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RuiguangPan
METAMORPHIC P-T PATH AND MULTIPLE FLUID EVENTS DURING BURIAL

AND EXHUMATION OF THE TSO MORARI UHP TERRANE, NW HIMALAYA

The Tso Morari terrane within the Himalayan orogenic belt underwent ultrahigh
pressure (UHP) coesteclogite metamorphism due to northward subduatiahe Indian
continent under the Eurasian continent during the early Eocene. In this study we aptimize
a best protocol for thermodynamically mdde pressurgemperatureR-T) paths of high
grade metabasites using the Tso Morari eclogite as a casetlstadghevaluaing the
effects of employing commonly used thermodynamic modédidgniquege.g.,programs,
thermodynamic dtasets a-X relationg. A fAfishhookoPTBdatawasd <cl| ock
obtained with a peak pressure of ~28.5 kbar at ~568fGwed by a peak temperature of
~613 °Cat ~24.5 kbarThepeak pressures predicted by mditgl protocols are consistent
with the conventional thermobarometry results petiographic observatiofiom the Tso
Morari eclogitesSecondlythermodynamic radelling using?-M(H20) pseudosections on
Tso Morari UHP rocksindicates three distinct fluid events duritige prograde and
retrograde metamorphisnirluid Event 1 causedthe fluid-assistedhomogenization of
progradegarnet corein eclogiteat~18.5 kbar and ~555 °Ejuid Event 2is evidenced by
the formation of poikiloblastic epidoté-23.5 kbarand ~610 °G at the expense of
lawsonitg and amphibole(from ~19.0to ~14.5 kbarat ~610 °G at the expense of
omphacite and taJcand symplectitessociation(~8.7 kbarand~625 °Q in the eclogite
matrix without external fluid supplyFluid Event3 was determinethroughmodellingthe

amphibolitizationof eclogiteswith external fluid infiltrationat ~9.0 12.5 kbar and-608
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°C. This fluid phasemost likely derived from the mixing of dehydrated host orthogneiss

and/or metasediments during exhumation through the amphibediess zone in the

subduction channel. his study demonstrates the need for using careful petrographic

obsenations in parallel with thermodynamic modelling to achieve realistic results
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(inset) in TM15, showing a coesite or coesite pseudomorph inclusion
captured in the garnet rifa) Lawsonite pseudomorph as epidote and
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paragoniteentrapped in garnet interior in 6. (d) BSE image of

symplectite texture and corona minerals around omphacite, and talc

inclusion in amphibole poikiloblast in EC (TH¥5) matrix.(e) BSE image

in TM-15 matrix, showing omphacite is included by epid{fjeBSE

image showing inclusion phases (e.g., omphacite, pargonite, quartz)

entrapped in epidote poikiloblast from EC (M) matrix, indicating

pre-existing of lawsonite(g) BSE image of entrapped talc inclusions in

epidote poikiloblast in TML5 matrix.(h) BSE image of symplectitic

texture and minerals (i.e., amphibole, albite, phengite) between omphacite

and phengite grains in TN5. (i) BSE image of amphibole outmost zone

which is adjacent to garnet grain in TA matrix.(j) BSE image showing

garnet resorption texture and corona minerals (i.e., amphibole, biotite,

qguartz, calCite) in TMDS8.......cciiiiii i eieeeeeeeeeeee e 106
Figure 33. Diagrams of mineral chemical compositions (i.e., garnet, amphibole,

and muscovite/phengite) in the Tso Morari samgQuadrilateral

diagram of garnet compositions in F02,-11,-12,-13, and-15, showing

the compositional change from the central core to outermost rim, and

garnet average compositiorfs) Na-Ca amphibole compositional

diagram, showing the compositional changes in EC garnet core, EC

matrix,and EGAmp matrix.(c) Diagram ofwhite mica Fe/Mg vs.

Si p.f.u. ineclogite and gneiss sampléd) Diagram of white mica

Al p.f.u. vs.Si p.f.u. in eclogite and gneiss samples.-Idgarnet, white

mica, andamphibole average composition data are from Pan et al. (20210
Figure 34. Diagram of major elements, showing the relations of oxides vs. SiO

Samples have been divided into four groups, as ECAEBG, Amp, and

Figure 35. Spider diagram of all trace elements in EC;&@p, Amp, and Gns
for the Tso Morari UHP units. The E&hd EGAmp samples have similar
trace element compositions and are shown combined into one group as EC

Figure 36. (a)Diagrams of Ba/Rb vs. distande) Diagrams of CS/Rb vs.

distance. Red solid box represents wholek Gns. Black solid circle

represents wholeock EC and E€Amp. Purple diamond represents

wholerock Amp. Red dashed line represents the contact betwksyitec

and gneiss(c) Bulk-rock F€*/ E Fa#io vs. distance, ing2error.................... 120
Figure 37. P-T pseudosections witfa) saturated kD, (b) 6.3 mol% RO, (c) 5.3

mol% HO, and(d) 4.3 mol% HO, showing the overlaps of phase

stability of observed inclusions in garnet core and modelled composition
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Figure 38. (a) Mineral phase diagram@nd(b) garnet compositional isopleth

diagram modelling on the-T conditions of the spessartineh core

domain using the TM5 bulk composition. EPMA data for constraining

the P-T conditions of the garnet core are from sample PAR12 ®0 & m

partition)i n O&6Brien (2019). Alsbo &s.chedb.1Bh pendi X
Figure 39. (a) Mineral crystallization sequence in the EC sample-T%/

Solid box represents mineral crystallizing/growing, and empty box with
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solid boundary represents minerals that are not in stable status but not

being absorbed, and empty box with dash boundarysepte

pre-existing minerals inferred by remaining textures and/or interaction

products(b) EC P-M(H-0) pseudosection at 610 °C using EBC1,

modelling the formation of epidote (~8.5% modal abundance).

The grey background shows®tsaturation field. The thicdark line

shows the critical boundary of,8-saturation line. The red dashed line

with arrow shows th@-fluid path (A Bf Cf D). The green field

shows the stability area for formation of ~8.5% epidBtgh 1 represents

the exhumation path which includesvsonite phase, and Path 2 represents

the path that doesndét incllcdgCe | awosnite p

P-M(H20) pseudosection at 610 °C using EBC2 showing the formation

of matrix amphibole core (glaucophane). The Rfatts the modelled

results constrained by matrix amphibole composition (Na(A), Ca(M4),

and Na(M4)). PatlY is the calculated water content by modal analysis

and mineral chemistry. Pagh shows the fast hydration rate due to talc

breakdown.(d) P-T pseudosection using EBC3 to model the formation

of matrix highCa amphibole zone (Are@) and symplectite formation

(AreaY ). Mineral dehydration reactions {8 isgleths) are shown as

purple dashed lines. The red dashed arrow shows the general retrogression

direction. The compositions of amphibole rims are from Palin et al.

(2014).Figuresb-d use different pressure ranges iraXis, 13 29, 12 22,

ANnd 5.0/ 17.5 Kbaryespectively............ouveeiiiiiiiii i eeeen 140
Figure 310. Pseudosections showifgT conditions and dehydration during

retrograde metamorphism of the Gns -Dil. (a) Pseudosection of Gns

TM-02 used to determinate BT conditions by garnet endmember and

phengite Si isoplethgb) P-M(H20) pseudosection for TNd2 at 555 °C

and 608 °C, showing the mineral dehydration reastiwith pressure

Figure 311.P-M(H20) pseudosections of EEmp (TM-13) and Amp (TM12).

(a) EC-Amp (TM-13) represents the eclogite which is partially

Metasomatizedyy fluids andb) Amp (TM-12) represents the eclogite

which has been penetrably metasomatized by fluids. The marked pink

color areas are constrained by sample mineral chemical composition

and major nmeral phase abundance (see details in text)......................... 147
Figure 312. (a)P-X(K20-CO;-O2) pseudosections showing the phase changes

from EC (TM-15) last stage of metasomatism to Amp (IR) during

the infiltration amphibolite fluid and pressure decreasing at 608 °C.

Bulk composition (EC) is the TM5 bulk composition at last stage for

symplectite formation; Bulk composition (Amp) is the 712 bulk

composition (no mineral fractionatior(p-e) Selected partition of

pseudosections (from marked areaa)),(showing abundance changes

in major mineral phases (i.e., amp, bt, ep, and cal) due to the infiltration

of amphibolitization flUIdS...............uuiiiiiiii e 149
Figure 313. (a)P-M(H20) pseudosection showing the stability field and

boundaries of epidote in the EC sample-IBMbecomesmaller and
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eventually disappears as temperature increases from 575 °C to ~750 °C.

It also shows the stability field of ~8.5% modal abundance of epidote at

610 °C;(b) P-T pseudosection showing the epidote phHadgoundary,

and observed amphibole, epidad@d biotite modal proportions

(26.5+2.5%, 11.5+£1.0%, and 31.0£3.0%, respectively) in the Amp sample

TM-12; (c) P-X(COy) pseudosection showing the phase boundaries of

liquid-dolomite-calcite in Amp at the temperature range ofi58® °C,

and thestability fields for the formation of ~5.0% modal proportion of

calcite, at 540, 608, and 660 °C in the Amp sampleIDM..............ccccoeee 168
Figure B1. Pseudosections and garnet phase boundaries constru¢eed B33,

(b) TC47,(c) TDG, and(d) TDW, using incrementally fractionated

bulk composition. 14 steps of garnet removal and EBC calculations have

been performed..........coooo e 191
Figure G1. (a)Garnet TM13G#6 BSE image, showing the garnet inclusion

phases and a pienematic garnet porphyroblagh) Amp TM-08 BSE

image showing gaet resorption texture, corona minerals (amphibole,

biotite, quartz, calcite), and their paragengsisBSE image in EC TML5

matrix showing the amphibole porphyroblast includes the omphacite,

guartz, and epidot¢d) BSE image in EC TML5 matrix showig the

amphibole zoning, amphibole core is glaucophane and rim is barroisite.

(e) Garnet TM15G#3 BSE image in sample EC T\, showing

() mineral dehydration caused grain boundary diffusion......................... 197
Figure G2. Percent relative mass balance for each element ordered by major,

immobile, LILE, and REE+Y. The eclogite samples are referred to

eclogite TM16, and orthogneiss samples egferred to orthogneiss

TM-01, and TMO08 is referred to 27.5% average orthogneisses + 72.5%

average eclogites (based on redistributed Si content under mechanical

mixing). Zero line represents N0 mass transter..........cccccccviiieeeiiennnn. 197
Figure G3. Mossbauer spectra from wheleck of TM-16,-15,-14,-13,-12. The

spectra are fitted with the doublet sites using the Lorentian multiplet

analysis. Dots: Meased spectra; Solid blue line: fitted curve................... 198
Figure G4. (a) BSE image for TM15G#3 and afor )ts compositional profile

measured by EPMA. The marked garnet core composition is used to

constrain thd>-T conditions and water status of the EC garnet cores.

Garnet data are from Pan et al. (20Z6)b 6X)}ray map of a highMn

garnetcoreanditocmp osi t i onal profile from
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Figure G5. A series ofP-T/M(H20) pseudosections at T = 575, 644, and 650 °C,
showing the relations of epidote formation within lawsonite stability field
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Figure G7. P-M(H20) pseudosections of the E&np sampleTM-13 only

showing the water saturation lines at T = 608 °C, and stability fields for

analyzeda) amphibole Na(M4) sitgpb) amphibole Ca(M4) sitc)

amphibole modal proportioiig) muscovite Si minimum(e) muscovte
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T 0L 5 - U RRRRRRN 202
Figure G8. P-M(H20) pseudosections of the Amp sampM-12 only showing
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CHAPTER 1- CHARACTERIZATION OF THE TSO MORARI UHP TERRANE

1.1 Introduction

The ultra high pressurd JHP) metamorphisnof the Tso Morari massif has been
intensively investigate@d employing petrography and mineral chemistry, thermodynamic
and geodynamic modtiag, and thermobarometry. However, the peak metgphic
pressure still remains debated, with a large variatioestimatedrom ~22 to ~48 kbar
(e.g., Mukherjee et al., 2003; Konr&thmolke et al., 2008; Lanari et al., 2013(Bige
et al., 2013; Chatterjee and Jagoutz, 2015; Wilke et al., 2015; dRadin 2017)These
inconsistent peak pressure predictions frim@rmodynamic modkng techniquegqalso
called phase equilibria moliieg) likely result from workerausing different moddling
protocols, thermodynamic datasets, affrelations €.g., Powell et al., 1998e Capitani,
1994;Holland and Powell, 1998, 201\White et al., 2007, 20}4This leaves the scientific
communityin a precarious placgé not knowing which modeling methods to use when
interrogating metabasites, or which results from past studies are reliabperidenedan
evaluation of best practices for modeliRgl' paths of metabasites. By testing the most
commaly used thermodynamic modeling programs, associated databases, and available
mineral solid solution models (i.ea;X relations) using the Tso Morari eclogite as a
representative metabasite, and comparing the results with petrographic observations from
the rocks, we can determine the optimal modeling protocol for metabasites and further
constrain theé>-T conditions and fluierock interactionsduring burial and exhumation of

the Tso Morari UHP terrane.



The fluid history in terms of phases of fluid infilti@h, fluid compositions and
sources, angrocessesf waterrock interactions during burial and exhumation of the Tso
Morari UHP units also remain largely unsolved (e.g., Mukherjee and Sachan, 2009; St
Onge et al., 2013; Palin et al., 2014; Wilke et ab1@, 2015).No studies have been
conducted in a detailed way on the possible favidntsduring prograde metamorphish
the Tso Morari UHP terrane. Evidenseggeshg a largescale fluid event includes:
diffusion and homogenization of th@ograde garnet core domaiRiqure 3ac) and a
garnet crystal with a higMn core from previous researdiigure3 d ; OO6 Br i é.n et
Moreover, no detailed petrographic studies have been performed to specifically look at
textures and microstructurdsat would provide evidence of a fluid event possibly causing
mineral hydration (e.g., amphibole, epidote) at the early stage of the exhumation. The
correlation of amphibole zonation in the eclogite matrix and a potential fluid infiltration
event duringhis phas®f metamorphism still remairdargely unsolved (Singh et al., 2013;
Palin et al., 2014). Lastlythe nature of the fluids (e.g., flurdck interactions, fluid
composition, and source) which catdiske amphibolitizationof eclogites at a relatile
lower pressure (<11 kbar; e.de Sigoyer et al., 199has not been studied in detail to our
knowledge. This calls for systematic sampling, thorough fhanheral equlibrium
modelling based on petrographic observations, modal analysis of mineralis, sibal
mineral chemistry to constrain tieT conditions and nature of fluicbck interactions
attending metamorphism of the terrane.

Additionally, the exhumation path of the Tso Morari terrane (e.g., rising through
the mantle wedge, returning back aosubduction channel, and reheatinguinder

amphibolitefacies conditions) is still widely debated (e.g., de Sigoyer et al., 1997; Guillot
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etal., 1997; Wilke et al., 20bp2015; Chatterjee and Jagoutz, 2015; O'Brien, 2@dne
studies appear to hawgniored key petrographic evidence in the samples, leaving the topic
unresolved and ripe for revisioB%Onge et al., 201 Lhatterjee and Jagoutz, 2015; Wilke

et al., 2015

1.2 Geology of Tso Morari UHP Terrane

UHP rocksoccur in the Himalaya in two locations south of the Indaslung
Tsangpo (IYT) suture zone, which separates Indian and Asian rocks: (1) in the Kaghan
Valley of northern PakistarPognante and Spencer, 1991; Spencer, 1993; Spencer, et al
1995; 0alB1e99,2001, 2018; Lombardo et al., 2000; Lombardo and Rolfo, 2000;
Rehman et al., 2007, 2008; Wilke et al., 2010a, 2010b; Donaldson et al), 20d32)
north of Tso (Lake) Morari in northwestern Ind@uliot et al., 1997, 2000; de Sigoyer et
al., 1997, 1999, 2004; Sachan et al., 1999; Mukherjee and Sachan, 2001, 2004; Mukherjee
etal., 2003; Konrac hmol ke et al ., 2005, 2008;) Leech ¢
(Figure :1 inse). UHP metamorphism in Tso Morari rocks is confirmed by preserve
coesite in eclogite block®lukherjee and Sachan, 2Qachan et al., 2004UHP rocks
crop out within dominantly felsic Indian suprastal rocks (e.gde Sigoyer et al., 2004

as seen ifrigures 11 and-2a
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Figure 1-1. Geological map of the Himalayan orogenic belt showing the rock units,
tectonic boundaries, and location of the Tso Morari ultra high pressure (UHP) terrane. The
inset shows the HimalayaFibetan orogen. ST: Stak Valley; ISZ: Indus Suture Zone; KG:
KaghanValley;, MFT: Main Frontal Thrust. Modified afteFhakur and Virdi(1979,

Thakur and Misrd1984), andSteck(2003.

