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Application of Thermodynamic Forward-modeling
to Estimation of a Metamorphic P-T Path

Soichi OMORI* and Hideki MASAGO**

Abstract

One of the important aims of metamorphic petrology is to unveil the physicochemical
conditions of the Earth's interior. Decoding the record of metamorphism is a case of the
inverse problem based on observations of stable equilibrium mineral assemblages and mineral
compositions. Mineralogical forward-modeling is an alternative approach to estimate the
metamorphic conditions of a rock. It enables a prediction of equilibrium composition of zoned
minerals or mineral inclusions with the matrix phase assemblage. Thus, the forward-
approach tests the assumption of an equilibrium mineral assemblage, which is critical for
inversion analysis.

In this paper, we introduce thermodynamic forward-modeling in the field of metamorphic
petrology. Then, we show an example of its application in estimating a prograde metamorphic
P-T path of a whiteschist from the Kokchetav ultrahigh-pressure terrane in Kazakhstan.
Garnet in the whiteschist shows prograde compositional zonation and contains mineral
inclusions. We carried out geothermobarometric estimates using ilmenite-rutile composite
inclusions in garnet, combined with an evaluation of the equilibrium mineral assemblage in a
P-T pseudosection of the whiteschist in the K.0-CaO-MgO-Fe0-Al,05-Si0.-H.O system. The
result yielded a counter-clockwise prograde P-T path for the rock. The amount and equilibrium
composition of garnet were sequentially calculated for model P-T conditions along the P-T
path, and the results were compared with a line-profile observation of the garnet. A
consistency between the model and the observations was confirmed for Xc. in garnet, however
Xr. and Xy, had a large inconsistency. Both uncertainties in the equilibrium model and non-
equilibrium effects during the crystal growth are possible reasons for such a discrepancy.
Hence, it must be noticed that there are complexities in estimating the equilibrium

composition of a zoned garnet and matrix minerals.

* JUR THERER LB T SR ek 2R g
o IR ZE B SRS - HERIREIR A L v 8 —

* Department of Earth and Planetary Sciences, Tokyo Institute of Technology
** Center for Deep Earth Exploration, JAMSTEC

— 647 —



Key words : prograde P-T path, forward-modeling, ultrahigh-pressure metamorphism,

thermodynamic calculation, geothermobarometry
F—T—F DA P-THEE, 7+7—NEF) V7, BEIEERE, BAOFRHE, MEREE R

I. 3L ®IC

EREWMREDOERD —DIF, -~ LT
7 b= ZAOWEALFNEGORRIID b, A
DRI D 726 SN L EER, HTFEEH»S
WFRIZEET 2 BREOWIFEN LML, T0%
b Zaidissl, R4 32052 Hns 5
ZENTE S,

PRI 21X, BCA DB O 7
FiETHY, MERETEDEI R A ARERY
Vo FEWIT TN r—2a vBZOEHD-D
WKHWHNTW S, BRI E S 8L O 4
NET = BRURTHHH, HEHEET—5
RRARDENOMPEHERE T 8L VLT,
PR R Y A LT o ed 2 N 3 - A )|
B SN INBEGWRITFT— % v b
(internally consistent dataset) 1, FHEIZ&D
HIENTELHEWHOEE, F—yDERMEL
IR L&z (728 21, Helgeson et al.,
1978; Berman, 1988; Holland and Powell,
1998)c WG FT -5y FOFEHEIZ
LOVBIG L7272y — Vs, 2Rt E iR
JEE I FF (Multi Equilibrium Thermobarome-
ter: MET) % Gibbs i%, BX 'Y a—Ft2r v 3
Y EMEND, EEMEEFEE L CHWHEAE D
R ALY DSR4 &2 TR T A AK
W7Dy BT b

