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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 Science¥/orecster CollegelUniversity of Oxford

Trinity Term 2013

Abstract

Metamorphic rockgonstitutea vastvolumetricpo r o por t i o n camtfnentallittospBeaand h 6 s
are invaluable recorders tife mechanismsnd rates of deformaticend metamorphisrthat occur

at the micre, mese and macrescale.As such, they have the potential to provide detailed insight
into importanttectonic processes such as subductivetransport of material into, anghck from,
mantle depths andilso folding, faulting and thickening of crughat occurs during collisional
orogeny TheHimalayar-KarakoramTibetan orogeiis the youngest and most prominent example of
a continentcontinent collisionalmountain belt on Eé&r today and isa product of theon-going
convergence ofhe Indian and Asian plates thanitiated inthe Early Eocene Thus, it provides an
exceptional natural laboratory for the investigationsoth processesRecentadvances in the
computational abity to replicate natural mineral assemblages throaighariety of metamorphic
modelling techniques kaled to improvements in the amount (and quality) of petrographic data that
may be obtained from a typical metamorphic robk.this study, pase equiliba modelling
(pseudosection constructionying THERMOCALG amongst other techniques, has begegrated
with in-situ Ui Pb and Th Pb geochronology of accessormonazitein order to constrain the
tectonothermal evolution of four regions intimately assodiatéth the Himalayan-Karakoram
Tibetan orogenThese regionsomprisethe Karakoram metamorphic compl@orth Pakistan, the

Tso Morarimassif forthrwestindia), the eastern Himalayan syntaXguth-eastTibet) and the Day
Nui Con Voi metamorphic coreomplex of the Red Riveshearzone (North Vietnam). Eachcase
study documentspreviously umeportedmetamorphic, magmatior deformationaleventsthat are
associatd with the IndiaAsia collision Thesedatahaveallowedoriginal interpretations to be made
regarding thaectonic evolution of each individual region as well as the {aogéeevolution of the

Himalayan-KarakoramTibetan orogenisystem as a whole.
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Extended abstract

Investigatingthe driving mechanisms and ratespiéite tectonicprocessesis an essentialstepin
understandindnow theEarttb s c o nt i n e nhasaeVolvdd overlgeokgichl ¢imeeand how it
will continue to change in the futurletamorphicrocks offer the best chance to investigate these
processes, as they often undesgquentialmineralogical or textural changes during deformation
and metamorphisnThus, vithin thecrustthereexista range ofnetamorphidithologiesthat formed
at differenttimes (t), thathaveequilibratel at differentpressure ¥) and temperaturel} conditions
andthat are associated with different tectonic evdhtheseunits aresubsequentlgxhumed to the
surface they canprovide valuable insight into the tectonothermal history gfaaticulararea These
resultsare oftenextrapolated to prade constraints on the largscale evolutiorof a region, such as
anorogenic beltPetrologicaland thermobarometrignalysis osuch metamorphitocks can provide
absolutePi T conditions that were reached during different stages of their evolution. tésen
dataarecombined with age constraints obtained through geochronology, the timing anaf thie
processesesponsiblean also bealculated

There is Aundantgeologicalevidenceshowing thatcontinentcontinentcollisional orogeny
has occurd throughouta large proportion oEarth history(e.g. Brown,2007,2009), the youngest
such example beinthe Himalaya-KarakoramTibetan orogen which was initiated atc. 50 Ma
(Greenet al, 2008)and formed as a result of the collision of India with ABiarts of theorogenare
readily accessiblecontain extensiveexposurs of exhumed deeprustal lithologies andre still
deforming today.As such,it providesa perfect natural laboratorfgr the investigaion of plate
tectonic processes aiglthe casetsdy forthis thesis

Four regions associated with tHamalayan-KarakoramTibetan orogeinave beethe subject
of integratedpetrographic, thermobarometric and geoadbtogical investigation using variety of
techniquesincluding phase diagram (pseudc#z) construction using THERMOCALGq order
to produce new data that describeir localmetamorphic andtructural evolutionThese data have
also provided insight into theregionalscaleprocesses thatffect the evolution of therogenas a
whole Regionscontaining highgrade rock$elongng to the southern Asian margfthe Karakoram
metamorphic complexhorth Pakistanand the eastern Himalayan syntaseutheast Tibethave

provided understanding of the processes that operated prior to, daridgfter initial collision with
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the Indian inderr. Mafic eclogitefrom the Tso Morari massif(north-west Indig has provided
information describingthe geodynamic evolution of subductedustal material immediately
preceding closure of the Ndethys @ean during thé&arly Eocene. Finallyan investigation of
magmatic andnetamorphic units of the Day Nui Con Voi mas$io(th Vietnam situatedin the
Red River shear zone that separatesltidechinaand South Chindlocks of southeastAsia has
providedinsight into thetiming of metamorphisnand crustal meltingnd the continental extrusion
hypothesisThe results of these studies atanmaisedbelow.

Petrographic analysis of peraluminous metapelites from two separate regions of the
Karakoram metamorpt complex(chapterd) has produced new insights into tRiETi t evolution of
the deep crust along the south Asian margin before and after theAkidiaollision.Conventional
thernobarometryand Pi T pseudoseain construction in theMinOi Na,Oi CaQ K,0i FeQ' MgOi
Al,Osi SiOoT H.Oi TiO,i O system have provided prograde and peak metamorphic conditions and
situ Ui Pb geochronology of metamorphic monazite has provided age constraints. Two new events in
the tectonothermalvelution of the Hunza Valley have been documentétin a single sample that
exhibits a long and complex metamorphic histéiiystly, an andalusitgrade contact metamorphic
eventat unknownPi T conditions has been datati105.5 + 0.8 Mand is interpreed to bdinked to
widespread subdtion-related granite magmatism caused by ltade Cretaceouslosure of the
Shyok suture and accretion of the Kohistawakh island arc to the southern margin of Asia. A
separate episode of kyanijeade metamorphisnt 28.2 + 0.8 Ma overpristan earliersillimanite-
gradeassemblagen the same sampléhe former havingpeakPi T conditions of ~7.8 kbaand 645
°C and is interpreted to kessociated with then-going India-Asia collision.A kyanitegrade event
documentd in the Baltoro region with similar ped® T conditionsof ~7.4i 8.0 kbarand~640' 660
°C is interpreted to have occurred sometime after 21.8 £ 0.6 Ma. A calculated prf@igfaah for
this kyanitegrade event indicates that garnet nucleated on anl igg@thermal gradiendf ~30
°C/km and grew during a significant increase in pressure of ~2.6akidaa temperature increase of
~100 °C. Thidnitially high geothermis interpretedto represent evidence for conductive heating of
the middle crust during dg stages of intrusion cfomponents of th8altoro Plutonic Unit of the
Karakoram batholithywhich has emplacement ages ranging between icl2®a (Schérer et al,

1990; Parrish & Tirrul, 1989; Seart al, 2010d. The subsequemmicrease in pressuig attributed
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to either lateral migration of thesarlyi nt r usi ve componaatsetfidona@madi ct
the result of continued crustal thickeniggd burial associated with the Indiagia collision

Analysis ofmafic eclogite from thdso Morar massif(chapters) has provided new insight
into the tectonothermal evolution of theading edge of the Indian continental margiaring
subduction associated with the closure of the -WNeihlys OceanSubsetsof various mineral
inclusionsin poikiloblastic garnet core domainthat lack significant compositional zoniraye
interpreted to represent @arlyprograde assemblage tHiatmedduring initial subductiopalthough
the absolutePi T conditions of this eent (MO) are uncertairStrong compositional zoningnd a
variety of inclusiondgn garnet rim domains ka allowed investigation of the latter stages of the
progradeto-peak metamorphic history of the eclogi®.T pseudosecti®constructed in th&laOi
Ca0i K,0i FeQ MgOi Al 041 SIO, H,Oi TiO,i O system suggestitial garnet rim growth at ~22.5
kbar and ~525 °C (Mlipllowed by pograde metamorphism associated wathgoing subduction
allowing inclusion of omphacite, paragonite, epidote/allanite, rutile,, teddcite and quartzyrains
Peak metamorphism (M2) is calculatéal have occurredhat 25.51 27.5 kbar and 80i 645 °C,
equivalent to a depth of subduction of +@00 km, withthe variation inPi T conditionsdepending
on whether the fractionation of ¢ahs intogarnet is considered duririgermodynamic modelling.
This range in calculategeak M2 conditions isndependently verifiedy THERMOCALC AvePT
and conventional thermobarometry applied tonacrostructurdi/-constrainedpeak paragenesis
comprising garnepmphacite, phengite, lawsonite, talc, epidote/allanite, rutile and quartz.

Compositionaly zoned matrix amphibolecontaining barroisite/winchite cores and
magnesiohornblende rims interpreted to have formed as a result of hydration of this peak
assemblag during exhumationto lower pressure M3conditions PiM(H,O) pseudosection
modelling of the effects of variable fluid content during exhumation show that it is possible to
reproduce the observeaphibolecompositions and proportionga the addition ofH,0, which is
interpreted from field observations to have beenved from an external sourceost likely the
host metasediments and orthogneisg&as additionalresult of exhumation is th€formation of
symplectite coloniesalong matrix omphacite grain handaries Such colonies are composed
intergrown calcieamphibole, tbpside and plagioclasand arecalculated to have formed & T

conditions 0f10.3 139 kbar and 461554 °Cwith an apparentrend from low-pressureeclogite
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facies, through epidot@mpibolite-facies into blueschidacies. Evidence for he retrograde
breakdown of lawsonite during exhumation géeven by the formation of porphyroblasts of
clinozoisite and paragonite in the rock matrix and epigatagonite pseudomorphs within garnet
rims. These data,which document stages in the progrageak,and retrograde evolution of the Tso
Morari massif, demonstrateremarkable similarity to the documented evolution of the Kaghan
eclogitic massif, Pakistan, suggesting a laterally continuous sidmtheehumation event along the
leading edge of the Indian plate.

A combined petrological and geochronological study of pelitic lithologies from the-wesgth
flank of the eastern Himalayan syntaxishapter 6) has documergd previously unreported
metamorphic events the history of thesouth Lhasa block (Asian margin). iJh)i Pb in-situ
dating of monazitesuggeststhat fluid-absentsillimanite-grade leucosomes formed episodically
between c. 71150 Ma atPi T condtions greater thar6.3 + 1.2 kbar and 750 + 30 °C, whereas
separate episode 8id-fluxed partial melting at kyanitgradeconditionsoccurred between c. #4
33 Ma atPi T conditions of 10.4 + 1.0 kbar and 698 + 20 °C. A staurglitele metapeliteha was
subsequently mylonitisedexperiencedpeak metamorphism at 23.6 + 0.3 Ma at a maximum
temperature of 650 °C at m@ustal pressuredhis events interpreted taepresent an additional
and seprate prograde metamorphic epis@dthin the south Lhas block although the provenance
of the protolith is uncertaim@A major ductile shear zone separates these rocks from the Indian plate
Namche Barwa Group uniis the core of thesyntaxis.Mylonitised metapelitesiow exposedh this
shear zone record morigzages between c. 1161 Ma and c. 9138.0 Mathat areinterpreted to date
the timing of shearing along th®undingMilin -Yanggudajud_ulang-Parlung faultTogether, hiese
data are interpreted to document an egute-collision) Lhasa block sillimanitgrade melting event
that is most likelyrelated toconductive heat transfer to the middle creatised by emplacement of
units of the Gangdese batholjttwhich wasfollowed by a higher pressutewer temperature
kyanitegrade melting event associated witlrial and crustal thickeninduringthe on-going India-
Asia collision. A comparison of the pestllisional Pi Tit evolution of theeastern Himalayan
syntaxisand south Lhasa block suggettts possibility thaboth regionsmayhave acted as a paired

metanorphic belt since ~44 Ma.
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Various lithologies from the Day Nui Con Vaonassif the southernmost of four ductiley
deformed metamorphic core complexes situated along the Red River shear zone-éasioAsia,
haveprovided new constrainten the tectonic ad metamorphic evolution of this region prior to and
following the initial IndiaAsia collision (chapter7). Analysis of a weakl deformed anatectic
paragneiss usingi T pseudosections constructed in MaOi Na,Oi CaQ K,Oi FeQ MgOi Al ,O3i
SiG,i H,Oi TiO,i O systemhasprovided prograde, peak and retrograde metamorphic conditions and
in-situ Ui Thi Pb geochronology of metamorphic monazites providedexturally controlled age
constraints. Tertigr metamorphism and deforti@n, overprinting earlier Triassic metamorphism
associated with the Indosinian orogeny, is characterised by peak metamorphic conditions of ~8.5
kbarand ~805 °Cbetween c. 384 Ma. Exhumatiorfrom peak conditiongccurred along a steep
retrogradePi T pah with final melt crystalking at the solidus a pressuregreater thar-5.5 kbar at
~790 °C. Further exhumatighroughPi T conditionsof 4i 5 kbarand 640700 °Coccurredin the
subsolidusenvironmentat ¢. 31 Ma Ui Pb geochronological analysis of moiteZrom a strongi
deformed prekinematic granite dyke from the flank of tibay Nui Con Voiantiformal complex
provides further evidence for exhumation at this time. Magmatic grains suggest initial emplacement
at 66.0 = 1.0 Ma, prior to the Indissia cdlision, whereas grains with metamorphic characteristics
indicate laterdeformationat 30.6 + 0.4 Ma. Monazite grains from a croafting postkinematic
dyke in the core of the antiform provide a minimum age constraint of 25.2 + 1.4 Ma for the
terminationof fabric developmentThe cause of thee high-gradeTertiary eventds uncertain, but
they are deemed likely to bee related to continued deformation during the evolution of the
Himalayan-KarakoramTibetan orogeny although these data are not supportWehe continental
extrusion hypothesis. A disparaémd significant episode of monazite growth at ¢c.68Ma is
suggested to be the result of flkadsisted recrystadttion following tte emplacement of magmatic

units, althoughhe cause of preollisional magmatic activity in this region is unidentified.
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The following abbreviationgor mineral compositional paramets are used frequently throughout
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XMg Mg/(Mg+Fe?*) Proportion of Mg in ferromagnesian minerals
XCa Ca/(Ca+Na+K) Anorthite content of feldspar

XMn Mn/(Mn+Fe?*) Pyrophanite content of ilmenite-group minerals
XK K/(Ca+Na+K) K-feldspar content of feldspar

AV 4-sit°t@ (for 11 oxygens) Tetrahedral Al in mica-group minerals

AV Altotal_ AV Octahedral Al in mica-group minerals
Almandine/alm Fe?*/(Fe?*+Mg+Ca+Mn) Almandine content of aluminosilicate garnet
Pyrope/prp Mg/(FeZ*+Mg+Ca+Mn) Pyrope content of aluminosilicate garnet
Grossular/grs Ca/(Fe?*+Mg+Ca+Mn) Grossular content of aluminosilicate garnet
Spessartine/sps Mn/(Fe**+Mg+Ca+Mn) Spessartine content of aluminosilicate garnet
XJd Na/(Na+Ca) Jadeite content of sodic clinopyroxene

XPs Fe3*/(Al+Fe*) Pistacite content of epidote-group minerals
XFe3* Fe3*/(Fe?*+Fe?*) Proportion of Fe that is ferric

XH,0 H,0/(H,0+C0,) H,0 content of fluid phase (binary system)

LIST OF ABBREVIATIONS

19



1. Introduction

1.1. A statement of the problem
Theheory of pl ate tectonics provides a solid
lithospheremay be described and understood (Vine & Matthews, 1¥B&anic plate boundaries
for example,are characterised by narrow and widfined regions offaulting, seismicity and
magmatism where oceanic crust may be formed-pu&hn ridges) or destroyed (subduction zanes)
Thefirst-order processes that océarthe oceanic lithospherare well understood (e.g. McKenzie &
Bickle, 1988)whereaghosethat @ntrol the evolution of the continentithosphereare commonly
debated Here, déformation is not restricted to plate boundaries and the intraplate effects of
continentcontinent collision can be noted vast distances dvway them(e.g. Searleet 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 thesigddress.

