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ABSTRACT: The garnet-muscovite geothermometer and garnet-muscovite-Al,SiOs-quartz (GMAQ)
geobarometer have been empirically calibrated under P-T conditions of 1-12 kbar and 460-760 °C using
natural metapelitic rocks. The chemical compositions of the calibrant muscovite are in the ranges of
Fe=0.03-0.21 atoms, Mg=0.02-0.32 atoms and AI''=1.62-1.96 atoms, respectively, on the 11-oxygen basis
per formula unit. The garnet-muscovite thermometer yields similar temperature estimates to the well
calibrated garnet-biotite thermometer within error of £55 °C, and successfully discriminates the system-
atic temperature change of the different zones of either the prograde or inverted metamorphic terranes or
thermal contact aureoles. The six formulations of GMAQ barometry yield similar pressure estimates to
the well calibrated GASP barometer within error of +1.2 kbar, and plot the Al,SiOs-bearing metapelite
into the correct stability field of the ALSiOs polymorphs. Moreover, the GMAQ thermobarometers show
that the pressure is almost constant for every thermal contact aureole within limited geographic region,
which reflects geological condition. The random errors are estimated to be of ca. £60 °C and +1.4 kbar for
the geothermometer and geobarometer, respectively. A spreadsheet for applying GMAQ geothermo-

barometry is supplied in the Electronic Supplementary Materials.
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0 INTRODUCTION

It is well known that garnet-bearing metapelite is not only
sensitive to temperature and/or pressure changes (e.g., Maldonado
et al., 2018; Chatterjee, 2016; Chen et al., 2009, 1998; Cheng et al.,
2009; Holdaway, 2001, 2000; You et al., 1993; Chen, 1990;
Koziol and Newton, 1988; Spear et al., 1984; Perchuk and
Lavrent’eva, 1983), but is also an ideal videocorder of deforma-
tional events (e.g., Ali et al., 2016; Zhang et al., 2012, 2009; Li et
al., 2011, 2010, 2005; Bell and Mares, 1999; Johnson, 1999; Jones,
1994; Bell et al., 1992; Zwart, 1962). Therefore, garnet-bearing
metapelite is the absolutely necessary target in metamorphic re-
search, along with the garnet-bearing metamorphic mafic rocks. In
determining temperature (7) and pressure (P) conditions of these
metamorphic rocks, geothermometry and geobarometry play irre-
placeable important roles.

There are currently two types of conventional geothermo-
barometers. The first kind is independently calibrated using
available primary experimental and/or natural data, such as the
garnet- biotite thermometer (e.g., Holdaway, 2000; Kleemann
and Reinhardt, 1994; Perchuk and Lavrent’eva, 1983; Ferry and
Spear, 1978) and the garnet-aluminosilicate-plagioclase-quartz
(GASP) barometer (e.g., Holdaway, 2001), as well as some
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mono-mineralogical geothermobarometers, such as the Zr-in-
rutile thermometer (Sengiin and Zack, 2016; Tomkins et al., 2007)
and the Ti-in-zircon thermometer (Ferry and Watson, 2007). An-
other type is the multiple thermobarometry method, i.e., a self-
consistent thermodynamic database developed using statistical or
mathematical programming methods applied to all the experi-
mental data available for the related compositional systems
(Holdaway, 2001), such as the TWQ software (Berman, 1991)
and the average P-T method (Powell et al., 1998). However, if
secondary constraints involve systematic errors in thermodynamic
data and related P-T equilibria, it is quite possible that such multi-
ple thermobarometry may have systematic P-7 errors between
specimens of differing compositions, between differing P-7' con-
ditions of formation, or between various equilibria. Because of
these reasons, the P-T errors of such multiple thermobarometry
may still be larger than for a carefully calibrated individual geo-
thermobarometer (Holdaway, 2001).

Because the mineral assemblage and mineral chemistry of
garnet-bearing metapelite are sensitive to P-7 conditions in
metamorphic events, such metapelite usually records the meta-
morphic history of metamorphic terranes. Therefore, a set of rela-
tively accurate and precise geothermobarometers have been cali-
brated for metapelite, such as the garnet-muscovite thermometer
(e.g., Wu and Zhao, 2006a; Wu et al., 2002; Hynes and Forest,
1988; Green and Hellman, 1982; Krogh and Réheim, 1978), the
garnet-rutile-aluminosilicate-ilmenite-quartz (GRAIL) barometer
(e.g., Bohlen et al, 1983), the garnet-biotite-muscovite-
plagioclase (GBMP) barometer (Wu, 2015), the garnet-biotite-
Al,SiOs-quartz (GBAQ) barometer (Wu, 2017) and the garnet-
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rutile-ilmenite-plagioclase-quartz (GRIPS) barometer (e.g., Wu
and Zhao, 2006b; Bohlen and Liotta, 1986). However, it is known
that many metapelites are CaO-undersaturated, thus the plagio-
clase is accordingly CaO-deficient and sometimes plagioclase
even does not exist, under such circumstances all the above
plagioclase-bearing geobarometers lose their usage. Moreover,
most metapelites are TiO,-undersaturated and contain no rutile or
ilmenite, thus, the alternative rutile- and/or ilmenite-related geo-
barometers (e.g., GRIPS, GRAIL) cannot be applied, either.

