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The garnet—muscovite (GM) geothermomeler and the garnel—
muscovite—plagioclase—quartz (GMPQ) geobarometer have been
simultaneously calibrated under conditions of T = 450-760°C
and P = 0-8-11-1 kbar, using a large number of metapelitic
samples in the compositional ranges XFC =0 53 0-81, X%? =
0-05-0-24, X&, = 0-03-0-23 in garnel, XCd = 0-17- 074
in plagioclase, and Fe = 0-04—0-16, Mg = 0-04-0-13, Al'"" =

1-74—1-96 in muscovite on the basis of 11 oxygens. The resulting
GM  thermometer yielded similar temperature estimates (mostly
within £50°C) o that of the garnet—biotite thermometer, and
successfully discerned the expected systematic temperature change
of prograde sequences, thermal contact zones and an inverted
metamorphic zone. The resulting GMPQ barometer yielded similar
pressure estimales (mostly within £1-0kbar) to the garnet—
aluminum  silicate—plagioclase—quartz  (GASP)  barometer and
placed the aluminosilicate-bearing  samples i the appropriate
alumanosilicate  stability ~ fields.  Application of  the GMPQ.
barometer to thermal contact aureoles or rocks within lLimited
geographical areas confirmed the expected constant pressures that
should exist in these settings. The random errors of the GM
thermometer and the GMPQ baromeler are estimated to be 16°C
and *1-5kbar, respectively. When biotite or aluminosilicate
is absent n melapelites, metamorphic P=T conditions may be
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determined by simultaneously applying the GM thermometer and
the GMPQ_baromeler.

KEY WORDS: application; calibration; geobarometer; geothermometer;
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INTRODUCTION

Muscovite is ubiquitous in greenschist- to amphibolite-
facies metapelites, thus making the garnet-muscovite
(GM) geothermometer and the garnet-muscovite—
plagioclase—quartz (GMPQ) geobarometer very impor-
tant in determining the metamorphic P-7 conditions of
metapelitic rocks. For this reason, geothermometers and
geobarometers applied to the pelitic mineral assemblage
garnet + biotite + plagioclase 4 muscovite + quartz
have been repeatedly calibrated (e.g. Krogh & Réaheim,
1978; Ghent & Stout, 1981; Green & Hellman, 1982;
Hodges & Crowley, 1985; Holdaway et al., 1988; Hynes
& Forest, 1988; Hoisch, 1990, 1991; McMullin ¢t al.,
1991; Wu et al, 2002, 2004q). In our earlier studies
(Wu et al., 2002, 2004a), the GM thermometer and
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the GMPQ barometer are independent and were
calibrated based on the garnet-biotite (GB) geotherm-
ometer (Holdaway, 2000; Model 5AV) and the GASP
geobarometer (Holdaway, 2001). In this paper, we
have refined these thermobarometers and made them
thermodynamically interdependent, so that when biotite
or aluminosilicate is absent in metapelites, the GM
thermometer and the GMPQ) barometer may provide
reliable P-7 estimates.

After extensive evaluation of the GB thermometers
and the GASP barometers, Wu & Cheng (2006)
concluded that the Holdaway (2000; Model 6AV) and
the Kleemann & Reinhardt (1994) calibrations are the
two most reliable GB thermometers. Each has small
errors in reproducing the experimental temperatures
and excellent accuracy in successfully discerning the
systematic temperature changes of different meta-
morphic sequences, including prograde sequences,
inverted metamorphic zones, and thermal contact
aureoles. Further, it was concluded that the calibrations
of Holdaway (2001) and Newton & Haselton [1981;
based on Kleemann & Reinhardt’s (1994) thermometer]|
are the most valid GASP barometers. In view of thermo-
dynamic consistency, we prefer Holdaway’s (2000;
Model 6AV) GB thermometer and Holdaway’s (2001)
GASP barometer. Thus in this paper, input tempera-
tures and pressures are simultancously determined by
these two thermobarometers.

THERMODYNAMIC BACKGROUND

AND CALIBRATION
Thermodynamic models

The Fe and Mg exchange between coexisting garnet
and muscovite can be described as (Krogh & Raheim,
1978; Green & Hellman, 1982; Hynes & Forest, 1988;
Wu et al., 2002)