The Himalayar-KarakoramTibetan orogenhereafter referred tas thetHKTOJ, a result of
the collision of India with Asighat initiatedc. 50 Myr ago (Greemt al, 2008),is the youngest
continentcontinent collisional belt on Earth. As $uidt 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 géophysical remote sensinfigld investigation and laboratory
study and hasubstantially improved our knowledge of hdlne continenal lithospheregrows and
deforns over time Furthermore, sa young and welexposedmountain belt that is still actively
deforming today, the HKTO provides a unique opportunity to examine thexdédloevmal processes
that may have driven the formation and evolutionsafmeolder orogenidelts (cf. S+tOngeet al,
2006 Streuleet al, 2010) In order to pursue such investigationgsgerequires detailed knowledge
of the process of metamorphismhich consides the whole spectrum of changes that occur in the
Earth between the upperustal zone of weathering and erosion, and the deegtal zone in which
the last solid constituentselt to producenagma. These changes generally begin at a tempeoéture
~150 °C and may continue up to ~1000 °C dependindactors such agonfining pressure

lithology andthe composition andbundance ofoexistingfluid (Philpotts & Ague, 2009). As any
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rock can be buried and heated, and hence metamorphosed, imatedtthat metamorphic rocks
constitutea vast proportion (at least 60 volume pertehthe continents today (ibid
Exhumedhigh-grade metamorphicocks within the HKTO system thabelong toboth the
Indian and Asia plates can beused to interpret théhermal evolution of theinobservabldower
crustprior to, andduring, orogenesisThe HKTO in particularprovides the chance to investigate the
response of a lithospheric plate that has beertqmditioned as an Andedype plate margin (the
Asian platé¢ to a continental collision, in comparison to that of a colder and more rigid passive plate
margin (the Indian plate)So, four regionswhere structural and field relationships are relatively
well-known have been targeted for multidisciplinary study iis thesiswhich allows the results of
metamorphic investigation to be integrasicectly into their tectonic frameworkThesecomprise
the Karakoram metamorphic complexnarth Pakistan (chaptet), the Tso Mrari massifin north-
westlndia (chapteb), the eastern Himalayan syntaxis regiorsoutheast Tibe{(chapter6) and the
Day Nui Con Voi metamorphic complef the Red Rivershearzone, North Vietnam (chaptei).
Lithologies from the Karakoram metamorphic complex and eastern Himalayan symtecid
deformation of the Asian plate margin, wherdhsse from the Tso Morarimassif document
deformation of the leading edge of the Indian plate immediately preceding initial collision. Units
from the Red River shear zone record distal deformatidhe lithosphere irsoutheasAsia that is
supposedly related to the indentatidniralia with Asia When studiedogetherthese regionsllow
investigaion of the evolution of the HKTO on a broad temporal and spatial scalthe current

understandingf whichis introducedn chapterl 4.

1.2.  Objectives aims and motivation

The four case studies noted abowentainlithologies that record key events in the tectonothermal
history of the HKTO and which formed in a range of tectonic setfiags transpressive shear zone,
subduction zone, and middland deegerust of an orogenic coreyhus, they allovexamination of a
range of rock types (e.g. mylonites, migmatites, eclogites and Bartygiammetasedimentsyith

which to assess the strengths and weaknesses of various thermobarometric and rigtamorp
modelling techniqueswithin the context of the tectonic evolution of the HKTThe 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
magmaticmi ts t o determine as accurately as possilk

2. ldentify key samples with minerals useful for geochrongleg asto provide absolute age
constraints omspecificmetamorphic or deformational stagegathr oc k 6s. hi st or vy

3. Integrate the abovEi T and ageaesults to provide new interpretatioaBoutthe evolution
of each region. In each case the implications edetdata should be considered within the
framework of the HKTO rather than just the limited geographical exteneagtiion.

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

9 Investigatethe tectonic processes that lead to lasgale deformation of the continental
lithosphere, quantifying tlre magnitudes and timescalés the context othe HKTO, by
combininggeochronoloigal analysisvith arangeof metamorphic modelling techniques.

1 Investigate the advantages and limitations of the various metamorphic modelling techniques
when applied to a wide range of petrological and tectonic sihsatidonsequenthguggest
areas for improvement and future research directiomgetamorphic modelling procedures.

This thesis presenthe results of the above woirk the form offour researclpapers chaptersti 7.
Methodologies and background principles that are common to all studies are described once in their
relevant chapters (see below) in order to avoideaassary repetition. Each studyprefaced by an
introductiontothe e gi onés g e,dollowediby aapreseatationtof tmegiew data obtained
and its subsequent interpretation. Contributions to these studies mealéabgratorsaandor journal

reviewers are clearly listed in Appendit.1; all other work is my own.

1.3.  Thesis structure

Chapter 27 In this chapter, the underlying thermodynamic principles of metamorphic petrology are
discussed in relation to the cdlation 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 ancgthisitton of

mineralcompositions by electrebeam microanalysis

Chapter 31 This chapter deals with the systematics of thié’l and ThPb radiogenic isotope

systems and their use in the radiometric datingooks and minerals. In particular, monazite
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geochronology is discussed alongside the factors that determine its appé@aracks of different
bulk compositions. Work performed at the NERC Isotope Geosciences Laboratory is described

alongside an accounf analytical techniques and data interpretation methods.

Chapters 4i7 1 These chaptes make up the majority of the thesis work apisentdetailed
accouns of the work performed in each regional study. Regional introductions, geological
backgrounds, literature reviews, aabted data and interpretationand brief discussions and

conclusions are presented irdhsectiors.

Chapter 81 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 rebkegirection.

Chapter 101 This chapter providesdditional informationconcerning the work presented in this

thesisincluding conference proceedings qrakrreviewed articles

Chapter 117 This chaptempresentsaappendiceghat 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 tHearly Eocene radted 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 platéigu;1.1). Numerous
geophysical, seismic and GPS investigations have shown that these regions are undergoing active
deformation today (see Sead¢ al, 2011 for a review) as a result of the continuing northward
movement of the Indian plate at a rate of 58 + 4 mifBitham et al, 1997). This convergence rate
has reduced significantly following initial collisipwhen the northward motion of India was at least
150 mm/yr Molnar & Stock, 2009Copleyet al, 2010Q.

Thickened crust beneath Tibet, numerous southwanafsagating thrust systems and the
occurrence of higipressure metamorphic rocks in the Himalayan Range (below) suggest that a
significant amount of shortening of the uppeiddle crust has occurred pasillision. Most

estimates of total shortening acrose brogen range between 52000 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 28200 km instead (Van Hinsbergen al, 2011). This
deformdional response by the uppeiddle 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 thecollision zone at approximately33° N latiude (Kosarevet al, 1999). Deformation
associated with the collision can also be observed at significant distances away from the HKTO,
particularly in soutkeast Asia, where numerous laigmale strikeslip fault systems have been
suggested to control theastward and soudastwardly motion of crustal blocks away from the
Indian indenter (e.g. Tapponniet al, 1986; see chaptelr.4.4. A brief summary of the main

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

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

Fig.1.1 ¢ Compound satellite imagery of the HKTO and envigimswying major tectonic feaures (from Google
Earti®). MBT = Mai Boundary thrust; ITSZ = IndIsamgpo suture zone; BNSZ = Bangbhujang suture zone; JSZ

Jinsha suture zone.

1.4.1. The Himalayan Range

The Hi malayan Range (or O6Hi mal ay ao0-Pakstanboederc hes f or
in the west to th&outh China (YunnarBurma border in the eadtify. 1.1). Despite its extent, it is

merely a section of the much larger Himalafépine orogenic system that stretches from the

Sumatan arc of Indonesia in the east to Mediterranean Sea the west Lithostratigraphic units
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of the Himalayaarethose bounded between the Indus Tsangpo suture zone (ITSZ) to the north and

the Main Frontal thrust (MFT) to the southid. 1.2) andrepresent the leading edge of the Indian
continent. These unire commonhd i vi ded i nto three major tectonic
these are the High Himalaya (comprised of the Tethyan Sedimentary Sequencand $3eater

Himalayan Sequence (GHS)), the Lesser Himalayanprisingthe Lesser Himalayan Sequence

(LHS)) and the Sublimalaya (the Siwaliks). These slices are separated byatmle faults of Late

Cenozoic agand are exposed at the surface tadaymanner that is largely consistent along strike.
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Fig.1.2 ¢ Generalised geology of the Himalayan Rafafter DiPietro & Pogue, 2004 and Guiligtal., 2008, and

references therein).

The ITSZ marks thesuure of the IndiaAsia collision and contains remnant constituents of
the NeoTethys Ocean and related oceanic basins (ophiolitic mélange, flysch and occasional
deformed islanéhrc volcanics) These unitsare separated from the underlying TSS byzhaska
shear zone (ZSZ) in the west or tBeeatCounterthrust (GCT)in the easta steepsouhward
dipping backhrust fault Fig. 1.2). The TSS is the northernmost and structurdiighest
lithostratigraphic unit of He 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 grecfasidis(Steclet al.,

1993). The TSS is bound at its base by a-#émgle northwardlipping normalsense 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 experierispldabment at different times and may
have each undergone several periods of reactivaiitroughnone are active today (Hodgesal,
1996; Grujicet al, 2011).0n the basis of deegeismic profiling Nelsomt al (1996) suggested that
the STDS, unke the other major fault systems within the Himalaya, levels off in the umpigeile
crust instead of merging with thedim Himalayanthrust (MHT)at depth.

A variety of metamorphic rocks are exposedectonic windows along the length of the TSS,
including eclogitefacies lithologies at Tso Morari in the western Himalaig.(1.2) and granulite
facies gneiss and granite domes in the certiatern Himalaya. The latter exposures are collectively
called thed orth Himalayan gneiss dom&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
amphibolitefacies gneiss, schist, caddicate and amphiboliteall interpretel to represnt accreted
continental crusderived from the subducting Indian plate. Following treset of continental
collision this sequence was buried and metamorphosed and has a complex thermal history, a detailed
description of which is given in chagtl.5.1 In-situ crustal anatexis within the core of the GHS has
resulted in the migration of partial melt and emplacemeigwafogranitic dykes and plutoas the
highest structural levelsome of which fobbw basal strands of the STDS.

The Main Central thrust (MCT), a leangle northwardlipping thrustfault, bounds the base
of the GHS and emplaces it above the underlying LH§. (L.2). The LHSis characterised by a
sequence of intercalated sedimentary and voloamits, CambreOrdovician 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 forédlaasinmolasse depositsy the
Main Boundary thrust (MBT) and the lower bound of the Siwaliks is the currantlye Main
Frontal thrust (MFT). Both the MBT and MFT are lamgle northwardlipping thrust faults thabn
seismic evidence, are believedctimverge with the basal detachment,MtéT, which is interpreted

as the plane along which India is currently underthrusting southern Tibet today (@ralyri996).

1.4.2. The Tibetan plateau
The Tibetan plateau (or 0 Ti b &ange)Fig.i1.4) arslihaswmat e d

surface area of ~3500 by 1500 km, a mean elevation ~5000 m (Fieldiig 1994) and a crustal
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thickness between 700 km (Wittlingeret al, 2004; Raiet al, 2006). The plateau is stturally
complex, having formed from the successive accretion of numerous microplates and island arcs to
the southern margin of Eurasia since Bagly Palaeozoi¢Deweyet al, 1988). The collision of the

Indian plate, closure of thdeoTethys Ocean andssociated formation of the Himalaya represent

the most recent of these events. Thus the plateau may be dividachumaber ofipproximately E

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

INDIAN PLATE - HIMALAYA ASIAN PLATE - TIBET
Lesser High Qiangtang
s Himalaya Himalaya Lhasa black block

North b ST
Himalayan ITSZ
gneiss domes

km N
N |

Gangdese
batholith

\ A S S -
AT plate Iowek st
S VlWer\@r}}s_vf\f =

<
SN/, NN NS

50 - '\f\“*:\'\‘}'rﬂr\%
USSR
~ A ~ N o=
= , 7 // PR
Indian lithospheric AR
P Mohg
mantle
100 - Asian lithospheric
mantle
[ siwaliks O] Greater Himalayan Sequence  [E] Pre-collisional (subduction-related) intrusions
. Tethyan sediments D Lesser Himalayan Sequence . Asian plate upper crust
Indian plate lower crust . Asian plate lower crust . Suture zone lithologies (mélange etc)

Fig. 1.3 ¢ Crosssection through the central Himalay@entral Tibetshowing the lithospheric structure and mai
geologic units (after Searitalds HaAamMAl 0 ® WEQ gAGKAY GKS DI { NBLNS

The Lhasa blocksi the southernmost tectonic blockTibet and is bounded by the ITSZ to
the south and the Bangohyjiang suture zone (BNSZ) to the norffid. 1.1). It was accreted to the
former Asian plate southern margin (t@gangtangblock) during theLate Jurassic (Dewest al,
1988). The Lhasa block is bounded to the west by the-latgrial strikeslip Karakoram fault, but
can be correlated across this structure with the Kohlsadakharc in northwest India and north
Pakistan $earle, 1996Robinson, 2009). Here, the BNSZ is referred to as the Shyok suture zone
(SSZ) or Main Karakoram thrust (MKTJhe Qiangtang block is located between the BNSZ and the
Jinsha suture zone (JSZ) andwias accreted to the southern Asigtate margin during théate
TriassicEarly Jurassic (Dewegt 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 (Tapponnietal., 1981; Yin & Nie, 1996). The Qiangtatdpck consists largely

of supracrustal rock#éhat surround a central ~600 km long by ~150 km wide tectonic mélange of
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blueschistand eclogitebearing blocks (Kappt al, 2003; Zhangt al, 200§ in a greenschidfacies
matrix of Triassic age (Pulleet al, 2011). Very little evidence of the tectonic processes operating
around the time dthe IndiaAsia collision can be found in these regions; hence, the tectonothermal
evolution of this terrane is not discusdadher. A crosssection through the Himalaya and central

Tibet (at approximately 90 °E) illustrating thejorfeatures described aboeshown inFig. 1.3.