Therefore, geothermobarometers involving muscovite with-
out plagioclase are of great interest to the metamorphic commu-
nity, since many low- to medium-grade metapelites contain abun-
dant muscovite but little or no plagioclase. In this contribution,
adopting valid activity model of garnet, the garnet-muscovite
geothermometer and the garnet-muscovite-aluminosilicate-quartz
(GMAQ) geobarometer have been empirically calibrated. Appli-
cations of these GMAQ thermobarometers show that this
thermometer-barometer pair is valid to either CaO-undersaturated
or -saturated metapelite metamorphosed at the crustal level.
Throughout this paper, mineral abbreviations are after Whitney
and Evans (2010).

1 CALIBRATION DATA SET

In fact, the garnet-phengite thermometer has been experimen-
tally calibrated (Green and Hellman, 1982; Krogh and Réheim,
1978) under high-P-T conditions, exceeding the P-T conditions of
common metapelite formed in the crust. The GMAQ barometer
has not been experimentally calibrated until today. Therefore, both
the garnet-muscovite thermometer and the GMAQ barometer for
crustal metapelite can only be empirically calibrated.

Empirical calibration requires natural rock samples which
contain mineral assemblages formed at thermodynamic equilib-
rium. The criteria for selecting suitable natural metapelitic sam-
ples from the literature are as follows: (1) equilibrium textures in
the samples are clearly described; (2) the samples did not undergo
retrogressive metamorphism; (3) there are detailed and high qual-
ity electron microprobe analyses of the minerals involved, at least
the SiO,, TiO,, Al,O;, FeO, MnO, MgO, CaO, Na,0 and K,0O
contents are reported; (4) the samples plotted into the wrong sta-
bility field of the Al,SiOs polymorphs were ascribed to possible
disequilibrium assemblages and thus were discarded from the data
set; and (5) if there is growth zoning in garnet, only the rim com-
position was used, and accordingly, only the (rim) compositions of
the matrix minerals not in contact with garnet were used. Based
on these criteria, the total 161 Al,SiOs-bearing metapelitic sam-
ples (see Table S1 and references therein) were selected for cali-
brating the thermobarometers, among which 13 samples contain
andalusite, 2 samples contain andalusite and sillimanite, 39 sam-
ples contain sillimanite, 4 samples contain sillimanite and kyanite
and the remaining 103 samples contain kyanite. These metapelites
were metamorphosed under P-7 conditions of 1-12 kbar and
460-760 °C, respectively, determined by simultaneously applying
the garnet-biotite thermometer (Holdaway, 2000) and the GASP
barometer (Holdaway, 2001) as suggested by Wu and Cheng
(2006). The chemical compositions of the calibrant muscovite
cover more than 90% of natural metapelitic muscovite and the
chemical ranges are restricted to Fe=0.03-0.21 atoms,
Mg=0.02-0.32 atoms and AlY'=1.62—1.96 atoms, respectively, on
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the 11-oxygen basis. Chemical compositions of the calibrant gar-
net are restricted in the compositional ranges of X 5" =0.53-0.91,
X &Z =0.04-0.27, X" =0.02-0.22, and X" =0.00-0.29, re-
spectively, which cover compositional ranges of almost all the
metapelitic garnet.

2 THERMODYNAMIC BACKGROUND OF THE GMAQ
THERMOBAROMETERS
2.1 Model Reactions

The garnet-muscovite Fe-Mg exchange thermometer is
described as (Hynes and Forest, 1988; Green and Hellman,
1982; Krogh and Réheim, 1978)

Mg,AlLSi,0,,+3K(FeAl)Si,O,,(OH), =
Pyrope Fe-celadonite
Fe,AlSi,0,,+3K(MgAl1)Si,O,,(OH),

Almandine

(M
Mg-celadonite

The GMAQ geobarometer is based on the model reaction
(Hodges and Crowley, 1985)

Fe,ALSi,0,,+3KAl, (AlSi,)0,,(OH), +48Si0, =
Almandine Muscovite Quartz
3K(FeAl)Si,O,,(OH),+4Al1,SiO,