The peak metamorphic pressure still remains debated with predictions spanning a
significantrangefrom ~20to 48 kbar. Peak pressure calculations using mineral (e.g., garnet)
isopleth thermobarometry through thermodynamic modelling range froto 29 kbar

(e.g., KonragSchmolke et al2008; Lanari et al2013; Singh et al2013; StOnge et al.



2013; Chatterjee and Jagou2015; Palin et al2017; Pan et gl2020), and calculations
using conventional geothermobarometry from carbonate assemblages lead to a range of 33
to 48 kbar (e.g., Mukherjee et g2003; Wilke et al.2015). Theoccurrence of coesite in

this eclogite boudin confirms UHP metamorphic conditions (>26 kbar; e.g., Sachan et al.
2004; L er no k, 2@L4; Ha ét.a). 2015. Past studies indicate thaubsequent
exhumation following peakietamorphismvas along closeto-isothermal decompression
path crossing through amphibotitacies conditions, but there is little agreement on the
peak metamorphic temperature and temperatures of exhunfatidio{ et al, 1997, 2008;

de Sigoyer et al2004; Leech et gl2007; StOnge et al.2013; Palin et al.2014, 2017;

Pan et al.2020. The duration of exhumation of the Tso Morari UHP terrane is proposed
by multiple studies to be ~6 My_éech et al.2007; Guillot et al.2008; StOnge et al.

2013; Pain et a).2013.
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Figure 1-2. (a) Field picture showing the eclogite boudin and host orthogribisSartoon
of simplified field picture @), showing noramphibolitized eclogite core, weakly
amphibolitizedntermediate zone, completedynphibolitizedrim, and host orthogneiss. It
also shows the sampling locatioifs-f) Crossed polarized micrographs of EC (Ig),
Amp (TM-13), Amp (TM12), and Gns (TMD5). (g) Detailed sampling and rock contac

locations along the sampling traverse.

1.3Sampling andsample descriptions

Samples were systematically collected from a traverse across an eclogite boudin at
Tso Morari; relatively fresh eclogites from the boudin core (EB@)phibolitizedeclogite
approaching the boudin margin (Enp), amphibolites at the margin and sheared from
the main boudin (Amp), and the host orthogneiss (Gns) (17 samples inRaate(-2a
0). This sampling strategy was chosen to investigate geochemical and petrographic changes
on a spatial scale, from the eclogite boudin core to rim, and across oigitesgheiss
contact. This type of sampling allows us to model the metamorphic and metasomatic
history of Tso Morari UHP units by thermodynamically modelling the formation of the
four major types of rocks. In the current study, we use samples from thextessively
studied eclogite and gneiss outcréjglre1-2a) (e.g.,Mukherjee et aJ.2003; Sachan et
al.,, 2004; KonradSchmolke et a).2008; Donaldson et al2013; Singh et al2013; St
Onge et a].2013; Palin et al2014; Chatterjee and Jagou2@215; Wilke et al.2019. The
eclogite sample (TMJ5) in this study was also used in tRan et al. (2020gclogitic

thermodynamic modelling study.



1.3.1 Eclogite (EC)

In the Tso Morari terrane, the eclogite parcels are hosted as boudins (<20 m) within
the gness body Figurel-2a& b). The Panjal Trap basalts are the most likely protolith of
the Tso Morari eclogitesl¢nnalagadda et aR017). The eclogite boudins show strong
ductile deformation and have lensoid shapes parallel to strongly developed shear fabric in
thehostgneiss. The EC samples (i.e., TN and-16) were collected from the center of a
well-studied eclogite boudin, where thagest proportion of eclogiiacies phases are
preserved. The EC samples show no clear strain textures in the rock fabric or minerals. EC
samples are mediwgrained withgranoblastic textureF{gure 1-2¢). The major mineral
phases in EC samples are gdarromphacite, amphibole, quartz, epidote, and phengite;
minor minerals are rutile, ilmenite, paragonite, albite, biotite, magnetite, dolomite, apatite,
and zircon Figuresl-2c & -3). Out of all samples in the traverse, the EC samgiew s
the highest abundance and largest grain size for prograde minerals (e.g., garnet and
omphacite) Figurel-2c). The abundance of higbressure minerals (higtg garnet rims,
omphacite, and higBi phengite), and the discovery of caesindcoesitgoseudomorpé
in this eclogite blockMukherjee and SachaR001, Sachan et gl2004), confirm that this
block experienced UHP conditions. The occurrencatmindantydrous minerals (e.g.,
TM-15 zoned amphibole = ~21.0%, epidote = ~6.0¥&ble 1-1) and mineral
microstructures (e.g., garnet and omphacite resorption, mineral sympleettad

retrograde fluid infiration.
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Tablel-1. Modal abundances of minerals in the Tso Morari samples (determined by point counting)

Sample Lithology Distance (nm) %grt %omp %camp %phg  %bt %qtz %ep %pl %Ti-oxides %cal

TM-15 EC -4.35 28,5 305 21.0 3.0 0.0 8.5 6.0 0.0 1.0 15
TM-15N@ EC -4.35 2.5 42.5 29.5 4.0 0.0 12.0 85 0.0 15 2.0
T™M-13 EC-Amp -1.50 18.0 0.0 34.0 11.0 18.0 11.5 05 35 2.5 2.0
TM-13N@ EC-Amp -1.50 0.0 0.5 41.5 13.0 215 14.0 05 4.0 3.0 2.5
T™-12 Amp -0.25 0.5 0.5 26.5 15 31.0 205 115 20 2.0 5.0
TM-08 Amp 0.25 3.0 0.0 22.0 2.0 18.0 40.5 15 35 15 8.5
T™™-11 Gns 0.00 0.0 0.0 0.0 115 3.0 52.0 0.0 33.0 0.0 1.0
TM-02 Gns 5.00 2.0 0.0 0.0 23.0 3.0 39.0 0.0 31.0 0.0 2.0

aDistance (m) from the eclogigneiss contact. The positive values are towards gdigesstion and the negative values are towards
eclogite direction

®TM-15NG and-13NG represent individual mineral modal abundance excluding garnet cores (prograde garnet domain). Sahipl
and-13 garnet core domain: rim domain = 91:9, and 100:0, régpkc

Tablel-22 Average size of minerals in the Tso Morari se
Sample lithology distance (n) grt omp camp phg bt qtz ep pl  Ti-oxides cal

TM-15 EC -4.35 1200 750 670 290 - 440 540 - 30 180
TM-13 EC-Amp -1.50 430 - 500 480 390 230 90 100 20 110
T™M-12 Amp -0.25 140 - 360 160 390 230 220 120 30 200
TM-08 Amp 0.25 270 - 180 200 250 260 90 150 70 150
T™-11 Gns 0.00 70 - - 280 230 190 - 250 - 240
TM-02 Gns 5.00 180 - - 180 60 150 - 150 - 90

aDistance (m) from the lithologic contact of the eclogite boudin and gneiss body. The positive value is towards gne
the negative value is towards eclogite



At Tso Morari, eclogite lenses atmsted as small boudins (<20 m) within the

gneiss bodyKigurel-2a). The eclogite boudins show strong ductile deformation and have

lensoid shapes parallel to strongly developed shear fabric in the gneiss. Data from one

sample was used in this study, T8 (Figurel1-2¢). It was collected from the center of a
single, wellstudied eclogite boudin (see references above), where the largest proportion of
eclogitefacies phases are preserved. The modal abundance of amplidmtdiseminerals
increases from core to rim of the block. The UHP phases are overgrown bycalodic
amphibole, clinozoisite, and paragonitéigure 1-2¢). Matrix omphacite is partially
replaced by symplectites of soditnoh plagioclase and jadeifmor clinopyroxene
(Figure1-2¢). Rutile grains are rimmed by titanite and magnesite is locally present with

dolomite grains.

1.3.2 Amphibolitizedeclogite (ECGAmMp)

The ECAmp sample, TML3, is a partiallyamphibolitizedeclogite which was
collected ~1.5 m from the eclogitgeiss contactHgurel-2a b & g). Sample TM13 has
a mediumgrained ananechanically modified granoblastic texturgigure 1-2d). The
sample has been strongly strained as indicated by tHermdic garnet porphyroblasts
with bent mineral inclusionsF{gure 1-48). This texture indicates that the garnet
porphyroblast has been rotated by shear after its crystallization, while the matrix mineral
textures were reset by pgstak metamorphism. Major nmeral phases in TM3 are
amphibole, garnet, biotite, phengite, and quartz, with minor mineral phases of plagioclase,

epidote, calcite, and rutil&iguresl-2d & -3). The garnets in this sample are anhediti
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grain sizes ranging from 200000 nm in dianeter, showing no clear growth zonation
(Figure 1-4a). The garnet rim domains have mostly been resorbed byppakt
metamorphic fluids, and the garnet core domains show homogeneous compositions and the
same inclusion phases as those in-IBA[Figure1-4g Pan et al.2020. Garnet occurs in

lower abundance in TM3 (~18.0%) relative to the EC samples (~28.5%), and omphacite

is very rare (< 0.5%)Table 1-1). Previous mineral phases and textures in this sample

appear significantly mofied by postpeak metamorphism and/or metasomatisingu(re

1-43).
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Figure 1-4. Photomicrographsf micro-textures observed in samples from the Tso Morari

UHP traverse.(a) EC-Amp TM-13 foliation wrapped around a pkénematic garnet

porphyroblast (planeolarized light).(b) Amp TM-12 garnet crystal reacted with fluids

and formed the biotite and ahmipole corona, showing multiple phases of metamorphism
(planepolarized light).(c) Gns TM02 preferred orientation of phengite in a matrix with

weak preferred orientation. Also, showing crystallographic misorientation structure in

guartz (crossegolarizad light). (d) Gns TM-11 preferred orientation of muscovite and

guart z. Some muscovite tcyystabs imhow §$tshot

(crosseebolarized light).

1.3.3 Amphibolite (Amp)

The Amp sample, TM2, is a stronglyamphibolitizedeclogite collected at the
eclogitegneiss contactHigure1-2a b, € & g). Sample TM12 displaydine- to medium
grained granoblastic textures. TA2 shows no clear strain textures (compared to those
seen in TM13), mainly due to the fact that almostgdrnets have been resorbed and most
minerals have been recrystallized from (U)Helogitefacies to amphibolitéacies
minerals Figure 1-2e). Some remnants of prograde garnet porphyroblasts show -biotite
amphibole corona textures, which formed duringogitade metamorphisnrigurel-4b).
Minerals formedn the amphibolite facies (e.g., biotite and amphibole) in-IRIshow
weak textures of preferred crystallization orientatidfiggre 1-4b). However, the
metamorphism and metasomatisihat occurredat amphbolite facies have overwritten

almost all the other previous textures of (U)HP eclogite facies minerals in this sample.
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Major mineral phases in TMI2 are biotite, amphibole, epidote, and quartz; minor minerals
are omphacite, plagioclase, garnet, phengitd,titanite Figures 1-2e & -4b). The garnets

in this sample are anhedraith small grain size (5®00nmm diameter) and show no clear
features of growth zonatioméble 1-2; Figure 1-4b). TM-12 has much higher mineral
abundanceof biotite, quartz, epidote, and calcite relative to T4, and almost complete
resorption of garnetsTéble 1-2). Rare muscovite/phengite is observed in this sample
(Tablel1-2; Figurel-2e).

Another Amp sample, TMS8, is a highlyamphibolitizedandmechanically mixed
amphibolite, sheared out from the main boudin and hosted in the orthogneisEigody (
1-2a& b). This sample has much higher mineral abundances of calcite and quartz than in
TM-12 (Table 1-1). Garnets in thisample show features of fluaksisted resorption

surrounded by amphibclaiotite-calcitequartz corona mineral§igurel-2e).

1.3.4 Orthogneiss (Gns)

The Tso Morariorthogneiss, also known as the Puga gneiss, quartzofeldspathic
gneiss, or Tso Morari gneigs,the host rock of the Tso Morari eclogites and the main body
of the Tso Morari complex. It is composed of metagranite orthogneiss and is intruded into
the Proterozoito Mesozoic metasedimentary rocks in the Tanglang Haimantas and Karsha
formations in tle Tso Kar areaFiguresl-1 and-2a) (Steck 2003. Most of the gneiss
samples are granitic orthogneiss with fmediumgrain sizeslight brown color, and a
range of deformation textures from an almost unstrained gitamitg to a highly foliated

mylonitic orthogneiss Kigure 1-2f). One of thegneiss samples, TM02, shows the
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retrograde mineral assemblage grt + kfs + pl + bt + ms + spn+ gtz. This sample also shows
dynamic recrystallization with crystallographic misorientation in some quartz crystals
(Figure 1-4¢). The other Gns sample used in this study,-TM shows dynamic
recrystallization with preferred orientationof quartz and feldspars. Some
muscovite/phengite cryd@an TM-1 1 s how a t rtaynpse ttioo nii niircoam fai s h
which indicates shear during exhumatidfigire 1-4d). In sample TM02, the major
mineral phases are quartz, phengite, and feldspar; minor minerals are biotite, garnet, titanite,
rutile, andcarbonatesKigures1-2f and-3). Sample TM02 shows a relatively higher
abundance of garnet, phengite, biotite, and carbonates than-irl TRiguresl-3 and-4c;

Table 1-1). Minerals in differentgneisssamples also show slightly diffent mineral
compositions, grain sizes, and abundantesbles 1-1 and-2). The UPb zircon dating on

the gneiss provides a 479 + 2 Ma magmatic crystallization@igar@l and Bussy1999.
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CHAPTER 2 - THERMODYNAMIC MODEL LING OF HIGH -GRADE

METABASITES: A CASE STUDY USING THE TSO M ORARI UHP ECLOGITE

2.1Introduction

Recentdevelopmentsn high pressurdemperatureR-T) experiments, theoretical
petrochemistry, higiprecision geochemical analysis, and computational science have led
to improved models of the formation aexblution of metamorphic rocks. Thermodynamic
modeling programs (e.g., THERMOCALC, Theridkomino) can calculate rock and
mineral properties for a specific set of conditions (e.g., pressure, temperature, and
composition) and predict equilibrium minerabamblagegde Capitani1994 Powell et
al, 1998. These programs utilize internally consistent thermodynarmaiabdses and
activity-composition &-X) relations to calculate mineral stabilities and phase relations at
different P-T conditions. The user must carefully choose which program (and program
version), database, and setaeX relationsto usewhen executinga modéling protocol.

These choices are nontrivial and can affect the outcome of the calculations in various ways

T sometimes leading to significantly different predictions for the stability of phase
assemblages, thus having important implicatimmghe calculatedP-T path. The effects

of userbés choices for metabasic compositions

Many previous studies have applied thermodynamic nlbdg programs to
metabasites using the internally consisteetmodynamic database (e.g., Helgeson gt al.
1978; Berman1988;Holland and Powell1998 and variousa-X relations (e.g., Berman

1990; Holland and Powell996; Meyre et al1997; Dale et a/2000, 2005; Diener et al.
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2007; Green et al2007; White et a).2007) to model phase equilibnuand estimat®-T
conditions during prograde metamorphism (Korgmthmolke et a]2008; StOnge et al.
2013; HernandebJribe et al, 2018, 2019). In some cases, studies modgmetabasites
(KonradSchmolke et a]2008; StOnge et al.2013; Imayama2014; Hernandeiribe et
al., 2019) used-X relationsthat were developed originally for motlefy felsic rocks
(White et al, 2007), omitted minor components (e.g., Mn, and Ti), or were not calibrated
for ultra-high pressure (UHP) conditiondpdated versions of these mdldey programs,
internally consistent thermodynamic databases (e.g., dsldnd and Powell2011),
anda-Xrelations (Diener and Powgl012; White et aJ2014a, 2014kGreen et a)2016),
offer improvementshat may yield better results in termsmkrpreting phase relations for
minerals with a large group of endmembers (e.g., amphibole and clinopyroxene) and
calculating phase stabilities using an expanded library of bulk components (e.g., Mn, Ti,
and Fé".