1.4.3. The Karakoram Range

The Karakoram Range is approximgtéD0 km long and 13A50 km wideandextend in a broad
arc along the borders of Afghanistan, Pakistan, India and Cinpel(4). Geophysical studies of the
Karakoram Range show that very little seismativity occursin the upper and middle crust, with
occasional seismicity at depths ofi700 km (Chen & Molnar, 1983)ndicating that the upper
mantle is relatively cold (Brandon & Romanowicz, 1986). Caporali (2000) showed that the axis of
the range corresponddgth a line of large negative gravity anomalies580 mGal) and high heat
flow, suggesting the presence of a deggstalroot similar to that under Tibet today. As previously
noted the Karakoram Range is the lateral equivalent of the Qiangjlankin central Tibetand can
be correlated across the Karakoram fafdig( 1.1); however, unlike the Qiangtarock, extensive
crustal thickening, rock uplift and erosion in this region have produced extreme topography

largeexposures of deep crustal lithologies.
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Range (after Searle, 1991, Hildebrastdl., 1998, 2001, and Fraset 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 Kohlstdakh island arc in the
Late Cretaceous and the subsequeilisoon with the Indian plate during the Early Eocene (Searle
et al, 1991, 2010a). A crossection through the western Himalaya, Karakoram Range and western

Tibet (at approximately 780 °E) is shown irfrig. 1.5 illustrating major structural relationships.
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Fig.1.5 ¢ Crosssection through the western Himalayéarakoram Rangeestern Tibetshowing the lithospheric

structure and main geologic units (after Seatel., 2010a).

1.4.4. Red River shear zone

Although the effects of the collision of India with Asia are most prevaftettte aforementioned

regions (the Himalayahe KarakoramRangeand Tibet)deformation allegedly attributed to this

event caralsobe foundin distant parts ofoutheastAsia. One of thetectonic modelsommonly

usedto explain thetectonis of southeastAsia (and Tibet)ist h at of 6continent al
whereoy regionalscale strikeslip fault systemscontrol the eastward and sowghstward mtion of

largecrustal blocks away from the Indian indenter (e.g. Tappomtiat, 1986). In particular, left

lateral strikeslip shearing along the Red River shear zone (RRB&Bagaing fauland the Wang

Chao fault(Fig. 1.6) has reportedly accommodad displacemenbf the Indochina bloclby 500

1000 kmduring the Tertiarya range calculated from appareffsetsof geological markers along

each fault zon€Leloupet al, 1993, 1995, 2001; Tapponnitral, 1986, 1990, 2001).
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By contrast, other recent studies of major steke faults in Tibet and sdreast 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 al, 2008; Searlest al, 2010b, 2011). Despite this
disagreement, monazite and zircon ages obtained from both igneous and metamorphic lithologies in

the RRSZ indicate that stril@ip deformation was occurring during the Tertiary (e.g. &iral,
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2012). Such lithologies are exposed along the length of the RRSZ in four spatially distin@&@ENW
aligned metamorphic core complexes: the Xuelong Shan, Diancang Shan and Ailao Shan in Yunnan,
China, and the Day Nui Con Voi (DNCV) iNorth Vietnam ig. 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 rigdteral strikeslip motion (opposite in sense to
Tertiary movement) coupled with a component of -lwgle normal faulting along the margins
(Tapponnier & Molnar, 1977; Alleat al, 1984; Leloupet al, 19%).

As the timing of motion and total offset along the RR&2fundamental to the continental
extrusion hypothesis, accurately consiirgrthe timing of metamorphism and deformationthese
complexess of great importanceMany previous studies havedreunable to produce @herent
model for the formation ofthesemetamorphic unitshence a multidisciplinary investigatiorof
metamorphic and magmatithologiesfrom the DNCVwas undertaken ian attempt talarify the

relationshipbetweerthe RRSzo0 the HKTO (see chaptefs5.4and7).

1.5. Metamorphiemagmatic evolutiof the HKTO

The previouslydescribed regions contain metamorphic and magmatic rocksatbainheently

linked to deformation caused by thangoing India-Asia collision. This is most apparent when
examiningunits of the GHS, most of which have been transformed from sedimentary protoliths into
high-grade schistgneisse®r crustal melts. Studies dhis 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 similagtage
metamorphic rocs on the Asiamplate are unevenly distributeshdthusthe response in central Tibet

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

evolution of these individuakgionsis summarised below.

1.5.1. The QeaterHimalayanSequence
Numerous thermobarometric and geochronological studies of regional metamorphic units of the
GHS hae produceda 3stage tectonothermal evolution that, with few exceptions, is latopfgrm

alongstrike of the HimalayaA brief summaryof these stages is given below.
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Initial ultra-high-pressure (UHP) metamorphism (M1) of the northern margin of the Indian
plate isrecordedin coesitebearing eclogite that is exposed in two locatidhe KaghanValley,
Pakistan and the Tso Morari massif TMM), northrwest India.Parrishet al (2006) dated peak
metamorphism of the formeit 46.4 + 0.1 Ma (UPb zircon and allanite) & T conditions of >27.5
kbar and 720770 °C. The latter UHP locality (Tso Morari) hlasen studied by numerous workers
althaugh strong disagreement existsncerningthe timing of subduction and exhumation, and also
the calculated peak metamorphic conditicseeQ 6 B r i e for dis@igsiOipMafic eclogite from
this localitywas studied in this thes(shapter5) and asynthesisof the availablgpetrographic and
geochronological data is given in that section.

Subsequent crustal thickeniagd Barroviartype metamorphisralong the Himalaya resulted
in regional kyanitegrade metamorpém (M2) of the GHSthat peaked betweeo. 371 30 Ma,
identified from Ui Pb dating of metamorphic monazite (Walletral, 2001; Godinet al, 2001,
Simpsonet al, 2000) and SifNd dating of garnet growth (Vance & Harris, 1999%eak Pi T
conditions for thisevent rang between 812 kbar and 550680 °C (e.g. Vannay & Hodges, 1996
and others).Subsequentdecompression and heatirejong a clockwisePi T path resulted in
sillimanite-grade metamorphism (M3gxtensivemigmatisation andhe formation of leucogranitge
(Searleet al, 2009). U Pb ages of sillimanitgrade monazite mainly span the period betweedi
15 Ma (Noble & Searle, 1995; Seadeal, 1997, 1999, 2003Murphy & Harrison, 1999; Simpson
et al, 2000; Viskupic & Hodges, 2001; Cot#¢ al, 2009), thoughthe youngest leucogranite dykes
in the GHSarein Bhutanandare dated at c. 11 Ma (Bb zircon; Kelletiet al, 2009).Two notable
exceptions to this alorstrike evolution arghe Himalayansyntaxis regions; Nanga Parbat in the
west and NamchBarwa in the eastHg. 1.2). These regions contain higjtade migmatitic rocks
with extremely young (Pliocene) agesdicating that they have undergone distinct episodes of
deformation that do naklate tothe main body of the GHSThe easteridimalayan syntaxis region
(EHS) andthe adjacent Asian plate south Lhasa blfirkns anothecase study in this thesiand a
detailed discussion of its tectonothermal evolution is given in ch@@etalongside a comparison

with Nanga Parbat and tieain body of th&sHS.

1.5.2. ThelLhasa block
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The surface geology of the Lhasa block is strongly heterogeneous, with lithologies documenting a
protracted tectonometamorphic history prioy dod following its collision with India.Prelndia-

Asia collision metamorphism is documented by a discontinuous beiaf¢ and ultramafic rocks
situatedin the central Lhasa bloclover 100 km south of the BNSZ (Liu, 198&pllowing their
discoverythese units wermterpretedaseither tectonic slices of the BNSZ that have been displaced
southwardsalong lowangle thrust faults (Girardeaat al, 1984) or as evidence fan additional
suture within the Lhasa block(Hsl et al, 1995)that was previosly unidentified Samples of
eclogite from this belt were analysetty Yanget al (2009) who produced Permian agbestweerc.

292 242 Ma (U Pb zircon), with an average value of 262 + 5 Bladpeak metamorphic conditions

of 27 kbar and730 °C.As a resultof the concomitantidentification of an Ei W trendingband of
Carboniferous?ermian volcanic rockso the north of ths eclogite belt, the latter scenario of a
previously unidentified suture zone within the Lhasa block was advoghied

Consequently, e Lhasa block has been divided into northern and southern segments
separated by thisclogitebelt. The northern segment exposes vast regions dyitiat sediments of
Ordovician to Jurassic age (Yu & Zheng, 1979), suggesting that no significant dejanrakated to
the IndiaAsia collisionaffectedthe regionBy contrast, the geology of the southern Lhasa block is
dominated by the preollision Gangdeseompositebatholith, which is composed of subduction
related hornblendeand biotitebearing diories, granodiorites and granites, together with their
extrusive equivalent calalkaline andesites, rhyolites and dacites (Cheingl, 2005). U Pb zircon
dating shows that these subductietated units were emplacedetweenthe Jurassiand Early
Eocenewith the main episodes betweernl33 110 Ma anct. 66/ 57 Ma(Wenet al, 2008; Chiuet
al., 2009; Leeet al, 2009). Smaller postollisional intrusions arenostly adakitc andare sourced
from the melting of garndiearing crustal rocks (Chumrg al, 2003, 2005; Zhanget al, 2009.

In the south Lhasa bloaokxposures ofmetamorphic rocks are raratermittentexposures of
amphibolitefacies sillimanitebearing orthogneiss and garnet amphiboliteeHaeen reported by
Dong et al. (2011) to be of Triassiage €. 225 213 Ma; Ui Pb zircon) and are suggested to be
typical of the unobservable metamorphic di@crust The only kyaniteor sillimanitegradeunits
currently documented to be of Tertiary age are those reported in th&iBayi-Milin area in the &r

southeast of Tibet, in the immediate vicinity of the EHS (Zhahgl.,2010; Xuet al.,2010). These
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young rocks are therefoextremely importanto the investigation of the effects of the Indigia
collision on the south Lhasa blgchkndthey consgtute another case study in this thegssmore

detailedaccountof their metamorphic and magmatic evolution is given in ch&pter

1.5.3. TheKarakoram metamorphic complex

Rockswithin the Karakoram Rangthat lie between the Karakorarhatholith to the north and the
Shyok suturezoneto the south are collectively called the Karakoram metamorphic complex (KMC).
Two particular regionsf the KMC provide excellent exposure and have been targeted in the past for
detailed tudy (Fig. 1.4): the Hunza Valley in the west (Zeitler, 1985; Crawford & Searle, 1993;
Fraseret al, 2001) and the Baltoro region in the centmailitheast (Searle & Tirrul, 1991; Seagte

al., 1992, 2010a; Rollahet al, 2001, 2006)Although hese regions are along strike of one another
and are not separated by any major structural featuresapoessibility and limitegxposure in the
intermediate region does not allow for direct correlation of metamorphi ($earleet al, 2010a).
Lithologiesin the KMC consist of abundant marbles, metarls and calsilicates with subordinate
metapelites and orthogneiss units (Desio, 1964; Setdé, 1986, 1989; Searle, 1991; Rollaed

al., 2006). A brief outline fothe geological evolution of the Karakoram Range is presented below
however, discussion of metamorpleieentsutilisesmetapelites owing to their superior potential for
recording changin&i Ti t conditions.

Some wits of the Karakoram Range preserve aametrphic and magmaticecord that
predats the IndiaAsia collision. Early subduction of thieoTethys Ocean beneath the seuth
western Asian margin resulted in formation of the Karakdpatholith, a composite intrusiahat
containgl-type granodioritesquartz dioritesand monzogranitesith intrusion ages rangingetween
c. 95/ 105 Ma (Rl Sr whole rock Debonet al, 1987 Ui Pb zircon Le Fortet al, 1983, Fraseet
al.,, 200). Consequently, rocks of the Asian margin experienbghtemperaturecontact
metamorphism (MOQ) associated with magma intrusion (see cha@tdy. Such magmatism ceased
upon the closure of theShyok sutureand the accretion of the Kohisthadakhisland arc to the
Asian marginduring he Late Cretaceou@vahéoet al, 2004). This accretion event has been
interpreted to be responsible for a period of sillimagiede metamorphism (Mlhat occurred

between c. 8363 Ma (U Pb monazite; Frasest al, 2001; Fosteet al, 2004).1t shouldbe noted
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thatdata to constrain the duration of metamorphisr anel posiSSZ closure is lackinghereforeit
is possiblgbut unlikely; see chaptdr.5.2 that MO and MIconstituteone continuoughermalevert.

Following the subsequent closure of the Indutire and onset of the Indfssia collision,
thrusting of rocks to the southest resulted in extensive crustal thickening &mtroviantype
kyanite and sillimanite grade metamorphism (M2) betweerddi 22 Maat Pi T conditionsof 8/ 10
kbar and 600700 °C (UPb monazite and zircon; Allen & Chamberlain, 1991; Searle & Tirrul,
1991; Bertrandet al, 1988; Lemennicieet al, 1996; Rollandet al, 2001; Searleet al, 1989,
2010a).In the Baltoro regionhis event culminated iextensivecrustal meltingeading toformation
of the Baltoro Plutonic Unit (BPU) of the Karakordatholith This body containeumerousiotite
monzogranite and garnet twoica leucogranite componeritsat crystallisebetween c. 2513 Ma
(Ui Pb zircon and monazite; Parrish & Tirrul, 1989; Schéteal, 1990; Searlet al, 2010a). At
this timein the Hunza Valleyunrelatedprogradestaurolitegrade metamorphism (M3)eakedat
16.0 = 1.0 Ma (WPb monazite; Fraseat al, 2001).Most recently, exhurad metamorphic units in
the Baltoro regiorrecordsillimanite- and Kfeldspargrade overprinting of M2 assemblages, with
associated partial melting datedsa4 + 0.2 Ma (WPb monazite; Fraset al, 2001) and 6.7 + 0.5
Ma (Ui Pb monazite; @ith, 1993) at pressuréetweendi 7.5 kbar (Villaet al, 1996).

This brief summary illustrates ahmajor differences exisin the tectonothermal evolutioof
the Hunza Valley and Baltoro regiori®ocks from loth have been studied in thisesisin orderto
provide insight into the causes of such disparity and to fuetkglorethe effects of the IndiAsia
collision on the Asian plate margifResults of this work argivenin chapterd and prefaced bg

moredetailed account of the geological evolution of Kla@akoram Range as a whole

1.5.4. Red River shear zone

The relative timing, cause and supposed irg&tionship betweerhigh-grade metamorphism,
partial melting and strikslip fault motion along the RRSdre highly debated issues. In general,
such hypothesegnay be divided into two principal groupStudies that support the continental
extrusion hypothesis suggest that thigh-grademetamorptém and magmasim within each core
complex formed as a direct resulf Tertiary shear heating along the RRSZ in response to the

collision of India with Asia (Tapponniest al.,1990; Leloupet al, 1993, 1995, 2001, 2007h this
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mode| motion alongthe RRF and RRSZupposedly induced heating in the midiieer crust,

causing an increase in ambient crustal temperature of ~150 °C, leading to metamorphism and partial
melting (Leloupet al, 1995). However, a later study by Gilleyal (2003) showed through time
dependent conductive thermal modelling that up to 20 Myroatinual shearing would only raise
temperatures by 680 °C, weakeningbut not dismissinghis argument.