Fe-celadonite

2)
Aluminosilicate

which is designated as the Fe-endmember GMAQ model reaction.
Additionally, the author found that the equivalent Mg-
endmember GMAQ model reaction

Mg,Al,S1,0,,+3KAl, (AlSi,)0,,(OH), + 4810, =
Pyrope Muscovite Quartz
3K(MgAl)Si,0,,(0OH),+4Al,Si0,
Mg-celadonite

3)
Aluminosilicate

can also be calibrated as a GMAQ geobarometer.
Thermodynamic equilibria of these thermobarometric
model reactions can be described respectively as

AG=0=AH" ~TA,S" +(P~1)A V" + RTInK ,, +

s S T Tt (4)
SRTI (e Fies) + RTINGSE /750)
A,G=0=A,H’ —TA,S° + (P -1)AV° + )
3RTIn (V}l?véfccl /Vrl\\/[/l:) — RTln V;;: + RTln Ky
ASG:O:ASHO—TA3S0+(P—1)A3V0+ ©

3RTIn (pys ca /7o) — RTIyon + RTIn K ) 5

prp

in which AG is Gibbs free energy of the reaction, and AH’, AS°
and AV are the enthalpic, entropic and volumetric changes of
the reaction at the P and T of interest, respectively. The y;
denotes the activity coefficient of phase component j in mineral
i. It has been assumed that the Al,SiOs polymorphs and quartz
are pure phases, and heat capacity, thermal expansion and
compressibility coefficients of the phases involved have also
been neglected in the P-T ranges of the crustal level. The molar
fractions of the phase components of garnet and muscovite as
well as the ideal distribution coefficients of the model reactions
are listed in Table 1.
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Table 1 Ideal activities of the mineral phases and distribution coefficients of the model reactions

Garnet

X = (X, Xp = (X", Xl =X X=X,

prp ars 2 sps

Xt =Fe /(Fe* + Mg+ Ca +Mn), Xi = Mg/(Fe*' + Mg + Ca + Mn),

X3 = Ca/(Fe* + Mg+ Ca + Mn), X" = Mn/(Fe** + Mg+ Ca + Mn)

Mn

Muscovite

AlY = AL+Si-4, XM =(xM)%, XM

Mg-cel

= 4(X (X ),

XMs

Fe-cel

= 4(X X ),

XM = Fe™ (Fe* + Mg +Al"), X} =Mg/(Fe* + Mg+ Al'Y), XM, = Al"//(Fe** + Mg + Al")

AV

Distribution coefficients

_ M)’ GG .0 D ¢ SO .10 MLt S
NG S TC S UG S N BN & 4 0SS SRR Ci GV R ¢ S0 16 € RS S G

2.2 Activity Model of Garnet

In metapelitic garnet, the divalent cations Fe?", Mg®', Ca*"
and Mn?" mix in the three equivalent hexahedral sites and the
trivalent cations Fe**, Cr’* and AI’** occupy the two equivalent
octahedral sites. In fact, the Fe*" and Cr** cations are negligible
due to extreme dilution, therefore, only the mixing properties of

the divalent cations on the hexahedral sites are to be considered.

Holdaway (2001) adopted averaged Margules parameters of the
garnet activity models (Mukhopadhyay et al., 1997; Berman
and Aranovich, 1996; Ganguly et al., 1996) in calibrating the
GASP geobarometer. This non-ideal, asymmetric Fe-Mg-Ca-
Mn quaternary activity model (Holdaway, 2001) was also used
in calibrating the GMAQ geothermobarometers in this study.
The excess chemical potential of the almandine and pyrope
components in garnet (Holdaway, 2001), after rearrangement,
may be written respectively as

RTIny " =3RTIn (y{"*)=Fea - T (K)+Feb - P(bar)+Fec (7)
RTIny =3RTIn(yy,; )=Mga - T(K)+Mgb - P(bar)+Mgc (8)

in which Fea, Feb, Fec, Mga, Mgb and Mgc are polynomial
expressions consisting of molar fractions of the Fe*", Mg*",
Ca®" and Mn*" cations of garnet and are described in Table S2.