New a-X relations for metabasic rocks have resolved the stability fields of
coexisting sodiealcic pyroxenes, and clinoamphibol@Sreen et a).2007 Green et al.
2016. Also, improveda-X relations for cline and orthoamphiboles (Diener et,&007)
and reviseda-X relations for clinopyroxene and amphibole (Diener and Pow®&6ll2)
allow the predictiorof mineral assemblages in ferbearing systems (NCFMASHO) and
are more consistent with observed phase relations in natural rocks. In addition, the model
formulation ofa-X relations for mafic melts in the CakdgO-Al.03-SiO, (CMAS) system,
representing i core components for moteh metabasites, was recalibrated (Green gt al.
2012, 2015 to calculate melting equilibria for a higiressure range (up to 50 kbar at

1800 °C).
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The ability to include minor components (e.g., Mp@e0s) in thermodynamic
modcelling (Diener et al.2007; Diener and PoweR012;White et al, 20143 2014b;Green
et al., 2016 makes it possible to evaluate their effect on phase stabilities and phase
reactions for key metamorphic minerals (e.g., spessartine garnet Bt Tosonditions).
Care must b taken when using the bulk rock composition to model metamorphic histories
as it may lead to unrealistic results without consideration of chemical heterogeneity (e.g.,
outcrop scale, mineral zoning, and relics) and definition of reactive equilibrium golum
(e.g., Warren and Waterd006;Lanari and Engi2017).

Effective bulk composition (EBC, also called reactive bnkk composition) is
the composition of the equilibration volume at a specific sthgeetamorphismAr o c k 6 s
EBC evolves along B-T trajectory because of compositional fractionation commonly due
to porphyroblastic growth of minerals like garii€tacy, 1982 Spear 1988 Spear et aJ.
199Q Lanari and Engi2017), which will continuously consume constituents from the bulk
rock composition, and may trap other minerals as inclusions. Components and inclusions
trappedn the garnet core are then excluded from padidiyg in any subsequent chemical
reactions in the matrix and hence should not be included whenlingdeter stages of
the metamorphic historySpear et al.199Q Lanari and Engi2017. For this reason, the
EBC can differ from the bulk or whol®ck composition commonly measured byragy
fluorescence spectrometry (XRFtvans 2004 Gaidies et a).2008a Moynihan and
Pattison 2013 Lanari and Engi 2017 Spear and Wolie 2018. Including EBC
calculations in thermodynamic mdtieg makes it possible to moreairately model the

P-T conditions and phase relations in metamorphic terranes with mafic rocks, and more
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effectively compare the results with previous studies and conventional thermobarometers
(Palin et al, 2016; Hernandelbribe et al, 2018; Yu et al.2019.

This study evaluates t he lirgprbgem,tTiseriatf t he u
Domino (TD; de Capitanil994) and THERMOCALC (TC; Powell et a1998), database
(ds 55 vs. ds 62), and garreeX relations (White et gl2007 vs. White et g12014a) on
predictions of stable mineral assemblages BAd path estimates for metabasites, by
providing direct comparisons and evaluation of the results achieved from various
combinationsof these choices, focusing on pitfalls, strengths, and limitations of the
modeling protocols when applied to high pressutea high pressure (HBHP) mafic
rocks. We make recommendations for best practices in hmgleietabasites and compare
our resultswith those from previous studies.

In all calculations, we use data collected from the -wlefiracterized coesite
bearing eclogite of the Tso Morari UHP terrane, in NW Himalaya, as input for our models
(Steck et a].1998 de Sigoyer et gl200Q KonradSchmolke et aJ2008;Mukherjee and
Sachan2009 Singh et al.2013, 2013b; Donaldson et aR013; StOnge et al.2013
Chatterjee and Jagoy®015 Palin etal., 2014, 2017Jonnalagadda et a2017a, 2017h.

The Tso Morari UHP eclogites were formed as a result of continentasiaolland
continuous subduction of the Indian subcontinent beneath the Eurasian cqRtiugrante
et al, 1990 Guillot et al, 1997 de Sigoyer et 812000 Lombardo and Rolfa200Q Kohn
and Parkinson2002 O 6 ,B201i8,e201%. Previous studies have estimated Ehd
conditions and predicted metamorphic phase assemblages of Tso MoraaditigRes
through thermodynamic modelir{lonradSchmolke et a).2008; St-Onge et al.2013,

stable minerahssemblageand conventional thermobarometi@illot et al, 1997 de
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Sigoyer et al.1997 Lombardo et a).200Q0 Mukherjee et a).2003 Lanari et al. 2013;

Singh et al. 2013a, 2013b;Chatterjee and Jagout2015 Wilke et al, 2015,
thermomechanical motmg (Palin et al. 201)] and by the presence of coesite, suggesting
peak UHP conditions were reached in the ter(dheherjee and Sacha®001; Sachan et

al.,, 2004). Multiple approaches have been applied to calculate prograde andP{eak
conditions in the Tso Morari eclogite (e.g., pseudosection construction, stable mineral
assemblages, and convientl thermobarometry) making it an ideal UHP metabasite case
study for evaluating the performance of different mbdglprograms, thermodynamic
databases, ar@X relations.

Thermodynamic modihg studies on HRIHP metabasites (e.g., eclogite facies)
are not as wellrepresentedn the literature as those on metapelites and metagranites.
Moddling HP-UHP metabasites can be difficult because they have a lower degree of
variability in mineral phases or their endmembers (lower variance in thermodynamic
modding) making it harder to track changedHfT-t space. The problem is exacerbated at
eclogitefacies conditions, because the mineral compositions and proportions do not
change significantly with changiigandT. Additionally, the effects of dehydratiomdng
prograde metamorphism and compositional fractionation due to garnet growth make
moddling metabasites even more challenging.

This study examines the effects of user choices in thermodynamic Imgdel
protocols used witmetabasites and uses information from the rocks themselves (mineral
assemblages, compositions, and textures) as ground truth by which to evaluate the efficacy
of the various protocols tested. Specifically, we use bulk composifiorsstu mineral

compositons, and mineraimodal proportions and textures from a Tso Morari eclogite
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block to test four different modtlang protocols. The protocols were designed to evaluate
the effect of choice of database (ds 55 vs. ds 62), program (TC vs. TD) and garnet solutio
model (White et a).2007 vs. White et gl2014a). The four protocols are as follows: (1)
TC337 THERMOCALC version 3.33 with database ds 55 andrelations ofWhite et

al. (207)for garnet; (2) TC47T THERMOCALC version 3.47 with database ds 62 and
Xrelations of White et al. (2014a) for garnet; (3) TDGheriakDomino with database ds

62 anda-X relations of White et al. (2014a) for garnet; and (4) TDWheriakDomino

with database ds 62 and modifi@X relations usingVhite et al. (2007jor garnet. Table

2-1 presents this information, as well as other details (@-4.relations of norgarnet
minerals) of the different protocols. For each protocol, mineral phase diagrams
(pseudosections) were constructed and EBC calculations were done to address element
fractionation during prograde garnet growth. The ultimate goals of this study are to
evaluateP-T conditions during burial and exhumation of the Tso Morari UHP eclogite by
thoroughly and thoughtfully comparing results of commonly used thermodynamic
modedling software and databases, to determine which give the best results, and to make

recommendations for best practices in niog HP-UHP metabasites

26



LC

Table2-1 Comparison of thermodynamic mdtieg parameters for TC33, TC47, TDG, and TDW in this study

Program Therme  Grra-x Major Grta-X relation parameters\(kJ) Other mineral  Mineral phases/endmembers fracti(?)rrfation
dataset relations W(alm—prp) W(alm—grs) V\/(prpgrs) dorp Galm Agrs a-Xrelation$ included proceduré
A grt, gln, act, omp, ms, bt, chl, .
TC33  ds55 wo7 2.5 10 45 1 1 3 e, ep qtzicoe, tt, 4D TC (rbi)
B grt, gin, act, omp, di, ms, bt, chl .
TC47 ds 62 W14 2.5 5 31 1 1 2.7 ws, ep qtz/coe, rt, spn,.0 TC (rbi)
B grt, gln, act, gru, omp, di, ms, bt TD
DG ds 62 wi4 2:5 5 31 1 ! 2.1 chl, lws, ep qtz/coe, rt, spn.& (Theriak)
TDW  ds62  WO7 25 10 45 1 1 3 B grt, gin, act, gru, omp, di, ms, bi - TD

chl, lws, ep, gtz/coe, rt, spn,@ (Theriak)

aW07: White et al. (2007%)W14: White et al. (2014a)

bA: clinoamphibole (glaucophane and actinoli®}ener and Powell2012), clinopyroxene (omphacite and diopsi@@)ener andPowell, 2012, chlorite
(Holland and Powell1998, K-feldspar and plagioclagélolland and Powell2003, muscovitg Coggonand Holland2002), and biotite(White et al,
2007. B: clinoamphibole (glaucophane (gl_dqgf3=kJmol), actinolite, and grunerit¢isreen et aJ.2016, muscovitgWhite et al, 20143,
clinopyroxene (omphacite and diopsid&yeen et a).2016), talc (Holland and Powell1998, epidote(Holland and Powell2011), chlorite(White et
al., 20143, K-feldspar and plagioclagelolland and Powel2003, iimenite(White et al, 20143, and biotite(White et al, 20143.

°TD (Theriak): Theriak long output; TC (rbiyvhite (2010) SeeApendix Bfor discussion of the different garnet fractionation procedures.



2.2 Geologicsettingand P-T history of the Tso Morari UHP eclogite

The TsoMorariis considered a relatively small UHP terrane (Kylardirk et al,

2012), primarily composed of the quarfBddspathic Puga Gneiss with rare, small eclogite
blocks Figure2-1a). Since the discovery of eclogite in the Tso Morari UHP terrane by
Berthelen (1953), it has been extensively studied. The terrane is chemically linked to
subducted Tethyan Himalayan crust (Steck etl8P8). The eclogitéacies boudins only
occur within the Tso Morari nappe.

Some of the larger eclogite blocks in the UHP Tswvi terrane preserve eclogite
facies mineral assemblages with some amphibolite retrograde overprint especially near the
block edges. The peak eclogite facies assemblage is gavmgihacitet phengite + rutile
+ quartz/ coesit e reyiew. dhisGtady usesesamples2fron the niost r
extensively studied eclogite outcrop (e.g., Sachan,t ®.99; O6 Br i,2000;and Sac
Mukherjee and Sachar2001; Mukherjee et gl.2003; Sachan et al2004; Konrad
Schmolke et a].2008; Donaldson et aR013; Singh et gl2013a, 2013b; St. Onge et,al.
2013; Palin et al2014; Chatterjee and Jagou2915; Wilke et al.2015; Jonnalagadda et
al, 2017a, 2017b); the samples were also used in the Donaldson et al. (2013)
geochronologic study. The ecltgihas abundant garnet-115 mm in diameter), often
found in clusters in a matrix of fingrained omphacite~{gure2-1a & b). The two iconic
eclogite mineral®ccurwith large porphyoblasts of carbonate and phengite and smaller
crystals of rutile and @tz Figure2-1a, b & c). The higfpressure phases are partially
overgrown with amphibole (barroisitginchite), clinozoisite, and paragonitéigure2-1c

& d). Garnets have significant zoniagdcontain abundant inclusionBigure2-2).

28



Figure 2-1. Images of sample TM5. (a) Mafic eclogite boudin (dark color) enclosed
within the felsic gneiss (light color) in the fielgh) Plane polarized light photomicrograph
of a thin section of eclogite sample TMb. (c) False ctor BSE image of TML5, showing
major minerals and textures an 8 x 6 mm portion of the thin se¢dprXMapTools
processed image based on ama} compositional map of TM5, showing phases and
textures in a 2 x 1.5 mm portion of the thin section. Theibahis image shows evidence

of poikilitic texture of amphibole, although this is texture is rarely observed in the sample

PreviousP-T studies have proposed that the Tso Morari UHP terrane either
experienced eelativelycool, concave prograd® T path (StOnge et al.2013; Chatterjee
and Jagout2015; Palin et al2017) or a hotter, convex prograde p&ikonrad Schmolke
et al, 2008; Warren et al.2008; Beaumont et al2009. Hotter progradd>-T paths are

predicted by thermahechanically modéhg the subductiowollision dynamics of the
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continental Tso Morari UHP rocks (Warren et 2008; Beaumont et aR009) as opposed

to thecold slab path by Syracuse et al. (2010). The position of the prograde path has
implications for the prograde assemblage with the cooler path predicting significant
lawsonite andhe hotterpath predictinga mp hi bol e ( s g2019 folir&iew).e n et
The proposed peak pressure varies significantly from ~28 to ~48 kbar with the higher
estimates (3318 kbar) based on carbonate assemblagekiierjee et a).2003; Wilke et

al., 2015. Peak pressure calculations using the-cambonate assemblage rangarfra2

to 28 kbar KonradSchmolke et a].2008; Lanari et al.2013; StOnge et al. 2013;
Chatterjee and Jagoy015; Palin et al.2017. The duration of exhumation of the Tso
Morari UHP terrane is proposed by multiple studies to be ~6 My (Leath2207; Guillot

et al, 2008; StOnge et a].2013), putting it into the fast exhumation category of Kylander

Clark et al. (2012).

2.3Samples and analytical methods

2.3.1 Sample description

At Tso Morari, eclogitelenses are hosted as small boudins (<20 nthimvithe

gneiss bodyHigure2-1a). The eclogite boudins show strong ductile deformation and have

lensoid shapes parallel to strongly developed shear fabric in the gneiss. Data from one

sample was used in this study, 7 (Figure2-1a). It was collected from the center of a

single, wellstudied eclogite boudin (see references above), where the largest proportion of
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eclogitefacies phases are preserved. The modal abundance of amphibolite facies minerals
increases from ge to rimin the block.

Sample TM15 is mediumgrained withgranoblastic texture. Modal mineralogy
was determined by using ImageJ (Schneider et28l2) to calculate percent area of
different minerals basedn grayscale levels in a backscattered eleciroage mosaic
(17x40 mm) of a thin section of TNM5 (part of which is shown iRigure2-1c). TM-15 is
28.6% garnet, 20.2% omphacite, 18.8% amphibole, 12.7% quartz, 9.3% epidote, and 9.2%
phengite. The remaining 1.2% includes the minor minenaite, ilmenite, magnetite,
dolomite, paragonite and zircofrigure 2-1b & c). The abundance of higiressure
minerals (highMg garnet rims, omphacite, and hi§h phengite), and the discovery of
coesite in this eclogite blodiMukherjee and Sacha001; Sachan et g12004 confirm
that this sample experienced UHP conditions.-ITBlhas a weak foliation defined by
matric omphacite and phengit&ifure 2-1b), fabric development is variable within the
block and host gneis§igure2-1a).

Garnet has abundant inclusions in darker red cores while the lighter rims have
significantly fewer orno inclusions Figures2-1b & c, -2). There is a change in the
inclusion population from coréo rim domairs. The inclusion phases in garnet cores
include aegiringich omphacite, sodicalcic amphibole (winchite), epidote, muscovite,
jadeite, chlorite, quartz, magnetite, and ruthég(re 2-2). The garnet rire havefewer
mineral inclusions, including jadeitech omphacite, clinoamphibole, phengite, quartz and
carbonates. We did not observe any lawsonite or its pseudomorph (as epidote or paragonite)

or any glaucophane in this study.
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Figure 2-2. Photomicrographs of garnet crystals in eclogite-I84(a) Crossed polarized
image of garnet TML5G#3.(b) BSE image of garnet TM5G#3, showing the traverse of
EPMA-measured garnet compositional profile A2 (c).XMapTools processed image of
garnet TM15G#3 based on an-bay map, showing the garnet zonation and inclusion
phases(d) BSE images of the mindranclusions in garnet (TML.5G#2) coreMineral

abbreviations as ihIST OFABBREVIATIONS.
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The UHP phases are overgrown by sedhtcic amphibole, clinozoisite, and
paragonite Figure 2-1c & d). Matrix omphacite is partially replaced by symplectites of
sodiumtrich plagioclaseand jadeitepoor clinopyroxeneRigure 2-1d). Rutile grains are

rimmed by titaniteand magnesite is locally present with dolomite grains.

