatite + muscovite + 4 andalusite/kyanite + 3 quartz Ÿ 

3 monazite + biotite + 8 plagioclase + 2 H2O-rich fluid 

(3.4.4) 

Recent attempts to replicate these monazite-allanite relationships with phase equilibria 

modelling have met with partial success. PïTïX pseudosection construction in P2O5- and Ce2O3-

bearing model systems by Janots et al. (2007) and Spear (2010) have reproduced the observed 

dependence of the prograde allanite-monazite transition to CaO and Al2O3 bulk rock content. The 

latter study used the average metapelitic bulk composition of Shaw (1956), which contains 2.17 wt% 

CaO and has a CaO/Na2O ratio of ~1.26 (cf. Fig. 3.3). Initial modelling in the minimum CaOïFeOï

Al2O3ïSiO2ïH2OïP2O5ïCe2O3 (CFASHPCe) system suggested that the transition occurred at high-

temperature (~725 °C at 5 kbar), whereas halving the total CaO greatly stabilised monazite, with the 

transition occurring instead at <450 °C (Fig. 3.4a). Coexisting monazite and allanite were calculated 

to occur only in a limited region of PïT space (dark grey bands in Fig. 3.4a). In a more realistic 

model system for natural samples (MnOïNa2OïCaOïK2OïFeOïMgOïAl2O3ïSiO2ïH2OïP2O5ï

Ce2O3; MnNCKFMASHPCe) this transition was calculated to lie between ~450ï550 °C at 5ï10 

kbar (Fig. 3.4b), too low-grade to account for monazite appearances at staurolite and kyanite 

isograds as documented by previous studies. It is clear from these results that further investigation is 

required before these phases can be successfully modelled in this way. 
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Fig. 3.4 ς Phase diagrams showing the relative stability fields of allanite and monazite (modified from Spear, 2010). 

(a) PςT pseudosection in CFASHPCe illustrating phase relations with variable CaO bulk rock content. (b) The effect of 

temperature, CaO and Al2O3 bulk rock content on the transition (in MnNCKFMASHPCe). 

At higher-grade conditions, sufficient for partial melting to occur, the behaviour of monazite 

is debated. Some studies suggest that grains become unstable and dissolve into early formed silicate 

melt, recrystallising on melt solidification (Hawkins & Bowring, 1999; Rubatto et al., 2001). Yet, 

other studies report through laboratory experiments that monazite has a relatively low solubility in 

peraluminous melts (Wolf & London, 1995; Montel, 1993) and pre-anatectic (prograde) monazite 

may be preserved alongside younger grains that formed from partial melting processes. Chemical 

characteristics (below) can discriminate between different generations of growth in these cases. 

It can be seen that the PïT conditions at which a particular grain of monazite might first form 

or later recrystallise varies greatly according to rock type and bulk composition, hence interpretation 

requires careful investigation on a sample-specific basis. Although textures suggestive of particular 

monazite-producing reactions are not always present, in-situ petrographic relationships between 

monazite and major minerals and fabrics may be used as an interpretative tool for ages obtained. 

These observations may be paired with chemical analyses to provide greater consistency and 

reliability, with diagnostic compositional characteristics outlined below. 

3.4.2. Monazite chemistry 

Monazite, described by the general composition (REE)PO4, is composed mostly of the LREEs La, 

Ce and Nd, which make up ~75% of the cation total, excluding P (Spear & Pyle, 2002). In addition, 
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most metamorphic monazite also contains variable proportions of Th, U, Ca, Si, HREE, Y, and Pb 

according to numerous substitution mechanisms. For example, Y may substitute for other LREEs to 

produce a solid solution series with xenotime (YPO4). The addition of Th or U can be achieved 

through one of two substitution mechanisms: U + Th + Si = REE + P (where Si replaces P in the 

tetrahedral site) and Th or U + Ca = 2REE (where Ca replaces an additional REE in the 8-fold site; 

Spear & Pyle, 2002). These replacements lead to enrichment in the huttonite (ThSiO4) and cheralite 

(CaTh(PO4)2) components respectively, and it is these substitutions that produce the compositional 

zonation that is common in many monazite grains. 