Other workers limit the RRF to the uppmiddle brittle crust (Searle, 2008ehet al, 2008,
complying with the Sibsce®cholz model of fault zanarchitecture (Sibson, 198@ndsuggest that
the RRSZ includes all of the ductiletieformed metamorphic rocks in the core complex. In this
latter interpretation, all metamorphic rocks in the RRSZ forchathg the Indosinian orogengtior
to strikeslip motion and have simply been exhumed as a result of fault matiothatcurrent
mylonitic fabrics hae been imposed onto previous metamorphic foliations and lineations (Jdlivet
al., 2001; Searle, 2006; Anczkiewia al, 2007; Yehet al, 2008). The Indosinian orogeny
represents the accretion of the Sibumasu continental block to Indochina/South China that occurred
between c. 25090 Ma (Metcalfe, 2009 and is poorly documented given the later reworking of
many metamorphic units and the generallyrpiegree of exposure throughout see#st Asia

Geochronological data obtained fraeachmassif along the RRSZupportthe existence of
metamorphic and magmatic episodes during both the Triassic and the T&diagxample, UPb
dating of orthogneiss dm the Ailao Shan and Diancang Shan massifs by Setrd (2010b)
revealedzircon cores of Indosinian agbetween c. 24239 Mg and rims of Oligocene age (c. 26
Ma), the former interpreted to repres@notolith emplacement and crystallisation and Buer to
represent a metamorphar magmaticoverprint. Additionally, in-situ Thi Pb dating of monazite
performed by Gilleyet al (2003) on DNCV paragneiss produced a latgtasespread betweea.
22021 Ma, with a significant cluster of young agesiveen c. 3%21 Mainterpreted asignifying
an episode of garnet growthlated toprograde metamorphism and datlef-lateral shearing along
the RRSZSamples of variably deformed anatectic paragneiss and granite tthgtagerecollected
from the DNCVhave been analysed in this studyorder to provide new insight into these disputes
through the combination afi-situ monazite geochronology and thermodynamic modelling of-high
grade metamorphism and partial meltifidhe results ofthis work are presenteth chapter7 in

addition toa more detailed description of tReTi t evolution of the DNCV and itsurrounding area
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2. Metamorphic petrology

The word dédmetamorphicbé was f i rteptto Norvayindheeady by
19" century to describe Palaeozoic sedimentary rocks that hadsbeena n g e das & resulthoé a t 6
the emplacement of Permian grarsigenite intrusions (Lyell, 1833, 183&estmark, 2011).
Subsequentvork has expandedn this initial notion (see chaptefl0.3; thus a more generalised
definition would describemetamorphismas the process by which a rock responds to changes in
ambient physical and/or chemical conditions. In the exinbf orogenesis, these are primarily
pressure ), temperatureT) and compositionX). Such changes induce physiochemical reactions

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

Char

and/or microstructureHence mi nerals and microfabrics observed

today are monitors of the changiRgTi X conditions over which those rocks formed. Tmcipal
aim of metamorphic petrology is to quantify the relativeabsolutechanges ithese conditions over
time and thereforainderstand the tectonic processes responsible. Furkight is gained by
applying temporal constraintsn these processes throughicrostructural analysis and isotopic
dating to provide a relative or absolufeochonology. This chapter outlinethe approachused to

extract suchPi Ti X information flom metamorphic rocks

2.1.  Introduction
The process of metamorphism acts to minimise
mechanisms, for example by the recnjigation of preexisting minerals into a new fabric or by the
growth of new mineralvia chemical reaction. Ultimately, a rock tries to reach a state of chemical
and texturakquilibrium characterised by a particular mineral assemblage that is uniquspéaiéc
Pi Ti X 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 lowedibtal free energy) in a rock at equilibm conditions Thereforeutilising petrological
techniques on a metamorphic rock is primarily a reverse modelling problem, where the geologist
desires to calculate tii#& Ti X conditions at which the observed mineral assemblage formed.

Despite metamorphi@cks striving to reach a state of mimihfree 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 statdis#quilibrium This situation is often prefable 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 infoation is provided about how the sample achieved (or
departed from) those conditionBr most casesthe tectonic interpretation of an outcrop would
significantly benefit from such informatiorBy contrast, equilibrium featurecan be used to
determine omerous points along R T path that a rock must have travelled; the interpretation of
which provides important geodynamic information about the tectonic processes respbnsitaer

to calculatethese Pi T conditions knowledge of the underlying thermgdhmic principlesof

thermobarometris requirec with the following treatment after Spear (1993).

2.2.  Thermodynamic principles
In a multi-phasesystem the thermodynamic potentialor work to be performed governs the
thermodynamicstate of tlat system.When onsidering the state variablés P and the number of
moles ¢ of componentsthis thermodynamic potential is referred to as the Gibbs free eri€@gy
For arock with a particular bulk compositipmumerouspossible phase assemblages could
theoreticallyexist at anyPi T conditionand the Gibbs free energy thfe system O  would be
differentfor each Theconfigurationwith the lowesfO is termedthe stable assemblagendwould
exist in a state of heterogeneous equilibriuall other assemblages with higher values@f are
descibed as beingnetastablelf 'O is notminimised the constuent phases in the system will act
to reduce the thermodynamic potentigl means oheterogeneous reactiopuring metamorphism
and deformation a rock experiesamany changes immbier Pi T conditions and willtherefore
undergo a series afontinuous and discontinuousactions in an attempt to achieve sequential
equilibria, each representative of the currstatte of thesystem

For arock comprised of four phas€A, B, C and D) at heterogeneous equilibriyrall phases
will have the samemperaturend pressurandthe free energy of the systemill be minimised As
there is no potential f6© to changeinder these conditionghen

Q0 m (2.21)

As"O is the sum ofhefree energies of all phases within the systitfiollows that:
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QO m Q0 Q0 Q0 Q0 (2.22)
If a state of heterogeneous equilibridsndisturbed by a change in ambidfitT conditions
subsequenphysical or chemical reactiemust occurbetween constituenihasego reacha new
equilibrium conditionat which pointhe free energy available for further reactidfO is equal to
zera In a closed system, total mass is conserved over the course of any reaction. A similar
relationship applies to the chemical g@utials * of phase components, whereby the sum of

chemical potentials of products is equal to the chemical potentials of reattastisexpressed as
L VIRS) YO (2.23)

Here, 0 represents the stoichiometric coefficient for each phase compdfénta reactionwhere
there arem phase componenté/here a phase exhibits solid solution between multiplenegithbers
(i.e. is impure) the chemical potential of each phasenponent is reduced from its pure state due to
the entropy of mixingas follows:

ol YYD (2.24)
In this relationship ¥ is the chemical potential ghasecomponeni atits standard state conditions
(purej at theP and T of interest),R is the gas constant (8.314 J-knol™), T is temperature (in
Kelvin) andd is the activity of a component in a given phase.

Combining equationg.2.3 and 2.2 4 produces the ftdwing relationship, wher&d is the
change in Gibbs free energy between-sranbers in a reaction and is the equilibrium constant
that relates the activities of reactants and products (see later):

Yo m ¥Yd YYD (2.25)
The complete relationship between pressure, temperature and phase composition at equilibrium can
be expressed as followSgear, 1998
Yo m YO j Y6 QY  YoQO
(2.26)

Here, Ch'Yio and 6 are enthalpy, entropy, volume and heat capacity respectively and these

thermodynamic properties are givenstandard state conditiord 298 K and 1 barFor volatile-
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absentmetamorphic reactions that occur in the subsolidus domain, this relationship may be
simplified significantly. Althoughd is a function ofT, theYd of a reaction is often negligie so
can be approximated to zero. Likewigfeall phases hava similar compressibilit then Y can be
assumed to be constant. This leads to the much simplified relationship:

YO m YO 0Yo "WY YYD (2.27)
This equationcan then be rearranged to exprebsh as a function off, P and the remaining

thermodynamic parameters:

D WY YO 0Yw

I 2.28
v (2.28)
Alternatively,this may be expressed as a thermomet9) or baromete(2.2.10):
. UYe YO . WY YYD Yo

For anyequilibrium values ofY’'0Y"Yand Y& may be calculated from experimentatigtermined
values for phases of interest amdd may ke calculated from the measured or assumed
compositions of reactants and products. Thus a univdii@ntepresenting a particulaguilibrium

can be positioned iRi T space, the slope of which is described by the Claw@ageyron equation

when considerig pure phasef.211) or those with solid solutio(2.2.12):

QL VY (2.211) Qu w (2.212)
QY Yw QY Yw

2.3. Thermobarometry

From thetreatment abové can be seen th&i T conditions & equilibration may be calculated from
observed mineral assemblages, provided that they reprefezieain equilibrium. However, the
extent to whichthis is achieved at various stagesan r oewdtufios relieson two important
factors: theimeavailable for equilibrium to be reached at a particB®&F condition and thecaleat

which equilibrium formgPowell, 1978) These two factors aosely related the more time that a

rock remains at a particul&i T condition, the larger the volume of theck thatshould beable 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 equilibriumn situation termetbcal ormosaic equilibrium
(ibid). In this case, careful pegraphic analysis must be used to determine the state of an

assemblage under consideratidmo main methods of investigation of changigli X conditions
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are often employedconventional thermobarometry and phase equilibria modelling. The choice of
method depend®n many factors, notably the extent of equilibrium observed in a sample, and the

methodology, advantages and limitations of éachniqueare outlined below.

2.3.1. Conventional thermobarometry

Although phase equilibria modelling has been suggestebetdhe most powerful method of
extractingPi Ti X information from a metamorphic rock (below), it cannot be applied uncritically in
all situations. Such examples includ@gescalemosaic equilibrium or when investigating rocks
where the bulk compositionsithought to have changed by an unquantifisdneount (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 allowsquilibrium P or T conditions for a mineral
assemblage to be calculated from the measured distritnitielements between particular phases.
Good geothermometers have steep slop& Thspace, a relatively largé'Yand a smalV and are
typically cation exchange reactions. Gagebbarometers have shallow slope®ii space, darge
Y& and relatively small ¥'Y and are typically net transfer reactioriBhe methodology for
thermobarometric calculation is demoastd by examination of equatidh2.8. Thermodynamic
parameter®ccurringon the right hand side of the equation, relevant to a specific reaction, may be
used to produce a linear relationship betwBeand T with a specific gradient. The equilibrium
consant on the left hand side provides a compositional constraint that determines the absolute
position of this calculated relationship Ri T spaceUsing a single geothermometefior example,
suggests that a mineral assemblage equilibrated somewhere adowgldhlated line. However
simultaneous solution of multiple thermometers and barometers allows calculatid?i dfpmint

where these individual equilibria intersect.

2.3.1.1.Geothermometry

The distribution of Fe and Mg between garnet and biotite is tempedgpendenandcan beused

as a geothermometer in suitable rocks. The catiahange equilibriuris expressed as follows:
KMg3AISiz01o(OH), + FeAILSiz01, = KFe;AISiz010(OH), + MgsAl,Si010

(2.32)
phlogopite almandine annite pyrope
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As thermodynamic data for most common mineraleeinbersarereadilyavailable (e.gHelgeson
et al, 1978), it can be seen from equati®d2.9 that the temperat of equilibration at a given
pressure is calculated simply with knowledge of for this reactionThe concept of the equilibrium
constant was first described by Waage & Guldberg
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 thereactantgeach raised firstto he power of its coefficient)Oéb.

Wd W& wd QO (2.32)
In the case of the above generic relationship between four ptfgsBsC and D)in a systemthe

equilibrium constantnay be written as

o — (2.33)

0w
And for the garnebiotite thermometer) is:
v T - (2-3-4)
O W

The compositions of minerals exhibiting solid solution arenofeported irmole proportions
of endmembers; howevethis is notequivalent toactivity unless mixing is ideal. For example,
aluminosilicate garnet (Al,SisO;,) is a solid solution between four entembers, where X is a
different divalent cation in ehgalmandine (Fe), pyrope (Mg), grossular (Ca) and spessartine (Mn).
Determination of the activity of each emiemberin a natural garnet requires an ionic model
describing the crystallographic sites over which cations may mix. For ideal mixingadfons on a
single site, the activity of each component is related to the mole fraction by equagon

®» o (2.35)

Here, the activity of componemtis the mole fraction of theationj 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 garnefor examplejs expressed as:

0Q
; ; 2.36
w © VOO0 QBmoUE (2:36)
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The calculation of enthember activities can become increasingly complbegrer minerals exhibit
cationmixing over several sites, whengixing is not ideal or it involves coupled substitumis (e.g.

Ts c her mak 6.sHoweverctheaenagtigities must be quantified in order to determine the
equilibrium constant and thus calcul&er T conditions of interestf ideal solutions are assied

for the garnebiotite thermometer thethe equilibrium constant may be written as:

e (2.37)
0w W

For the discussion of element partitioning between mineBalsar (1993) notes thihis commonto

use the term digbution coefficient 0  that is a reduced form of without any exponest

e o bgoa . - 2
b e b goa U (2.38)

Experimental investigation of F&g partitioning between biotite and garnet at constant pressure
guantifiesv andprovidesalink between the theoretical basisscribed abovandnatural samples.
Thus,Pi T spacemaybe contouredor values oftv for a particular reactiorfor example ashown

in Fig. 2.1a using the experimental data of Ferry & Spear (18%&he garnebiotite thermometer
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Fig.2.1 ¢ Distribution coefficientand equilibrium constantontouring ofP¢T spacefor (a) the GriBt thermometer

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

2.3.1.2.Geobarometry
While cation exchange reactions anestly temperature seitive, the consumption and production

of mineral speciegs strongly pressure sensitive if the product and reactant assemblages have very

43

METAMORPHIC PETROLOGY



different molar volumesi.e. densities)Here a reactiorhasa large Y andis a good geobarometer.
A common example is the garrauminosilicatesilica-plagioclase (GASP) barometiratinvolves
the exchange of Ca between plagioclase and garnet through the following relationship:

3 CaALSi,0g = CgAl;Siz0;; + 2 ALSIOs + SIO,

(2.39)
anorthite grossular kyanite quartz

Although the form of AISiOs usedhere is kyanite, any polymorph may participate in this reaction

As before,by assumingdeal mixing andsimple ionicsolutionmodels the equilibrium constanis:

0 (2.310)

As a result oluminosilicate and quartz both exhibitinggligible solid solution, their activities are

both set to 1 and are thus eliminated from the calculai@perimental data for this reactionviea

been reported by Koziol & Newton (1988), which allows the contouririgj dfspace folb . 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 plaughgpressurealong the isoline
labelled O p in Fig. 2.1b. More commonly, where solid solution occurs and the activities of
grossular in garnet and anorthite in plagioclase are reduced, rea8t®onccurs at lower pressure
conditionsand is defined by a larger valuewf (Fig.2.1b). Therefore, reasurement of the ratio of
grossular to anorthiteontentin the presence of quartz and aluminosilicate determines the value of

0 , which canthenbe used to findhe absolute pressure of equildtion for an assembladi an

independent temperature estimate can be obfained

23.13Single phase O6concentration thermobarometryd
Alongside cation exchange and net transfer reactions described above, an important and distinct type

of thermobarometer uses thaturation 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 obritéotite

(Henryet al, 2005), the Ti conterdf quartz (Wark & Watson, 2006) arde 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 phengitlggnneatet al, 2010).
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If saturation conditions are not satisfied, so that the mineral in question incorporates a less
thanoptimum concentration of the element in question, the calibration can provide limiting
constraints. For example biotite that hasrystallised in the presence of ilmenite or rutile with a Ti
content of 0.35 cations (per -®&ygen formula unit) and aXxMg = 0.5 suggests equilibration at a
temperature of 685 °C with an associated uncertainty of £ 23 °C (ldeaty 2005). If this aalysis
was taken in the absence of asaturating 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 Birald conditions of
equilibration, greater confidence is gained by the simultaneous solution of multiple independent
reactionswritten between enchember phases in an equilibrium assembi@gmwvell & Holland,

1994) In this studyhisis achievedisingTHERMOCALC version 3.33 and thermodynamic dataset
ds55 (Powell & Holland, 1988; Holland & Powell, 199®dated to August, 2094 AvePT mode.
Compositional analyses of phases judged to tegjinlibrium (atthe choserstage of metamorphism)
wererecalculated into enthember activitiesor this processisingthe program AX (Holland, 2009).