2.3.2 Analytical methods

Bulk rock composition of TML5 was measured by XRF (Thermo ARRL
Advant XP and XP+XRay Fluorescence Spectrometer) (Tabi®). Part of the sample
was crushed using a mortar and pestle to <1 mm, then powdered in a twagbkida
shatter box. Scanningleetron microscope (SEM) and energy dispersiv@ay
spectroscopy (EDS)nalysesvere performed using the Zeiss EMO SEM with Bruker
XFlash6, 60 mrh EDS detector at Indiana UniversiBurdue University Indianapolis.
XMapTools (De Andrade et aR006; Lanari et al, 2019) was used on SEM/EDSr&y
maps to identify mineral phases and quantify mineral proportions for small areas.

Electron probe micranalyzer (EPMA) measurements were performed using the
CAMECA SX-50 Electron Microprobe in the EM laboratory at Indiana University,
Bloomington to obtain quantitative compositional data from minerals. Analytical
conditions were 15 keV accelerating voltage
peak counting time of 2@ for major element analysis of all minerals. Analytical
uncertainty for major elements is less than 2 wt. %. Elements were calibrated by the
following standards: Si (clinopyroxene), Al (anorthite), Mg (San Carlos olivine), Fe

(fayalite), Mn(rhodonite), Na (albite), K (orthoclase), Ca (clinopyroxene), Ti (ilmenite).
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Table 22 Eclogite major element whol®ck geochemistry from Tso Morari sample, reported in wt. %

Sample SiO, TiO2 A0z FeG* MnO MgO CaO NaO KO P.Os LOI% Sum

TM-15 4553 237 1506 1192 0.19 727 103 2.79 057 024 274 96.22

@Total iron expressed as FeO



The measured mineral phases include pyroxene (mainly omphacite), garnet, amphibole,
micas(muscovite, biotite, paragonite);#€ldspar, albite, epidote, titaniolomite, calcite.
Point analyses (EPMA) were also conducted on mineral inclusions trapped in garnet to

evaluate its equilibrium status at the early stages of metamorphism.

2.4Mineral chemistry and petrography

2.4.1 Garnet

In sample TM15, garnetoccurs as individual euhedral crystals with sizes ranging
from 500 to 2000rm, or as coalesced clumps of several grdtmgpufe2-1b-c). An EPMA
traverse across TMI5G#3 (rimcorerim) was collected to investigate compositional
variation Figures2-2b & c,-3a & b,-4; Table2-3) in the garnet. A large (~1200x86),
single garnet crystal with wefireserved zoning, referred to hereafter asI9#3, was
chosen for detailed analysiBigure 2-2a-c). TM-15G#3 preserves sharp growth zones,
recognized in thin section and BSE images, and the commonly observed change in

inclusion population from core to rinkigure2-2a-c).
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Figure 2-3. Diagrams of mineral (garnet, clinopyroxene, muscovite/phengite)

compositions in eclogite sample Fbb. (a) Quadrilateral diagram of garnet compositions

in TM-15, showing the compositional change from the central core to outermost rim. Data
are from thregarnet crystals in TM5. (b) Diagram of Fe/Mg ratio vs. X(Cgyfrom rim

to central core of three garnet crystals in-IBl Garnet rim can be subdivided to Rim 1
and Rim 2 based on garnet compositional variability from core to rim (separation rules of
the three garnet zones follows that of garnet-IBG#3). (c) Nomenclature ternary
diagram of sodium pyroxenes, showing the composition of omphacitic pyroxene in eclogite

TM-15.(d) Diagram of white mica Al p.f.u. vs. Si p.f.u. in eclogite 714.
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Table 23 Average compositions of garnet, inclusions, and matrix phase
Tso Morari eclogite TML5 (continues)

Oxide TM-15 Eclogite
Mineral grt grt pg phg ab dol
Positior? C R M M grtin M
Na:O 001 002 673 042 1102 001
Al,0; 2157 2212 40.83 2608 2033 001
SiO, 3716 3775 47.02 5187 674 001
MgO 317 566 037 472 000 208
FeO 2825 2703 042 156 065 4.40
K20 000 000 106 1022 002 0.0
MnO 073 032 000 001 000 004
Tio, 010 005 006 024 000 001
Cao 858 696 030 002 083 3%'3
Fe:0s 007 001 000 000 000 000
Total 9963 9991 9679 9514 100.24 52'6
Na 000 000 082 005 093 001
Al 202 204 303 204 105 001
si 206 295 296 345 295 0.00
Mg 038 066 003 047  0.00 1%1
Fe* 188 177 002 009 002 115
K 000 000 009 087 000 000
Mn 005 002 000 000 000 001
Ti 001 000 000 001 000 000
Ca 073 058 002 000 004 12'3
F&* 000 000 000 000 000 000
Sum 803 803 698 698 500 2%'7
Oxygen 12 12 11 11 8 60
adr 0.39 0.10 - - - -
grs 23.6 19.07 - - . -
prp 12.37 21.67 - - . -
sps 1.61 0.70 - - - -
alm 62.02 58.46 - - - -

dgarnet inclusiongrt in; core: C; rim: R; matrix: M
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Table2-3 Continual

Oxide TM-15 Eclogite
Mineral ep omp camp omp camp
Positior? M M M grtin grtin
N&.O 0.01 6.91 3.37 3.76 3.70
Al2Os 30.48 9.92 8.11 10.81 9.06
Sio 38.52 5581 53.84 42.26 50.45
MgO 0.11 7.98 16.93 6.12 11.33
FeO 0.00 4.52 0.00 11.82 13.91
K20 0.01 0.01 0.15 0.03 0.08
MnO 0.01 0.01 0.03 0.40 0.20
TiO2 0.15 0.04 0.11 0.60 0.12
CaO 23.19 12.44 8.4 8.14 6.83
Fe0s 5.11 2.26 6.72 13.84 1.08
Total 97.58 99.9 97.65 97.77 96.75
Na 0.00 0.48 0.91 0.29 1.04
Al 5.60 0.42 1.33 0.50 1.54
Si 6.00 2.00 7.49 1.67 7.30
Mg 0.02 0.43 3.51 0.36 2.44
Fe* 0.00 0.14 0.00 0.39 1.38
K 0.00 0.00 0.03 0.00 0.02
Mn 0.00 0.00 0.00 0.01 0.03
Ti 0.02 0.00 0.01 0.02 0.01
Ca 3.87 0.48 1.25 0.34 1.06
Fe* 0.67 0.06 0.78 0.41 0.42
Sum 16.18 4.00 15.31 4.00 15.23
Oxygen 25 6 23 6 23
adr - - - - -
grs - - - - -
prp ) ) ) ) )
sps - - - - -
alm - - - - -

agarnet inclusiongrt in; matrix: M

38



The garnet TML5G#3hasthree zones from core to rim labeled on Fig2#as
Core, Rim 1 and Rim 2. The large core domain displays variability with each element
(AlMs465Grs24345ps1.02.3PrpLs6.5) but roughly uniform composition across the core region
starting at 328 to 92(m in Figure2-4. For 100um on either side of the core, in Rim 1
pyrope increases and grossular decreases while almandine stays the same. In the outermost
rim, Rim 2, almandine drops sharply as pyrope incre@de®{s:Grsis2350%.5.1.7Prp20-32)
(Figure 2-4). The pyroperich outermost rim has a very sharp compositional boundary

changing ~15 mol. % over 20m (Figures2-2a-c and-4).
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Figure 2-4. Compositional profile indicating garnet endmember fractions of almandine
(alm), pyrope (prp), grossular (grs), and spessartine (sps) across a traverse of garnet TM

15G#3 fromrimtocoretorim @ 6 ) . The ¢ aensubdividedtoRimiiaml b e
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Rim 2based on garnet compositional variability from core to rim. EPMA spots can be seen
in Figure2-2b, and data are presentedNppendix BTable B-1. The diameter of the garnet

crystal is ~1200 &m.

2.4.2 Omphacite

In sample TM15, omphaciteaccounts for ~20.2% of modaiineralabundance.
The matrix omphacités subhedral andanges in size from 10600 nm and no marked
zonation Figures 2-2b-d and -3c). Analyzed grains haveéhas a composition of
Quad2JdirAes, based on Morimoto (1988) nomenclature, and x(Fe) =i0.28 (0.24
avg.), where x(Fe) = Eg(Fe&*+Mg). Minor aegirinerich omphacite occuras incusions
in the garnet cores; these can be strongly zoréguile 2-2a) and haveaverage
composition of QuagdJdi1Aerrand x(Fe) = 0.380.53 (0.52 avg.)Rigure2-3c; Table2-3).
The pyroxene formulas in TabR3 (including Fé") have been recalculated based on

stoichiometry and charge balan@roop, 1987).

2.4.3 Amphibole

Amphibole occursin TM-15 as sodizalcic amphibole (camp). The amphibole
makes up ~18.8% of the rock, and ranges in size froral200mm (Figure2-1c & d).
Amphibole in the matrix shows mostly idiomorphic texture, with only minor amphibole
showing poikilitic texturefigure2-1c & d). It belongs to the winchite stgyoup based on

the amphibole reclassification of IMA 2012 stand@tidrak and Gibbonsl986 Locock
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2014, with Si = 7.417.77 p.f.u. (7.49 avg.Mg/(Mg+Fe&*) = 0.850.90 and Na (M4) =
0.66 (Table2-3). Amphibole in the garnet core shows no discernible texture and belongs
to the winchite suigroup with Si = 7.107.52 p.f.u. (7.30 avg.), Mg/(Mg+F8 = 0.56

0.62 and Na (M4) = 0.82 (Tab#e3).

2.4.4 White mica

White micasarethe major potassiurhearing mineral phases in Fi6 (Table2-
3). White mica (phengite and paragonite), occurs mostly in the matrix, ranging in size from
100/ 1000mm (Figure2-1c). When fomd in the core of garnet, white micas are #B0in
size Figure 2-2d). White mica with >3.12 Si p.f.u. are referred to hereafter as phengite
(Menold et al.2009. Phengits have a large compi®nal range (Si p.f.u. = 3.28.54)
(Figure 2-3d), suggesting growth over a range RAHT conditions. The highest silica
phengite has 3.5B.54 Si p.f.u. Paragonite (muscovite) in the matrixhas a Si p.f.u. £ 2.91
2.98, Aly=1.021.09 and Na/(Na+K) = 0300.07 (Table2-3) and mostly occurs as a thin
ring around phengite in the rock matriidure 2-1d). No paragonite has been found in

garnet cores in thisample

2.4.5 Carbonates

Carbonatehasesprimarily dolomite make up <1 % of sample T\, occurring

as porphyroblasts in the matrixigure2-1d). Dolomite and calcite also occur as inclusions

in the cores of garnet&igure2-2b & c).
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2.4.6 Accessory phases

Epidote accounts for ¥91% ofmode andoccurs as idiomorphic crystals in the
rock matrix (~158750 um) (Figure2-1c & d), and as tiny inclusions garnet(~10 um)
with no proximity to paragonit@he average epidote in the matrix has ati/f&l 3*+Fe*)
ratio of 0.080.12 (0.11 avg.) (Tabl@-3). Other accessoryninerals include chlorite
(Figure2-2d), albite Figure2-2b), K-feldspar, rutile Figure2-2b), ilmenite Figure2-2b)

and magnetiteHigure2-2b).

2.5 Conventionalthermobarometry

2.5.1 Thermobarometrynethods

Multiple conventionalthermobarometers were utilized to constrain metamorphic
P-T conditions to compare with predictions from maihg trials, includinggarnet
clinopyroxene thermometry (Powgell985; Ravna2000), garnephengite thermometry
(Green and Hellmari982) garnetomphacitephengite geobarometry (Waters and Martin
1996, phengite geobarometryKamzolkin et al. 2016, and muscovit@aagonite
thermobarometr{Guidotti et al, 1994 Roux and Hovis1996 (presented in Sectidh5.2).

To providesome estimate of the uncertainty associated withPHiepredictions
from conventional thermobarometry, workers commonly use a function in
THERMOCALC version3.33 (TC3.33) called AVE_PT mode (e.Bgwell and Holland

1994; Worey and Powel2000; Walker and Searl2001; Proyer et 312004; Endo et a|.
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2012; StOnge et al.2013. This function calculates an averdgd for a given mineral
assemblage and bulk composition, as well as an associated model error estimate. The error
ellipses inFigure2-5awere determined with AVE_PT mode as described here.

To minimize the effect of disequilibriurbetweenselected mineral pairs on the
accuracy of thehermobarometers, EPMA data from the higtgisphengite, garnet rim
domain, and matriomphadte with x(Fe) < 0.25 in TM15 have been used to calculate
peak pressure conditions. Due to limited EPMA data on inclusions from the garnet core
(Table 2-3), we did not use data from those phases to conduct thermobarometry
calculations.

Eclogite facies mineral assemblages facilitate the use of'fég partitioning
between both garnelinopyroxene (GC) and garnphengite (GP) pairs for
geothermometry, as the partitioning of these two elements is strongly temperature
dependent in these mineral pairs (GGwell, 1985; Ravna2000; GP: Green and Hellman
1982 see thermobarometry methadsAppendix A. However, cation exchange between
Fe?* and Mg has two major issues regarding its accuracy in application to eclogites: (1)
diffusional reequilibration during retrograde metamorphism andh@)high uncertainties
associated with calculation &*'/ E FTde first is highly temperature depent@nd
therefore will be a bigger problem for high temperature (>800 °C) eclogitgrandlite
facies rocks (Florence and SpeEd95; Pattinson et akR003). Previous work on the Tso
Morari suggests peak temperatures <700 °C (e.g., St. Onge 2018. Regarding the
second issue, miner&E**/ E [Ean be determined indirectly by charge balance methods
(e.g., Droop 1987) or directly measured by Mossbauer spectroscopy. Omphacite from

UHP terranes have been analyzed previously by Méssbauer spectrasseaying that
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Fe** can be up to 50% of F&a, and values measured often exceed those calculated by
charge balance on the same samples (Ravna and P2008) Proyer et 312004). The
chargebalance calculation (Dropf987) has been used here to eatafe’’/ E i garnet
and omphacite. Concentrations of Fim garnet are estimated to be ~0.2% ofokgin
omphacite estimates range from 11% to 60%. The result of underestimalieti/of F e
will be an overestimation of temperatures.

Geologicbaranetersutilize nettransfer reactions instead of exchange reactions
(e.g., Spearl995). Nettransfer reactions avoid the issues mentioned above by requiring
longer diffusive lengtrscales (Hacker et al2006). A commonly used barometer for
phengitebearing eclogites is the garmmhphacitephengite geobarometer (GOP) of
Waters and Madin (1996), which can be calculated through the KMASH mode reaction
equilibrium ee GarneDmphacitePhengite Geobarometer (GOR)Appendix A). Use
of the GOP barometer (Waters and Mariif96) is predicated on the fact that the silica
concentration inphengite has been found to be strongly pressure dependent, linearly
increasing from >3.00 to values <4.00 in a 12 (O, OH) formula unit in response to
MgV'SiVAIVI,AIY ., substitution, since Al is not favored at high pressures (Massonne
and Schreyer1987; Carswell and Harley1990). Activity models for garnet and
clinopyroxene are a major source of uncertainty in applying this barometer. Following
Waters andartin (1996), the simple M@a mixing model of Newton and Haselton (1981)
for garnet, the noideal activity model of Holland (1990) for omphacite, and ideal mixing
model ofHolland and Powell (199Gpr phengite were used for this study. An empirical
correctionof -0.000543 is added to tlmeiginal T*InK coefficient (0.002995) to account

for the dscrepancy with thexperiments ofSchmidt (1993)(see GarnetOmphacite
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Phengite Geobarometer (GOPRAppendix A. Another empirical phengite geobarometer
(Kamzolkin et al. 2016 for conditions of Si >3.25 p.f.u. and T <750 °C was used in this
study to compare ith the GOP barometesée phengite geobarometerAppendix A.
Muscoviteparagonite thermobarometry was used to estimate retro§rddeonditions
based on KNa exchange equilibrigGuidotti et al, 1994 Roux and Hovis1996 (Figure

2-5b).