MET i3, BIgIC X ) H2 8l A A b &8
WO % 5 2 T, WHER T T O RS
ZEMELC, FEIREEI&ME255 HETH S
(7z& 213, Liberman and Petrakakis, 1991;
Holland and Powell, 1998 ; Bucher and Frey,
2002), Gibbs &, ik & FEo 858 % A
LT, »20MEHPOHBLT, SADES
ZP-THEZHET LFETH S (Spear, 1993;
Inui and Toriumi, 2002), 245 1%, BEEH» 5%
T A= T MDD ETH %,

EARBRKmNZ Y v B, &, Eh, fklt,
ILFERT v VELZBIZY, HWHAEDE
DEEFBERL, BREINTEYHAGHEE
M EWCHS LT, BRDERENZHEET 5 5H
Moy —ne LTEICHVSLRTE L, L
ML, EEHEYEREHOBRIIFET — & RX—= AP
TEL, FEESEW L EBEREEOTHI 2 &
NTEDLLICHDIZONT, BAKHNRK T
Uy R, FEIREEICBI 2 EAD, SHAss
b, fiEL, BIXOEYOLERKE TS
57200V =)VE LTCORENEZHOLIIE S
oo TOBG PRI #HE L-FES, SF
MoORELT, —HBHIZ7+T—REFY VI L
IFENTW5, TN TOER A S HFMEDE
o iz, &4k, BERICHN TRV - <
¥ MV OER DGO Y Db & R
HTTFUTHIENTEDLLIN IR oEE R D,
C DR MERNE W E OB A FNEE D7 47—
FEFY Y703, kWIS (Connolly and
Kerrick, 2002 ; Hacker et al., 2003 ; Vasilyev et
al., 2004) RMWERBEEEFTY ~ 2 (Omori et al.,
2003) DWFFETEREIND L)% o Twb,

HHYHLF G TR LD 2 EA %2 T
W52 Lld, BRaaaFOBEEHNEED—
DTHILERP-THEORFEVIZBWTHAMT
Hbo 72& 21E, Connolly et al. (1994) 1%, &
ARG &80T, ZRAERNC X0k Lk
BRI AE DL EHIFFEICL Y EIL,
2 P-T s & AR o BAE v i L Tw
b0 72, HILIA (2004 AEFHET) 2R/ LT
Wh XD, B, SR ORRTH 2R OFE
SENTHT LT & D IERRORE AL L 2o TE 2,
Z O, FHEIREBOEAE TS 52 i, #ig
WL B FHOBGEEC B Z EDSTE B, 22T,
Rim X T, ZBRCEEAFIIBT BTl %
W7 +7—FETFTY V7 OMGmE mREEMBIL
WIRNT L OMEE D 52O THERT 5. RIZ, &

— 648 —



IRy, arFoy 7BEEERW OB
FRXCOHFEZBEALT, HEATF—VDOER
P-T#M % R - B %2R, T0H, 7+7—
FEF) V72 L BORES 2 #RT %0

IL SR EARFEHAZEN T 47— FEFIL

BRAEEHAFETIE, ThETie, Ml
TR TEATOHEYMAG DY - BILEHEYO
LMK &2 9 % Z K (Connolly et al., 1994)
&, Gibbs {2 & 2 fHT & ISR B Fik 2 LC,
S OB R HEE TR BREEZ Y 32— T 5
& w9 BBk (Spear, 1993; Inui and Toriumi,
2004) T, 7+ T—FEFY U FEWVHEINHN
BNTE7, KT, UT, BiZoERTEE
REBICBI2EAOREEZ TN 58205 &
LT, #7477 —FEFY V7 ORME K
35,