Many previous studies have shown that particular chemical characteristics of monazite are 

indicators of the coexisting mineral assemblage with which a particular grain (or internal domain) 

grew (e.g. Foster et al., 2000 and others). In particular, the combined HREE and Y content of 

monazite may be linked to episodes of formation (or breakdown) of garnet (Yang & Pattison, 2006). 

During prograde metamorphism garnet incorporates the bulk of a rockôs available Y+HREE budget 

in preference to other REE-bearing minerals (Pyle & Spear, 1999; Foster et al., 2000). 

Consequently, if monazite growth occurs before garnet nucleation then it will typically have a 

significantly higher Y+HREE content than a similar grain that formed during or after garnet growth 

had occurred (Yang & Pattison, 2006). This relationship is useful in determining the timing of 

monazite growth in subsolidus metapelites where the prograde allanite-monazite transition may 

overlap with periods of garnet growth through the amphibolite-facies. Likewise, where peritectic 

garnet is produced in metapelites that have undergone partial melting, its subsequent replacement by 

biotite (as a result of back-reaction upon melt crystallisation) would liberate Y into the reacting 

matrix and allow for the growth of Y(+HREE)-rich monazite (Pyle & Spear, 2003; Kohn et al., 

2005). Compositional analysis of monazite was undertaken in three of the four regional studies 

presented in this thesis in order to provide constraints on the timing of growth through the 

characteristics described above (no geochronology was performed on the TMM). 

3.5. Work performed at the NERC Isotope Geosciences Laboratory 

All geochronological work undertaken in this study was performed at the Natural Environment 

Research Council Isotope Geosciences Laboratory (NIGL), UK, on two separate occasions. On each 
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occasion analyses were performed on a different mass spectrometer; a summary of data obtained and 

procedures undertaken for both is presented below. A more detailed account of technical 

specifications and operating conditions is given in Appendix 11.3 

3.5.1. Analytical techniques, methodology and operating conditions 

Prior to geochronological analysis, investigative chemical and textural examination of monazite was 

performed at the University of Oxford Earth Science Department on a JEOL JSM-840A SEM-

microprobe with working conditions and techniques as described in chapter 2.4.3. Internal 

compositional domains, where present, were identified through examination of enhanced contrast 

back scattered electron (BSE) images, which primarily highlight variations in Th and/or Y content 

(Gibson et al., 2004). Where separate domains could be identified, subsequent ablation spot 

localities were chosen so that individual domains were analysed in order to avoid or minimise 

potential mixing of different ages. The accurate measurement of many HREE was often impossible 

due to extremely low concentrations in the majority of grains. However, Y content may be used as a 

reliable proxy for HREE concentration in metamorphic monazite (e.g. Foster et al., 2000, 2002) 

given the similar ionic radii of Y
3+

 and Ho in 8- and 9-fold coordination (Atkins et al., 2010) and 

was used as such in all cases in this study. 

3.5.1.1. Nu Plasma MCïICPïMS 

Monazite from samples ET09-05, ET09-06 (chapter 6) and K146 and 20-199 (chapter 4) was 

analysed in-situ from thin section in July 2010 on a Nu Plasma multi-collector inductively coupled 

plasma mass spectrometer (MCïICPïMS) coupled to a New Wave Research UP193SS laser ablation 

system. Only UïPb data were collected on this mass spectrometer. Ablation spot sizes of 10 ɛm (20-

199), 15 ɛm (K146) and 20 ɛm (ET09-05 and ET09-06) were used due to variation in average grain 

size and target domains. In all cases UïPb data were normalised to the primary monazite reference 

material óManangotryô (559 ± 1 Ma (2 S.D.), ID-TIMS 
238

Uï
206

Pb age; NIGL in-house data, 

Appendix 11.4). Separated monazites from samples DNCV02, DNCV09 and DNCV10 (chapter 7) 

were analysed from mounts in June 2010 on the same Nu Plasma MCïICPïMS by R.R. Parrish 

using a spot size of 20 ɛm. UïPb data were normalised to the primary monazite reference material 

óMoacyrô (515.6 ± 1.4 Ma (2 S.D.), ID-TIMS 
238

Uï
206

Pb age; NIGL in-house data, Appendix 11.4). 
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3.5.1.2. Nu Attom SCïICPïMS 

Monazite from samples ET10-07, ET10-09, ET10-10, ET10-13, ET10-18a, ET09-02 (chapter 6) and 

DNCV01 (chapter 7) was analysed in-situ from thin section in February 2012 using a Nu Attom 

single-collector inductively coupled plasma mass spectrometer (SCïICPïMS) with a New Wave 

Research UP193FX laser ablation system. Monazite was analysed with an ablation spot size of 20 

ɛm diameter and both UïPb and ThïPb data were collected. All UïThïPb data were normalised to 

the monazite reference material óSternô (512.1 ± 1.9 Ma (2 S.D.), ID-TIMS 
238

Uï
206

Pb average age; 

NIGL in-house data, Appendix 11.4). 