Mg,AlpSigOyy + 3K (FeAl)SiyOq (OH)Q

pyrope Fe-celadonite 0
= FegAIQSi3012 + BK(MgAl)Sl4010(OH)2
almandine Mg-celadonite

which constitutes the basis of the GM thermometer.
The GMPQ barometer is based on the following
Mg- and Fe-endmember model equilibria (e.g. Hoisch,
1990, 1991; Wu et al., 2004a):
Mg3A128i3012 + QCagAIQSigolg
pyrope grossular
+ 3KAly(AlSi3)O19(OH), + 6Si0,

quartz

(2)

muscovite
= 6CaAlSihOg + 3K(MgAl)Si40m(OH)2

anorthite

Mg-celadonite
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and

FCgA]Q SigO]Q + QCajAlg SigOIQ

almandine grossular

+ 3KAly(AlSi3)Oo(OH), + 6Si0y 3)

muscovite quartz
= 6CaAlySiyOy + 3K (FeAl)Si,O19(OH),
anorthite Fe-celadonite

At equilibrium, when ignoring heat capacity, thermal
expansion and compressibility of the phases involved,
and assuming quartz to be a pure phase, the above three
model reactions may be described respectively by the
following three thermodynamic equations (Wu et al.,
2002; 2004a):

T(K) = (A/H"/A;S°) + [P(bars) — 1]-(A V' /A, 8)
+ Wi/ A18%) 3(XFS — X3iy)
+ (Wi — WER)/AS 337
+ (1/A18°)[RT In K" + (Fea — Mga) T
+ (Feb — Mgb)-P + Fec — Mgc]
(4)
Pg (bars) = 1 — A H /A0 1V + T (K)(A08" /A0 177)
+ (Wiien/ A0 V) -3(X30 — XG™)
+ (Wi — Wiigre) /A0 VO] 38X
+ (178 V)T (K)(—R In K" — 6Fa
+ Mga + 2Caa) + P(—6Fb + Mgh + 2Cab)
— 6Fc 4+ Mgc + 2Cac]
(3)
and
Py (bars) = 1 — AsH /A3 V" + T (K)(A38° /A7)
+ (WER/AsVO)3(XR™ — X3*)

+ (W — Wikere) /A V'] 327305
+ (1/A V) [T(K)(—R In K" — 6Fa

+ Fea + 2Caa) + P(—6Fb + Feb 4 2Cab)
— 6Fc + Fec + 2Cac]

(6)
in which Caa, Cab, Cac, Fea, Feb, Fec, Mga, Mgb, Mgc,
Fa, Fb and Fc are polynomial expressions describing the
activity coeflicients of garnet and plagioclase, consisting
of the mole fractions of the endmembers of garnet
and plagioclase and are described in the Appendix in
Wu et al. (20045). In the above three equations the
subscripts 1, 2 and 3 refer to reactions (1), (2) and (3),
respectively. AG is the Gibbs free energy of the respective
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reaction at the Pand 7 of interest. & i((}ﬁ)al, K i(%e)"‘l and K I(%E)dl
are the respective equilibrium constants expressed as the
products of ideal activities of the phases involved in each
of the above reactions; these terms and the ideal activity
models of the phases involved are defined in Table 1.
In the equilibria expressions, AH", AS” and AV° refer to
net changes in enthalpy, entropy and volume, respec-
tively, of the given reaction involving pure phases at the
standard state (298-15 K and 1 bar). It has been assumed
that heat capacity, thermal expansion and compressi-
bility of the reactions may be neglected, and this implies
that AH, AS” and AV° do not vary or that any varia-
tion cancels out in the calibration range of pressure and
temperature. For reactions involving only solid phases,
this is a common and reasonable practice, which leads
to negligible errors in P-7 estimation.

To maintain thermodynamic consistency, we used
the garnet activity model of Holdaway (2000, 2001).
The activity coefficients of the grossular, pyrope and
almandine phases in garnet, after rearrangement, may
be written respectively as

RT In ¥4 =3RT In (ve) 2
= Caa T (K) + Cab-P(bars) + Cac

RT In 8% = 3RT In (v§},)
= Mga T (K) + Mgh-P(bars) + Mge
RT In ¥3i, = 3RT In (v§,)

alm

9
= Fea T (K) + Feb-P(bars) + Fec. ©)

Holdaway (2001) used the Al-avoidance plagioclase
activity model of Fuhrman & Lindsley (1988). After
rearranging, the expression of the activity coefficient of
anorthite in plagioclase is expressed as

RT In (&%) = RT In [0-25X% (1 + X% )7

+ 7(K)-Fa + P(bars)-Fb + Fc. (10)

We have found that the mixing properties of

muscovite solid solutions may be sufficiently described

as symmetric Fe?*-Mg-AI"" ternary solutions, although

much more complex activity models have been proposed
(e.g. Coggon & Holland, 2002; Keller et al., 2005).