1) HEHERAFEN 7+ T —-FEFULT

TG FIT BT BT -7 + 7 — FEF
V7 oMEE, BLEH1OMICETIEDT
&5, HPMAAEOT Yy X 21X, BE, T,
EEHE, BLUOBERSOILERT Yy Vi
5.25&, TOEMHTTCRERGEWHAS DY,
S OALFEHR, SRS —DOIRT D, L)
TETHAI. ORI, HRLKOWELFS
Ha5.2C, ZZCTHHICHLET L THA )8
HMAEDEEEWOILFREE KD B, L) [
BIIEA¥CBIL 7+ 77— FNWETHE, T
AL, 526N -ealllz BT 50IC0%E
BRI ICED SN TWA R HIE, KEEIZH
TR 2, SIS LT, SlasbE, &Y
DAL, BLOHWRIL2S, SN OHY
WRETD 5 5% RSOV W L 2 b 2
DMEOHAIL, HITHS—2ICET 5 L IERS
B\, B —DIZET L0, BEsh/ami
AEHLEDHMEED 0 DLETETTH 5o

M FICE AT+ —FET) VS DE
BRE, REeiEL, B ED MR EL, M
AEDEICTEEZ TXTOMAEHLEDOHT,
LB O FM & 572 L, 2DOFRD Gibbs T4V
FePRNELRDHOEHT, v HEEHL

=]

FHOBKIE FHORE

b4

[$mwﬁcawa

HMEAEDE - E— FERK
BB DB

//{

Gibbs TRIF—&/ME

VA

BE-EN
BHRADLERT 2 vl

EEHE - Gibbs i&

HER
ERRRARNS Y v K etc.

SE{LFER

—_— T4 T7—REFYLY
. L
1 BREEAFICBT 2MHTPHEEHRIFENT +
7= REF) v 7L O,

Fig. 1 Flowchart of the phase-equilibrium
thermodynamic forward-modeling and
the inversion analysis in metamorphic
petrology.
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Fig. 2 Schematic diagram showing the change
of petrogenetic records during a meta-
morphism.

Forward-modeling plays a role to reconstruct the

records. See text for detail explanations.
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Fig. 3 a) Photomicrographs of the whiteschist.

b) Granet porphyrobrast in the whiteschist.
Inclusions in the core part are quartz. Opaques
in the core and rim part are ilmenite.
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Fig. 4 Compositional zoning
of the garnet.

a) X-ray (K« ) images,

b) Compositional line-profile,

c¢) Three zones identified from

the Ca (K« ) image.

Nb, /2, DAKAD, a7, <v MVERW
WA T %o S50 DOALFHBE O R E &
SiO. ZRHMOHA LY, ABKETOELAH
&, ARZEFEBRIOBETEENE (- AARE
FHIR) 1AM A T — ¥ OB RS & R
LTwatEzbN5,

2) SXAAFOITEYICLBIZEREE - ED
DRREY
ELAAROUEWHEOHRT, Tige &<
AABOFEHBERICOWTIE, L KIESh7-H
BRER (£ AH-4 IV AF 4 b Fe-Mn 4
fl) EHEENFE (8KAH (TR yTF4 V)=
IV F VAl BEERIR S -1 0V A F 4 b-Si0, SL¥
[Garnet-Rutile-Al,SiOs-Ilmenite-SiO.: GRAIL])

— 653 —



mantle

rim

® jlmenite

© quartz
0.5mm

O rutile o others (Ap: apatite, Zrn:

VHIONT WD, BEETHVLZHIZIE, &5
A OFEFBCRIEIC Al EERER S & Si0, S5 H3 v
Fh, ANXFA FERIEL T2 LSRR &
B0, BAEDT MY 7 AOHYHAEDEDNS,
5§51 KA S S D 0 AF 2 RE LTk
iz MDD, ZOMREEX, RETT+T—FEF
VI &k o THGET %0 IREETORIED IZH
Wi g O b EF R L, Masago (2003) @ 4#T
% 7z, ZOREMROWHEZ T LITR L7