3.5.2. Data interpretation 

The interpretation of all UïPb data was performed using Tera-Wasserburg plots to allow for variable 

common lead. Regressions for samples K146, 20-199, ET09-05, ET09-06, ET10-18a, DNCV01, 

DNCV02, DNCV09 and DNCV10 assumed a 
207

Pb/
206

Pb ratio of 0.83 ± 0.02 based on the predicted 

initial lead composition for Phanerozoic mineral growth (Stacey & Kramers, 1975) whereas sample-

specific 
207

Pb/
206

Pb ratios for samples ET09-02, ET10-07, ET10-09, ET10-10 and ET10-13 were 

obtained from peak metamorphic minerals that contain minimal common lead. Average analysis 

correction values were normalised to the reference material NIST612 (Woodhead & Hergt, 2001) 

and were measured to be: 0.85 ± 0.02 (ET09-02; muscovite and biotite), 0.83 ± 0.02 (ET10-07; 

biotite), 0.83 ± 0.02 (ET10-09; biotite), 0.85 ± 0.02 (ET10-10; muscovite and plagioclase) and 0.72 

± 0.04 (ET10-13; muscovite and biotite). The calculated accuracy of 
238

Uï
206

Pb ages is within 3% 

according to secondary monazite reference materials (see Appendix 11.3). Interpreted 
238

Uï
206

Pb 

ages are based on Tera-Wasserburg plot regressions through coherent populations, if present. Where 

UïPb data could not be interpreted using this method, durations of crystallisation are delimited with 

general age limits (cf. Kellett et al., 2010); absolute errors are only given for regressed populations 

with a calculated MSWD value. All quoted uncertainties and ellipses on Tera-Wasserburg plots are 

at the 2ů confidence interval and all calculations used the óIsoplotô Excel add-in (Ludwig, 2003). 

Analyses on Nu Attom SCïICPïMS collected both UïPb and ThïPb data, so allow 

independent age determinations to be made through the UïPb and ThïPb decay schemes. However, 

the preferential incorporation of Th in place of U can result in significant amounts of radiogenic 
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230
Th, a daughter nuclide in the 

238
Uï

206
Pb decay chain, being incorporated during crystallisation 

(Schärer, 1984). Consequently, the resultant excess 
206

Pb causes calculated 
238

Uï
206

Pb apparent ages 

to be older than the true crystallisation age, this effect becoming increasingly significant in Cenozoic 

monazite (Schärer, 1984; Parrish, 1990). As the ThïPb system is unaffected by this disequilibrium, 

232
Thï

208
Pb ages should be the most reliable estimates of the timing of monazite growth, although 

low 
208

Pb concentrations often result in large uncertainties. The 
235

Uï
207

Pb system is also unaffected 

by excess 
206

Pb; however, the generally low abundance of 
207

Pb also precludes precise age 

determinations. Interpreted ages for samples analysed on the Nu Attom SCïICPïMS are thus 

discussed primarily with reference to the 
238

Uï
 206

Pb isotopic system, unless otherwise stated.  
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4. Karakoram metamorphic complex 

Part of the work presented here forms the basis of the paper Palin et al. (2012) published in the 

Journal of Metamorphic Geology (cf. chapter 10.2.1). 

4.1. Chapter introduction 

Multidisciplinary investigations of the Karakoram Range have been undertaken by many previous 

students at Oxford, notably including focused studies of the metamorphic and magmatic evolution of 

the Hunza Valley and Baltoro regions of the KMC performed by J. Fraser and A. Thow respectively. 