2.5.2 Thermobarometryesults

To estimate themetamorphicconditions in sample TM5 from conventional
thermobarometry, the following eclogite facies assemblage was used: garngbG3)
rim average composition between 36% and 490rm (low-calcium), omphacite from the
matrix (EPMA data show that the matrixnphacite has low compositional variation;
average value in Tab3), and high silica phengite (3.63.54 Si p.f.u.) from the matrix
(Figures2-1c and-3d). The intersections of lines generated using GC and GP thermometers,
and GOP and empirical phengltarometers, provide a poorly constraifed estimate of

~520'700 °C and ~226 kbar Figure2-5a) at peak pressure.
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Figure 2-5. Thermobarometry calculations using selected minerals from eclogite sample
TM-15.(a) Lines are labeled with the thermobarometer used and sample number. The lines
are calculated using data from the rim of garnet T9&#3 and higtsi phengite in TM

15. Thered error ellipse and point within are the output from AVE_PT mode on
THERMOCALC (version 3.33) with the assemblage (omp, grt, ms, tlc, lws, rt, coe, and
H>0). Temperature maxima from GC thermometry (blue and orange dashed lines) are
calculated using garhe(FeO/MgOpinimum and omphacite (FeO/Mg&ximum and
temperature maximum from GP thermometry (red dashed lines) is calculated using garnet
(FEO/MgOpjninimum and phengite (FeO/Mg@ximum(Carswell et a].2000. Vice versa for
temperature minima in thermeters. Garnet, omphacite, and phengite FeO/MgO minima
and maxima are calculated based on compositional variabilitys aeviel. Pressure
maximum and minimum for Phg Si barometer (purple dashed lines) is based on the Si p.f.u.
variability at I level fromphengite with high Si p.f.u. (3.53.54). An overall uncertainty

of £2.5 kbar for the noideal garnet and clinopyroxene of typical eclogites is suggested
for the GOP barometeWaters and Martin1996. The ellipse in AVE_PT depicts &)

uncertainties daulated by the program. The gray shaded region depict®-theange
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suggested when comparing all thermobarometiey£omparison between paragonite and
low-Si phengite from eclogite TM5 and the solvi calculated at 5, 10, and 15 kbar (Roux

and Hovis 1996). pg: paragonite; ms: muscovite.

As discussed in Sectidh5.1, we used the AVE_PT function in TC3.33 to provide

an estimate of theuncertaintyfor the thermobarometry calculations. The averBge
conditions calculated using TC3.33 AVE_PT for the assemblage (omp, grt, ms, tlc, lws, rt,
coe, BHO) from the garnet rim was 54215 °C and 23.3t 1.2 kbar. The averagd>-T
condition calculated using TC3.33 AVE_PT for the assemblage (omp, grt, hbl, ep, ms, rt,
gtz, HO) from the garnet core is 5237 °C and 21.& 1.6 kbarLow silica phengite and
paragonite in the matrix of sample TAb (pgms) were used to estimate lagtrograde
metamorphic conditiongGuidotti et al, 1994 Roux and Hovis1996, yielding aP-T

range of ~450500 °C and 714 kbar Figure2-5b).

2.6 Thermodynamic modeling of the Tso Morari eclogite

2.6.1 Modeling methods

TC and TDprogramsperate in different ways. TC calculates equilibria by solving

a set of nonlinear equations for model systems in equilib(Rouell et al. 1998. TD

calculates and ploequilibrium phase diagrams by meansGibbs free eargy

minimization (de Capitani 1994). Both programs can use the same thermodynamic

databases (e.g., ds 55 and ds 62) aXdrelations for modding metamorphic rocks. A
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thermodynamic database describes the internally consistent thermodynamic properties for
mineral endmembers, while a set @afX relations dictates calculations of the
thermodynamics of mixing of multiple eme¢mber phasdg.g.,Holland and PowelR011;
Green et a).2016. To generate a pseudosectiahjch is adiagram showing the fields of
stability of different equilibrium mineral assemblad®sa fixed bulk composition or along
a chosen wveor of variation within bulk composition spa@nd model th®-T history for
metamorphic phases of interest, a thermodynamic database has to be combined with a set
of a-X relations when executing a mdlieg program.

Thethermodynamiclatabase anma X relations used in the two motiay programs
(TC and TD) differ in format but are identical in teramfsthermodynamic properties and
mixing properties of enthember phases, if they are from the same versions. The
conversion of the latest metabasitX reldions (Green et a).2016), originally built for
TC, to one compatible with the TD working environmemtg://dtinkham.net/peq.html
made the modkng of metabasites easier and more automatic. Pseudoseatigtnuction
is the key function of thermodynamic moliled programs (TC and TD), as it predicts the
stability fields of equilibrium phases (i.e., minerals, melts, and fluidd)Trspace, as well
as their compositions and proportions. A prograde metamadpphipath can be modeid
for HP-UHP rocks by projecting garnet compositional data onto the theoretically predicted
mineral compositional isopleths in pseudosections (e gOnget et al, 2013; Hernandez
Uribe et al, 2018; Laurent et g12018; Yu et al.2019).

As introduced in SectioB.1, the four protocols that we test here are: (1) TC33,
which usesTHERMOCALC version 3.33 with database ds 55 an¥ relations ofWhite

et al. (2007¥or garnet; (2) TC47, using THERMOCALC version 3.47 with database ds 62
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anda-X relations of White et al. (2014a) for garnet; (3) TDG, using Thddiakino with
databasels 62 andh-X relations of White et al. (2014a) for garnet; and (4) TDW, using
TheriakDomino with database ds 62 and modifeel relations usingVhite et al. (2007)

for garné. Thea-X relations of norgarnet minerals used the different protocols are shown

in Table2-1.

2.6.2 Moddling inputandcomponents

Garnet,beinga key mineral in HP and UHP metamorphic rocks, is capable of
recording evidence of the metamorphic history of the rock in its structure by responding to
the changes ibulk rockcompositionP, T,andfO>, over time as the crystals grow (Spear
and Selvertong 1983; Spear et al1990; Spearl995; Vance and Mahat998; Stowell
and Tinkham 2003; Ague and Axler2016). This is due to the robust chemical and
mechanical propertiesf garnet and its resistance to pgsbwth dissolutionCaddick et
al., 201Q Baxter et al.2017). Pseudosections and garnet compositional isopleths (alm, prp
and grs) are commonly used in thermodynamic riode to constrain prograde
metamorphism and correspondi®dg conditiors (Spear1995; Tinkham and Gherz005;
Gaidies et a).2008a, 2008b; Masson2012; StOnge et al.2013.

Eclogite TM-15, and garnet crystal TII5G#3 Figure2-2a-c) were selected as the
representative eclogite bulk composition and garnet composiéispectively, to perform
the modding presented here to create pseudosections and mdédl paths using the
various protocols we test. The large grain size, evident growth zonationgf@a)mum

and x(Mgyr maximum occurring along the garnet profilegure2-4), and the ~20@um
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rim seen in photomicrographs and BSE imadégures 2-1b and-2b), indicate that
progrademetamorphisnconditions, including peak pressure, have been recorded in garnet
crystal TM15G#3. Also,among three measured garnet profiles this grain had the lowest
grossular and highest pyrope content.

Table2-2 presents the bulk composition of TM, measured by XRF, which was
used as input to construct pseudosections. MnO is omitted frdmltheomposition when
constructing pseudosections and calculating EBCs during the early stages of garnet growth.
This is because while MnO is a significant component in the garnet core composition
(Figure2-2c), it becomes less significant at later stagfgsrograde metamorphism/garnet
growth (Symmes and Ferr§992; Mahar et al1997; White et a).2014b).Carbonateand
phosphateninerals were omitted from the bulk composition due to low concentrations in
this sample (Tabl@-2). A compositional profilg1200nm traverse) across garnet TM
15G#3 Figure 2-4; Appendix BTable B1), measured by EPMA, is utilized to model
prograde garnet growth attending metamorphism.

Thermodynamic modehg andcalculations in this paper are performed in the 10
component system, Na-CaOK20-FeOMgO-Al20s-SiO-H20-TiO2-FeOs
(NCKFMASHTO). See Tabl@-1 for lists of minerals included in each of the madel
protocols and whicla-X relations were used for thosemarals with soligsolution. The
presence ohydrousmineral inclusions (e.g., phengite, epidote, chlorite) in the core of
garnet TM15#G3 suggests that eclogite TN was watesaturated in the early stages of
metamorphism. Here we assume watexs saturagd along the prograde path in all

calculations.
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The bulk Fé'/a Fe(~10.9%) of eclogite TML5 was estimated using stoichiometric
criteria in the mineral compositions and recalculating the mineral ferric contents using the
AX program ofHolland and Powell (20Q0The effect of garnet intrerystal diffusion was
not considered due to the high heating rate (~10 °C)Nfgaidies et a).20083 and short
duration (<10 Ma) of prograde metamorphisgtQnge et aJ.2013 Wilke et al, 2015.
Effects from mineral inclusions on motiey results are very limited due to the low
abundance of inclusions in 6. Mineral inclusions occur mostly in the garnet core as
omphacite, rutile, phengite, omphacite, albite, and quartz, @walat for less than ~1%

of the bulk composition of the whole rock.

2.6.3 Effectivebulk composition calculations and mineral fractionation methods

EBC estimates are among the most important factors affecting the accuracy of
predictions of metamorphiB-T conditions attending prograde metamorphism, and this
task is norrivial as the EBC continuously changes with progressive metamorphism and
porphyroblastic mineral (e.g., garnet) crystallizat{darmo et al, 2002 Evans 2004
Tinkham and GhenR005 Warren and Water2006 Zeh 2006 Gaidies et al.2008h
Lanari and Engi 2017. Reaction kinetics (e.g., reaction rate, drivingcé&r and
crystallization mechanism) can also hinder obtaining the realistic reactive equilibrium
volume (e.g., Carlson et aR015;Lanari and Engi2017. In this paper, only garnet is
considered as f#cting the EBC evolution with changesRandT, and hence only garnet

removal is included in the EBC calculations.
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The growth of garnet will consume larger proportions of Fe and Al relative to other
elements from the initial bulk composition, and this can cause changes in the EBC and
hence affect thenodeling results. Assuming that garnet growth is occurring at an
equlibrium state, the main principal driving EBC calculations is the quantitative removal
of the newly formed portion of the garnet core domain from the bulk composition at each
P andT step in the calculation. There are myriad approaches available tcatalkhd EBC
(only considering garnet removal) at a givesT condition (e.g., Gaidies et aR008a;

White, 2010; Marmo et al2012; Moynihan and Pattisp2013; StOnge et al.2013). For
this study, we used techniques specific to the tindeprogramsTD and TC. These are

described in detail iAppendix B
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Figure 2-6. Observed and calculated catm garnet zonation profile expresseda¥X
parameters x(g)=alm/(alm+prp) and z(g)=grs/(alm+prp+grs) from TC mmoglehnd in
alm, prp, and grs from TD modielg. See text anBigure2-4 for separation of garnet three

zones, core, rim 1, and rim 2.

Fourteenfractionation steps were performed fgarnet (TM15G#3) prograde
growth, which specifically includes 7 steps in the core domaid@®7 e m) and 7 st
the rim (3674 90 € m) -6, Appgndix BTakl?e B2). The stepping of garnet
fractionation in the modelling is based on changes in cotnogi.e., alm, prp, and grs)

along the EMPA profile.

2.6.4 Uncertainties

Identifying the source and magnitude of uncertainties inPHiepredictions from
thermodynamic modkBhg are essential when considering how realistically a calculated
metamorphidP-T path represents an actual geological process. Past studies have focused
on identifying the nature of uncertainties, quantifying the magnitude, and evaluating their
effects ongeological interpretations (e.g., Kohn and Sp&8©1; Powell and Holland
2008; Palin et al2016; Lanari and EngR017). In this paper, we consider two sources of
uncertainty and their potential effects when nitkg metabasites: (1) uncertainty
as®ciated with compositional variability in mineral domains, and (2) uncertainty
associated with internaHgonsistent databases ameX relations used in modeéig

programs.
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Theuncertaintyassociated with compositional variability in mineral domagfers
to the degree to whicim situ mineral compositions (measured by EPMA) vary within a
user defined mineral domain (e.g., rim, core). This will depend on how homogenous each
domain is in a given crystal, how the domains are defined by the user, and theajual
the measurements. Therefore, both the degree to which the measured compositional profile
accurately represents garnet growth during prograde metamorphism, and the errors of
EPMA analyses (relative and systematic) can have an effect onlmgdekits (Lanari
et al, 2017, 2019). This type of uncertainty will vary from sample to sample and depend
heavily on user choices in defining mineral domains.

The secondtype of uncertainty, those associated with interredigisistent
databases aratX relations used in modehg programs, have been heavily debated (Engi
1992), and are commonly neglected in presentations of hmagleesults. Attempts to
guantify these modkhg uncertainties in past studies yielded a generally accepted overall
uncertainty of N50 AC and N1 kbar (210)
pseudosections (Powell and Holla@d08). These values of overall mdiel uncertainty
are especially useful for directly comparing results of models that use the same
composiions as input, as we do in this study. Here we will present both types of uncertainty.
Calculations of uncertainty associated with compositional variability in garnet domains for
TM-15G#3 will be given when reportirig T predictions from our modkhg praocols to
highlight the degree to which sample zonation can affect model results. Because the input

for all of the modding protocols is the same, we will use the overall mauglncertainty

(N50 AC and N1 kbar, 20) of pdimgwesditdofthen d Ho |

different modding protocols.
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The sources of uncertainty discussed above are not exhaustive by any means. In
addition, consideration of the scale and constituents of selected equilibration volume,
techniques to calculate EBC, fact@fecting the phase reactions in equilibrium, and
petrological observations, could potentially affect the results and associated uncertainties
of models. Other factors that may affect the miiniglof metabasites include uncertainties
in the estimation oferrous/ferric iron and KD contents, and chemical diffusion during
garnet growth(Kelsey and Hand2015 Lanari and Engi2017 Lanari and Duesterhoeft
2019. Evaluation of all potential sources of uncertainty is beyond the scope of this paper.
Past studies have already done this work, and we adopt the overallingpdetertainty

of Powell and Holland (2008) for comparing mdaweg protocols in this study.

2.7 Thermodynamic modeling results

The results of each modielg protocol are presented individually below and
summarized in Tabl@-4. As discussed in SectioR.6.4, calculations of uncertainty

associated with compositional variability in garnet domains are presented bsow (1

2.7.1 Moddling trial 1 (TC33): TC3.33 wh ds 55 and>arnetW07

Results of protocol TC33 are showrFigures2-7a & b,-8 andAppendix BFigure

B-1a and inTable2-4. The TC33 generated pseudosectiigre2-8a) shows that garnet

started to grow at 540 15 °C and 21.5% 1.5 kbar in a mineral assemblage of gln + act +

grt + omp + ms + chl + Ilws + rt +3@. Prograde metamorphism reached a peak pressure
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of 26+ 1 kbar at 56% 8 °C, and then achieved peak metaphism (peak temperature) of
603+ 3 °C at 24+ 0.5 kbar, when considering the effect of garnet crystallization on the
EBC. ThisP-T path provides @aonstanigeothermal gradierdT/dPof ~5 °C/kbar during

its burial stage and ~15°C/kbar during the exhumation stage. If garnet fractionation is not
considered (i.e., no EBC calculations), the predicted peak pressure estimated with this
protocol would be 32.% 3 kbar at 571 11 °C Figure2-12), and the peak metamorphism
would be beyond the constructedl range.