SLAAANAFA N HEREZRZIE Pown-
ceby et al. (1991) Dx % ‘) TL—=varEHun
72o GRAIL M B & /1 i 12 I3 Berman and
Aranovich (1996) I2X5%x V) 7L —Y 3 v
SEpNTz, U & BEERE T VIS 5 NER
BEWT =5y PERWTEHEZTo72, &Y<
2 f ¥ B 5 O 3% By £ 13, Berman and Arano-
vich (1996) IC& D 526N Twbrayas—
(Ca)—7¥fu—7 (Mg)-7IVv~>571 >~ (Fe) %
ELLAHADEBRET VA I, AXRFNVT 4
(Mn) Bz BRBRAERKEL TR L f L
AFA MITFAFZI A4 (MgTiOs) oW
TOWNEERMIEZINZ 720 F72, VFV, Al HifE
W, BLUSIOHEWOEEEIZ 1 & L,

B 5 S AHLTOTHYWIEY D5,

Fig. 5 Distribution of the inclusion
minerals in a garnet porphyro-

zircon, Ky kyanite) blast.

B 6 13 WA EIRETE I OMETH 5, i
FERTOBIEISER§ 55872 + 50C 2% B L&
LTY, SLAHADTLED S EBIBIZ A - T
I BES MO DRAE SN T WD T D550 5%,
JEJ3E, MEEEHT 600TC LT ORE S /-MAE
HEIZDWTIE 0.75 ~ 1 GPa, {WERT 680, B
LN 740C #H7-MAGHLETIZ, TRAZFNR12
BLU1.3GPa #/RL7,

3) P-TYa—Ft&U>a eV -aEhit

BB EE 5T O

WY E IR FEE IR O % 4 % S A 720
2, A7 F oy THBR EOEEMKIZET S P-
TYa—Ftrvary2ERLE AR S %
K:0-CaO-MgO-Fe0-Al:0-Si0-H.0 (KCMFASH)
RTEBL, ROLFEMBICIE, HO B, 8
WoE— PR EALAEE 2 LR L 2%
LMK (K:Ca:Mg:Fe:Al:Si=4.01:0.51:1.7:5.3:
24.6:62.6 in mol) % W7z, H.O 12D W T,
B TH L EREL 72, SHHEICHVW Ty
I ¥ Holland and Powell (1998) & % @ 2001
7 v 77— bR (http//www.esc.cam.ac.uk/
astaff/holland/thermocalc.html), 7027 J At
UniEQ (Omori and Ogasawara, 1998) T& 5%,

— 654 —



£ 1 SKAAEANVAFA DORKRWILEHME (Masago, 2003 X 0 k).

Table 1 Representative chemical compositions of garnet and ilmenite (excerpts from Masago, 2003) .

Ilmenite inclusion

Garnet in Garnet
in-core out-core in-mantle out-mantle ir.l garnet in garnet
in-core out-core
SiO. 37.3 37.34 37.42 37.25 0.03 0.07
TiO. 0.19 0.24 0 0.07 52.25 50.99
AlO; 21.7 21.12 21.48 21.19 0.02 0.05
Cr:0s 0 0 0 0 0.02 0.01
FeO * 30.98 33.13 36.64 36.89 44.67 44.75
MnO 4.92 3.04 0.43 0.24 1.12 0.86
MgO 1.29 1.6 2.18 2.01 0.15 0.02
CaO 2.85 3.13 1.76 2.04 0 0.1
Na.O 0.01 0.01 0.01 0.04 0 0.04
K0 0.04 0.02 0 0.01 0.04 0.03
P:0s 0 0 0 0 0 0
Total 99.28 99.63 99.9 99.74 98.29 96.91
Si 3.017 3.019 3.015 3.013 0.001 0.002
Ti 0.011 0.015 0 0.004 1.006 0.998
Al 2.069 2.013 2.039 2.021 0.001 0.002
Cr 0 0 0 0 0 0
Fe** 2.096 2.24 2.469 2.495 0.956 0.974
Mn 0.337 0.208 0.029 0.016 0.024 0.019
Mg 0.156 0.193 0.262 0.242 0.006 0.001
Ca 0.247 0.271 0.152 0.176 0 0.003
Na 0.001 0.002 0.001 0.006 0 0.002
K 0.004 0.002 0 0.001 0.001 0.001
P 0 0 0 0 0 0
Total 7.939 7.962 7.966 7.975 1.994 2.001
Xaim 0.739 0.769 0.848 0.852 Xre1im 0.97 0.98
Xeep 0.055 0.066 0.09 0.083  Xnp 0.025 0.019
Kps 0.119 0.072 0.01 0.006 Xca 0.006 0.001
Kars 0.087 0.093 0.052 0.06