The general lack of metamorphic rocks exposed within the Lhasa and Qiangtang crustal blocks 

(chapter 1.4.2) has hindered investigation into the deformational response of the Asian plate to the 

continental collision process. As such, the KMC provides an important study area that offers an 

along-strike analogue and exposes deep-crustal units that may be equivalent to those at varying 

depths in Tibet today. Constraining the tectonothermal evolution of the Asian margin is important 

for understanding the response of a lithospheric plate that has been pre-conditioned as an Andean-

type plate margin to a continental collision, in comparison to that of the colder and more rigid Indian 

plate. New field investigation of the KMC was not achieved during this study, so three rocks that 

had been previously collected (but not studied in detail) were chosen for further examination in this 

work; sample 20-199 (documented in Fraser (2000) and Fraser et al., 2001), sample T17 (Thow, 

2004) and sample K146 (Searle & Tirrul, 1991). Previous investigation has been unable to constrain 

the PïT conditions or age of key tectonothermal episodes in the KMC, including pre-collision 

andalusite-grade metamorphism and post-collision kyanite-grade overprinting of sillimanite-grade 

units in the Hunza Valley. In addition, it is unknown as to why the prograde evolution of different 

kyanite-grade units in the Baltoro region appears to differ, despite them being in close proximity 

today. These aforementioned samples all preserve petrographic evidence of these events and so were 

studied using modern analytical and modelling techniques with the aim of solving these problems. 

4.2. Geological setting 

The KMC exposes a variety of metamorphic and igneous rocks that offer analogues for lithologies 

thought to exist at different depths in the Asian crust along strike to the east (see chapter 1.4.3). The 

tectonothermal history of the KMC is complex and although recent studies have established a broad 
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framework (Fraser et al., 2001; Searle et al., 2010a) some aspects are still unclear. In particular, 

there exists a contrast in the interpreted metamorphic history between the Hunza Valley in the west, 

where there is a record of an extended metamorphism between c. 83ï53 Ma (UïPb zircon; Foster et 

al., 2004), and the Baltoro region in the east, which lacks any metamorphic ages older than c. 28 Ma 

(Searle et al., 2010a). Moreover, the large crustally-derived Baltoro granite batholith, emplaced 

between c. 25ï13 Ma (Table 4.1, below) is unmatched in the Hunza Valley. Such differences 

suggest that the tectonic evolution of both regions is significantly different, although the reasons for 

this are unknown in view of their close proximity along-strike. Key samples, such as Hunza Valley 

metapelite 20-199 (Fraser et al., 2001), retain microstructural evidence of a polyphase metamorphic 

history and careful analysis can provide added insight into this sequence of events. 

4.2.1. The Hunza Valley 

Several north-east-dipping thrust faults in the Hunza Valley juxtapose different tectonostratigraphic 

units against one another, resulting in a general increase in metamorphic grade and age northwards. 

From north to south, numbered 1ï5 on Fig. 4.1, these are the Hunza thrust, the Hassanabad thrust, 

the North and South Murtazabad thrusts and the Main Karakoram thrust. Metamorphic rocks are 

bound to the north by the Hunza Plutonic Unit (HPU) of the Karakoram batholith (Fig. 4.1). The 

HPU consists mainly of subduction-related quartz diorites and granodiorites with documented 

crystallisation ages between c. 95ï105 Ma, which were intruded by a suite of monzogranite and 

leucogranite dykes (set 1) between c. 52ï50 Ma (Table 4.1). Both the HPU and the set 1 Hunza 

dykes were similarly deformed during southward motion along the Hunza thrust associated with the 

India-Asia collision (Fraser et al., 2001). Younger undeformed dykes (set 2) cut across fabrics in the 

HPU and metamorphic units immediately to the south (Fig. 4.1) and were intruded at 35.0 ± 1.0 Ma 

(Table 4.1), thus providing a minimum age for thrusting. The northernmost metamorphic unit of the 

Hunza Valley, the sillimanite zone, may be divided into two sections. These comprise the relatively 

higher-grade K-feldspar-bearing migmatitic óupper sillimanite zoneô (USZ) and the lower-grade 

muscovite-bearing ólower sillimanite zoneô (LSZ) units (Fig. 4.1). Field observations suggest that the 

USZ may have been juxtaposed against the LSZ by an EïW trending thrust fault situated between 

Aliabad and the Hassanabad Valley; however, this feature is not fully exposed and may instead 

represent localised brittle deformation (Fraser, 2000). 
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Fig. 4.1 ς Geological map of the Hunza Valley and associated cross-section showing tectonic relations (after Searle, 

1991 and Fraser et al., 2001). Sample 20-199 outcrop locality is marked with a star. See text for sources of age data. 