Natural metapelitic samples

We have collated 103 natural metapelites containing
the assemblage of garnet + biotite + muscovite +
plagioclase + quartz + aluminosilicate(s) and these
samples are listed in Electronic Appendix A. The
selection criteria of samples have been given by Hoisch
(1990, 1991). Furthermore, plagioclase should be free
of chemical zoning (R. Offler, personal communication,
2005). These samples fall in the mineral composition
ranges: X%ret = 0-53-0-81, Xlgé; = 0:05-0-24 and

GMPQ THERMOBAROMETER

Table I: Ideal activities of the mineral phases and

equilibrium constants of the model reactions

Garnet
rt\3 3 rt\3 rt \3
Xam = (XE ), X0 = (X¥)™s Xnes = (XE)°, X%t = (Xfan)
Xg5 = Fe*'/(Fe*" + Mg + Ca + Mn), X§i. = Mg/ (Fe*" + Mg + Ca+ Mn)

X% = Ca/(Fe?" + Mg + Ca -+ Mn), X3 = Mn/(Fe?" + Mg + Ca -+ Mn)

Muscovite
2
Xmus = (XR°)") Xigeer = 4(Xg ) (XA™)s XEoler = 4(XE")(XA™)

XE© =Fe?"/(Fe?" + Mg + Al"), X{* = Mg/ (Fe?" + Mg + A"
Xqus = AM/(Fe?* + Mg + AIY))

Plagioclase

XEh = 1XE,(1+ Xeo 2, XE) = X, X0 = X¢

X, = Ca/(Ca+ Na+K), X}, = Na/(Ca + Na +K)
X% = K/(Ca+ Na+K)

Equilibrium constants
3
ideal _ (Xgm(x m;fca)
(1) (Xgrt>(xmus )3

pyr Fe-cel

(XE) (Xppes)?
(XTe )P (xsy®

6 3 6 2 3
(XE)B (X ) L (XR)P (14 XR) P (X

Kic;eal _ _
B XS (XIL )P (X P (XT2)® 64 0(X G P (XEHE (XR)?
Kideal — (X30)° (XFea)’® _ (X2)°(1+ X2 P (XE)°
B (X (X )P (Xmue)® (XY 64-0(XE) (X (X)°

X§. = 0-03-0-23 in garnet, and X%la = 0-17-0-74 in
plagioclase. For muscovite, the chemical compositions
are restricted to Fe = 0-04-0-16, Mg = 0-04-0-13 and
AIM! = 1.74-1.96, on the basis of 11 oxygens in mus-
covite. Samples with chnl < 0-03 or X%la < 0-17 have
been omitted because of the calcium-deficient effect,
which may lead to larger errors in pressure estimates
(Todd, 1998; Holdaway, 2001). The P-T ranges of these
samples are 0-8-11-1kbar and 452-758°C, determined
simultaneously by the GB thermometer (Holdaway,
2000) and the GASP barometer (Holdaway, 2001).

Of these samples, eight contain andalusite, 26 contain
sillimanite, 56 contain kyanite, four contain andalusite +
sillimanite, and nine contain sillimanite + kyanite. Ferric
iron in garnet is assumed to be 3% of the total iron. For
biotite, 11-:6% ferric iron is assumed for the graphite—
ilmenite-bearing samples, and 20% for the magnetite-
bearing samples. This treatment is identical to that of
Holdaway (2000, 2001), to maintain thermodynamic
consistency in using the GB and GASP thermobaro-
meter (Holdaway, 2000, 2001). Ferric iron contents in
muscovite are difficult to estimate, so we assumed two
cases: Model A, assuming no ferric iron in muscovite;
Model B, assuming 50% ferric iron in muscovite.

Calibration

The mineral composition and P-7 data from the
metapelitic samples in Electronic Appendix A were
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Table 2: Regression summary (£20)

NUMBER 12 DECEMBER 2006

(a) The garnet-muscovite (GM) geothermometry

A1HO /A1 S0 (K) A1V/A;S° (K/bar) Weses /M S° (K) (Wi, — Wiss) /A S° (K) 1/M8° (K/J) R
Model A 2325-8 (+162:0) —0-0001 (+0-001) —2180-4 (+99-3) —375-9 (+63-4) —0-0135 (+0-:001) 0-920
Model B 2064-7 (+380-4) —0-0007 (+0-001) —2359-3 (+239-7) —313-9 (+147-0) —0-0098 (+0-001) 0-876
(b) The garnet—muscovite—plagioclase—quartz (GMPQ) geobarometry
Model ArH/ A2 VO (bar) 228°/A; VO (bar/K) Wi, /A2V (bar) (W — Wi )/A2VO (bar) 1/A,V° (bar/J) R
P(2A) —13417-8 (+1301-3) 17-735 (+0-4) 5999-7 (+£391-9) —7933-4 (+646-5) 0-083 (+0-001) 0-996
P(2B) —132554 (+1280-9) 17-690 (+0-4) 5930-3 (+384-2) —10016-8 (+1019-4) 0-083 (+0-001) 0-996
Model A3H/A3VO (bar) A3S°/A3V° (bar/K) W /A3 VO (bar) (Wiike — Wiisso)/ A3V (bar) 1/A3V° (bar/J) R
P(3A) ~7096-2 (+606-3) 20-510 (+0-3) 5721-9 (+193:1) —3436:1 (+669-6) 0-083 (+0-0006) 0-998
P(3B) —223961 (+1113-1) 19-:044 (+0-3) 10802-6 (+369-9) —8439'5 (+7768) 0-083 (+0-:001) 0-998