FeO *: Total Fe as FeO, in-core : inner-core, out-core : outer-core, in-mantle : inner-mantle,
out-mantle : outer-mantle.

I ¥ A SR 1 IE(MZ!S%’?FEHEEJZ@WME’J&?FH T OREFRBHERERL, LHYW T

(Ya—=Fary,wrF) ofase LTl NEtOREREEFERTRL TV S,

WEB, Ya—Farxyy FiEM (Connolly, 2 Z°C, GRAIL #VE)ENEH %2 #H 5 5 BRI2IR

1990) THLY #h- 7z, EHRIC abf*$ﬁkl(§14\% EL7, ANVAFAL PBIONVFAREE SN
Fh, BT a—Fav oy FoORE 2 B> Al BERRIE S & Si0, S OFFFE Z MGES %o
R L7, owféfﬁﬁ%f%éo S AE D M 7IRENTVWE L IIZ, 680T B L1 740T
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Fig. 6 Results of garnet-ilmenite geothermo-
metry and Garnet-Rutile-Al-silicates-
Ilmenite-quartz geobarometry.

a, b, ¢ are grain identifiers, and larger number

means outer location of the inclusion in the grain

of garnet. Solid line : error bar of the geother-
mometer. Dashed line : equilibrium condition for
the geobarometer.

DUAEWIE, WEEREENFHI LY RD SRR
BEENEGRY 2—=Fkr v a vy OERA-VA
A M-AE-ELAHH (Ky-Zo-Qz-Grt) DEEMH
WIZH b, LoT, TNHOTEWIZOWTIZ
GRAIL B L IRt B R T 2 S5 A & bE %
W2l TwbeE2 5, LHL, iRE600C LT
ERLICOEWTIE, TOMEREENFORT
M EEE ) 4 A% Al BEERRIE ASAEAE L 22 W 4RI 7
Oy FENTWE, £oT, TNHDEIZDOWT
&, GRAIL WEEHFFOREIRIIRERE &
fhE, WHENFHER OO OREREMIFIET
5Tl %%, F7z, WMEFIOMES 540T LT
ZRT DO, KT7TOELAHDEEHEBINAL
BL, SEAHA-AIVAFA PHERER O

FICO T AHRICHZ S, Mn 2 EELRT M
WRRBEEIIOWTER SN2y 2 —FLr v a
> (Tinkham et al., 2001) 2 & 11X, Mn % &
LRTIZEL A A DR EFBITIRMIIELK T 5,
HERADRTY, FEOBEMIIFELET S EE2Z
b5 7280, KCMFASH RO & < A4 D% 5¢ HH18,
EHEIREFSOAR—FOERIE, Ya—-Fts
Ya ORI Mo BEEN TR W EITERT
bEEZON%, £oT, 540C LLTFOUHEWI
OVWTE, Mn 2B H20WROY2a—Ftr g
I, MEIRERHI X T OR A B
LCTEZDLIEIZT 5,

560 ~ 580C DIREESMTI&, BEAhA DR EM
BICHELT, =74, KEA, BXOY
A% A POEEFHBHPMEL Twb, £ T,
GRAIL ORL7ZEDA, EBEORET2» 5 Zhid
N TR WERELT, SAH-VFIL-A
WAF A b=3—4F4 A% (Garnet-Rutile-
Ilmenite-Margarite-Quartz : GRIM), &< Af~
VF V-4V RXF+ 4 b-IKEA-FI (Garnet-
Rutile-Ilmenite-Anorthite-Quartz: GRIA), 3
L, ELABHNVFU-ANAFAL b=V A
MA3% (Garnet-Rutile-Ilmenite-Zoisite-Quartz:
GRIZ) #AEbEDO VM2 EEL, 560 ~
580C DUHMOUHET DHEE % KA 720 1
ZHOMMAGDHEIZDOWT, GRAIL MHE 7
WM AL E LT,