2.3 Activity Model of Muscovite
It should be stated that the activity model of tschermak in
muscovite defined by Hodges and Crowley (1985) in their Ta-
ble 4 is miswritten, such that this unique previous GMAQ ba-
rometer is hard to apply. Although the Fe*" and Mg?" cations in
the two equivalent octahedral sites of muscovite are dilute, it
has been found that the muscovite solid solution is not ideal.
Therefore, muscovite may be considered as a non-ideal, sym-
metric Fe-Mg-Al"" ternary solid solution. Adopting the sym-
metric formulations of ternary solid solutions of Muk-
hopadhyay et al. (1993), the excess chemical potential of Fe-
and Mg-celadonite can be described respectively as
RTIn ypceq =X g (1= Xp ) Wi +X00 (L= XpH Wk

g eAl

S S S (9)
XX,
RTIn 7/!\!\/?;&1 :XIZI:S (1 - XT\I\’/[[gs ) VVFZ‘;‘E + ( 1 O)

Ms Ms Ms Ms yMs Ms
XAI (1 - XMg)WMgAl - XFe XAI WFeAl

in which the ¥ items are Margules parameters to be determined
through statistical regression. Although complex activity mod-
els of muscovite have been proposed (e.g., Keller et al., 2005;
Parra et al., 2003; Massonne and Szpurka, 1997), it is found
that this symmetric ternary solution is sufficient to accurately
calibrate the GMAQ thermobarometers.

2.4 Regression Models

Inserting the above activity models of garnet (Eqgs. 7-8)
and muscovite (Egs. 9 and 10) into the equilibrium thermody-
namic equations (Eqgs. 4-6), the thermodynamic equilibria of
the model reactions (Eqgs. 1-3) may be described respectively
by the following regression models

T=(AH°/A Sy HP(bar) —1]- (A V° /A S+
W/ DNS*) - 3 = X+
(W = Wien/AS - 3X 30+ (11)
(1/A,8%)- [RTInK,,,,+(Fea—Mga) - T+
(Feb —Mgb) - P+(Fec —Mgc)]

Po=1-A,H/AV " +T(A,S /AV )+

(WM ALY Y- 3(X M — X Moy+

FeAl Fe (12)
[(Wtens = W VAV °1-3X o+
(1/A,V°){Feb - P+Fect+T[Fea — RIn K, , 1}
Puy=1-AH AV +T(AS IAV") +

[(WFI\:[.ZI - WFIZII\jIg)/ABVO] : 3XFhﬁs+
(1/A,V°){Mgb - P+ Mge+T[Mga — RIn K ;) 1}

2.5 Calibration Results

Regressions of Egs. (11)—(13) have been done using the
natural metapelitic data (Table S1) and the results are listed in
Table 2. The regressions were weighted, that is to say, the cali-
bration samples were used in nearly equal quantities consider-
ing the pressure and temperature intervals. Substituting the
regressed parameters (Table 2) into Egs. (11)—(13), seven for-
mulations (Eqgs. 14-20) of the GMAQ thermobarometers have
been obtained as the following.

Formulation of the garnet-muscovite thermometer



980 Chun-Ming Wu

T(K)[100.0+0.7(Rln K ,,, + Fea — Mga)]
=33648.0+[2.0— 0.7(Feb — Mgb)]P(bar) — 0.7Fec + (14)