Migmatitic sillimanite gneiss from the USZ dated by Fraser et al. (2001) produced UïPb ages 

ranging between 82.9 ± 6.1 Ma and 63.3 ± 0.4 Ma from palaeosome monazite, and between 56.3 ± 

0.3 Ma and 53.4 ± 0.3 Ma for leucosome monazite. Further work by Foster et al. (2004) delimited 

four significant UïPb monazite age populations in the same sample at c. 82 Ma, c. 66ï59 Ma, c. 56ï

53 Ma and c. 46 Ma. Using garnet-xenotime thermometry and THERMOCALC AvePT, Foster et al. 

(2004) suggested that this older age of c. 82 Ma recorded initial M1 sillimanite-grade conditions at 

temperatures of ~550 °C, coincident with the closure of the Shyok suture. Monazite growth at c. 56ï

53 Ma was interpreted to record garnet breakdown during rapid exhumation and partial melting; 

however, the conditions and mechanism of final monazite growth at c. 46 Ma were undetermined. 

As a result of the spread of ages obtained in each case, Fraser et al. (2001) and Foster et al. (2004) 
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both proposed that M1 could represent a continuous prograde metamorphic event in the Hunza, 

lasting at least ~30 Myr from c. 83 to c. 53 Ma culminating in widespread migmatisation in the USZ. 

 

Table 4.1 ς Age data and isotopic dating methods for magmatic units in the KMC 

The timing of peak M2 metamorphism was identified by Fraser et al. (2001) who dated a 

sample of sillimanite schist from the LSZ (sample 20-199 in this study) and produced a younger Uï

Pb monazite age of 44.0 ± 2.0 Ma. Notably, this is similar to the c. 46 Ma age of óuncertainô origin 

identified in the USZ by Foster et al. (2004). Overprinting of LSZ units to kyanite-grade can be 

observed in localised outcrops (Fraser, 2000), although the relationship of such samples to the 

documented ókyanite zoneô further south is unknown. A separate and younger prograde staurolite-

grade event (M3), dated at 16.0 ± 1.0 Ma (UïPb monazite; Fraser et al., 2001), is documented in 

rocks exposed in the southern parts of the region. No data are currently available to constrain the 

timing of peak metamorphism in the kyanite and garnet-chloritoid zones shown in Fig. 4.1. 

Thrusting in the southern Hunza Valley is constrained by the youngest phase of crustal magmatism, 

intrusion of the Sumayar granite (Fig. 4.1), dated at 9.3 ± 0.1 Ma (Table 4.1). This granite truncates 

deformational fabrics associated with the emplacement of kyanite-grade units onto staurolite-grade 

units and also induced localised contact metamorphism in the host units (Crawford & Searle, 1993). 

4.2.2. The Baltoro region 

Metamorphic rocks exposed in Baltoro region extend from the MKT in the south to the BPU of the 

Karakoram batholith to the north and show a general increase in metamorphic grade from the Hushe 

region in the south-east towards the Dassu and Bullah regions in the north-west (Fig. 4.2; Searle & 

Tirrul, 1991; Rolland et al., 2001). The Hushe gneisses represent original igneous components of the 
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Karakoram batholith that were emplaced between c. 200ï145 Ma (Table 4.1), all of which have been 

subsequently metamorphosed and deformed. Low-pressure, high-temperature andalusite- and garnet-

bearing metapelites are spatially associated with the deformed Hushe gneisses and were interpreted 

by Searle et al. (1989) and Crawford & Searle (1992) to record contact metamorphism (M0) 

synchronous with subduction of the Neo-Tethys Ocean preceding closure of the SSZ. 

 

Fig. 4.2 ς Geological map of the Baltoro region and associated cross-section showing tectonic relations (after Searle, 

1991). Outcrop localities for samples T17 and K146 are marked with stars. Metapelite isograds are after Rolland et 

al. (2001) and Searle & Tirrul (1991). 