The AvePT function provides substantial advantages ouélising individual conventional
thermobarometsr in particular byproviding detailed statistical information on the reliability and
confidence level of the calculated result (see Powell & Holland, 198.information allows the
user to exclude data thate suspected to be of a poor qualig.d. from a phase not actually in
chemical equilibrium with theest of theassemblage)For calculations in this study, here fit
indices exceeded the maximum allowable value for 95% confidence, theesnider with thenost
suspicious input activity (largest)ewas removed and the calculation-men until all indices
conformed the & test, Powell & Holland, 1994Additionally, AvePTallows the user tanonitor the
sensitivity of results to aariable fluid compositionin carbonateor graphitebearingrocks AvePT
may be employedver a range of XKD (where XHO = H,O/(H,O+CQ,)) in orderto examine the
resultingPi T conditions or alternatively perform calculations in a fleathsent environmenthis
gives muckhmproved flexibility over conventional thermobarometers, which in some cases may be

only calibrated for particular rockspgs orfor 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 representbitajlgmn a phase
diagram. In this study, all such diagramere constructed usingHERMOCALC version 3.33 and
thermodynamic dataset ds@®owell & Holland, 188; Holland & Powell, 1998updated to August,

2004). THERMOCALC constructs phase diagrams bivieg sets of nodinear equations relating

to an assemblagthat represent balanced chemical reactions betweermmemabers of phases that

are in mutual equilibrium (i.e. they all satisfy equat®®.3). For each phase a system that
exhibits solidsoluion and contain®) endmembers, therare’Q p compositional variablesso

for 0 phases in an equilibrium assemblage, the number ofmemdbers of phases’Y and

compositional variables are determined by equatdhid 1and2.3.12 respectivéy:

QY (2.311) Q p YD (2.312)

The number of independent reactions between these phases is equal to the nuotbeopoérts
subtracted from the number of em@embers)Y 6, which is also equal to the number of unknowns
that can be solved for (Powell & Holland, 1998hus at equilibrium, there exist a total & 0
¢ variables, which is equal to the number of cosipanal variables (equatioh3.12) pluspressure
andtemperatureThe total number of degrees of freeddfd in the system is thieforethe number
of variables™Y 0 ¢ minusthe number of solvable unknowry 6 :

O 6 0 ¢ (2.313
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 interestrock have been identifiethe
various egilibria between those phases may be graphically presented in many wéysl Ahase
diagrand contains all of the phase equilibrim a system, so is able to define all possible stable
assemblages, phase proportions and compositiotise limits of inerest inPi Ti X space. The
number of axes required describe a total phase diagraepends upothe number of components
in that systemsuch that a total phase diagram in anomponent system would have axes of

pressure, temperature arid p independentcompositional axes. Howevegs the graphical
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representation and interpretation aflitnensional 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, whichadir2-dimensional.
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Fig.2.2 ¢ ExamplePcT projection(from Powellet al,, 1998).

Information from a total phase diagram can frejected onto an appropriate plane of
referenceFor example, projectionan be madé&om all compositional variablesnto Pi T spaceto
producea Pidpr oj ecrt i 6 pét r o Fgn2t Such prpjedticchshow all possible
equilibria betweenconsidered phases Ri T space althoughspecific 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 ofmemtspdimiting
their value for comparison with natural systems.

A total phase diagram may alternativelydsetionedwith respect t@nintensive variablgD,

“Yor * ) or extensive variabl€Y wor ¢ ). In the former casall calculated asemblagesvill lie in
the plane of the sectias the value of any intensive variable is equal in all phases. In the latter case
compositions of phasess the system do not lim a single sectiorteplaneand thecalculatedohase

diagram is referred to aspseudosections a resultThe most common (and useful) pseudosections
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are those where the sectioning variable specifidse syst emés andtthaltwo c o mp o s i

remaining variablegaxes)are P and T, yielding aPi T pseudosectionHg. 2.3). As such, the
construction of a pseudosection by solving sets oflimear equations for equilibrium relationships
involves the simultaneous consideration of sets of equations describing mass balance constraints.
These costraints require the phase compositions and proportions in each calculated assemblage to
sum to the bulk rock compositioAs a resultthe equilibrium state of théclosed)system may be
completely defined by two independent varialfiesesult known asddh e m6é s  .tHeneey @aehm)

Pi T pseudosection uniglyeportrays the equilibrium assemblages that occur in a rock composition
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Fig.2.3 ¢ ExamplePcT and T¢X pseudosectior{ffrom Powellet al.,, 1998).

An alternative form of pseudosection fixes eitlfeor T at a constnt value and consideas
compositional variable aximstead(Fig. 2.3). TheseTi X and Pi X pseudosections can be used in
many ways, for example to tebe sensitivity of phase relations to a compositional variglbieh as
XMg) and can provide brackets fthris value base@n an observed assemblage. Alternatively the
effects of metasomatism, retrogressive alteration and extraction or addition of mpeftiahay 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 arisesnfravhether themetamorphic

mineral assemblageeing usedchas achieved full equilibrium. The degree of equilibrium may be
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assessedualitativelyby textural (microstructural) criteridoatcan suggest which minerals are most
likely to represent a stable assdage. For example, minerals that have formed through retrograde
reaction (i.e. are not part of a peak assemblage) can be omitted from calculatopremtifative
assessment of equilibrium can be made with compositional criteria by simultaneously egployi
multiple thermobarometers. Here, all independent estimates of equilibration conditions should
convergeon a restricted region d®i T space if mutual equilibrium was achieved. This is commonly
achieved withprogramsthat can solve sets of independentctiems simultaneous)yfor example
THERMOCALC in AvePT moddas described in chapt2r3.1.9.

A limitation to both conventional thermobarometers and phase diagrams is the relance
idealised model systems, afebyomitted elements may significantly alter the stability of certain
phases inPi T space (e.g. Mn in garnet, Zn in staurolite, Ti in biotite). Consideratiosucif
componentsthat are otherwise unaccounted fean cause considerable departure fronméyly-
calculated conditionsThis also includes uncertainty regarding the oxidation state of certain cations

in a phase (in particular, the ¥4

ratio), which cannot be obtained through microprobe
analysis, so must be estimated or calculated ioth@n way. In the case of conventional
thermobarometry his problem can be circumventedy strictly following the compositional
constraints that are reportéat eachcalibration In addition, vhere thermobarometric calibrations
are formulated experimenkal(rather than empirically), extrapolation outside of the considefed
Ti X ranges may propagate uncertainty in an unpredictable fashion.

A somewhat unavoidable source of uncertainty results from variation in experimental
techniqgues and machine precisiondifferent laboratories worldwidé/alues for thermodynamic
parametersuch asH, SandV for individual phases are determined dfiychexperimentsand are
thereforesubject toboth random and systematic uncertainthis issue isavoidedin the case of
phase equilibria modelling whetarge datasetslightly adjust tkesedatawithin their error brackets
to make all valuesinternally-consisten{cf. Holland & Powell, 1998).

An importantsource of uncertainty for conventional thermobaroyné¢s in thechoice of
activity modelsthat areused todescribesolid solutions in minerals of interegtor examplethe

GASP geobarometeassumesonic solution models with ideal mixindowever, mixing in natural

garnet and plagioclase known tobe nonideal QOrville, 1972; Spear, 1993)More sophisticated
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modelsthatcan better replicate observed tragguireadditionaltermsto describe the excess Gibbs
free energy of mixing at intermediate compositions between twememibers such as activity
coefficients andinteraction parameterge.g. Green & Usdansky, 1986Although, these values
potentially carry large uncertainties themselves as a result diffi@ulty in constraiing them
experimentdy, they are employed in the vast majority of cases for actootypsition

relationships used in THERMOCALC.

2.4. Pseudosection construction and analysis

The construction and interpretation of pseudosections igréferred method of investigation of the
tectonothermal evolution of metamorphic rocks (e.g. Vance & Mahar, Fa88ell & 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 diffeREfit conditions for a samplspecific

bulk composition makes pseudosectiens t r e mel vy f |l exi bl e for examining
evolution. In addition, the ewémproving activitycomposition relationships for minerals (e.g.

Dieneret al, 2007; Whiteet al, 2000, 2005) and expansion of internalbnsistent thermodymnac

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 thermowbetry, where uncertainties on calculated

Pi T conditions arecommonly at least+1 kbar and+50 °C (at A1 ; Powel | & ).Hol | and,
Calculated assemblage fieldas a pseudosectidhat are relevant to observed assemblages may be

much smaller than these aforementioned errorsptherwiserefinementof Pi T conditions within

large fieldsmay be achieved bgorelatingobserved modal proportions and individoaimpositions

of phaseswith calculated valuesAll pseudosections presented in this study were constructed

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

dataset ds5@Powell & Holland, 1988; Holland & Powell, 1998; updated to August, 2004).

2.4.1. Model systems and activigomposition models
The model system chosen for thermodynamic modelling is a necessary simpfificht natural
chemical systenand the choice of compents is effectively limited by the activigomposition

relationships available for minerals of interest. The more components that comprise this model
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system, the better the resulting phase diagghauldreproduce the modelled sample.thisthesis
pseuwosection modelling was performed for samples from the Kbi@pterd), the TMM (chapter
5) and theDNCV (chapter7).

Sanples from the KMC were modelled in the 11 component systemiMagi CaQ' K,Oi
FeQ MgOi Al,Osi SiO:T HO1 TiO i O (MNNCKFMASHTO)  considering the  following solid
solution models silicate melt (Whiteet al, 2007), cordierite and staurolite (Mahetral, 1997;
Holland & Powell, 1998), garnet and ilmenite (Whéteal, 2005), chloritoid (Whiteet al, 2000;
Maharet al, 1997), chlorite (Mahaet al, 1997; Hollandet al, 1998), biotite (Mrbearing model;
White et al, 2007), muscovite and paragonite (Coggon & l&tal, 2002), Kfeldspar and
plagioclase (Holland & Powell, 2003), epidote (Holland & Powell, 1998) and magnetite (§¥hite
al., 2000). Additional pure phases inclddmdalusite, kyanite, sillimanite, rutile, quartz angH

Sample LO803A from the TMM was modelled in the 10 component system,®icCaCQ
K201 FeQ MgOi Al,O31 SiO,i HyO1 TiO,i O (NCKFMASHTO). Calculations at (U)HP conditions
consideed the following solid solution models glaucophane, actinolitand hornblende (Dieneet
al., 2007), diopside, omphacitandjadeite (Greeret al, 2007), muscovitand paragonite (Coggon
& Holland, 2002), talcand epidote (Holland & Powell, 1998), chloritoid, magnetite, ilme it
hematite (Whiteet al, 2000), chlorite (Hollanét al, 1998), garnet (Whitet al, 2007) plagioclase
and Kfeldspar (Holland & Powell, 2003). Pure phases indmdmozoisite, lawsonite, albite, rutile,
titanite, quartz, coesite and,®. Calculations at LP conditioredditionallyincluded solid solution
modelsfor cummingtonite (Dieneet d., 2007)andbiotite (Mn-bearing model; Whitet al, 2007).

SampleDNCVO0L1 from the DNCV metamorphic complexasmodelled in the 1tomponent
system MNNCKFMASHTO considerintpe followingsolid solutionmodels silicate melt (Whiteet
al., 2007), cordiete (Maharet al., 1997; Holland & Powell, 1998), garnet and ilmenite (Wigte
al., 2005), orthopyroxene (Whitet al., 2002), chlorite (Mahaet al., 1997; Hollandet al., 1998),
biotite (Ti-bearing model; Whitet al.,2007), muscovite (Coggon & Hollangi002), kfeldspar and
plagioclase (Holland & Powell, 2003) and magnetite (suprasolidus model; @{fite2002).Pure
phases includkandalusite, kyanite, sillimanite, rutile, quartz angdH

In eachcase not all considered phases were necessarilyutatked to be stabli@ the relevant

Pi T limits of each pseudosectiand some were included in order to define limits to assemblage
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fields of interest.Samplespecific detail regarding bulk composition calculations, thermodynamic

modelling procedures amggneral analyticalechniquess described in the relevant chapters

2.4.2. Bulk composition calculation

Pseudosection construction f ol lumiquebulkkRampasitods t heor
to be specifiedor each modelled sampleTHERMOCALC requireshis to be expressed in terms of
proportions of oxide components. The process of obtaining a bulk composition suitable for
modelling is norrivial, as the full (actual) bulk composition of a sample of metamorphic rock can

be calculated and subsequentlyueed in various ways. Technigques suchXasay 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 zéamipgrphyroblasts

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 includedthe model system and netdbe accommodated fon 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; Carsoret al, 1999). In this way, theactual bulk composition is manually
reduced to anodellablebulk composition by the omission of unmodellable phases. Crucially, this
method allows for accommodation of partial disequilibrium whekypains judged on textural or
compositional criteria to be out of equilibriumith 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 ecatildr volume, they are excluded
from theeffectivebulk composition. This method also ensures that the compositions and proportions
of phases calculated through thermodynamic modelling may be directly compared ton ttiese
thin section of interest. Afi¢ calculation of an equilibration volume, and hence the effective bulk
composition, is the primary control on the geometry of a pseudosection (Stiwe, 1997), all bulk
compositions were calculated using this latter method. Modal propodiamnsidered phsesvere
obtained through analysis of thin section and SEM BSE images of representativEigrea) (the

latterusingthe area calculation tool provided in the SEM imaging software
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Pl 39.30 %
Other 14.85 %

Fig.2.4 ¢ Example SEM BSE contrast image used for modal proportion calcukdtiongh inspection of individua

mineral species count intensity. These proportions are then used in bulk composition calculations.