As garnet grows, mineral compositions and the EBC continuously change (Figure
2-7a & b). This modelling protocol (TC33) predicts that as metamorphism progresses from
the beginningf garnet growth (54& 15 °C and 21.% 1.5 kbar) to peak metamorphism
(603+ 3 °C and 24t 0.5 kbar), FeO drops from 11.8 to 3.0 mol. %; MgO increases from
11.9 to 16.0 mol. %; and &D3 and CaO slightly decrease from 9.7 and 11.6 to 6.9 and
10.9 mol. % respectively (Figure-Za). In terms of the changes in mineral assemblage
during prograde metamorphism, garnet, omphacite and talc generally increase from 22.6,
23.2 and 0.0 to 35.9, 39.3, and 12.2 mol. %, respectively. Glaucophane and actinolite drop
to almost zero at pegressure metamorphism, and lawsonite drops from 13.8 to 8.6 mol. %

during prograde metamorphism (Figur&|2).
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Table2-4 Tso MorariP-T conditions at different prograde metamorps$tiages and the corresponding garnet composition irl5G#3. Errors are

1s2
. Grt Nucleation Peak Pressure Peak Metamorphism
Modeling Grt T P T P G T P
Protocol r ‘ ‘ "
Comp® Stable Phase: (°C) (kbar) Grt Comp. Stable Phases (°C) (kbar) Comp. StablePhases (°C)  (kbar)
gln+act+grt+ gln+omp+grt omp-+grt+tlc+
TC33 omp-+ms+chl Séllgi 21.? +tlc+tms+bt+ S%Si 26+1 ms+lws+rt+H 6%% 2450'
alm= +lws+rt+H,0O ' ws+rt+HO 20
0.62+0. . alm=
gln+di+omp+ alm= gln+omp+grt gln+omp+grt
TC47 0 grebtechid 20 P52 0631003 HicHmstbtel et Sul 0470 ihrmsicr Ot 290
Oplg Lo WsHtHHO prp= ws+rt+H0 0 38 +%_ ws+rt+H0
03 gln+omp+di+ 530+ 0.2();9.02 gln+omp+grt 551+ 34+1 Olgrs= gln+omp+grt 602+
TDG grs=  grt+bt+chl+l 25‘ 262 Olg7+6 01 +tlc+ms+bt+ 12‘ 5‘ 0.23+0. +ms+tlc+lws 3 29+1
0.28+0. ws+rt+HO D ws+rt+H0 01 +rt+H>O
03 gin+omp+di+ gln+omp+grt gin+tomp+grt
TDW grt+chl+ms+l 5%1 2242 +tlc+ms+bt+ ngi 2?.21 +tlc+ms+lws 61731 23.21
ws+rt+H0O ws+rt+H0 ' + rt+H,O '

aGarnet composition uncertainties are calculated from EPMA data from garngb®#i3 Appendix BTable B1). Uncertaintie®f P-T
conditions are calculated propagating errors from the garnet composition in Grt Gdampns.
bGarnet Composition (Grt Comp.) is the same for all protocols, and is presented here as almandine (alm), pyrope (pssylan(ygsp

endmember ratios froMD output. To convert to x(g) and z(g), the garnet composition parameters used in TGnodsd (x(g)=alm/(alm+prp)
and z(g)=gr/(alm+prp+grs)).



55

S
ow

-
N

Oxide mol. %

[@

|
TC33

i g
e 00—
‘?@
®
Mg o —e—0e o

=
K]
£
)
b=l
x
o
49 :
18
< 5 o 00—
3
£ 12 &
£
b, \
o Q\NQ» & & 6 es o
6 *’&— K
0 b 3 T T T K
55
(9) - N
[ e o TOW
49
18
e a0
. =
E
12
8 A
% \
(e} G\'igbgof_ff_ a
8 % — T —6—=%-900 —29
M
O L S AN —— MR AT T
515 535 555 575 595 615
Temperature (°C)

~5-5i0:
~E-Al0s
Cao
—o—-MgO
*-FeO
—*-K:0

Jr
g
<)

2-Ti0z
—+—0

Mineral Modal Abundance (%) Mineral Modal Abundance (%) Mineral Modal Abundance (%)

ineral Modal Abundance (%)

M

50

40

30

20

10

(b)

TC33

o

40

(d)

TDW
40 r
——gln
——act
30 L E-di
-=-omp
—o-grt
20 -B-ep
—¥-bt
—¥-ms
10 + , tic
_ —=-chl
N ==t
0 * & < lws
515 535 555 575 595 615
Temperature (°C)

Figure 2-7. Evolution of the effective bulk composition (EBC) and mineral phases
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for (g) and(h).

58



= TM-15 NCKFMASHTO (ru+H:0) TC33
@) & j (b) T
: 7 - ‘/’(\ I : - | J.I{ .I.; .
33 @, omp grt ms . / i
A\ ompart N
\ ompart ke mslws | ; 2z(g) isopleth
\ btte | coe | ! |
\ s i Fd i
31 < \\ » ot ‘ 3
2 7 omp grt m:ﬂ? omp grt ms coe ;
A\ \ | mstic | s coe /
D\ \ e
® \ |
= omp grt bt I‘

chl tic hvs f

n
=

[ 1le

Pressure (kbar)

@/

Jomp grtms /

lws gtz /

s omp grt ms gtz
25 N SN e
\ B &/ Grt Rim 70
| ginactomp  [Tos Nal_4Ens
23 | ortbtchl lws \ENQ / G{i‘a “‘%a{gﬂ
glnactompbt | = .y \
chl bws \ \,
21 . \ A
> ot
s N - A ompgrt jact . actomp
LSS (Makap® F \gpmeepazfreat gtmsaz
19 q;%@ actompms s Vo s nact 3\ =
S chitws atz - ‘sm"’, z gmw‘ gﬁ%‘:l U !Key Meta. P-T range
| s chl (G2 @"'gnnmﬂ mschiep/ % ---©-- [Fractionated P-T path
17 B “Iwsatzlchiepatz| &/ —] ;
450 500 550 600 650 700 450

Temperature (°C)

(¥ gIn omp bt tic chl Iws. (3 gin act omp grt bt lws

@ ginactompbtticchliws (@ gin omp grt bt ms tic lws

(3 gin act omp grt bt tic chl lws @ gin act omp grt bt ms tic ws
@ gln omp grt bt tic Iws (® gin act omp grt bt ms Iws

@ gln act omp grt bt chl ms Iws
(1 act omp grt ms tic Iws

(2 omp grt ms lws qtz

(i act omp grt ms tic gtz

() gln act omp bt ms chl lws
(% act omp ms chl lws gtz spn
(5 omp ms chl Iws gtz spn

(& omp grt ms chl ep lws gtz

5
g
ae0”

550 600

Temperature (°C)

@ gln act omp grt ms chl lws giz
@ gin act omp grt ms chl lws ep
9 gin act omp grt ms Iws ep

@ gln act omp grt ms Iws

NDgpgc e

s L0225

s ST ‘ S
650 700

@) gin act omp grt ms ws qtz
@ gin act omp grt ms Iws ep qtz
@ gln omp grt ms chl ep gtz

) act omp grt ms ep

Figure 2-8. (a) Pseudosection generated with mididg protocol TC33 (see text for details)

for eclogite TM15. The red dashed curve;T Path, is calculated considering garnet

fractionation using the garnet FA6G#3 compositional profile ikigure 2-6. The three

boxes

| abel ed AOVGr tan@o rMmesa ,t
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nucleation, peak pressure, and peak metamorphism (i.e., peak temperature), respectively.

These thre®-T conditions are calculated @ble 2-4 and Appendix BFigure B1) based

on the EBCs obtained by moteg garnet TM15G#3 prograde growth assuming domains

are as assigned figure 2-6. Boxes span gl uncertainties based on variation of garnet

EPMA data within the domains defining each metamorphic skgerg2-6). (b) Diagram

of garnet compositional isopleths expressed by TC parameters, x(g) and z(g). The

forbidden zone (<5 °m) is determined based drou (1998 and Schreyer (1996

Mineral abbreviations as InIST OF ABBREVIATIONS
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2.7.2 Modelingtrial 2 (TC47): TC3.45 with ds 62 argarnetW14

The results of protocol TC47 are showrFigures2-7c & d, -9, andAppendix B
Figure B1lb, and inTable2-4. Garnet begins to nucleate at 22.5 kbar and 515 21 °C
in the phase stability field of gin + di + omp + grt + bt + chl + lws + rtiz®@Heacles a
peak pressure of 341.5 kbar at 544 15 °C; and achieves peak metamorphism &t 29
0.5 kbar and 598 3 °C (Figures2-9a; Appendix BFigure B1b). ThisP-T path provides
a constant geothermal gradieff/dPof ~6 °C/kbar during burial and ~11°C/kbduring
exhumation. If mineral fractionation is not considered, the predicted peak pressure would
be 39+ 4 kbar at 539t 15 °C, and the peaketamorphismwould be beyond the
constructedP-T range Figure2-12).

Theevolutionof the EBC and mineral assemblage during garnet growth predicted
by modeling protocol TC47 are shown Figure2-7c & d. Starting from garnet nucleation
(25 2.5kbar and 515 21 °C) to end of the prograde metamorphism £225kbar and
595+ 3 °C), FeO and A0z abundances drop from 11.8 and 9.7, to 2.8 and 7.1 mol. %,
respectively. During this metamorphic stage, MgO keeps increasing from 11.9 to 16.1
mol. %, and CaO remains mostly unchang&yyre 2-7c). Along the prograde
metamorphism patlgarnet, omphacite, and talc increase from 22.2, 0.15, and 0, to 35.5,
34.7, and 8.7 mol. %. Glaucophane and lawsonite drop from 30.6 and 21.5, to 5.1 and 8.2

mol. %, respectively. Diopside drops to zero at ~596 °C and peak prdsigune2-7d).
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Figure 2-9. (a) Pseudosection generated with mididg protocol TC47 (see text for details)
for eclogite TM15. (b) Diagram of garnet compositional isopleths expressed by TC
parameters, x(g) and z(g). Other details are the same as those provided in the caption of

Figure2-8.

2.7.3 Moddling trial 3 (TDG): TD with ds 62 an®GarnetW14

Results of protocol TDG are shownRigures2-7e & f,-10, andAppendix BFigure
B-1c, and in Tabl&-4. AsFigures2-10 andAppendix BFigure B1lcshow, garnet begins
to nucleate at 538 25°C and 26t 2 kbar in the phase stability field of gln + ompit+
grt + bt + chl + lws + rt + bD. Peakpressure is 34 1.5kbar at 551+ 12 °C, which is
followed by exhumation to 28 1 kbar and 602 8 °C, where it reaches peak temperature
(Figure2-10). TheP-T path shows a general thermal gradieii/dP) of ~5 °C/kbar from

garnet nucleation to peak pressure, and ~11°C/kbar during exhumation period recorded by
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garnet Figure2-10). If mineral fractionation is not considered, the predicted peak pressure
would be39 £ 3 kbar at 553 35 °C Figure2-12), and peak metamorphism would be
beyond the constructd® T range.

Figure2-7e & f show the evolution of the EBC and mineral assemblages predicted
by TDG from garnet nucleation (53025 °C and 26+ 2 kbar) to the end of prograde
metamorphism (602 8 °C and 29t 1 kbar). As garnet crystallizes over a temperature
range of 508604 °C, F® and AbOsdecrease from 11.7 and 9.7, to 2.9 and 7.0 mol. %,
respectively, while MgO increases from 11.8 to 15.9 molRgure 2-7e). Garnet and
omphacite increase from 23.8 and 2.4, to 30.7 and 44.6 mol. %, respectively, and diopside
drops from 25.9 mlo % to zero during prograde metamorphism. Glaucophane and
lawsonite drop from 13.4 and 19.1, to 1.2 and 5.5 mol. %, respectiriglyr¢2-7f).
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Figure 2-10. (a) Pseudosection generated with mdidgl protocol TDG (see text for
details) for eclogite TML5. (b) Diagram of garnet compositional isopleths expressed by
garnet individual endmembers, alm, prp, and grs. Other details are the same as those

provided in the caption dfigure2-8.

2.7.4 Moddling trial 4 (TDW): TD with ds 62 an@GarnetwWQ07

Results of protocol TDW are shown igures2-7g & h, -11, andAppendix B
Figure B1d, and in Table-4. The TDW protocol calculations predict garnet nucleation
at 537+ 25°C and 22+ 2 kbar at the stable phase field of gln + omp + di + grt + chl + ms
+ lws + rt + BO, peak pressure of 2856 1.5 kbar at 563+ 13 °C, and peakT of
metamorphism of 613 7 °C at 24.5+ 0.5 kbar Figure2-11). The same effect from
compositional fractionation is seen here as was seen with the other thredinmpode
protocols: if mineral fractionation is not considered, the predicted peak pressure would be
30+ 3 kbar at 564t 25 °C figure2-12), and the peak metamorphism would be beyond
the constructe®-T range.

Figure2-7g & h shovs how the EBCs and mineral modal abundances change with
prograde metamorphism according to TDW nitidg. As garnet crystallizes during
progrademetamorphismFeO and AlOsdecrease from 11.7 and 9.7, to 3.6 and 6.9 mol. %,
respectively, while MgO increases from 11.8 to 15.8 mol-igufe2-79). InFigure2-7h,
garnet and omphacite abundances increase from 18.6 and 12.4, to 28.2 and 45.9 mol. %,
respectively, and diopside drops to zero at ~541 °C. Glaucophane and lawsonite drop from

10.1 and 14.6, to 2.2 and 4.7 mol. %, respectively.
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Figure 2-11. (a) Pseudosection generated with mdidgl protocol TDW (see text for
details) for eclogite TML5. (b) Diagram of garnet compositional isopleths expressed by

garnet individual endmembers, alm, prp, and grs. Other details are the same as those

provided in thecaption ofFigure2-8.

2.8 Discussion

2.8.1 Comparing the results of mdélag protocols

When comparingthe results of the four modelg protocols tested here (TC33,
TC47, TDG, and TDW), we find many similarities and some significant differences. The
shapes of the fractionatddT paths (calculated considering removal of garnet from the

EBC) inFigures2-8i 11 are generally similar all showing steep pressure increases during
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garnet core formation, weakly concave curves approachinghéakowed by the classic

Afi shhooko turn as pressure dr Oipachiewadeepl y
Figures2-8i 11 show that the pseudections constructed by the four trials are similar with
regard to the stability fields of equilibrium mineral assemblages (gln, act, omp, di, grt, lws,

tic, ms, bt, ep, chl, rt, spn,2B). The pseudosection constructed with TC33 is slightly
different fromthe other three with respect to the stability fields of clinoamphibole (gin and

act) and clinopyroxene (omp and di), and it has no predicted diopside (amphibole and
clinopyroxenea-X relations from Diener and Powgl012) whereas the TC47, TDG, and

TDW protocols (clinoamphibole and clinopyroxeaX relations from Green et aR016)

do.

Predicted temperatures agree within ert&0(°C, Z; Powell and Holland2008)
among all of the models for all stages of metgsh@m investigatedHjgure 2-12). This
means that choice of program, database, and satXofelations used in a moldiag
protocol will not significantly affect the resulting temperature predictions for metabasites.
Pressure estimates, however, diffgmgicantly. Considering the results of our mdaej
protocols that accounted for garnet fractionation and its effect on the EBC (solid curves in
Figure2-12), and the generally accepted mauohgj uncertainty £1 kbar, 2; Powell and
Holland 2008), pressre predictions at all stages of metamorphism are higher in TC47 and
TDG results than in TC33 and TDW, with TDG giving the highestiluesand TC the
lowest. The differences in pressmaluesst em not from the user 6s
database, but from the choice of garnet solution maelglrélations of White et 312007
vs. White et al.2014a). The garnet grossular isopleths in TC33 and TBigufes2-8b

and-11b, respectively), the pseudosections constructed with the Whitg20@F)) garnet
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a-Xrelations, predict lower pressures, in the graphite stability field. While TC47 and TDW,

which use White et al. (2014a), indicate pressures in the diamond stabilityHiglolgs

2-9b and-10b, respectively). The difference in pressaxeeeds overall motg error,

indicating

t hat

user 0s

c h oi climg poofocolghasran e t

significant impact on the pressure results for metabasgitgare2-12).
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Figure 2-12. Comparison of-T paths with and without consideration of compositional

(garnet) fractionation calculated by the four mdidgl protocols (TC33, TC47, TDG, and

TDW).

Error bars in lower right corner represent overall nlodg uncertainty (8;

Powell and Holland2008. Fract.: fractionated; Unfract.: unfractionated.

Themaindifference between the two setseeX relations is that the modified ASF

(asymmetric formalism) interaction energy between pyrope and gros$Waig) in

White et al.(2014a)is 30.1 kJ, whereas it is 45 kJ White et al. (200). Also, the
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asymmetry parameters used in gam&trelations of White et al. (2014a) argy& aam=

aho= 1, ars= 2.7, whereas, thgaadopted in the previous iteration of this parameter (from
White et al, 2007) is 3.0 (Table-1). The modification offte ASF interaction energies and
asymmetry parameters among garnet endmembers (from White et al. (2007) to White et al.
(2014a)) apparently has a significant effect on the grossular proportion in equilibrium
garnet calculations (especially at high presgusd thus TC47 and TDG lead to much
higher pressure estimates than that predicted using/thgrs and @rs in the garnet-X
relations formulation of White et al. (2007).