0.7Mge —142 260.0(X ;" — X 1) + 68 610.0.X .7
: « | |~|% 2 3«83 E
Formulations of the GMAQ barometer = = S 3 S S S
P (1-0.098Feb)(bar)
=-16770.0 + 23.447T(K) + 2 367.3(X M — x ¥y - (15)
41951.7X}:+0.098 {Fec + T[Fea — Rln K ,, ]}
sil —_ = Sl Q @l 8le & &
PS'(1-0.162Feb)(bar) S 8 HEREIEIREER:
=13 476.8 +20.9287T(K) + 35 684.4(X M — xMy - (16) % 3 158 ESEEER
2, N I N g
1935092 +0.162 {Fec + T[Fea — Rln K, ]} <5 |SE € §|dla g g
s =S s S| =] S 3
PX(1+0.242Feb)(bar)
=—61802.0+22.491T(K) - 61578.0(x Y - x¥)+ (17) -
Q
69 441.5X - 0.242{Fec + T[Fea — RIn K, , 1} g
o
g = =
P2 (1-0.021Mgb)(bar) o ) Els | &
3 < < clag @ s |9 F &
=-37962.6 +24.991T(K) - 22 654.5(X s - X)) - (18) Z 2 e :N 288 3Ezex
I o Il o -1 & Q
19 770.9X 2 +0.021 {Mgc + T[Mga — Rln K, ;, 1} £ 23 4 I BRI e I )
2 S NERE R R
< | ® n o (=3 <t
PS(1+0.089Mgb)(bar) 5 .3 S I ER I R
g S 30 % QR -0 ©
=-28742.5+22.705T(K) - 15 439.8(X s - X )+ (19) g S N S
316110 ~0.089 {Mgc + T[Mga — Rln K, I} g
Q
P (1+0.035Mgb)(bar) g
= —~
— _ Ms _ yMsy g ’\Aﬁ'_:’CAAA
=—771.4+20.838T(K) +10 840.2(X ) — X \I') (20) £ 2 = Ak 2 1 32 e
21704.5X)" —0.035{Mgc + T[Mga - Rln K ,, |} §D % & | € I R R
| |2ql |42z 34nes
o0 22 & 22 X S| 3| 8 oo
3 ERROR CONSIDERATION § RO S 2 2 0 T DA
It is found that 88% of the calibrant samples (Table S1) é - A T
yield garnet-muscovite temperature consistent to the garnet- §
biotite temperature (Holdaway, 2000) within error of +50 °C é
(Fig. la). Distribution of the difference between the garnet- g
muscovite and the garnet-biotite (Holdaway 2000) temperatures i g ) I ) B
= | n = <+ o
is almost unrelated to either temperature (Fig. 1b), or pressure % § S 2l&8 ] § S § S 7
(Fig. 1c), or composition of muscovite (Fig. 1d) or garnet (Fig. £ s F N R N BT
Q - = = — ol =
le), suggesting that this garnet-muscovite thermometer yields ~ N S| 8 <3 &3 AR g 3
el @ = N
no bias estimates of temperature. N > S| E :u & & 8 %3 A8
Meanwhile, it is found that 78% and 70% of the calibrant E _‘.E
samples yield GMAQ-Fe and GMAQ-Mg pressures consistent &
to that of the GASP barometer (Holdaway, 2001) within error " 3
of +1 kbar, respectively (Figs. 2a—2b). The GMAQ-Fe and g % . _
GMAQ-Mg barometers yield identical pressure estimates % g = g g ; 5 % E § % 2
within error of +1 kbar for 95% of the calibrant samples (Fig. £z, €| 5| = 0 2 < -
H p = I
2¢), suggesting that both the Fe- and Mg-endmember model sl g LS4 E 22 U IS
Sl 2G| ISl B eS| v T
reactions are equivalent. The garnet-biotite thermometer % E” § ) x| 2 § S | e g N
= ~ i o~
(Holdaway, 2000) combined with the GASP barometer (Hold- 2 2| < E gl < § x =
away, 2001) plot the calibrant samples into the correct stability § §
field of the Al,SiOs polymorphs (Fig. 2d), as do the GMAQ-Fe g g
(Fig. 2e) and GMAQ-Mg (Fig. 2f) barometers based on the g g
garnet-biotite thermometer (Holdaway, 2000). When simulta- 5 & 2 - = T =3
neously applying the garnet-muscovite thermometer and the = E N 5@ % %D
GMAQ-Fe and GMAQ-Mg barometers, most of the samples G =) oA < & &

have also been plotted into the correct stability field of the
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Figure 1. Temperature estimated by the garnet-muscovite vs. the garnet-biotite (Holdaway, 2000) geothermometers (a), and the relationships of the random

error of the garnet-muscovite geothermometer with temperature (b), pressure (c), composition of muscovite (d) and composition of garnet (e), respectively. 7

(GM) and T (GB) are temperatures determined by the present garnet-muscovite and the garnet-biotite (Holdaway, 2000) geothermometers, respectively. It is

seen that the random error of the present garnet-muscovite thermometer shows no bias with P, 7 and compositions of both garnet and muscovite. Dashed lines

represent £50 °C deviation.

Al,SiOs polymorphs (Figs. 2g—2h). Furthermore, distribution of
the difference between the GMAQ and GASP (Holdaway, 2001)
pressures is independent of either pressure (Figs. 3a—3b) or
temperature (Figs. 3c-3d) or chemical composition of musco-
vite (Figs. 3e-3f) or garnet (Figs. 3g-3h).

The precision of the garnet-muscovite thermometer and
the GMAQ barometer cannot be determined at present due to
lack of phase equilibrium experimental data. However, the
random errors of these thermobarometers can be roughly esti-
mated. It should be noted that due to complex formulations of
these thermobarometers, standard error propagation estimation
(cf. Kohn and Spear, 1991) cannot be done. Under such cir-
cumstances, we can only estimate their random errors by semi-
quantitative methods, based on the calibration data listed in
Table S1.

3.1 Random Errors of the Garnet-Muscovite Thermometer
The random errors of the garnet-muscovite thermometer

mainly come from the errors of input pressures as well as
chemical compositions of garnet and muscovite. Errors of +1
kbar of input P translate to 7 errors of £10-17 °C. Analytical
errors of +2% of Fe and Mg of muscovite translate to 7 errors
of £1-2 and +1-3 °C, respectively. As those for garnet, the
translated 7 errors are of £2—4 and +2—4 °C, respectively. The
errors of analytical sources are almost unrelated. When com-
bining the various errors as described above, it may be con-
cluded that the total random error of the garnet-muscovite
thermometer is around ca. +60 °C.