Representativeampositions of each relevant mineral species were obtained thRiyh
microprobe analysis following the techniques describelielow in chapter2.4.3 Where phase
compositions varied throughout petrographic positianalyses were chosen of phases that were
judged to be ifrmutual equilibrium with each other at the desired conditions e.g. mica from the
matrix foliation instead of included grains for the calculation of @&k conditions. Garnet was
commonly obsenato be internally chemically heterogeneous and a compaitontribution was
obtained by the integration of concentric shells, assuming spherical geometry.

Accessory phases containing components outside of each model system were not considered
for thebulk rock composition calculatiorfs.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, activitpmposition relationshipr use with nternally-consistent dataset
ds55 mostly considemajor rockforming minerals although thermodynamic modelling of zircon

has been successfully undertaken by Kelsey & Powell (2011)

2.4.3. SEM-microprobeanalysismethodology and analytical conditi®

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. Representailished thin sections were chosen for
further examinationin order to obtain mineral compositional déba use in thermobarometry and

phase diagram construction. All chemical analyses were performedumithersity of OxfordEarth

Science Departmeninoa JEOL JSMB40A SEMmicroprobeequipped with an Oxford Instruments
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Isis 300 energylispersive analytical system. Operating conditions were consistent for all analyses
including a working distance of 15 mm, an acceleration voltage of 20.8nkva beamuwrent 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 @Fection procedure was applied. Each point
analysis was performed fa 100 secondive time and multiple analyses were obtained across
individual grains and throughout each sample in order to determine the extent of chemical
heterogeneityCompositionaprofiles across garnets were determined by accumulating counts along
a 256channel line scan for approximately 45 minutes. The profiles were corrected for background
counts and calibrated against six point analyses taken at known positions along aépader to
calculate mole fractions of garnet emgémbers. 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 grairtg 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 (Deeret d., 1992) whereas mica compositions were calculated to a total of 11, egidoje
minerals to 12.5, amphibole to 23, chlorite to 28 and staurolite tixy@ens For hydrous phases,
H,O contentwas assumed to be present in stoichiometric amounts (efarepiotite in sample
DNCVO01,; seechapter7.4.1). Amphibole analyses were transformed to the general chemical formula
AB,"'C5"V T0,,(OH), according to the method of Leakeal (1997) to allow estimation of Eeand
individual cation site allocations. For all mineral species aside from amphidedes stoichiometric
criteria can be appliedhe proportion of F&/FE”® was calculated frofSEM-microprobeanalyses
using the software AX (Holland, 2009Mineral compositions presented in tables that show a
proportion of FgO; represent original SENhicroprobe analyses that have been recalculated
through AX in order to calculate this valudl mineral abbreviationgn thetext, figures,and tables

of this thesidollow the guidelinesigen by Whitney & Evans (2010).
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3. Ui Thi Pb geochronology

In the late 19 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 ,4@&edaupon the

length of time required for a homogeneous molten Earth to cool to its current surface temperature
(Kelvin, 1863). Critically, however, Kelvin did not considanvection in a layereBarth nor did

he envisageany additional sources of hedts a resuleven the upper limit of this range fell far short

of that required to account for many geological phenomesaght intothis young Eart hé pr ol
wasprovidedapproximately30 years later by therénch chemist Henri Becquemgho accidentally
discovered radioactivity whilst investigating phosphorescence in uranium salts (Becquerel, 1896).
Subsequent investigation of this phenomenon hasahagjorimpacton the field of geology as
radioactive decay providex means by which the age of the thaor individual rocksn it, canbe
determined absolutelgnd thus allow the timescales and rates of major tectonic processes to be

measured accuratelyhis chapter summarises the methodology and scope of this technique.

3.1.  The principles of radioactiveegay

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 nuclidén addition the rateof 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 6parentdé is ap
chainwhichul t i mately produces a stable 6daughterd ato
intermediate radioactive nuclideslietween.

The rate of decay of any parent atondiectly proportional to the number of those atoms
0 presentin the system at any tinte through the following relationship:

Q0

—8 0 3.11

a5 (3.11)
Variation in the rate of decay of different elements is represdmtezh associated decay constant
_ ,which is assumed to have remained unchanged over the whole of Earth history:

Q0

2ot 3.12
a5 = (3.12)
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This equation can then be rearranged to relate the number of parent atoms present at srogtime s

I

If no radiogenic daughter atorase present at the start of decay 71, then the total number that
have ben produced by decay>” at any time can be relateddo via the following relationship:
O 0 p Q (3.14)
Alternatively, if the original number of parent atoms is unkno@nmay then be related simply to
0 by rearranging and substitutieguation3.1.3
O 0Q »p (3.15)
In the latter case, which is relevant to most geological problems, the total numbegbfetd atoms
‘O present in a system is the sum of those initially pres@nt at the start of decay and those
that have been produced as a result of the decay process:
(0] 0o O (3.16)
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:
(0] o 0Q »p (3.17)
Analysis of a sample via mass spectrometry allows measuremént @nd( , wherea$D may be
assumed or calculated basmathe known behaviour of individual metamorphic minerals. As the
decay constant for a particular radioactisetope is known, this equation may thensblred ford,

allowing the calculation of an age since decay initiated.

3.2. Ui Thi Pb systematics

Uranium has three naturally occurriradioactive isotope$>2U, ***U and®**U, althoughonly #*%U

and % exist in stficient abundance to besel for geochronologyTable3.1). These two parent

isotopes ultimately produce the stable daughter isofSfféisand®’Pbthroughthe@ ur ani um ser i es
andéact i ni tespectvely”fUeesists solely as an intermediate nuciidiéhe uranium series

(Fig. 3.1). Thorium exists in nature almost exclusively’¥§h and ultimately produces the stable

daughter isotop&%Pb through thé t h og é ru(Rig.8.9.
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Isotope Abundance (%) Decay constant (A) Half life (yr)
238 99.274 1.551x 1010 4.468 x 10°
25y 0.721 9.849 x 10710 0.704 x 10°
232Th 100.000 4.948 x 101 14.01x 10°

Table3.1 ¢ Properties of the maimadioactiveisotopes of U and T¢irom Wetherill, 1966; Steiger & Jager, 1977).

The total decay schemes forh e s e

of energy as follows:

Although intermediate daughter nuclides exist in these decay sslfeignes.1), the half lives of the
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(3.21)

(3.22)
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SSi

parent U and Th isotopes are many orders of magnitude longer than these products (Faures 1986).

such the production rate of each stable Pb isotope is limited by the rageaf df each parergpU

and Th are effectively considered to decay directly to Pb in a statecafled secular equilibrium.
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Fig.3.1 ¢ Schematic representation of tf&%U, 2°U and

207T|
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half life, with darker shades representing longer half lives.

The production of each daughter Pb isotope is defined by the following governing equations, where

‘Thorium’

series

B

a 228 a
4010 AC 5.4,

MeV 615h

B

B

ZIZPO

3x107s

ZIZBi

101 h

a
6.051
MeV

287

3.05 min

a
8.784
MeV

concentrations are normalised to0 qthe solenonradiogenic lead isotop@aure, 1988)
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Three independent ages may be obtained by solving these equations for time, all of which should be
similar within error ¢oncordan}, provided various conditions are met. Where thess dgenot
agree (araliscordanj, any of a range of factors may be responsible; the causes of this discrepancy

and the interpretation of such datediscussed below.

3.3. Uncertainty on calculated agasdthe interpretation of UPb data

The accuracy and rebdity of a calculated agdependon 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 equaiisi8.26 it can be een 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 relevantalg constant is precisely known and has rematined
sameover the whole of Earth history. If these conditions are met, ages calculated from equations
3.24i 3.26 will be in agreementet, as this is often not the case, a variety of methods have been
develped to assess the reasons behind disagregarahtid the interpretation of discordant data.

The U Pb isotope system is uniquely useful for dating of geological matedaalsvo
independent age determinationan beobtained through a single measuremeftU and Pb
concentrations in a minerélia the uranium and actinium decay seri@$)e classical interpretation
of such U Pb datais performed on a Wetherill plot, which plot¥Pbf*®U concentration against
2%pp733y concentrationRig. 3.2a). The solution to equatidhl.5 for both WPb 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.rBéstcanalyses may plot either above

or below concordia and are interpreted using a straight lindibgstlled discordia) plotted through
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these pointsKig. 3.2a). Discordia may occur on a Wetherill plot aseault ofcontinual or episodic
loss ofPb (or gain of U¥rom the analysed minerat some time after initial crystallisation. This is
commonly as a result of a higamperature metamorphic overprint reaching conditions above the
closure temperature of theineral in question and allowing for open system behaviour of U or Pb
through cation diffusionThe discordia choranay intersectoncordia curve agither one orttwo
locations The upper(older) intercept which should always be preseistjnferred to epresent the
time of initial formation of the analysed minerals and whérPb decay bega(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 metamorphicegprint(Wetherill, 1965b)

Although the Wetherill plot is used extensively for the interpretation of Precambiidh U
data, the curvature of concordia becomes extremely figgaRhanerozoic agespproximating a
straight line for Ertiary ages and youngeks a resultdiscordia chord$or such young analyses can
plot subparallel to concordia, hindering interpretation and leading to large uncertainties for

intercepts. It followsthereforethatthis plot is unsuitabléor theanalysiso f 6 Hi mal ayané dat a

1.0 04
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Fig.3.2 ¢ Idealised plots for the interpretation dficPb dataillustrating associated nomenclature (a) Wetherill pl

(b) Terawasserburg plot.

An alternative method of interpretation for such young @aperformed on a Tel&asserburg plot,

which plots Pb7°Pb concentration againgt®U/*°®Pb concentration Fig. 3.2b). Due to the
different gradient of curvature of concordia on a TWasserburg plot, sigitantly higher
resolution is obtained vem 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 allontriacrystalline diffusion of U and/or Pb and so modify
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the 22'Pb7°Pb and®®U/***Pb ratios acquired at the time of first growth. Alternativelycauseof
discordia thatesultsin data points trending towards the origin on a TWi@sserburg plot is thaff
6 e x &b shere a disequilibrium amount of daught®Pb is present, when compared to the
amount of parent®U (Fig. 3.2). This mayresult from either the incorporation rfdiogenic?*°Th
during monaze crustallisation, an intermediate isotope in“tfiei ?°Pb decay schemeig. 3.1), or
by inclusion ofadditional?®Pb that was produced during an earlier (and presumably disparate)
episode of*®U radiogenicdecay. The former case is more likely as Th and U are considerably more
compatible withmonazitethan Pb(Parrish, 199Q)however, eithemay cause a wide spread of data
if different graingor internal domains) behaved significantly differemtlyring crystallisation.

Data populationson TeraWasserburg plotare interpreted with straighihe regressions
t er ntendmomdlead r aj ect ori esod. Upper intercepts for
initial 2°’Pb7°Pb ratios obtained during crystallisati¢cf. Stacey & Kramers, 1975), or calculated
where analysed monazite contains sufficient variati@oinmon leactoncentrations throughout the
grain. Such trajectoriesan alsobracket durations of crystallisation for protracted metamorphic or
anatecticevents €.g.Kellett et al, 201Q Palinet al, 2013. TeraWasserburg plots angsed in the
analysis of all WPb geochronological data in this study, with sangplecific methods used to
interpret ages and their geological implications. Detailed accofittese individual interpretation

methods are provided in chap&$56.2and the relevant regional study (chap®r7).

3.4. Monazite geochronology

Monazite is a rare earth element (REi#)osphatecommonly foundas an accessory minerial
metaluminous and peraluminous granitic and metapelitic rocks (Spear & Pyle, 2002). It is often the
mineral of choicefor geochronological wdér on these lithologies due to its propensity for
incorporation of high concentrations B andU (Kohn & Malloy, 2004) alongside very low initial
concentrations o€ommon leadParrish, 1990). Monazite is also extremely resistantit®hUPb
internal diffision at temperatures less than 900 °C (Chereialal, 2004), which can allow
successive phases of growth to be recorided rock that has undergone multiple metamorphic
episodes (e.g. Kohet al, 2005). Furthermore, geochronological analysis ussirgiu laser ablation

from thin section can provide a robust petrographic context to any age data oteajnEdster &
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Parrish, 2003; Fostet al, 2009. For example, mnazite includedn garnetcanpotentialy become
isolated from the reacting matriXJawving evidence of former metamorphic events to be preserved,

even if matrix crystals are partially reset during subsequent metamorphism (Btaaltg2000).

3.4.1. The occurrence of monazite in metasedimentary rocks

Isotope geochronology allows a geologisé taluable opportunity to assign absolute ages to a
metamorphic or igneous rock by dating the radiogenic minerals within. By associating these ages

with calculated®i T conditions of metamorphism and deformation, insight is gained into the tectonic

processe involved in its formation. However, it is the responsibility of the geologist to make
interpretationson exactly what those ages signify, avoiding common pitf&#ts examplean age

obtained from a grain of monazite includada garnet does not necasfy 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

i n the r oc kmdjer mimdrasgrowth)yThi§ ren rgi. vi al atquwebsati opmoiént i n a
metamorphic history did a particular grain of monazite gpo has i nvoked i ntense
years ands activdy researchdtoday The current understanding of this problsnoutlined below.

Monazite has been reported in a range of metasedimentary rogkstaiove the
greenschisfacies (Spear & Pyle, 2002 and references therein) and is thought to be involved in
metamorphic reactions with major (e.g. Foster & Parrish,32@®mhn & Malloy, 2004) and
accessory minerals (e.g. Fingdral, 1998; Fosteet al, 2000). In general, albeit strongly dependent
on bulk composition, monaziten metasedimentary rocks occurs both at-lawd highgrade, with
allanite more stable attgrmediatePi T conditions.In many cases, some monazite gram$ow-
grade metasedimentary rocks may be detrital in natuthegsareable to withstand sedimentation
and diagenetic processes (Morton & Hallsworth, 1999). Although such grains are expected
become unstable during the early stages of metamorphism (below), detrital monazite has also been
reported from greenschist and amphibeléeies terranes (Williams, 2001; Krerat al, 2008)

While these detrital grains have only minor use for geodogical analysis of their host rocks,
metamorphic overgrowths on inherited grains have also been reported €taalt2008) and as

such can be valuable for age determinatioAs.detailed study of detrital monazite from
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metamorphosed sandstones andgtmmerates by Rasmussen & Muhling (2009) showed that such
grains are commonly pseudomorph®d(or recrystallise intbmetamorphic monazitend are often
associated with neocrystallised chlorite, quartz and sericite.