GRIM : 12 Quartz+3 Margarite+ 15 Ilmenite
=15 Rutile+5 Almandine+grossular+
3H.0

GRIA: 3 Anorthite+3 Quartz+6 Ilmenite
=6 Rutile +2 Almandine + Grossular

GRIZ: 6 Zoisite+9 Quartz+ 15 Ilmenite=
15 Rutile+5 Almandine+4 Grossular+
3H.0

BEZOLND,

H.O DfFEZIREL, ZOWHEEZ 1L LT
GRAIL WEIENFIE M LN ETF -5y b &
M, BEINEYOLERIKE &< A0
ANXF A PEIRERIC X 2IMESRNE S5 2 C,
BRSO FEET ko7 (M 8). D4,
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Table 2 Phases included to the calculation of a pseudosection in Fig. 7.

Solid solutions

number and range of

phase abbreviation end-members the pseudocopounds
garnet Grt grossurar (grs) 36 (X, =0.01-0.3,
pyrope (pyp) X =0.01-0.2)
almandine (alm)
phengite Phe celadonite (cel) 36 (X..=0.5-0.98,
Fe-celadonite X =0.01-0.2)
muscovite (mus)
staurolite St Mg-staurolite 5 (Xy=0.01-0.25)

Fe-staurolite

chloritoid Cld

Mg-chloritoid

5 (Xy=0.1-0.5)

Fe-chloritoid

chlorite Chl clinochlore 7 (Xx=0.2-0.9)
daphnite

biotite Bt phlogopite 10 (Xy,=0.5-0.9)
annite

tale Tle tale 4 (X, =0.7-0.99)
Fe-talc

Pure phases

phase abbreviation
quartz Qz
coesite Coe
kyanite Ky
zoisite Zo
lawsonite Lws
margarite Mrg
anorthite An
andalusite And
silimanite Sil
H.O H.O

GRIM BX I GRIA TIZ~Y—#F 4 b 213K E
HDOZEFRIBDOF R L DI TIHG S iz 28,
GRIZ Tid5 2 b NI & M TP IE ) % +§
Teldrolz, AEWIZE - T, GRIMIZK AR
MYIE~—FI4 bOREFEBOPIZ, GRIAIZ
X5 RBYIIKBAOREFEBOFICMEL, &
H 5O B IENF OIS AGDE L 7 +
7= RNETY V7K LHEWRAE b5 g
DORBVIZEANTH S, ZOEENS, BAEW

WEL ARIEH INWICAE L 28y, b
BLEDR—=TI54 PPKEATHLLEEZTH
FHEIE RV, oT, A VAFA - VFVEEH
WoOBEEND, 20 0.2GPafREDENIRNIC
o 72 REMEAYE V. Parkinson (2000) (&, [
LHBHEDOEL5AR N —=TI4 MaAW
FHELCBY, ~—=4I5 4 MEEFHRERRL
72 P-TREEAVRIBEINT WA, ZOBEEDL 4D
T4 7 — FatHHofREZRT 5. IhbHeils
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Fig. 7 P-T pseudosection for the white
schist.