3.2 Random Errors of the GMAQ Barometer

The random errors of the GMAQ barometers mainly come
from the errors of input temperatures and also from analytical
errors of chemical compositions of garnet and muscovite. As
for the Fe-endmember GMAQ barometer, an input 7" error of
+50 °C may translate to GMAQ P errors of £0.3—1.4 kbar. The
analytical errors of 2% of Fe in muscovite and garnet, may
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Figure 2. (a), (b) Pressure computed by the GASP geobarometer (Holdaway, 2001) vs. the present GMAQ geobarometer. (c) The Fe- and Mg-endmember
GMAQ barometer yields identical pressure estimates within error of +1 kbar. (d) The metapelitic samples are plotted into the correct stability field of the
AlSiOs polymorphs by both the GASP geobarometer. (e), (f) The GMAQ geobarometer in concert with the garnet-biotite temperature (Holdaway, 2000). (g), (h)
When simultaneously applying the present garnet-muscovite thermometer and the GMAQ geobarometer, most of these metapelites are also accurately plotted
into the correct stability field. Dashed lines in (a)—(c) represent +1 kbar deviation. The Al,SiOs polyphase diagrams (g)—(h) are from Holdaway and Mukhopad-
hay (1993) and the dashed line is from Pattison (1992).
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Figure 3. Random error of the GMAQ geobarometer vs. temperature (a), (b), pressure (c), (d), compositions of muscovite (e), (f) and garnet (g), (h), respec-
tively, suggesting that the GMAQ geobarometer has no systematic bias.

translate to GMAQ P errors of £0.07—0.12 and +0.03—-0.06 kbar, the total random error of the Mg-endmember GMAQ barometer
respectively. Thus, the total random error of the Fe-endmember is inferred to be of ca. 1.4 kbar.
GMAQ barometer is estimated to be of ca. +1.5 kbar. Similarly,
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4 APPLICATIONS OF THE GMAQ THERMOBARO-
METERS

The garnet-muscovite thermometer and GMAQ barometer
calibrated in this work are applied to natural metamorphic ter-
ranes to test their applicability. When Al,SiOs minerals are pre-
sent the thermometer and the barometers are simultaneously
applied by iteration. When no Al,SiOs minerals are present, as-
sumed pressures are input to obtain garnet-muscovite tempera-
tures. Retrograded mineral assemblages were excluded in the
following.

4.1 Application of the Garnet-Muscovite Thermometer

A valid thermometer should clearly discriminate the sys-
tematic temperature change of different zones within either a
prograde or an inverted metamorphic terrane or a thermal contact
aureole, as suggested by Wu and Chang (2006). Validity of the
present thermometer was checked through its applications to
world-wide metamorphic terranes hereafter. The results are given
in Table S3.

The Barrovian type metamorphic sequences have been
found in the Snow Peak area, northern Idaho, USA (Lang and
Rice, 1985). The metamorphic grade progressively increases
from the chlorite-biotite, garnet, staurolite, transition, staurolite-
kyanite and the kyanite zones in sequence. These zones were
metamorphosed in a second metamorphic event M2 and the min-
eral assemblages are post-kinematic. Both the garnet-biotite
thermometer (Holdaway, 2000) and the garnet-muscovite ther-
mometer clearly reflect the expected systematic temperature
change (Table S3; Fig. 4a).

A complete Barrovian metamorphic sequence ranges

Chun-Ming Wu

gradually from the chlorite, biotite, garnet, lower staurolite,
upper staurolite, kyanite, sillimanite to the sillimanite-K-
feldspar zones in the metapelitic gneisses in a region extending
from the Hudson River in south-eastern New York State, to the
high-grade core of the Taconic range in western Connecticut,
USA (Whitney et al., 1996). In the chlorite and biotite zones
garnet is absent and thus the temperatures cannot be determined.
The garnet of the garnet zone is MnO-rich which exceeds the Xy,
limit for both the garnet-biotite and garnet-muscovite thermome-
ters, and thus the garnet activity model is invalid for MnO-rich
garnet, therefore, unexpected high temperatures were obtained.
For the lower staurolite, upper staurolite, kyanite, sillimanite to
the sillimanite-K-feldspar zones, both the garnet-biotite (Hold-
away, 2000) and the garnet-muscovite temperatures sequentially
increase (Table S3; Fig. 4b).

The Lower Paleozoic Silgara Formation in the southwestern
Santander massif was affected by Caledonian regional metamor-
phism, which created a Barrovian-type sequence of metamorphic
zones (biotite, garnet, staurolite and sillimanite) increasing from
the SE to the NW (Rios et al., 2003). The garnet-biotite (Hold-
away, 2000) and the garnet-muscovite thermometers confirmed
the gradual temperature increase (Table S3; Fig. 4c).