inserted into equations (4)—(6), and these over-determined
temperature- and pressure-dependent equations were
subjected to nonlinear multiple regression analyses to
obtain unknown parameters that minimized the sum of
squares of residuals in temperature or pressure. Through
non-linear iterative regressions for the thermobarometer
equations, the unknowns in equations (4)—(6) have been
obtained and are listed in Table 2. It should be noted
that the thermodynamic parameters derived in this
paper are just ratios of thermodynamic parameters, so
they cannot be compared with the predicted thermo-
dynamic parameters from any thermodynamic dataset.

The regressions have been weighted. We have multi-
plied the numbers of the low- and high-temperature
samples (i.e. low- and high-temperature samples parti-
cipated in the regressions several times), so that tem-
peratures of the calibration samples are nearly equally
distributed. The same is done for the low- and high-
pressure samples. This method 1s statistically valid and
has greatly improved the regression quality.

Inserting the regressed thermodynamic parameters
(Table 2) into equation (4) gives two new formulations of
the GM geothermometer:

(a) Model A, assuming no ferric iron in muscovite
T(a)(K) = {23258 + P(kbar)[ —0-1 —13-5(Feb — Mgb)]
—0-0135(Fec — Mgc) — 6541-2(XT" — XK}T)
—1127-7X3°}/{1 4+ 0-0135[R In I{I((}e)al + (Fea — Mga)l}

(1la)

and

(b) Model B, assuming 50% Fe* contents in muscovite

T (45)(K) = {20647 + P(kbar)[ — 0-7 — 9-8(Feb — Mgb)]
—0-0098(Fec — Mgc) — 7077-9(X " — X))
—941-7X 3"} /{1 4 0-0098[R In K[ + (Fea — Mga)]}

(11b)
as well as four GMPQ) geobarometer formulae from
equations (3) and (6) as follows:

(c) Mg model GMPQ barometer Fprga), assuming 0%
Fe’* in muscovite
P(\igay(bars) = {13418-84+17-735T (K)
+17999-1 (XK,}‘;,’s — X)) —23800-2X 1
+0-083[T (K)(—RIn K" — 6Fa+Mga+2Caa)
—6Fc+Mgc+2Cac]}/[1 —0:083(—6Fb+Mgh+2Cab)]

(12a)
(d) Mg model GMPQ barometer Pyjg1,), assuming 50%
Fe’" in muscovite

Pngh) (bars) ={13256-4 +17-6907 (K)
+17790-9(Xyg — X41") —30050-4.X ™
+0-083[ T (K)(—RIn K" — 6Fa+Mga+2Caa)
—6Fc+Mgc+2Cac]}/[1 —0-083(—6Fb+Mgh+ 2Cab)]
(12b)
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(¢) Fe model GMPQ, barometer P, ., assuming 0%
Fe®' in muscovite

P(pea (bars) = {7097-2+20-5107 (K)
+17165-7(X — X7%) — 1030835,
+0-083[ 7 (K)(—Rln K5 —6Fa+Fea+2Caa)
—6Fc+TFec+2Cac]}/[1—0-083(—6Fb+Feb+ 2Cab)]
(12¢)

and

(f) Fe model GMPQ, barometer Py, assuming 50%
Fe*" in muscovite

P(rer) (bars) = {22397-1+19-044 T (K)
+32407-8(XT" — X)) — 25318:5X 1%
+0:083[T (K)(— R In K5 — 6Fa+ Fea+2Caa)
—6Fc+ Fec+ 2Cac|}/[1 — 0-083(—6Fb + Feb + 2Cab)].
(12d)

The resulting GM thermometers (Models A and B)
generally reproduced the GB temperatures within +50°C
(Electronic Appendix A, Fig. la and b). The two GM
thermometer formulations gave identical temperatures
well within *40°C  for every sample (Electronic
Appendix A, Fig. lc). The resulting four formulations
of the GMPQ barometer generally reproduced the
GASP pressures within 1.0 kbar (Electronic Appendix
A, Fig. 2a and b; Models A and B). We have found
that Model A and Model B formulations of the
Mg-endmember GMPQ barometer gave identical pres-
sure estimates well within £0-5 kbar for every sample
(Electronic Appendix A). Such a comparison is based on
simultaneously applying the GM-GMPQ thermoba-
rometer Model A and Model B, respectively. When the
input temperature is the same value, the pressure
difference of the Mg-endmember GMPQ) barometer
using the different models is reduced to *15 bars.
Similar results come from the Fe-model GMPQ
barometer (Electronic Appendix A). Furthermore, the
Mg-model and Fe-model GMPQ) barometers gave
similar pressure estimates well within +0-5 kbar for
every sample (Electronic Appendix A, Fig. 2c).