Abbreviations of the phases are shown in

Table 2. Stability field of the mineral

assemblages are shown. Garnet, phengite,

and quartz/coesite exist in addition to

600 700
Temperature (°C)

$5&, 560 ~580C %23 WAWIE, GRAIL
JERFHC L 2 A D L D LKV 0.4~ 0.65 GPa
DODENTELAAFICBEINEEZ BN,
4) T/ P-T B

HEHITRO LN S AHARREEFD 2 DDl
BREDGMEE a7 F 27 78R EICHT2BED
Wiz x %12, AR EOER P-T &Kk%E Ao 72,
B a DY — 7 BREHIL T ORI &M45 5
B L7 1) SLARDT Y P AVESIMEICT— R
AVFETHI DD, REENIBEEL RS
REL Tz 5 2) BIS - WllAad bt
1, HONICHBERRICERLZEEZLND
BERZBRCE, Y2a—Fk27 330 3GPa
(750C) DLETRETH A, 3) Bifhfa+ A+
SR+ 720 V%4 b)) HABADLEDLREMR
I RMoT, E—2ZBoREZI R ED
650C UETH 5 ;4) RN S AHDHRY
WEIRF SN L 72D OFIRERAIE, 800C LT
L SN TS (Ghent, 1988) 7%, Bl
EORBERRED CNEBR ool b E2 D
nas,

the labeled mineral assembalges. Circles,
pyramids, and squares correspond to the
geothermobarometric results in Fig. 6.

800

D, E—IBERGEHCHTAIRME, U
WEIREEE S50 & B o M7z gl o P-T 4
fE2 5 A HCT, M9IRT L) % P-THREZIH
FEL7ze AN, BLXUBAEIZ, FNENELAA
FOUEWD S RSN RERED &ML,
PRIIY =2 EREHTH 5. ABRIE, 55—
BPLe LTERTHED, Bhro, RRMEAI N
LY —ZRE T CHIRT 5, E— 2 ERENHDS
O b5 P-T BB, HREOBBEERET
— e e SRR EH L, Zole RuE
L7270 FLAICELHEE P-THREIZOWTIE, &<
AHIAT OUFWIRERD, Ya—-FEtrTav
DI AADREFFINC Ty PERTLED
729, SEOMn 2 EFEFRVRTIE) LERT
&,

IV. % &

1) P-TREED X ARDOFEHEH{LEERK

METRE -7 P-TRE (K9 oZLtz s
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Fig. 8 Comparison between the recalculation
results of the geobarometers for the a-5
and b-8 inclusions and the mineral
stability fields in the pseudosection.

GRAIL: garnet-rutile-Al-silicate-ilmenite-quartz,

GRIM : garnet-rutile-ilmenite-margarite, GRIA :

garnet-rutile-ilmenite-anorthite. Solid and dashed

lines represent the equilibrium condition of the
geothermometer and geobarometers. Mineral

abbreviations are shown in Table 2.
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Fig. 9 P-T path of the whiteschist estimated in
the present study.

Grid in the background corresponds to the
pseudosection in Fig. 7. A and B : P-T conditions
estimated from the inclusion minerals in the
garnet. P: peak-metamorphic P-T condition. R :
presumed P-T condition after isothermal decom-
pression.

W= VT4 Y 3 A RICHEAL L2 7 e
774 (M 10b) ZHE L7,

ERE LT, A 0= HE L b LEF
BETE L, KE, TV YT 4 YIRS 08
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NTWb, A FDOREEN 2B (K
6 DA DIEL HIZIFEANTHD, L2L, &
METIZ 70 Y 2T —BaoMmEc7 vy~
T A YA, 30— TETIFITELA
WA, FHETEAM BTSN e Y 25—
BaEEBITHEMLTwS, a7~ MLk
BRCHEMW 27Oy 2 9—BaoRsd, etk
PIZIEHRCTROBHIN TS, L2rL, B
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Fig. 10
a) Changes in amount and equilibrium
composition of the garnet calculated by
forward-modeling.
A, B, P, and R correspond to the P-T
g conditions along the P-T path in Fig. 9.
005" % }) Line profile of the garnet normalized to
three-component solid-solution.
Inc. : approximate location of mineral
inclusions used for estimating P-T

dag

X <X

0 condition of A and B. PP.: peak

pressure condition. Retro.: retrograde
stage.
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