Comparingthe P-T paths generated by assuming no garnet fractionation (i.e., no
EBC calculations; dashed curveshigure 2-12) with the paths generated using garnet
fractionation (i.e., incorporating EBC calculations; solid curvésgnre2-12), we see that
not accountig for changes to the bulk composition as garnet grows causes significant
overestimations of peak pressure for -8t yielding pressure predictions of >38 kbar for
TC47 and TDG, ~5 kbar higher than the peak pressures calculated assuming garnet
fractionation. These differences exceed the overall modelling error, telling us that EBC
calculations have a significant effect Bipredictions. Userarecautioned that neglecting
to use EBC calculations when constructiRgl paths for metabasites will result in
significantoverestimation of peak pressure.

Figure2-7a, c, e & g show that the four trials, TC33, TC47, TDG, and TDW, predict
similar patterns of EBC evolution during mineral fractionation and prograde
metamorphismDuring this stage in all protocols, Si@hd MgO increase slightly, while
FeO and AIOs drop significantly, and CaO generally remains unchanged. Mineral

evolution with prograde metamorphism is showkigure2-7b, d, f & h. Similar patterns
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are observed when using the same program (TC or TC33 B@d TC47 trialsHigure2-
7b & d) result in similar trends of mineral evolution and mineral proportions with
increasingT, with the exception of diopside in TC33 (as noted above). TDW and TDG
(Figure 2-7f & h) also exhibit similar mineral evolution paths during prograde
metamorphism, but these patterns are different to those from TC protocols. When
comparing the modal proportions predicbgdthe two programs (TC vs. TD), we observe
that TC protocols predict a higher modal abundance of gé88&t and 35.9 vs. 28.2 and
30.7%, respectively) and lower modal abundance of omphacite (39.3 and 34.7 vs. 44.6 and
45.9%, respectively) than TD protocolsdure2-7). The TDG and TDW results of 30.7
and 28.2% garnet and 44.6 and 45.9% omphacite are ohosdr to the actual mineral
modal abundance observed in sample-IBifor garnet (~28.6%). The modal abundance
of omphacite (~20.2%) in TM5 is much lower than the model results (~45%) likely due
to retrograde metamorphism.

For all protocols, the calcuked EBC prograde path produces almost identical
compositional evolution witi (Figure2-7a, c, e & g). By comparing model predictions
with actual petrographic and geochemical data from the well characterized eclogite sample
used in the models, we conclutthat the differences between fractionation methods of the
modeling programs (TC and TD) cause minor differences in EBC and mineral evolution

predictions.

2.8.2 Moddling predictionsvs. petrological observations
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Thermodynamianodeling programs provide an mportant and useful method for
numerically simulating metamorphic histories. The accuracy, functionality, and ease of use
of these techniques have improved immensely over the past few decades making them
applicable to a wide variety &-T ranges andbulk compositions. However, care should
be taken when making interpretations based on model outputs considering the significant
overall modé#ing uncertainties. Model results should be evaluated by grtuttiing with
geochemical and textural data frone thctual sample as much as possible.

The progradeP-T paths predicted byfC47 and TDG modghg predict an
assemblage of garnet, lawsonite, sodic amphibole (glaucophane), diopside, omphacite, and
biotite (only major phases listed) in the Tso Morari ecodrigures2-8i11); TDW
predicts muscovite instead of biotite (other minerals are the same as in TC47 and TDG);
TC33 predictsgarnet, lawsonite, glaucophane, calcic amphibole (actinolite), omphacite
and muscovite (Tab24). None of the models predict pigite. The protocols also predict
the modal abundance of each phase. The TC47, TDG, and TDW protocols predict that
garnet starts to grow along the prograde path in the presence of significant amounts of
lawsonite (1520 mol. %), clinopyroxene (125 mol. % and glaucophane (180 mol. %)
(Figure2-7d, f, & h). Clinopyroxene and glaucophane are consumed earlier but lawsonite
is predicted to be modally significant for most of the prograde path as the abundance of
omphacite increase$ifure 2-7d, f & h), andin all cases lawsonite is predicted to be
presentat peak UHPconditions Actinolite is predicted instead of clinopyroxene for only

one protocol: TC33Kigure2-7b). Prograde garnet growth is interpreted as being recorded

in the core domain in most Tso Mor i eclogitic g@®nets (OO6Brie
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The observedhclusionpopulation of the garnet cores in this study and others (see
O06 Br i e,R01e for aaeliew) are inconsistent with mbithg predictions for early
stages of metamorphism in &lur modeling trials. The inclusion phases in garnet cores
include aegiringich omphacite, sodicalcic amphibole (winchite), epidote, muscovite,
jadeite, chlorite, quartz, magnetite, and rutilgg(re 2-2). We did not observe any
lawsonite or its pseworphs (as epidote or paragonite), glaucophane, or biotite in garnet
cores in this study. Only minor sodic amphibole and lawsonite have been reported in garnet
cores from this outcrop by one study-&tge et al.2013. Garnet rims have fewer mineral
inclusions, including jadeiteich omphacite, clinoamphibole, phengite, quartz, and
carbonates; these closely correlate with the matrix assemblage-&6 Thigures2-1 & -
2) and agree better with model predictions, with the exception of lawsonite which the
models predict to remain at 10 mol. % ppsaik metamorphisni{gure2-7b, d, f & h).

Figure2-13 shows pseudosections constructed by the four protocols at the stage of
peak pressure (usirlBBCscalculated from just before peak pressure), overlain by gr
bar showing the highest phengite Si p.f.u. (B%%4) observed in eclogite 6. The
TC33 and TDW protocols (using the White et 2007 garnet solution model) predict peak
P-T conditions close to observed phengite compositions, with TC33 overlappinggion
and TDW approaching closeliFigure2-13a & d). The highest phengite Si p.f.u. reported
in this eclogitéboudinis 3.56 by de Sigoyer et al. (199%)peak pressure had reached ~35
kbar as predicted in the TC47 and TCG protocolssili@n concentrations in phengite
should greatly exceed values measured here and elsewiggre-13b & c).

There are several possible reasons for the mismatchedet the inclusion

population of the garnebresin TM-15 and the predicted prograde assemblages. The first
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possibility discussedn this section relates to garnet equilibration and preservation of

phases grown during early metamorphi&iectron microprbe data from garnet TM
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using compositional variation with assigned domains (see Se&i®dd for complete

discussion of uncertainties).

15G#3(and other garnet crystals in FT) confirms compositions and zoning observed
in other studies (e.g., ®nge et al., 2013). Garnets in TBwrari eclogites have large
homogeneous core regions (AlBrssSps-sPrpw for TM-15G#3) Figure2-4), which is
not consistent with a progressively growing garnet along a spEeffigath. StOnge et al.
(2013) interprets the homogeneous garnet cores as garnet overgrowth on matrix minerals
coupled with effective cation diffusiore.q., Spear 1995) andhomogenization of the
already formed garnet domain at some point during prograde metamorphism. However, the
P-T conditions €520 °C and ~25 kbaGtOnge et al. (2013)) calculated are too cool to
cause cation diffusion during the relatively short progragéamorphicstage (Donaldson
et al, 2013).

The observation of a homogenous garnet core domain H13®#3 and lack of
some of the predicted mineral phases (e.g., sodic amphibole, lawsonite) might be due to
fluid releaseduring prograde metamorphism. Ouorodeling indicates that dehydration
reactions (breakdown of sodic amphibole and lawsonite) occur at 5303C and ~23.5
kbar, prior to peak pressure conditiofRsg(res2-8i 11). Those released fluids may have
reset the system and homogenized or demiogenized the already formed garnet core
domain (e.g., Wei and Clark2011; Hernandebribe et al, 2018). Partial water driven
recrystallization and the resulting disequilibrium can also help explain the disparate results
by the conventional thermobarotaes using data from garnet core domains (Chatterjee

and Jagout22015).
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2.8.3 P-T pathsfor the Tso Morareclogite

All modelling protocols examined here predict cold, cond@vepaths, similar to
recenthermodynamienodelling studies on Tso Morari eclogite (e.g-(Bige et a].2013;
Palin et al.2017). The predicted peak pressures in all protocols (possibly excepting TC33)
are consistent with the discovery of coesite in the garnet rim dofihikherjee and
Sachan2001 Sachan et gl2004. TC33 and TDW are represented by the red solid curve
on Figure 2-14, with peak pressures of ~27 kbar at 4340 °C. The TC47 and TDG
protocols, represented by the solid orange curve, predict a significantly higher peak
pressure of ~34 kbar at ~54850 °C. These differences, as discussed earlier, are likely due
to the cloice of garnet-X relations used in the protocols, not the choices of modelling
program, version, or database.

Conventionalthermobarometry calculations from this and previous studies were
used to evaluate which protocol best fits available data (F&y@i¥. For sample TM.5,
the intersections of lines generated using GC and GP thermometers, and GOP and
empirical phengite barometers using the peak assemblage, provide a poorly corgtrained
T estimate of ~520700 °C and ~226 kbar (Figure 5a). Additicnal estimates using
AVE_PT function in TC3.33 for the assemblage from the garnet rim was $32C and
23.3+ 1.2 kbar, and23+ 37 °C and 21.Gt 1.6 kbar from the garnet corEigures 25a

and-14). Low silica phengite and paragonite in the matrisaiple TM15 (mspg) were
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used to estimate late retrograde metamorphic condif®uglotti et al., 1994Roux and

Hovis, 199§ of ~450 500 °C and 714 kbar (Figure 5b).
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Figure 2-14. Comparison oP-T paths predicted for the Tso Morari eclogite, including
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2-5b); § TM-15 Garnet Core AVE_PTY TM-15 Matrix AVE_PT Figure 2-
5a); Previous StudieZ Guillot et al. (1997)z de Sigoyer et al. (2000¥ Mukherjee
etal. (2003)z KonradSchmolke et al. (20087 Warren et al. (2008F StOnge et al.

(2013) Singh et al. (2013a) Full transformationpPalin et al. (2017) Non
transformation,Palin et al. (2017)Metamorphic facies background aftéucher and
Grapes201]) and abbreviations: AM = amphibolite; ArC = amphiboliteeclogite; BS
= blueschist; EA = @dote amphibolite; EC = eclogite; HfC = epidoteeclogite; GR =
granulite; GS = greenschist; HGR = higtessure granulite; LaC = lawsonitesclogite.
The forbidden zone (<5 °C /km) is determined baseldiawm (1998 andSchreyer (1996
TheP-T conditions of descending slab surfaces in modaysibduction zones is shown

in the shaded are&yracuse et gl2010.

The peakpressure conditions determined by the TDW (28.5 + 1.5 kbar at 563 +
13°C) and TC33 (26 = 1 kbar at 565 + 8 °C) protocols are within error of calculations by
conventional thermobarometry on the same sample{5SMTC47 and TDG predict much
higher pressures (>30 kbaBigures2-5a and-14). Thermobarometric studies thfe Tso
Morari eclogite using GC, GP, and GOP yield peak conditions i22Kkbar and 690
750 AC ( 0§ Bool), eonsisterit wita TDW and TC33 results. Conventional
estimates that were pinned by carbonate assemblages have predicted much higines press
in the diamond stability field (>39 kbar) (Wilke et,&015;Mukherjee et a].2003. These
estimates are significantly higher than all other results for Tso Morari fromlingder

conventimal thermobarometry. None of th&®-T estimates from conventional
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thermobarometr{high or low), are within the uncertainty of our predictions from the TC47
and TDG protocols, suggesting that these protocols do not yield realistic results.
Figure2-14 presets our preferred-T path for the Tso Morari eclogite (the bold
red line), which is a result of considering all results from our rtindetrials and
thermobarometric calculations. Fo®T constraints (MDM3) for the metamorphic
evolution of Tso Morari €ogite are presentedrigure2-14). Position MO represents the
P-T conditions during formation of the garnet core (before onset of bulk composition
fractionatior). Position M1 represents tHeT conditions at peak pressure predicted by
models (TC33 and TW), which is more consistent with the pressure obtained from
calculations using highest silica phengite (3.54 Si p.f.u.) inIBVFigure2-13a & d).
Position M2 represents the peak metamorphic conditions preserved bgathet
composition in the rim of M-15G#3 (low x(Cayt), which is interpreted to have formed
during peak metamorphisnRosition M3 represents a point along the retrograde path,
calculated using the muscowparagonite barometer of Roux and Hovis (1996).
Figure2-14 also shows paths from previous studiesO8ge et al. (2013) used the
sameapproactas protocol TC33 (TCersion 3.33, ds 55, and garmaeX relation in White
et al, 2007 yeilding similar P-T results (path 10 irFigure 2-14). Palin et al. (2017)
predicted peale-T conditions of 2628 kbar and 600620 °C (paths 12 and 13 Figure
2-14), and estimated garneucleation occurred at 36870 °C and 1820 kbar using
combined thermodynamic (TC version 3.40i, ds 55, and garXatelations in White et
al., 2007 and geodynamic numerical madlieg (MVEP2). However, Konradchmolke
et al. (2008) using TD and different garnetX relations Berman 1990, predicted a

warmer, convex prograde-T path starting from 17.2 kbar and 545 °C, with amphibole
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instead of lawsoniteich assemblages. This study produced similar peak conditions of
628 °C at 2.4 kbar path 8 inFigure2-14).

MetamorphicP-T paths obtained by thermodynamic mididg (regardless of
modeling program, version of thermodynamic database, and miaetaélations) for the
Tso Morari eclogite predict a cold subduction path (thiglygt StOnge et al. 2013
Chatterjee and Jagout2015; Palin et al.2014, 2017). Protocols TC47 and TDG
predictions (orange curve figure2-14) are close to the forbidden geothermal gradient
(5 °C/km) in the lawsoniteclogite field(Schreyer1995 Liou, 1998, landing in the very
rare ultralow thermal gradienlassification (Brown2014) of subduction relateB-T paths.
Petrologic evidence does not support this low gradient or the elevated peak pressures. In
addition, the protolith of Tso Morari UHP terrane is continental crust wghifecant
sedimentary rock cover; thermomechanical miaaiglaccounting for this produces warmer
prograde paths (Warren et,&2008; Beaumont et al2009). Thermodynamic modiig
may be underestimating temperature by not accounting for the effeceaf sbating,

hydration reactions and fluid and rock advection (PenniBtmand et al.2015.

2.9Conclusions

Our petrologic, compositional, and thermodynamic evidence from eclogite from
the Tso Morari UHP, NW Indiaigld the followingconclusions:

After comparing the modieng results of all four protocols with supporting
petrologic and thermobarometric data, we conclude that the selectmX oélations,

specifically for garnet, is more important than the choice of mhadegprogram, version,
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or database. In metabasites, & relations chosen for garnet have the largest impact on
estimate of peak pressure. The thermodynamic models using the axXwetations for
garnet(White et al, 20143 predict a higher metamorphic peak pressure than the hmagel
results by using the garnatX relations ofWhite et al. (2007)Using the White et al.
(2014a) data for garnet alpooducesinreasonablgool prograde paths.

In metabasites, thehangesin mineral assablage and relative proportions
predicted by thermodynamic mdtieg are very sensitive to whether garnet is assumed to
be in equilibrium during its entire growth or whether it is fractionating. As demonstrated
above, independent of the protocol selecieehk pressure will be significantly over
estimated in the noefractionated casd-{gure2-12).

The cool prograde paths and higher pressures predicted using the newea-farnet
relations White et al, 20143 are not supported by petrologic observations. The peak
pressures predicted by TC33 and TDW mbdgl(26+ 1 kbar at 565t 8 °C and 28.5t
1.5 kbar at 563+ 13 °C, respectively), are consistent with the conventional
thermobarometry results in thigudy and previous work using thermodynamic models
from the wellstudied Tso Morari (e.gSt-Onge et al.2013 Chatterjee and Jagou2015;

Palin et al. 2017). However, TC33 and TDW still produce prograde paths that predict
significant lawsonite, which is not observed in the rocks. Thermodynamic modelling alone
may unetrestimate temperature during prograde metamorphism.