With increasing metamorphic grade, alta commonly takes over frormonazite as the
dominant REEbearing accessory phase (Spear & Pyle, 2002). Mass balance calculations performed
on a range of metapelitic rocks by Yang & Pattison (2006) etdhat garnet and other major
silicate minerals do at contain sufficient REEs to be initial legrade precursors to allanite
formation. Instead, textural evidence of allanite forming at the expense -grémle monazite has
been documented at 450 + 25 °Eig( 3.3), roughly coincidental with the appearance of biotite
(Wing et al, 2003) or chloritoid (Janott al, 2008). Several reactions have been proposed for this
transition basean commonlyobserved mineralogical associations in rratls (reactior3.4.1;
Wing et al, 2003), metapelites (reactiBm.21 unbalancefdJanotset al, 2008) and metapsammites
(reaction3.4.3; Rasmussen & Muhling, 2009):

3 monazite +3 muscovite +8 ankerite +4 siderite +9 quartz +2H,0 Y (3.42)
3 allanite +3 biotite + apatite 20 CO,
monazite + chlorite + anor (342
allanite + xenotime + apatite + chloritoid + fluid
3 monazite + chlorite #1C& +4quar t z Y (3.43)
3allanite + apatite ©.06huttonite +1.5 LREE®*

The reverse of these reactiooan producdow-grade monazitdrom allanite breakdown during

retrograde metamorphism aaanthusdate thetiming of exhumatiorthrough the ~450 °C isotherm.

3.5
30 Preservation of allanite
L Q— O —
€ ¢
Q 20 &3
2 New growth of monazite E g
ro) 15 L (+ xenotime) 5P
V] o_o g Shaw (1956) average pelite = CaO/Na,0 ~ 1.26
O—=>O—"Q 85|~~~
L J Ry —
10 o®
= Matrix allanite breakdown to form monazite
05 | 2 B anS
- K
0.0 I | l I I o IQ?’ @ I
250 300 350 400 450 500 550 600 650 700

Temperature (°C)

Fig.3.3 ¢ Temperature and bulk rock CaO/jTacontrols on monazite and allanite stabiliafter Janotset al., 2008)
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Monazite may reappedm a metasednent 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 (Jambtal, 2008). The stability of allanite with
increasiy grade is strongly dependemt rock bulk composition and it may alternatively persist to
high-temperature in highCa metasediment$ig. 3.3). In low-Cabulk compositionsmany studies
have noted that the tratish occurs in the middle amphibolfacies, coincident with the staurolite
or kyanite isograd and facilitated by the simultaneous breakdowibe&fng phases such as apatite
(Spear & Pyle, 2002; Kohn & Malloy, 2004; Janetsal, 2008 and others)lextural relations
observed in metapelitic bulk compositions by Wiegal (2003) suggest that tHermation of
monazite from allanite coincides with the first appearance of -0iA¢ h mi ner athatr eact ant
all rocks with metamorphic monazite also t@n apatite, muscovite, biotite, plagioclase and quartz.
From thisthe followingamphibolitefaciesreaction was proposed:

3 allanite + apatite + muscovite4tandalusite/kyanite Bqgu ar t z (3.449)
3 monazite + biotite 8 plagioclase 2 H,O-rich fluid

Recent attempts to replicate thes®naziteallanite relationships with phase equilibria
modelling have met with partial succe83.Ti X pseudosection construction in(2- and CgOs-
bearing model systems by Janetsal (2007) and Spear (2010) have reproduced the observed
dependence of the prograde allamitenazite transition to CaO and 8% bulk rock contentThe
latter studyusedthe average metapelitic bulk composition of Shaw (1956), which contains 2.17 wt%
CaO and has a CaO/paratio of ~1.26 ¢f. Fig. 3.3). Initial modelling in the minimum CaeQ
Al,Osi SiOoT H.O1 P,Osi Ce,03 (CFASHPCe) gstem suggested that the transition occurreuigit
temperaturg~725 °C at 5 kbar), whereas halving the total CaO gretglyilised monazite, with the
transition occurringnsteadat <450 °C(Fig. 3.4a). Coexising monazite and allanite were calculated
to occuronly in alimited region of Pi T space (dark grepand in Fig. 3.4a). In a more realistic
model system for natural samgléMnOi Na,Oi CaQ K,Oi FeQ MgOi Al ,Osi SiOsi H,O1 P,Osi
Ce03;, MNNCKFMASHPCe) this transition was calculated to lie between D °C at 510
kbar (ig. 3.4b), too lowgrade to account for monazite appearances at staurolite and kyanite
isograds as documented jpsevious studies. It is clear from these results thétdu investigation is

requiredbefore these phases can be successfully modelled in this way.
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At highergradeconditions, sufficient for partial melting to occur, the behaviour of monazite
is debated. Some studies suggest ghains becomenstable and dissolve into early formed silicate
melt, recrystallising on melt solidification (Hawlkir& Bowring, 1999; Rubattet al, 2001).Yet,
other studies report through laboratory experiments that monazite has a relatively low solubility in
peraluminous melts (Wolf & London, 1995; Montel, 1993) andgmatectic (prograde) monazite
may be preserekalongside younger grains thfarmed from partial melting processes. Chemical
characteristics (belowgandiscriminate between different generations of growth in these cases.

It can be seethat thePi T conditions at which a particular grain of monaxzitight first form
or laterrecrystallise varies greatly according to rock type and bulk composition, hence interpretation
requires careful investigation on a sarmgpecific basis. Although textures suggestiveaiticular
monaziteproducing reactions arpot always presenin-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 diagnosticcompositionatharacteristics outlined below.

3.4.2. Monazite chemistry
Monazite, described by the general composition (REE)RB@omposednostly of the LREESs La,

Ce and Nd, which make up ~75% of the cation total, excluding P (Spede&2P92). 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 substittteef&@REESto
producea solid solutionseries withxendime (YPQ). 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-fnlthsit®;

Spear & Pie, 2002). These replacements lead to enrichment in the huttonite (Jla8uzheralite
(CaTh(PQ),) components respectivelgnd it is these substitutisthat producethe compositional
zonationthat is commoin many monazite grains.

Many previous stuéis 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. Fosteet al, 2000 and others). In particular, the combined HREE and Yecbof
monazite may be linked to episodes offiation (or breakdown) of garn@tang & Pattison, 2006).
During prograde metamorphism garnet incorporates
in preference to other RHERearing minerals (Pyle & Speal999; Fosteret al, 2000).
Consequently, if monazite growth occursfore garnet nucleation then it will typically have a
significantly higher Y+HREE content than a similar grain that forh&ghg or after garnet growth
had occurred (Yang & Pattiso2006). This relationship is useful meterminingthe timing of
monazite growth in subsolidus mptdites where the prograde allaniteonazite transition may
overlap with periods of garnet growth through the amphibtditées. Likewise, where peritectic
garnet is produced in mgtelitesthat have undergone partial meltjity subsequentplacement by
biotite (as a result obackreactionupon melt crystallisatioh would liberate Y into the reacting
matrix and allow for the growth of Y(+HRE&ich monazie (Pyle & Spear, 2003; Kohet al,

2005). Compositionalanaly$s of monazite s undertakenin three of the four regional studies
presented in this thesim order to provide constraintsn the timing of growth through the

characteristics described abdv® 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), Okwo separate occasions. On each
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occasion analyses were performedadatifferent mass spectrometer; a summary of data obtained and
procedures undeikan for both is presented below. A more detailed accounteoknical

specifications and operating conditsis given in Appendixd1.3

3.5.1. Analytical techniques, methodology and operating conditions

Prior to geochronological analysis, investigative chemical and textural examination of monazite was
performed at theJniversity of OxfordEarth Science Department on a JEOL JSMA SEM
microprobe with working conditions and techniquess describedin chapter2.4.3 Internal
compositional domains, where present, were identifiedutth 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 sdt individual domains were analysed in order to avoid or minimise
potential mixing of different age3he accurate measurement of many HREE was often impossible
due to extremely low concentrationstire majority ofgrains However, Y content may be usas a
reliable proxy for HREE concentration in metamorphic monazite (e.g. Fetstdr, 2000, 2002)

given the similaionic radi of Y*" andHo in 8 and 9fold coordination(Atkins et al, 2010 and

was used as such in all cases in this study.

3.5.1.1.Nu PlasmavCi ICPi MS

Monazite from samples ET@®%, ET0906 (chapter6) and K146 and 2099 (hapter4) was
analysedn-situ from thin sectionin July 2010on a Nu Plasmanulti-collector inductively coupled
plasma mass spectrometer (MCPi MS) coupled to a New Wave Research UP193SS laser ablation
systemOnly Ui Pb data wrecollected on this mass spectromefen.| at i on spot -sizes of
199) , 15 em ( K1 4@andETA%6)Rebe usediue (o EaFidtidn in average grain
size and target domains. In all casé$”b data wre normalsedto the primary monazite reference
materialdMManangot &y Ma 25D9, IDTIMS 21 ?Pb age; NIGL irhouse data
Appendix11.4). Separatednonazitesrom samples DNCV02, DNCV09 and DNCV16hapter7)

were analysed from mounti& June 2010 on the same Nu Plaswh@i ICPi MS by RR. Parrish
usinga s pot s i Wieéb dath welehormatd to the primary monazite reference material

6 Mo a &¥516H1.4Ma (2 S.D.), IDTIMS #*®Ui 2°Pb age; NIGL ishouse dataAppendix11.4).
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3.5.1.2.Nu Attom SC' ICPi MS

Monazte from samples ET207, ET1009, ET1010, ET1013, ET106183, ET0902 (chapter6) and
DNCVO01 (chapter7) was analysedn-situ from thin sectionin February 2012ising a Nu Attom
singlecollector inductively coupled plasma mass spectrom@er ICPi MS) with a New Wave
Research UP193FX laser ablation syst®fonazite was anaped with an ablation spot size of 20
em di sandebdtleWPb and ThPb data were collectedll Ui Thi Pb data were normaéd to
the monazite ref &i2dhkoMa@s.D.p DTIMS >0 BPbaaverage ade;

NIGL in-house dataAppendix11.4).

3.5.2. Data interpretation

The interpretatiorof all Ui Pb data vasperformed using Ter#asserburg plots to allow for variable

common leadRegressionsor samples K146, 2099, ET0905, ET0906, ET1018a, DNCVO01,

DNCV02, DNCV09 and DNCV1@ssumed *Pb/°Pb ratio 0f0.83 + 0.02aseddn the predicted

initial lead composition for Phanerozoic mineral growth (Stacey & Kramers, W@#5easample

specific °’Pb/°Pb ratios 6ér samplesET09-02, ET1007, ET1009, ET10-10 and ET10-13 were

obtained from peak metamorphic minerals that contain minimal common Aeadageanalysis

correction valuesvere normalised to the reference material NIST612 (Woodhead & Hergt, 2001)

and weremeasured to bed.85 + 0.02 (ET0®2, muscovite and biotite)).83 + 0.02 (ET1@7;

biotite), 0.83 £ 0.02 (ET109; biotite), 0.85 = 0.02 (ET100; muscovite and plagioclase) and 0.72

+ 0.04 (ET1013; muscovite and biotiteY-he calculatedaccuracy of*%Ui ?°Pb ages is within 3%

according ® secondarymonazitereference materials (see Appendik.3. Interpreted®®®Ui *°Pb

ages are basarmh TeraWasserburg plategressioathrough coherent populationgpresent. Wiere

Ui Pbdatacould notbe intepretedusing this methaddurations of crystallisatioare delimitedwith

general age limitscf. Kellett et al, 2010); absoluterrorsareonly givenfor regressed populations

with a calculated MSWD valudll quoted uncertainties and ellipses on Féfasserburg plots are

at the 208 confi dence edthetismplobBxtel addndLudavig,l2008).al cul at i or
Analyses on Nu AttomSC ICPi MS colleced both UiPb and ThPb data so allow

independent age determinations tonfedethrough the WPb am Thi Pb decay schemes. However,

the preferential incorporation of Th in place of U can result in significant amounts of radiogenic
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230Th, a daughter nuclide in tH&%Ui ?°Pb decay chain, being incorporated during crysetin
(Schérer, 1984). Consequlgnthe resultant exce$8Pb causes calculatéfUi 2°Pb apparent ages
to be older than the true crysta#ltionage, this effect becoming increasingly significant in Cenozoic
monazite (Scharer, 1984; Parrish, 199%).the TH Pb system is unaffected bbhis disequilibrium,
23211 2%%ph ages should be the most reliable estimates of the timing of monazite, cattiagbigh
low 2%Pb concentrations often result in large uncertainfibe >>*Ui 2°Pb system isisounaffected

by excess®®Phb however the gaerally low abundance of’Pb also precluds precise age
determinations.Interpreted ages for samples analysed on the Nu AS8@HCP MS are thus

discussegbrimarily with reference tahe**®Ui ?*Pbisotopic 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 Geologgf( chapterl0.2.7).

4.1.  Chapter introduction

Multidisciplinary investigations of the Karakoram Range have hawttertakerby many previous
students at Oxforchotably includingocused studies of the metamorphic and magmatic evolution of
the Hunza Valley and Baltoro regions of the KM&formedby J. Fraser and A. Thowespectively.

The general lack of metamorphic rocks expowgstthin the Lhasa and Qiangtang crustal blocks
(chapterl.4.2 has hindered investigation into the deformational response of the Asian plate to the
continental collisionprocess. As such, the KMC provides an important study area that offers an
alongstrike analogue and exposes deeygstal units that may be equivalent to those at varying
depths in Tibet todayConstrainingthe tectonothermal evolution of the Asian marginmportant

for understanding the response of a lithospheric plate that has besmngitioned 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 KM@vas not achieved during this stydp three rockghat

had been previously collectédut not studied in detdilvere chosen for further examinationthis

work; sample 20199 (documented in Fras€2000 and Fraseet al, 2001) sampleT17 (Thow,

2004 andsampleK146 (Searle & Tirrul, 1991)Previous investigation Bdeen unable to constrain

the Pi T conditions or age of key tectonothermal episodeshén KMC, including precollision
andalusitegrade metamorphism and pasillision kyanitegrade overpnting of sillimanitegrade

units in the Hunza Valleyin addition, it is unknown as to whie progradesvolution of different
kyanitegrade units in the Baltoro region appetrdiffer, despitethembeing in close proximity
today Theseaforementionedamplesall preserve petrographic evidenafethese eventandsowere

studiedusing modern analyticaind modellingechniquesvith the aim of solving these problems

4.2.  Geological setting
The KMC exposesa variety of metamorphic and igneous rotkat offer analogues for lithologies
thought to exist adlifferentdepths in the Asian cruatong strike to the east (sekapterl.4.3. The

tectonothermal history of the KMC is complex althoughrecent studiebaveestablished a broad
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framework (Fraseet al, 2001; Searleet al, 2010a)some aspects are still unclesém particular,
there exists a contrast in theerpretedmetamorphic history between the Hunza Valley in the west,
where there is a record of an exded metamorphism between83i 53 Ma (Ui Pb zircon; Fosteet

al., 2004), andhe Balbro region in the easivhich lacks any metamorphic ages older than c. 28 Ma
(Searleet al, 201@). Moreover the large crustallyderived Baltoro granite batholitemplced
betweenc. 2513 Ma (Table 4.1, below) is unmatched in the Hunza ValleBuch differences
suggest that the tectonic evolution of both regions is significantly different, although thesriason
this areunknawn in view of their closeproximity alongstrike Key samples, such as Hunza Valley
metapelite 20199 (Fraseet al, 2001),retain microstructural evidence ofalyphase metamorphic

historyandcareful analysis€anprovideaddednsight into this sequerf events

4.2.1. The Hunza Valley

Severalnorthreastdipping thrust faults inhe Hunza Valley juxtaposdifferenttectonostratigraphic

units againsbne anothemesulting in a general increase in metamorphic grade and age northwards.