APPLICATIONS OF THE GM
GEOTHERMOMETER AND THE

GMPQ GEOBAROMETER

To test the applicability of the GM thermometer and
the GMPQ barometer, we have applied these formulae
[equations (11a), (11b) and (12a)—(12d)] to natural meta-
pelitic rocks (Electronic Appendix B) not included in

GMPQ THERMOBAROMETER
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Fig. 1. Relationships between the temperatures calculated using the
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Dashed lines represent £50°C deviation. (a) GB temperatures vs GM
temperatures (Model A); (b) GB temperatures vs GM temperatures
(Model B); (c) GM temperatures (Model A) vs GM temperatures
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2361



JOURNAL OF PETROLOGY

12k (a) v
e /
o o/
10+ i / v
i S
g i
e 8r bs
: " v /
= .
s e
g 6F ¥ 4 _pl"a
S e
= g /
- v
1k S e
. R = 0.996
4 MSD = 0.15 kbar
0 1 1 i L i L " 1l i 1
0 2 4 6 8 012
P(GASP) (kbar)
G
12+ ‘
L 7 ,
ol ¥y
oy
= i i c}
o
§ 8_ '/ '/
> b P s
[
-.t.
2 6 L . I..
= - 8
Q I v .
-9 4k /
-
L Ve ‘o):‘
-
2k 7 .
e /"/ R = 0.996
MSD = 0.16 kbar
0 1 1 1 L L L
0 2 4 6 8 w12
P(GASP) (kbar)
(c)
12+ %
/- p
1oF i
e e
5 4l S
=2 8 Py
g A &,
O- .
s = X
E___D, ¥4 .
= a4t . ¥
/ P
2 LA R =0.996
Fas MSD = 0.05 kbar
U 1 L 1 1 1 L
0 2 4 6 8 10 12

P(GMPQ M) (kbar)

Fig. 2. Relationships between pressures calculated using the GMPQ
and GASP barometers. Continuous line represents 1:1 correlation.
Dashed lines represent *1-0kbar deviation. (a) GASP pressures vs
GMPQ) pressures (Model A); (b) GASP pressures vs GMPQ) pressures
(Model B); (c) GMPQ pressures (Model A) vs GMPQ pressures
(Model B).

VOLUME 47 NUMBER 12 DECEMBER 2006

calibrating the thermobarometer. When possible, we
simultaneously applied the GM thermometer and
GMPQ barometer (see Fig. 3). When plagioclase is
absent, or calcium content in garnet or plagioclase is
deficient and thus the GMPQ barometer cannot be
used, we applied the GM thermometer based on
assumed pressures according to the estimated pressures
in the literature or from comparison with the GASP
pressures of nearby samples. Although there are
uncertainties in the assumed pressures, we believe that
such errors may not translate to meaningful GM
temperature errors because the GM thermometer is
fairly little pressure-dependent.

Application of the GM geothermometer

To test its applicability, the GM thermometer has been
applied to rocks of prograde sequences, an inverted
metamorphic zone and thermal contact aureoles.

In the Snow Peak area, northern Idaho, USA,
Barrovian-type metamorphic sequences have been found
in the metapelites (Lang & Rice, 1985). From NE to SW,
the metamorphic grade progressively changes from low
to high grades with chlorite-biotite, garnet, staurolite,
transition, staurolite—kyanite and kyanite zones appear-
ing in sequence. These zones were metamorphosed in
a second metamorphic event My and the mineral
assemblages are post-kinematic. Both the GB and GM
thermometer successfully reflect the expected systematic
temperature change, although the GM thermometer
yielded a steeper thermal gradient than that of the GB
thermometer (Electronic Appendix B, Fig. 4a). This is
partly because the GM thermometer is slightly less
pressure-dependent than the GB thermometer (see
Fig. 3), so the GM temperatures are less influenced
by the pressure values. The GM thermometer using
Model A shows nearly identical results to Model B,
except that Model B yields indistinguishable tempera-
tures for the chlorite-biotite zone and garnet zone,
similar to the GB thermometer (Fig. 4a).