The Danba domal metamorphic terrane, eastern edge of
the Qinghai-Xizang Plateau, western China, is characterized by
prograde Barrovian type metamorphic sequence during the late
Indosinian crustal thickening and shortening (Huang et al.,
2003). From the low grade biotite zone to the concentric garnet,
staurolite, kyanite and sillimanite zones, both the garnet-biotite
(Holdaway, 2000) and the garnet-muscovite temperatures
gradually increase (Table S3; Fig. 4d). It is noted that the garnet-
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Figure 4. Application of the present garnet-muscovite geothermometer to the prograde metamorphic terranes suggests that the thermometer successfully reflects

the gradual temperature change of the different metamorphic zones. (a) The Snow Peak Barrovian type metamorphic sequences, northern Idaho, USA (Lang and

Rice, 1985); (b) the Barrovian metamorphic zones of the Dutchess County, New York, USA (Whitney et al., 1996); (c) the prograde metamorphic terrane of the

Silgara Formation, southwestern Santander massif, Colombian Andes (Rios et al., 2003); (d) the Danba Barrovian-type metamorphic terrane, Sichuan, China

(Huang et al., 2003); (e) the Danba Barrovian-type metamorphic terrane, Sichuan, China (Weller et al., 2013); and (f) the prograde metamorphic zones of the

central Menderes massif, Turkey (Ashworth and Evirgen, 1985a, b).
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biotite temperature of the highest migmatite zone is lower than the
next highest sillimanite zone, possibly due to post-peak Fe-Mg
re-exchange between garnet and biotite. Again, the garnet-biotite
(Holdaway, 2000) and the garnet-muscovite thermometers reflect
such a T-increasing trend for another sampling traverse (Weller et
al., 2013) including the staurolite, kyanite, kyanite-sillimanite and
the sillimanite zones (Table S3; Fig. 4e).

An orderly prograde metamorphic zonation appears sequen-
tially, including garnet, staurolite, staurolite-kyanite and kyanite
zones in the central Menderes massif, Turkey (Ashworth and
Evirgen, 1985a, b). Again, both the garnet-biotite (Holdaway,
2000) and the garnet-muscovite thermometers clearly discrimi-
nated the systematic temperature change of these zones (Table S3;
Fig. 4f).

The High Himalaya crystalline zone and the main central
thrust as well as the Lesser Himalaya have long been recognized
as inverted metamorphic zones. In the 6-km-long exposure near
the Village Atholi, Chenab River Gorge, Kashmir, the main cen-
tral thrust appears as an inverted metamorphic belt (Stephenson
et al., 2000). From the bottom to the top, there sequentially ex-
poses the garnet, staurolite and the kyanite zones. Both the
garnet-biotite (Holdaway, 2000) and the garnet-muscovite ther-
mometers record the inverted temperature change of these zones
(Table S3; Fig. 5a). Also in the Sutlej Valley, Himachal Pradesh,
the High Himalaya crystalline zone, there exposes an inverted
metamorphic sequence (Vannay and Grasemann, 1998). The
garnet-biotite (Holdaway, 2000) and the garnet-muscovite ther-
mometers confirm such an inversion of metamorphic tempera-
tures of the sillimanite, kyanite and staurolite zones (Table S3;
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Fig. 5b). As for the migmatite zone, both the garnet-biotite
(Holdaway, 2000) and the garnet-muscovite thermometers
yielded lower temperature than that of the sillimanite zone, pos-
sibly due to post-peak Fe-Mg re-exchange between garnet and
muscovite (Fig. 5b). Or alternatively, muscovite might be formed
at the retrogressive stage.

Holdaway et al. (1988) found that five regional contact
metamorphic events (M1-M5) occurred in the Devonian and
Carboniferous in west-central Maine, USA, among which the
M3 and M5 events are the two most important metamorphic
events. Each metamorphic event is closely associated with
emplacement of S-type granites, such that the isograd patterns
produced in the surrounding pelitic schists generally mirror the
geometry of plutonic intrusive contacts. From north to south
the metamorphic grade varies from the chlorite to garnet,
staurolite, sillimanite and the K-feldspar-sillimanite zones, and
from low to high grades these zones are designated as Grades 3,
4, 5, 6 (M3) and Grades 6.5, 7 and 8 (M5), respectively
(Holdaway et al., 1988). Both the garnet-biotite (Holdaway,
2000) and the garnet-muscovite thermometers demonstrate
such a 7-increasing trend (Table S3; Fig. 6a).