From north to south, numered 15 onFig. 4.1, thesearethe Hunza thrust, thelassanabad thryst

the North and SoutMurtazabadthruss and theMain Karakoram thrustMetamorphic rocks are

bound to the north by the Hunza Plutonic UmP() of the Karakoranbatholith (Fig. 4.1). The

HPU consists mainly ofubductiorrelated quartz diorites and granodiorites wittbocumented

crystallisation agebetweenc. 95 105 Ma, which were intruded by a suitef monzogranite and

leucogranite dykes (set 1) between52i 50 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(Fraseret al, 2001) Younger undeformed dykes (set 2) cut across fabrics in the

HPU and metamorphic units immediately to the soEth.@.1) and were intruded at 35.0 £ 1.0 Ma

(Table4.1), thusproviding a minimum age for thrusting. The northernmost metamorphic unit of the

Hunza Valley, the sillimaniteaone, may be divided into two sectiofifiese comprise thelatively

highergrade K-feldsparbearing migmatitic 6 u p p e r si | | i mamithe éoowemgadee 6 ( USZ)
muscovittb e ar i ng 61l ower si | IFig.thy.frield obsewationesaggdstitiatzhe uni t s
USZ may have been juxtaposed against the LSZrbf W trending thrust faulsituatedbetween

Aliabad and the Hassanabad Valley; howeteis feature is not fully exposed and miagtead

represent locédedbrittle deformation (Fraser, 2000).
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Fig.4.1 ¢ Geological map of the Hunza Valley and associated -sexg®nshowing tectonic relations (after Searl

1991 and Frasesat al,, 2001). Sample 2099 outcrop locality is marked with a star. See text for sources of age ¢

Migmatitic sillimanite gneisérom the USZ dated by Fraseral (2001) produced iPb 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 Fisiér(2004) delimited
four significant U Pb monazite age populations in the same sample at c. 82 M&56. I8a, c. 56
53 Ma and c. 46 Ma. Using garpatnotime thermometry and THERMOCALC AvePT, Fostal
(2004) suggested that this older age of c. 82 Ma recorded initial NMdasilte-grade conditions at
temperatures of ~550 °C, coincident with the closure of the Shyok suture. Monazite growtti at c. 56
53 Ma was interpreted to record garnet breakdown during rapid exhumation and partial melting;
however, the conditions and mectsmn of final monazite growth at c. 46 Ma were undetermined.

As a result of the spread of ages obtained in each case, €rasg2001) and Fostest 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 ¢. 53 Ma culminating in widespread migmatisation in the USZ.

Region Lithology Age (Ma) Method Study

Hunza Valley Hunza Plutonic Unit 95 +4/-6 U—Pb zircon Le Fort et al. (1983)
Hunza Valley Hunza Plutonic Unit 97 +17 Rb—Sr whole rock Debon et al. (1987)
Hunza Valley Hunza Plutonic Unit 105.7+£0.5 U—Pb zircon Fraser et al. (2001)
Hunza Valley Set 1 Hunza dykes 52-50 U-Pb zircon Fraser et al. (2001)
Hunza Valley Set 2 Hunza dykes 351 U-Pb zircon Fraser et al. (2001)
Hunza Valley Sumayar granite 93101 U-Pb uraninite Fraser et al. (2001)
Baltoro Hushe gneiss igneous protolith  200-145 U-Pb zircon, K-Ar hornblende Searle et al. (1989)
Baltoro Baltoro Plutonic Unit 21+0.5 U-Pb zircon Parrish & Tirrul (1989)
Baltoro Baltoro Plutonic Unit 19-17 U—-Pb monazite Parrish & Tirrul (1989)
Baltoro Baltoro Plutonic Unit 255108 U-Pb monazite Schérer et al. (1990)
Baltoro Baltoro Plutonic Unit 214106 U-Pb monazite Schérer et al. (1990)
Baltoro Baltoro Plutonic Unit 25-13 U-Pb zircon and monazite Searle et al. (2010a)
Baltoro Mango Gusar granite 264+13 Th—Pb allanite Fraser et al. (2001)
Baltoro Chingkang-la granite 34+1 U—Pb zircon Searle et al. (2010a)

Table4.1 ¢ Age dataand isotopic dating method®r magmatic unitsn the KMC
The timing of peak M2 metaorphism was identified by Fraset al (2001) who dated a

sample of sillimanite schist from the LSZ (samplel®® in this study) and produced a youngér U

Pb monazite age of 44.0 + 2.0 Mdotably, hi s i s si mil ar to thenc. 46 Ma
identified in the USZ by Fostest al (2004). Overprintingpf LSZ unitsto kyanitegrade can be

observed inlocalised outcrops (Fraser, 200Qjlthough the relationship of such samples to the
documented O6kyanite zon eadparatand tolmgeprogsadesidurolitei s unkno

grade event (M3)dated at 16.0 £ 1.0 MaJ(Pb monaziteFraseret al, 200, is documentedn
rocks exposed ithe southern parts of the regidwo dataare currently available to constraihd
timing of peak metamorphis in the kyanite and garnehloritoid zones shown irFig. 4.1.
Thrusting in the southern Hunza Valley is constrained bythmgesiphase of crustal magmatism,
intrusion ofthe Sumayar granité-{g. 4.1), datedat 9.3 + 0.1 MaTable4.1). This granitetruncates
deformational fabrics associated witie emplacementf kyanitegrade uits onto staurolitegrade

unitsand alsanducedlocalisedcontact metamorpbimin 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
Karakorambatholith to the north and show a general increaseetamorphic grade from the Hushe
region in thesoutheasttowards the Dassu and Bullah regions inrbethwest(Fig. 4.2; Searle &

Tirrul, 1991; Rollanckt al, 2001).The Hushe gneisses represent original igsempmponents of the

KARAKORAM METAMORPHIC COMPLEX 72



Karakorambatholiththatwere emplacetetween c200' 145Ma (Table4.1), all of which have been
subsequentlynetamorphosed and deformédw-pressurghigh-temperatureandalusiteand garnet
bearing metapelites are spatially associated with the deformed Hushe gasibaese interpreted
by Searleet al (1989) and Crawford & Searle (1992) tecord contact metamorphism (MO)

synchronous with subduction of thieo-Tethys Ocean prceding closuref the SSZ.
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Fig.4.2 ¢ Geological map of the Baltoro region and associated esessonshowing tectonic relations (after Searls
1991). Outcrop localities for samples T17 and K146 are marked with [stetapelite isogradsire after Rollandet
al. (2001) and Searle & Tirrul (1991).

Prolonged Late Cretacec®cene sillimaniteggrade metamorphism and partial melting (M1)
recorded in Hunza Valley units is absent in the Baltoro region. The main body ofaltueoB
metapelitic units preserves an amphibelgeies Barrovian metamorphic sequence (M2) ranging

from chlorite to sillimanitegrade Fig. 4.2). Peak kyanitggrade metamorphism reportedly occurred
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between 28.@& 0.5 Ma (U Pb monazite; Fraseat al, 2001) and 22.0 + 0.3 Ma (Bb monazite;
Searleet al, 2010a) aPi T conditions betweeni@0 kbar and 650700 °C (Bertrancet al, 1988;
Allen & Chamberlain, 1991; Rollandt al, 2001). M2 deformation must have iated prior to
intrusion of the Chingkanta granite plutonKig. 4.2), which crystallised at 34 + 1 M3 #ble4.1)
and locally cuts across early metamorphic fabrics. @tex formation of the BPU is interpreted by
Searleet al (2010a) to be a result of extensive crustal thickening, heating and partial melting of the
lower crust during the Oligocefidiocene. The batholith is largely undeformed and crystallisation
ages forvarious components range between ¢.12Ma (Table4.1). The BPU crossuts kyanite
grade M2 metamorphic fabrics and has a contact metamorphic aureole along its southern margin,
which contains andalusiesillimanite- and cordieritebearing hornfels (Searle & Tirrul, 1991).
Youngsillimanite-K-feldspargrade metamorphism and partial melting (M4) in the Baltoro is
exposedn the cores of the Dassu and Bullah gneiss domes (dashed regibigs 48; Rollandet
al., 2001; Searlet al, 201@). Migmatites fromthe Dassu domdocumenpeakPi T conditions for
this event betweeR.8 7.6 kbar and 630750 °C (Villa et al, 1996 Searleet al, 201@). M4
metamorphisnis datedat 54 + 0.2 Ma (UPb monazite; Fraset al, 2001) and 6.7 + 0.5 Ma (U
Pb monazite; Smith, 1993), wittooling through the 300 °C isothermat 4.7 + 0.2 Ma (KAr
biotite; Searleet al, 1989).Undeformed and crossutting tourmalinebearing pegmatite dykesitiv
crystallisation ages of 3.5 £ 0.1 Mdi Pb zircon and monazite; Seadeal, 2010a) constrain the
cessation of M4 metamorphisi@uch @ming and associatadigmatisationhas been suggestég
Rollandet al (2006)to becaused bynantlederived syené& magma intrusiainto the cores of each
dome; with sucldiapirsdated at 8.4 = 0.1 Ma (AAr muscovite; Villaet al, 1996).However, ¢ther
workers dispute thiand suggesinsteadthat both doming andpartial melting were associatedith

postMiocene neth-south shortening along the MKT (Searle & Tirrul, 1991; Frasat, 2001).

4.3. Petrography and mineral chemistry

Petrographi@and compositionanalysis vasperformed following the methaogivenin chapter2.4.3

4.3.1. The Hunza Valley
Sample 26199 was collected from the LSa the Hunza Valleywest of Aliabadat approximate

latitudelongitudeco-ordinates 361 952.0 N and 74°3 443.8 E (estimated from Google Eafth
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satellite imagery compared against field iysaphs and outcrop maps presented in Fraser, 2000).
Kyanite partially replaces sillimanite iizolated outcrops within the LSZ (Fraser, 2000),isas
observed in sample 2I89. Previouswork on sample 2499 performedby Fraseret al (2001)
quantified tke timing of sillimanitegrade metamorphismt was chosenfor further study in this

thesisto determine th@&i T conditions and timing of kyanigrade overprinihg.

20-19971 Kyanitesillimanite schist

Sample 20199 is a metapelitic schist containing pormgblasts of garnet and aluminosilicate, which

are wrapped by spacedoliation defined by hotite, muscovite and graphite.

Fig. 4.3 ¢ Petrography of sample 2099 from the Hunza Valley. All thin section dges viewed under plant
polarised light. (a) Original porphyroblast of andalusite that has been pseudomorphed by sillimanite and kyai
Graphitefree circular clusters of prismatic sillimanite (c) Garnet porphyroblasts showingriootextural relatons

(d) Tourmaline grains wrapped by the metamorphic foliation.

Matrix minerals include plagioclase, ilmenite and quartz alongside accessory tourraphitite,
monazite and zircon. Aluminosilicate porphyroblasts are characterised by kyanite papibmg
sillimanite, the latter having previously pseudomorphed earlier andal&gjte4(3a). Sillimanite

also occurs as small circular clusters that lack graphite 4.3b). Garnet porphyroblasts have a
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diameterup to5 mm and contain core and riegionsthatcan bedifferentiated through texture and
composition. Broad cores trap biotite, plagioclase, rutile and radiating sets of fluid incldSgns (

4.3c) and show minor compositional variatioBy contrast, liin rim regions retain strong
compositional gradients arftve rare inclusions dfiotite. Compositions in core regions range
between 1#17% pyrope, ¥6% grossular ah 4i5% spessartine, whereas from the eame
boundary to the outer rim grossular content increases to 11% and both spessartine and pyrope
decrease to 1% and 14% respectiv@lghle4.2). Alimandine exhibits no sysmatic variation from

core to rimrangingbetween 7876%.

Biotite occurs dominantly within the matrix foliation and has XMg = 00489 and Ti =
0.12'0.14 cpfu, rare inclusions in garnet rims have XMg =10035 and Ti = 0.120.13 cpfu and
grains withingarnet strain shadows have XMg = 0.653 and Ti = 0.080.11 cpfu. Fine grained
muscovite occurs in the matrix foliation and coarser grains occur as thin rims on aluminosilicate
aggregatesHig. 4.3a b). Plagioclae in the matrix contains XCa = 0i2833 and inclusions in
garnet cores are slightly more calcic with XCa = D337 (Table4.2). Anhedral porphyroblasts of

tourmaline Fig. 4.3d) are commonly wrapped by the matrix foliation.

4.3.2. The Baltoro region

Two sampleghat had been collected during previous fieldwork and placed in stor&fyevatsity
of Oxford (chapter4.1) were reexamired in this thesis so as iavestigatethe progradePi T

conditions andisein-situ dating to constrain théming of M2 kyanitegrade metamorphisiin the
Baltoro region Both samples wereriginally collected from the central Baltoro regiokid. 4.2),

north-eastof the Mango Gusar granite approximatdatitudelongitudeco-ordinates 354 058.3®

N and 75@®AE (5atdle TA7J anél 353 85D.60 N and 76°0 2 ¥7.4 E (sample K146).
Latitudelongitudeco-ordinaes are estimated from Google Eafttsatellite imags whencompared

against outcrop localitypformation documented in Tho(2004) and Searle & Tirru{1991).

K1461 Garnetkyanite schist
Sample K146 is characterised by a widely spaced foliation definedubgovite and biotite and a
matrix composed mosthpf quartz, ilmenite, apatite, monazitad zircon. This foliation wraps

inclusionrich poikiloblasts of plagioclase, but is overgrown by porphyroblasts of kyanite and garnet.
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Rare staurolite is present simall inclusions in garnet rims and as anhedral grains in the matrix that

are associated witkyanite ancbiotite.

Fig.4.4 ¢ Petrography of samples K146 and Trbim the Baltoro region. All thin sectiomages are viewed in plan
polarised light except Fig. 4.4b (a) Garnet porphyroblasts in sample K146 contain staurolite inclusions in rim
and also form interlocking mutual boundaries with matrix kyanite. (b) Large plagioclase porphyroblasts ¢
abundant quartz inclusions and preserve a relic linear internal fabric defined primarily by muscovite flakes (
under crossed polars). (c) Sample K146 also contains aggregates of undeformed biotite and kyanite, cc
surrounding staurolite. (d) Gaet in sample T17 contains a core region with arcuate graphitic inclusion

surrounded by graphitéree rim regions, which also contain rare inclusions of staurolite. (e) Subhedral kyar

sample T17 encloses biotite, quartz and allanite.

Table4.2 ¢ Mineral compositions for samples 209, K146 and T1(bverleaf)
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