In the central Menderes Massif, Turkey, an orderly
prograde metamorphic zonation appears sequentially as
garnet, staurolite, staurolite—kyanite and kyanite zones
(Ashworth & Evirgen, 19854, 19854). No muscovite is
found in the kyanite zone samples. In the applica-
tion of the GM thermometer, chemical compositions of
the muscovite in the garnet zone (sample A181.1), the
staurolite zone (sample 858C) and the staurolite—kyanite
zone (sample A40) exceed the calibration range and
thus these samples have been excluded. Both the GB
and GM thermometer (Model A) reflect the expected
systematic temperature change, with the GM thermo-
meter yielding a slightly steeper thermal gradient
(Electronic Appendix B, Fig. 4b). However, GM thermo-
meter (Model B) shows a lower temperature for the
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Fig. 3. Simultaneous application of the GM thermometer and the GMPQ barometer. (a) kyanite-bearing sample Mag310 (Engi ¢t al., 1995) was
included in the calibration; (b) sillimanite-bearing sample 2040-2 (Gordon et al., 1991) was not included in the calibration.

staurolite—kyanite zone than that of the staurolite zone,
which is not the case.

An inverted metamorphic gradient is preserved in the
western metamorphic belt near Juneau, Alaska, USA.
Thermal peak metamorphic conditions were seen to
increase structurally upward over a distance of about
8km (Himmelberg et al, 1991). The chemical com-
position of the garnet zone sample (20B) exceeds the
calibration range and thus has been excluded. Both
the GM (Model A) and the GB thermometers indicate
similar temperatures increasing progressively from
the garnet zone to the staurolite-biotite, lower kyanite—
biotite, higher kyanite-biotite and sillimanite zones
(Electronic Appendix B, Fig. 4c). Model B of the GM
thermometer yields unreasonably high temperature for
the staurolite-biotite zone.

Metamorphism around syntectonic granitoids in the
Eastern Rouergue, France, produced a thermal contact
aurcole with progressively developed metamorphic
zones of chlorite, biotite, garnet, staurolite and kyanite
(Delor et al., 1984). No garnet is found in the chlorite and
biotite zones. One kyanite zone sample (153) has no
muscovite. All of the other samples show the expected
systematic temperature changes through the different
zones, using both the GM and GB thermometers
(Electronic Appendix B, Fig. 4d). It is noted that the
GB temperatures are higher than the GM temperatures
by about 10-70°C.

Five regional contact metamorphic events (M;-Ms)
occurred in west—central Maine in the Devonian and
Carboniferous, among which the M3 and M; events
are the two most important metamorphic events
(Holdaway et al., 1988). Each metamorphic event is
closely associated with emplacement of S-type granites,

such that the i1sograd patterns produced in the
surrounding pelitic schists generally mirror the geometry
of plutonic intrusive contacts. From north to south the
metamorphic grade varies from chlorite to sillimanite,
K-feldspar and muscovite, and these zones are desig-
nated from low to high grades as Grades 3, 4, 5, 6 (Ms3)
and Grades 6-5, 7 and 8 (Ms), respectively (Holdaway
et al., 1988). The chemical compositions of muscovite in
the Grade 4 samples (27, 52 and 114) and in the Grade 6
sample (79) exceed the calibration range and thus these
samples were excluded. Both the GM and the GB
thermometers yield the expected systematic temperature
changes through the progressive metamorphic grades
(Electronic Appendix B, Fig. 4e¢).

From the above application it is suggested that the
GM thermometer calibrated in this work, particularly
Model A, may be used as a practical and reasonable
tool in deciphering the metamorphic temperatures of
metapelites.

Application of the GMPQ geobarometer

Simultaneously applying the GM thermometer and the
GMPQ barometer to the aluminosilicate-bearing
samples, yielded reasonable P-7 estimates (Electronic
Appendix B), and generally put the samples into the
appropriate aluminosilicate stability field or near the
phase transition boundaries (Fig. 5a-—c). However,
several samples were placed in the incorrect aluminosi-
licate stability fields using the Model B results of the
GM-GMPQ thermobarometer.

It is accepted that rocks formed at thermodyn-
amic equilibrium within a limited contact aureole
should have been metamorphosed at the same pressure
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Fig. 4. Application of the GM thermometer to different metamorphic zones. (a) The northern Idaho Barrovian series sequences, USA (Lang &
Rice, 1985); (b) the prograde sequences in the central Menderes, Turkey (Ashworth & Evirgen, 1985¢, 19855); (c) the Juneau inverted zones near
Juneau, Alaska, USA (Himmelberg et al., 1991); (d) the contact zones in Eastern Rouergue, France (Delor et al., 1984); (e) the regional contact zones
in west-central Maine, USA (Holdaway ¢t al., 1988).
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Fig. 5. (a—<) P-T plot of the aluminosilicate-bearing pelitic samples used in calibrating the GM thermometer and the GMPQ barometer
(Electronic Appendix A). (d-f) P-T plot of the sillimanite-bearing metapelites of the regional contact zones, west-central Maine, USA (Holdaway
et al., 1988) not used in calibrating the GM thermometer and the GMPQ barometer. (a) and (d) show pressures and temperatures determined by
the GB thermometer (Holdaway, 2000) and the GASP barometer (Holdaway, 2001); (b) and (e) show pressures and temperatures determined by
the GM thermometer (Model A) and the GMPQ barometer (Mg-endmember model reaction, Model A); (c) and (f) show pressures and
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(Wu & Cheng, 2006). Thus the applicability of the
GMPQ barometer can be checked by applying it to
contact aureole rocks.