Prolonged Late Cretaceous-Eocene sillimanite-grade metamorphism and partial melting (M1) 

recorded in Hunza Valley units is absent in the Baltoro region. The main body of the Baltoro 

metapelitic units preserves an amphibolite-facies Barrovian metamorphic sequence (M2) ranging 

from chlorite- to sillimanite-grade (Fig. 4.2). Peak kyanite-grade metamorphism reportedly occurred 
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between 28.0 ± 0.5 Ma (UïPb monazite; Fraser et al., 2001) and 22.0 ± 0.3 Ma (UïPb monazite; 

Searle et al., 2010a) at PïT conditions between 6ï10 kbar and 650ï700 °C (Bertrand et al., 1988; 

Allen & Chamberlain, 1991; Rolland et al., 2001). M2 deformation must have initiated prior to 

intrusion of the Chingkang-la granite pluton (Fig. 4.2), which crystallised at 34 ± 1 Ma (Table 4.1) 

and locally cuts across early metamorphic fabrics. The later formation of the BPU is interpreted by 

Searle et al. (2010a) to be a result of extensive crustal thickening, heating and partial melting of the 

lower crust during the Oligocene-Miocene. The batholith is largely undeformed and crystallisation 

ages for various components range between c. 25ï13 Ma (Table 4.1). The BPU cross-cuts kyanite-

grade M2 metamorphic fabrics and has a contact metamorphic aureole along its southern margin, 

which contains andalusite-, sillimanite- and cordierite-bearing hornfels (Searle & Tirrul, 1991). 

Young sillimanite-K-feldspar-grade metamorphism and partial melting (M4) in the Baltoro is 

exposed in the cores of the Dassu and Bullah gneiss domes (dashed regions on Fig. 4.2; Rolland et 

al., 2001; Searle et al., 2010a). Migmatites from the Dassu dome document peak PïT conditions for 

this event between 3.8ï7.6 kbar and 630ï750 °C (Villa et al., 1996; Searle et al., 2010a). M4 

metamorphism is dated at 5.4 ± 0.2 Ma (UïPb monazite; Fraser et al., 2001) and 6.7 ± 0.5 Ma (Uï

Pb monazite; Smith, 1993), with cooling through the ~300 °C isotherm at 4.7 ± 0.2 Ma (KïAr 

biotite; Searle et al., 1989). Undeformed and cross-cutting tourmaline-bearing pegmatite dykes with 

crystallisation ages of 3.5 ± 0.1 Ma (UïPb zircon and monazite; Searle et al., 2010a) constrain the 

cessation of M4 metamorphism. Such doming and associated migmatisation has been suggested by 

Rolland et al. (2006) to be caused by mantle-derived syenite magma intrusions into the cores of each 

dome; with such diapirs dated at 8.4 ± 0.1 Ma (ArïAr muscovite; Villa et al., 1996). However, other 

workers dispute this and suggest instead that both doming and partial melting were associated with 

post-Miocene north-south shortening along the MKT (Searle & Tirrul, 1991; Fraser et al., 2001). 

4.3. Petrography and mineral chemistry 

Petrographic and compositional analysis was performed following the method given in chapter 2.4.3. 

4.3.1. The Hunza Valley 

Sample 20-199 was collected from the LSZ of the Hunza Valley, west of Aliabad, at approximate 

latitude-longitude co-ordinates 36° 19ô 52.0ò N and 74° 34ô 43.8ò E (estimated from Google Earth
©
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satellite imagery compared against field photographs and outcrop maps presented in Fraser, 2000). 

Kyanite partially replaces sillimanite in isolated outcrops within the LSZ (Fraser, 2000), as is 

observed in sample 20-199. Previous work on sample 20-199 performed by Fraser et al. (2001) 

quantified the timing of sillimanite-grade metamorphism. It was chosen for further study in this 

thesis to determine the PïT conditions and timing of kyanite-grade overprinting. 

20-199 ï Kyanite-sillimanite schist 

Sample 20-199 is a metapelitic schist containing porphyroblasts of garnet and aluminosilicate, which 

are wrapped by a spaced foliation defined by biotite, muscovite and graphite. 

 

Fig. 4.3 ς Petrography of sample 20-199 from the Hunza Valley. All thin section images viewed under plane 

polarised light. (a) Original porphyroblast of andalusite that has been pseudomorphed by sillimanite and kyanite. (b) 

Graphite-free circular clusters of prismatic sillimanite (c) Garnet porphyroblasts showing core-rim textural relations 

(d) Tourmaline grains wrapped by the metamorphic foliation. 

