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

Soichi OMORI* and Hideki MASAGO**

Abstract

0 O 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.

O O 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,O-CaO-MgO-FeO-Al,0:-SiO,-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
Xee 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.
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Fig. 10 Flowchart of the phase -equilibrium
thermodynamic forward-modeling and
the inversion analysis in metamorphic
petrology.

goooboooobooooooboooobo
OooooooocGibbsOOOOOOODOOOO
oO0O0GibbsOOODOODOODODOOOOODO
gooooooobobobooobobooobo
gboooobobbooboboooboobo
gboboboooooboboboboooboog
goboooobooboboooboboooboobo
gooooobooooobobboooboboooo
gbooooobobbooboboobobono
gooobooooboboooboobooobo
gooboobooooobobooooobbooooo
gbooooboobooooboboobooobo
gooobooboooboooooboboobooobo
gbobooobooboobobooboboobooobo
gbooooooboboboboobooboooDbo
gbobooooboboobobobobooobo
gbooooooobobooobooboobobo

I —



0oodooooooooooooooooog
gooooooooooooooooogoood
JoodooooooooooDooooooog
0oodooooooooooooooooog
Jooodoooooooooooooogoood
00oo00ooooooooDooooooooog
0ooooooooooooooooooood
000000000 D000000 pseudosection;
Jooooooooooooooooog
Jooooooooooooooooooood
goodoooooooooooooooood
0oooooooooooooooooooog
doooooooooooooooooooood
gooodoooooooooooooooood
00o0o0oooooooooooooooog
0ooooooooo0o ooooooooood
gooooooooooooooooooood
0oooooooooooooooooooog
dooooooooooooooooooood
gooodooo0ooodooooooooood
00o0o0oooooooooooooooog
dooooooooooooooooooood
gooooooooooooooooogoood
00o0o0oooooooooooooooog
dooooooooooooooooooood
gooooooooooooooooooooo
0o0ooooDoooooooooood
Helgeson et al.0 197800 0000000000
gooooooooooooooooogoood
0000000000000 000 Delany and
Helgeson119780 0 0 000000 OO O0O80
gopopooooeodinoiOoUooDOoDoonoonod
00000000, Berman, 1988 ; Holland and
Powell, 19980 0 0000000000 OOOO
Jooodoooooooooooooogoood
0oooooooooooooooooooog
goooooooo
jJ20000000000000000O0
00oDo0ooooooooooooooooog
0ooooDooooooooooooooood
goooooooooopooooooooood

Metamorphic-peak condition

s
! Forward-modeling “...»‘

Reconstruction of
the mineral assemblages f

1
I
I
!
[
!
'
!

4
/

'
i
[}
¥
!
1
1
]
1
[Re
1
]
]
1
1
1
I

1
Sample
observation T

0 2000000000000000D0DO0O000
goooooooo

ooooooOooOobooOooOoO0ooOoOooboOoooooo

oooooooooboooooo

Fig. 20 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. 30 al 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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al X-rayd Ka O images,

b0 Compositional line-profile,

c Three zones identified from

the Call Ka O image.
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0 1000000000000000000000 Masago, 2003000000

Table 10 Representative chemical compositions of garnet and ilmenitel] excerpts from Masago, 20031

llmenite inclusion
Garnet

in Garnet
in-core out-core in-mantle out-mantle "_1 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
AlOs 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.Os 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
Xerp 0.055 0.066 0.09 0.083  Xenp 0.025 0.019
Ksps 0.119 0.072 0.01 0.006  Xcei 0.006 0.001
XKers 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.
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Fig. 60 Results of garnet-ilmenite geothermo-
metry and Garnet-Rutile-Al-silicates-
IImenite-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.
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Table 20 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(d grsO0 360 X[ 0.010 0.30
pyropel pypO Xepd 0.010 0.20
almandined almO

phengite Phe celadonited celd 360 X[ 0.50 0.980
Fe-celadonite X[ 0.010 0.20
muscovited musl

staurolite St Mg-staurolite 50 Xw,J 0.010 0.250

Fe-staurolite

chloritoid Cld Mg-chloritoid 50 Xw,dJ 0.10 0.50
Fe-chloritoid

chlorite Chl clinochlore 70 Xw,0 0.20 0.90
daphnite

biotite Bt phlogopite 100 Xum0 0.50 0.90
annite

talc Tic talc 40 Xw,J 0.70 0.990
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
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Fig. 70 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

500 600 700
Temperature (°C)

goooseon 5800 OO OOO0ODOOGRAIL
goboooobooooobobOdno0.40 0.65GPa
gbobobooboobooobooboboboobo
4000 P-TODO

gooooooobobooboooboob 2000
goooboobooobooboboobobooboo

gbooboobobooooobo p-TOOOOODODO

goooboooooboobobooobooboooo
gbobolooooboobooboboobooobooo
gobooboboooboboobooboobooboo
goooboobboo20b0bbooooooboooo
gboboooobooboobooboobooboo
gbobooooboobobooboooboboogn 3GPa
grsonooogooobbooossgboooooo
gobooboboooboboboboboobooboo
goboboooobooobooooooboboooo
65000 DO00ODOOO40000000DO0OODO
gobooooboooooooooosoon OO
ODO0000000OGhent, 19880000000
gooobooooobooboboooboboooo
god

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

gboboobooboboooboobooboobo
gbobobobooobooooooogon pP-TO
o20000000 9000000 P-TOODODO
gbobAObDODOBOOOOOOODOODOO

gboboboooooboboboboobooog

pObOODbOO0OOOOOOODABOOOODOODO
gboobobobooboBOOOObOODOODO
gobooooboboboobobobobooobo
gboobpTOoOOoOOoOOOOOOODODOO
gbobooboooobobobobob RrROO
goobo AQ0ODOOobD P-TOOOOODODODO
gboooobobboobobooboboobo
gboooobooboooboooboboobooonbo
goboboboMnOUbDOobOoooooobooDO
gooo

Ivoooood

gibop-TOODODOOOOOOODOODOO

gboooobg p-TOoDODOSOODOODO
goooboooboobop-TOOODOODOODO
gboooobobbooboboobobobo

I —



10

Pressure (GPa)

500 550 600 650
Temperature (°C)

0 8300000000000 O0a-5000 b-8
goooooocooooooooooon
gooooobooooooooboo

GRAILOOOOODO-000-AI-OO0D0O0O0-0000

go-00o0o0O0ocGrRIMOOOOO-00CO0-000

goodo-0b0o00oo00oooboGrRIADODOOO-00
o-000o0obo-000b0obob0oooooboogooon
goooooOoO0oooooooOoOooOoooooon

oo0200000

Fig. 80 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 :0 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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