A good example again occurs in the west-central
Maine where regional contact metamorphic zones cover
a large area. Although Holdaway et al. (1988) suggested
that M3 occurred at 3-1 kbar and M5 at 3-8 kbar, various
GASP barometers show no obvious pressure difference
more than 0-5kbar between Mg and Mj5 rocks and thus
they can be regarded as identical, within error (Wu &
Cheng, 2006). The GASP barometer (Holdaway, 2001)
shows that M3 occurred at 4-9 kbar and M5 occurred at
4.7 kbar, respectively (Electronic Appendix B). The
GMPQ barometer, however, yielded Mj at 4-1kbar
(Mg-endmember barometer) or 3-8 kbar (Fe-endmember
barometer), and M;j at 3.9kbar (Mg-endmember
barometer) or 3-5kbar (Fe-endmember barometer),
respectively, also identical to the GASP barometer,
within error (Electronic Appendix B). These pressure
determinations are depicted in Fig. 5d-f. In the pressure
determination, the samples devoid of plagioclase were
excluded. In our computation, chemical compositions of
muscovite in the Grade 4 samples (27, 52 and 114) as
well as the Grade 6 sample (79) exceed the calibration
range, so these samples were excluded. Also excluded are
the calcium-deficient samples, including the Grade 6
sample (19), and the Grade 6-5 sample (91) as well as the
Grade 7 sample (86).

In general, rocks within a very limited area that have
not been disrupted by later deformation events should
show no obvious pressure variation, and this phenom-
enon is an independent criterion in testing the applic-
ability of a barometer (Wu & Cheng, 2006).

Gordon et al. (1991) collected six metapelitic samples
within 800 m of each other that straddle the sillimanite—
biotite 1sograd in the File Lake area, Manitoba, Canada
(Electronic Appendix B). Among these, sample 20-27
contains sillimanite but not garnet, sample 2026-2
contains no muscovite, samples 2026-2 and 2040-2
contain sillimanite, and the other three samples (1001,
2025A and 2038) contain garnet but no aluminosilicate.
The GB thermometer and GASP barometer yielded
P-T conditions of 556°C and 3-6 kbar and 594°C and
3-8kbar for the sillimanite-bearing samples 2026-2 and
2040-2, respectively. Therefore it is reasonable to infer
that the rocks were metamorphosed at ¢. 3-7 kbar (Wu &
Cheng, 2006). Simultaneously applying the GM thermo-
meter and the GMPQ barometer to the metapelites
yielded temperatures of 525-538°C and pressures of
2-5-2-6kbar for the three aluminosilicate-absent sam-
ples, and 604°C and 3-7 kbar for the sillimanite-bearing
sample 2040-2. The GMPQ barometer yielded an
averaged pressure of 2-9 = 0-5 kbar, close to the assumed
constant pressure of 3.7 kbar, within error (Electronic
Appendix B).
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The closely associated aluminosilicate-absent sample
SWW-20b and the sillimanite-bearing sample SWW-9 in
the contact aureole, central Old Woman Mountains,
southeastern California (Rothstein & Hoisch, 1994),
were metamorphosed at 621-657°C and  3:-5kbar,
determined by GB and GASP thermobarometer simul-
taneously. Simultaneously applying the GM thermo-
meter and GMPQ barometer yielded metamorphic
temperature of 568-583°C and pressure of 2-1-2-5 kbar
for the aluminosilicate-free sample SWW-20b, identical
within error to that of the sillimanite-bearing sample
SWW-9, 586-605°C and 2-7-3-3kbar, respectively
(Electronic Appendix B).

Application of the GM-GMPQ) thermobarometer to
the three regions (Holdaway et al., 1988; Gordon et al.,
1991; Rothstein & Hoisch, 1994) yielded ¢. 1 kbar lower
GMPQ pressures than GASP pressures for most of the
investigated samples. This is an artifact because we
occasionally obtained relatively lower GM temperatures
than GB temperatures for these samples, which in turn
translated to lower GMPQ) pressures. This does not
suggest that the GMPQ) barometer gives systematically
lower pressures than the GASP barometer. When input
temperatures are the same as that in applying the GASP
barometer, the GMPQ) pressures obtained are similar
to that of GASP.