Quantitative results fronthermodynamicmodeling should be integrated with
petrographic observations to obtain a geologically meaningful interpretation. More careful

consideration of the key mineralX relations, comparison between multiple techniques,
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and sourcing and controlling of uncertainties can essentially help interpret geological

problems.
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CHAPTER 3 - MULTIPLE FLUID EVENTS DURING BURIAL AND
EXHUMATION OF THE TSO MORARI UHP COMPLEX, NW INDIA:
CONSTRAINTS FROM MINERALOGY, GEOCHEMISTRY, AND

THERMODYNAMIC MODELLING

3.1Introduction

Subduction zones are the primary geologic sites of mass travetigeen the
Earthodés surface and interi or , P-Tafud-roakf high
interactions (e.g.Scambelluri and Philipppt2001; Manning 2004; Tatsumi 2005;
Bebout 2013. Slab devolatilization and associated floatk interactions wdring
subduction are thought to cause extensive hydration of the overlying mantle wedge and
trigger deep earthquakes and volcanism (Bgacock1990, 19962009,2020; Hacker et
al., 2003;Hermann et aj2006; Bebout2007; Spandler and Pirar2013. The depressing
isothermal structure for a subducting slab creates unique metamorphicni@ézal
hydration/dehydration relations (e.d?eacock 1996, 2009, 2020; Abers et ,aR006;
Bebout 2007, 2013; van Keken et @2011). This paper studies the asomatism and
fluid-rock interactions occurring in the subducting slab during slab burial and exhumation.
Mineral crystallization and rehydration in the presence of fluids can be recognized and
quantifiedby combining mineralogical and geochemical evidence with thermodynamic
modelling.

The Himalayan range is one of the largest orogenic belts caused by convergent plate

collision of the Indian and Eurasian continents during the early EoBentnélsen1953
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Guillot et al, 1997; Pognante and Spen¢d©991; Lombardo and Rolf@000; O'Brien

2018. The Tso Morari terrane is located within this orogefguyre 1-1) and underwent
ultrachigh pressure (UHP) coesiéelogite metamorphisnGillot et al, 1997, 2@0; de
Sigoyer et al.1 9 9 7 ; O06 Br i e£2000;aMukherj& aandnSaaha2001, 2009;
KonradSchmolke et a).2005; Leech et 312005, 2007; SOnge et a].2013; Palin et a|.

2017; O'Brien2019. The Tso Morari complex has been extensively studied the past

few decades, but relatively little is known of the fluid history and associated metasomatism
during the burial and exhumation stagesy., de Sigoyer et al1997; Mukherjee and
Sachan2009; Singh et gl2013; StOnge et a].2013; Wilke etl., 2010, 2015)Thephases

of fluid infiltration, fluid compositions and sources, and processes of Anatkr
interactions of the Tso Morari UHP unifise., eclogite and gneisg)so remain largely
unconstrained (e.g., Mukherjee and SacR&09; Upadhiay and Prusett2012; Singh et

al., 2013; Palin et al2014; Wilke et al.2010, 2015). Addressing these issues for the Tso
Morari UHP terrane will lead to a better understanding of the-fluédliated processes in

this and potentially other metamorphic systems during subduction and exhumation of UHP
terranes.

To our knowledge, mdetailed studies have been conducted about fluid infiltration
processes during prograde metamorphism for the Tso Morari UHP terrane. Additionally,
no detailed petrographic studies have been performed to specifically look at phase
relations, textures, andicrostructures that would provide evidence of a fluid infiltration
event possibly causing mineral hydration (e.g., amphibole, epidote) during exhumation.
Past studies have reported a correlation between the formation of zoned amphibole in the

eclogite m&ix and fluid infiltration events, but the conditions of formation and nature of
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metasomatism is disputéde Sigoyer et al.1997; Lombardo et al2000; Singh et al.
2013; Palin et al2014). Lastlythe nature of the fluids (e.g., flurdck interadons, fluid
compositions, and sources) which causeahmgphibolitizationof eclogites at a relative

lower pressurg<~11 kbar; e.g.de Sigoyer et al1997 has not been studied in detail at

this site to our knowledge.
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Figure 3-1. Diagram showing multiple fluid events in previous studies and this study

corresponding to the specific metamorpPi€ conditions and changes in rock and mineral
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phase scale. The schematic subduction of the Tso Morari UHP complex indicates the
occurrence bthe three fluid events in different subduction depths. The cartoon of
schematic fluid evolution model shows the major mineral composition and texture changes
before andafterthe fluid events. Dashed grey line represent$tiepath reported in this
study. GN: garnet nucleation; GH: garnet core homogenization; EP: epidote formation at
the expense of lawsonite; AC: amphibole core (gln) formation at the expense of omphacite
and talc; AR: amphibole rime formation; SY: symplectite association formation; AMP:
eclogiteamphibolitization Sym: Symplectite. F1: Fluid Event 1; F2: Fluid Event 2; F3:
Fluid Event 3; Arrow: fluid flowing with direction; SO1%tOnge et al.2013 P20:Pan

et al, 202Q P14:Palin et al, 2014 M12: Massonng2012 DS97:de Sigoyer eal., 1997,

W15: Wilke et al, 2015 U12:Upadhyay and Prusett012 DS: Dabie Shan eclogite; ER:
Erzgebirge eclogite; Red areas represent garnet nucleation and homogenization. Light
green areas represent epidote or amphibole core formations. Purpderepessent
amphibole rim formation. Yellow areas represent formation of symplectite association
formation. Dark green areas represamphibolitizationof eclogite. Metamorphic facies
background afterBucher and Grape2011) and abbreviations: AM: amgholite; Amp-

EC: amphiboliteeclogite; BS: blueschist; EA: epidote amphibolite; EC: eclogiteEEp
epidoteeclogite; GR: granulite; GS: greenschist; HGR: khigbssure granulite; LalC:
lawsoniteeclogite. The forbidden zone (<5 °C/km) is determined dasd_iou (1998)

and Schreyer (1995)The P-T conditions of descending slab surfaces in modeyn

subduction zones is shown in the shaded &gatuse et 3l2010.
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Anothertopic of open debate about Tso Morari involves the thermal structure along
the exhumation path (de Sigoyer et 8997; Guillot et al.1997; Wilke et al.2010, 2015;
Chatterjee and Jagout2015; O'Brien2019).Some studies point to a warm exhumation
path, whereby the terrane passes through the hot mantle wedge on its way to the surface
(Chatterjee and Jagou2015), or a higher temperature (>~7@) than the upper layer of
a subducting slafPeacock1996; Singh et al2013 StOnge et al.2013 Wilke et al,

2015. However, there is growing evidence in support of a cold exhumation path with the
terrane returning back along the subduction channel. For example, the formation of large
proportions of epidote and amphibole in the eclogite matrix addy stage of exhumation
suggests lower temperatures (<~68D; Massonne 2012; Palin et al.2014). The
amphibole zonation in the eclogite matrix (from glaucophane in the core to barroisite in
the rim) requires a cold exhumation path (O'Bri2®il9). Quartz petrofabrics and Raman
spectroscopy of carbonaceous material indicate a cold exhumation path with a peak
temperature of ~50®00 °C (Long et al2020). Also, the occurrence of large amounts of
amphibole, epidote, and calcite amphibolitizedeclogite (the eclogite boundin rim)
supports a cold exhumation path at a relativly lower depth for amphifedites &~11
kbar;de Sigoyer et 8l1997; Yardley and Warre2021).

Addressing the issues discussed above requires systematic samplingrogkole
geochemical characterization, mineral modal analysesjtu mineral chemistry, and
thorough fluidmineral equilibrium modelling to constrain tReT conditions and nature
of fluid-rock interactions attending metamorphism of the terrBetailed p&ographic
observations (mineral phase relations and modal analyses) are needed to provide more

accurate and realistic predictions of the metamorphicpath. This study will show that
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geochemical analysis on whealeck ferric Fe content using ddsbauerspectroscopy
provides more accurate modelling results than that using stoichiometric criteria in the
mineral compositions Rroyer et al. 2004 and hence better constraints on fluid
guantification. Here we present a detailed and complete pressoperatue-fluid (P-T-
M(H20); M(H20) means molar proportion of butlhck water) path for the Tso Morari
UHP massif during burial and exhumati on,
and metasomatic evolution.

The main focus of this study is to presantystematic record of the fluid events
attending both prograde and retrograde metamorphism of the sySigume(3-1). We
determined that the eclogite boudin was altered by three major fluid events, occurring
during both subduction and exhumation of theo Morari terrane, leaving behind
geochemical and petrographic evidence in different parts of the eclogite boudin. The first
major fluid event took place during prograde metamorphism (subduction) and resulted in
homogenization of garnet cores in eclogitanpled from the center of the boudin. The
second major fluid event occurred during retrograde metamorphism (exhumation), was
caused by internal fluids released from hydrous minerals, and resulted in the formation of
epidote, amphibole, and symplectitesesorded in the core of the boudin. The third and
last fluid event took place during exhumation (amphibolite facies) and resulted in complete
amphibolitizationof the rim of the boudin. This study represents the most complete
investigation of metasomatismaf the Tso Morari UHP terrane to date, including
characterization of the fluid sources and metasomatic reactions, their spatial extent in the

boudin sampled, and th&T conditions at which they occurred. Our results are based on
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careful sampling angetrography combined with geochemical data and thermodynamic

modelling, which are presented in the body of this paper.

3.2 Geologic setting and fluid history of the Tso Morari UHP complex

The subduction of the Tethyan oceanic crust under the Eurasian grdt¢he
subsequent continental collision of the India and Eurasian plates, leads to the formation of
Tibetan Plateau, Himalayan orogeny, and a-UHP metamorphic belt along the
subduction zoneHjgure1-1 insej (Pognante et gl1990; Searle et all997,2003; Guillot
et al, 1999 2003, 2008Kohn and Parkinsqr2002. The Tso Morari UHP complex in
northwestern India is located within the Himalayan orogéfigufe 1-1), and was first
reported byBerthelsen (1953)The Tso Morari UHP complex is primariomposed of
pieces of eclogite blocks as boudins within the quaiatspathic Puga GneisBigurel-
1). The peak eclogitéacies assemblage is garnetomphacitetx phengite + rutile +
guartz/coesit¢ O 6 B,201% Klinerals in the Puga gneiss show rgteale characteristics
with an assemblage of plagioclase + quartz + phengite/muscoviteld$part garnet +
biotite (O 6 B r, 208 The eclogitefacies boudins only occur within the Tso Morari
terrane. UHP metamorphic history has been confirmed by the preservation of coesite in
eclogite, the UHP mineral assemblage, and previous studies oP{Jeednditions(e.g.,
Mukherjee and SachaR001;, Sachan et gl2004 Singh et al.2013; StOnge et a].2013;
Chatterjee and Jagou®015; Palin et al2017; Pan et gl2020)

Metasomatism is an essential aspect in the study of UHP terranes, affecting

metamorphidacies, mineral hydration/dehydration reactions, and integRed1(H20)
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paths along the rock burial and exhumation journey (Blgnning 2004; Bebout 20).3
Previousstudies have suggested multiple episodes of fluid infiltration during exhumation
of the Tso Morari terranéMukherjee and Sachan 2009; Palin et al. 20%éveral studies
found that a major fluid event occurred at +28 kbar and ~55@50 °C, during early
retrograde metamorphism, leading to the formation of amphibole core domains and
clinozoisite poikiloblasts in the eclogite matrix with fluid sources from talc destabilization
and/or external inputdMassonne et al., 2012; Palin et al. 201@ther studieseport a
major episode of fluid infiltration occurring at lower crustal conditions causing
amphibolitizationand formation of the amphibole rim due to a large amount of fluid (~7
11 kbar and ~587755°C; Sigoyer et a].1997; Mukherjee and Sach&®09;Wilke et al,

2010, 2015; Upadhyay and Prus&@12; Singh et al2013; StOnge et al.2013; Palin et

al, 2014

3.3Methods

Scanning electron microscope (SEM) backscattered electron (BSE) imaging and
energy dispersive-ray spectroscopy (EDS) analyses, whalek geochemistry (major
and trace elementsj situmineral chemistry, modal analysis of minerals, and Mdssbauer
spectroscopyhave been employed to this study. The specifics for each method are as
follows.

Wholerock compositions of seventeen samples were measured -BayX
Fluorescence Spectrometry (XRF) for major elements and Laser Ablation Inductively

Coupled Plasma Mass Spectrometry {IGPMS) for trace elements at the Peter Hooper

101



Geoanalytical lab at Washiragt State University. Part of each sample was crushed using
a mortar and pestle to <1 mm, then powdered in a tungstdde shatter box. Major
element data of eclogite sample T was previously reported Ban et al. (2020)

Petrographic observationsié&a mineral modal analysis were performed using a
Leica petrographic microscope in the department of Earth Sciences at Indiana University
Purdue University Indianapolis (IUPUI). ImageJ software is used for mineral modal
analysis through point countingS¢hreider et al. 2012. SEM/EDS analyses were
performed using the Zeiss EVID SEM with Bruker XFlash6, 60 ntfEDS detector at
Indiana UniversityPurdue University Indianapolis (IUPUI).

Electron probe micr@analyzer (EPMA) measurements were performed using the
CAMECA SX-50 Electron Microprobe in the EM laboratory at Indiana University,
Bloomington to obtainin situ quantitative compositional data from the Tso Morari
minerals. We conducted the measurements under at 15 keV accelerating voltage, 20 nA
beam current, 1 em beam size, and peak count
of all minerals. Analytical ncertainty for major elements is less than 2.0 wt%. The EPMA
analyzed mineral phases include omphacite, garnet, amphibole, micas (muscovite, biotite,
paragonite), Kfeldspar, albite, epidote, titanite, dolomite, and calcite.

Five representative samplesrint EC, ECAmp, and Amp were measured to obtain
the bulkrock F€*/ E Fa#ios using the offline Méssbauer spectrometry lab at the Advanced
Photon Source (APSArgonne National Laboratory. The whole@ck powder samples
used for Mossbauer spectrometry are sme as that used in XRF analysis. Aliquots of
the powdered samples were molded to 5.0 (diameter) x 1.0 mm (height) cylinders before

being mounted to the sample holder. The sample masses used varied based on iron content.
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The >’Fe Méssbauerspectra wereollected at room temperature (298 K) with a 1024
channel, a 10 mCi’Co/Pd source, and VMAX =9.5034. The number of background
counts per channelwas®l0 The velocity was c aFe)ifobAlt ed
spectrum peaks xamtine shgpest usiry tha Recdil progeimgarec

and Rancourt1998. While fitting the spectra, the difference of results with different
number of doublets varies within ~1.5%. Uncertaintiest®dfd ar e used t o
Feé'/ EFe values here.

3.4Results

3.4.1 Petrography and geochemistry

Petrography, SEM BSE imaging and &Mnalysis, and EPMA have been
employed to study the mineral textures, compositions, and phase relations in the-EC, EC
Amp, Amp, and Gns samples from Tso Morari. Major mineral phases obsertfegse
rocks include garnet, omphacite, clinoamphibole, white micas, epidote, quartz, feldspar,
and carbonates. Some data from EC samplelbMvas previously reported Pan et al.

(2020).

3.4.1.1Garnet

In the EC samples (i.e., T¥5), garnets mainly occur as individual euhedral
crystals with sizes ranging from 500 to 20 diameter, or as coalesced clumps of
several grains, with a modal abundance of ~285&blésl-1 & -2; Figure3-2a). In EC

sample ™M-15, the garnet core domain has a composition of sABGre434SpS .o
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23Prpusies and the rim domain has a composition of AmGrsisi23Sp9.si1.7P o 32.

Garnet cores in the EEBmp (TM-13) and Amp (TM12) samples have the same
composition as TML5 (Figure3-3a; Table2-3 & 3-1). In EC samples, inclusion phases

in garnet cores mainly include aegirineh omphacite, winchite amphibole, epidote,
muscovite, jadeite, chlorite, quartz, magnetite, rutile, and lawsonite pseudomorphs (as
epidote angbaragonite) Eigure3-2c & f). Garnet rims in TML5 have inclusion phases of

omphacite, carbonates, rutile, and quartz/coesite. A cdi&téor coesite pseudomorph)
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