The present garnet-muscovite geothermometer was also ap-
plied to the contact metamorphosed Fe- and Al-rich graphitic
metapelite, the Transangarian region of the Yenisei Ridge, eastern
Siberia, Russia (Likhanov et al., 2001). It has been shown that
from the garnet, andalusite, lower to the upper cordierite zones,
the garnet-biotite (Holdaway, 2000) and the garnet-muscovite
temperatures gradually increase (Table S3; Fig. 6b), except for
one garnet zone sample which temperature was over-estimated
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Figure 5. Application of the garnet-muscovite geothermometer to (a) the inverted metamorphic zone of the Main Central Thrust, the Kishtwar Window, Himalaya

(Stephenson et al., 2000); and (b) the inverted metamorphic terrane, the High Himalaya crystalline zone, Himachal Pradesh (Vannay and Grasemann, 1998).
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by the garnet-biotite geothermometer (Holdaway, 2000).

It is found that the present garnet-muscovite thermometer is
slightly more accurate than the previous versions (Wu and Zhao,
2006a; Wu et al.,, 2002; Hynes and Forest, 1988; Green and
Hellman, 1982; Krogh and Réheim, 1978). For clarity, the com-
parison is not listed.

4.2 Application of the GMAQ Barometer

As outlined in Wu and Cheng (2006) in evaluating the ac-
curacy of the GASP barometer, a valid GMAQ barometer should
also meet the following criteria: (1) samples should be plotted
into the correct Al,SiOs polymorph stability field, and the transi-
tion boundaries of the Al,SiOs polymorphs should be correctly
discerned; (2) in general, rocks within a very limited geographic
area without post-metamorphic structural discontinuity, should
show no obvious pressure diversity; and (3) rocks formed at
thermodynamic equilibrium within a limited contact aureole
should record constant GMAQ pressure.

For the regional thermal contact aureoles, west-central Maine,
USA (Holdaway et al., 1988), except for few samples, the meta-
morphic pressures were determined to be of 3.3-4.3 and 3.7-4.4
kbar by simultaneously applying the garnet-muscovite thermome-
ter and the Fe- and Mg-endmember GMAQ barometers (Table
S3). The averaged GMAQ pressures are 3.8 and 4.1 kbar for the
two GMAQ barometers, respectively, about 1 kbar lower than that
of the GASP barometer (Holdaway, 2001), within error.

In the Augusta quadrangle thermal contact aureole, south-
central Maine, USA (Novak and Holdaway, 1981), plagioclase
does not exist in the metapelite, thus the GASP barometer (Hold-
away, 2001) cannot be applied to determine the metamorphic
pressure. Here, metamorphic pressures were estimated to be be-
tween 2.3-3.9 and 2.8-4.2 kbar by simultaneously applying the
garnet-muscovite thermometer and the Fe- and Mg-endmember
GMAQ barometers (Table S3) and the averaged pressures are 3.1
and 3.2 kbar, respectively, consistent to the ubiquitous presence of
andalusite.

Finally, the garnet-muscovite thermometer and the GMAQ
barometer were applied to the kyanite-bearing metapelite expos-
ing along a 500 m-long traverse in a road side near the Hunt Val-
ley Mall, northern Baltimore, Maryland, USA (Lang, 1991). The
pressures are estimated to be in the range of 6.2-7.1 and 6.8-7.4
kbar, respectively, retrieved from the Fe- and Mg-endmember
GMAQ barometers (Table S3), and the averaged values of 6.7
and 7.1 kbar are similar to that of 5.6 kbar derived from the
GASP barometer (Holdaway, 2001), within error.

5 CONCLUSIONS

(1) The garnet-muscovite thermometer yields similar tem-
perature estimates with the well-calibrated garnet-biotite ther-
mometer for the crustal metapelite within errors of £50 °C, and
successfully discriminates the systematic temperature change of
different zones of either prograde or inverted metamorphic ter-
ranes or thermal contact aureoles. The total random error of this
thermometer is inferred to be around +60 °C.

(2) Simultaneously applying the garnet-muscovite ther-
mometer and the GMAQ barometer have plotted most of the
Al,SiOs-bearing metapelitic samples into the correct stability
field of A1;SiOs polymorphs.

Chun-Ming Wu

(3) The GMAQ barometer yields similar pressure values to
the well-calibrated garnet-Al,SiOs-plagioclase-quartz (GASP)
barometer within errors of =1 kbar. When the GMAQ barometer
is applied to metapelite within limited geographic area or thermal
contact aureole, the respective constant pressure is obtained. The
total random error of the GMAQ barometer is inferred to be of ca.
+1.4 kbar.

A spreadsheet (Table S4) in simultaneously applying the
garnet-muscovite thermometer and the GMAQ barometer can
be found in the journal’s website as an electronic appendix.
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