Matrix minerals include plagioclase, ilmenite and quartz alongside accessory tourmaline, apatite, 

monazite and zircon. Aluminosilicate porphyroblasts are characterised by kyanite partially replacing 

sillimanite, the latter having previously pseudomorphed earlier andalusite (Fig. 4.3a). Sillimanite 

also occurs as small circular clusters that lack graphite (Fig. 4.3b). Garnet porphyroblasts have a 
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diameter up to 5 mm and contain core and rim regions that can be differentiated through texture and 

composition. Broad cores trap biotite, plagioclase, rutile and radiating sets of fluid inclusions (Fig. 

4.3c) and show minor compositional variation. By contrast, thin rim regions retain strong 

compositional gradients and have rare inclusions of biotite. Compositions in core regions range 

between 14ï17% pyrope, 4ï6% grossular and 4ï5% spessartine, whereas from the core-rim 

boundary to the outer rim grossular content increases to 11% and both spessartine and pyrope 

decrease to 1% and 14% respectively (Table 4.2). Almandine exhibits no systematic variation from 

core to rim, ranging between 73ï76%. 

Biotite occurs dominantly within the matrix foliation and has XMg = 0.48ï0.49 and Ti = 

0.12ï0.14 cpfu, rare inclusions in garnet rims have XMg = 0.54ï0.55 and Ti = 0.12ï0.13 cpfu and 

grains within garnet strain shadows have XMg = 0.51ï0.53 and Ti = 0.08ï0.11 cpfu. Fine grained 

muscovite occurs in the matrix foliation and coarser grains occur as thin rims on aluminosilicate 

aggregates (Fig. 4.3aïb). Plagioclase in the matrix contains XCa = 0.29ï0.33 and inclusions in 

garnet cores are slightly more calcic with XCa = 0.31ï0.37 (Table 4.2). Anhedral porphyroblasts of 

tourmaline (Fig. 4.3d) are commonly wrapped by the matrix foliation. 

4.3.2. The Baltoro region 

Two samples that had been collected during previous fieldwork and placed in storage at University 

of Oxford (chapter 4.1) were re-examined in this thesis so as to investigate the prograde PïT 

conditions and use in-situ dating to constrain the timing of M2 kyanite-grade metamorphism in the 

Baltoro region. Both samples were originally collected from the central Baltoro region (Fig. 4.2), 

north-east of the Mango Gusar granite at approximate latitude-longitude co-ordinates 35° 40ô 59.3ò 

N and 75Á 58ô 07.8ò E (sample T17) and 35° 38ô 50.6ò N and 76° 02ô 17.4ò E (sample K146). 

Latitude-longitude co-ordinates are estimated from Google Earth
©
 satellite images when compared 

against outcrop locality information documented in Thow (2004) and Searle & Tirrul (1991). 

K146 ï Garnet-kyanite schist 

Sample K146 is characterised by a widely spaced foliation defined by muscovite and biotite and a 

matrix composed mostly of quartz, ilmenite, apatite, monazite and zircon. This foliation wraps 

inclusion-rich poikiloblasts of plagioclase, but is overgrown by porphyroblasts of kyanite and garnet. 



 

KARAKORAM METAMORPHIC COMPLEX 77 

Rare staurolite is present as small inclusions in garnet rims and as anhedral grains in the matrix that 

are associated with kyanite and biotite. 

 

Fig. 4.4 ς Petrography of samples K146 and T17 from the Baltoro region. All thin section images are viewed in plane 

polarised light except Fig. 4.4b (a) Garnet porphyroblasts in sample K146 contain staurolite inclusions in rim regions 

and also form interlocking mutual boundaries with matrix kyanite. (b) Large plagioclase porphyroblasts contain 

abundant quartz inclusions and preserve a relic linear internal fabric defined primarily by muscovite flakes (viewed 

under crossed polars). (c) Sample K146 also contains aggregates of undeformed biotite and kyanite, commonly 

surrounding staurolite. (d) Garnet in sample T17 contains a core region with arcuate graphitic inclusion trails 

surrounded by graphite-free rim regions, which also contain rare inclusions of staurolite. (e) Subhedral kyanite in 

sample T17 encloses biotite, quartz and allanite. 

 

Table 4.2 ς Mineral compositions for samples 20-199, K146 and T17 (overleaf) 
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