Application of the GMPQ barometer suggests that this
barometer may be useful in determining metamorphic
pressures, when considering the concordance between
the GASP and GMPQ) pressures, and the reasonable
pressure estimates.

ERROR CONSIDERATIONS

Errors in a geothermometer or a geobarometer come
from the input pressure or input temperature, errors on
the uncertainties of activity models, and analytical
uncertainties of the chemical compositions of minerals.
Combined, these errors may propagate to a somewhat
large total uncertainty for 7 and P values calculated
using a geothermometer or a geobarometer. However,
the total error of the GM thermometer or the GMPQ.
barometer is difficult to determine through the error
propagation method (e.g. Spear, 1995) because of the
complexity of the activity models of the mineral phases.

By analogy with the GB thermometer, which is
experimentally calibrated, the absolute error of the
GM thermometer may be expected to be ¢. 70°C (see
Fig. 1), although no experiments have been performed to
calibrate the GM thermometer. Random errors in this
thermometer come from the error in pressure estimates
and analytical errors of garnet and muscovite. For our
collated samples, pressure errors of £2-0kbar may pro-
pagate to an estimated temperature error of less than
+1.1°C for both Models A and B; that is, nearly
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independent of pressure and much lower than that of
the GB thermometer. Through numerical simulation
of the calibration samples (Electronic Appendix A) we
have found that an analytical error of 2% of Fe or
Mg in muscovite, or Fe or Mg in garnet, may introduce
temperature errors of *£1.9-2.4°C;, £0.8-1.9°C,
+1.0-5-9°C and *£1-0-5:2°C for Model A, and
+0-6-1.9°C, £0-5-3°C, +2.2-3.9°C and *1.9-3-4°C
for Model B, respectively. We may, therefore, expect
that the total random error of the GM thermometer will
be be no more than *16°C.

Because of the lack of experimental GMPQ) calibra-
tions, the absolute errors of the GMPQ barometer
formulae cannot be evaluated. However, the very close
correlation between the GASP and GMPQ barometers
(Fig. 2) suggests that the GMPQ barometer is in
excellent accord with the GASP barometer within
t1-4kbar (mostly within *0-5kbar) in the wide P-7
range of 1-0-11-1kbar and 450-750°C.

Numerical simulation of the calibration samples
(Electronic Appendix A) shows that an analytical error
of £2% of Fe, Mg and AM in muscovite, and Fe, Mg
and Ca in garnet, and Ca in plagioclase, may introduce
pressure errors of £3-25 bars, £3-23 bars, £1-25 bars,
+21-97 bars, £4-28 bars, £44—79 bars and £6-84 bars,
respectively. A temperature error of £50°C  will
introduce a pressure error of £509-1451 bars. Therefore
we may expect that the random error of the GMPQ
geobarometer will be around *1-5 kbar.

DISCUSSION

It is found that the differences between the GM and GB
temperatures are independent of the celadonite content
of muscovite (Electronic Appendix C). Similarly, the
differences between the GMP(Q) and GASP pressures
are independent of the calcium content of plagioclase, or
calcilum content of garnet, or celadonite contents of
muscovite, as indicated in Electronic Appendix D.
However, we have found that the pressure difference
between the Mg- and Fe-endmember GMPQ barometer
is slightly linearly correlated with the celadonite content
of muscovite. This is possibly because Model B assumes
50% total Fe as ferric in muscovite; thus ferrous Fe is
more diluted for Model B and smaller analytical error
of muscovite may possibly translate to larger GMPQ
pressure errors, so the pressure difference between
Model A and Model B possibly becomes larger for the
Mg-rich muscovites. We thus do not advocate applica-
tion of the GM thermometer and the GMPQ) barometer
to metapelitic rocks with muscovite of Mg >0-13 or Fe
<0-04 atoms on the basis of 11 oxygens.

The P/ T slope of the GM thermometer is steeper than
that of the GB thermometer (see Fig. 3); that is, the GM
thermometer is less pressure dependent than the GB
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thermometer. However, the P/ T slopes of the GMPQ.
and GASP barometers are nearly identical (see Iig. 3).

The new GM thermometer and GMPQ barometer
may be simultaneously applied to metapelites in
determining metamorphic P-7 conditions, especially
when biotite or aluminosilicate is absent. When biotite
and aluminosilicate(s) are present, the GB thermometer
(Holdaway, 2000; Model 6AV) and the GASP barom-
eter (Holdaway, 2001) are preferable because they have
been calibrated using experimental data and confirmed
by natural data and have been found to be the most valid
among the various versions of such thermobarometers
(Wu & Cheng, 2006).

A GM-GMPQ thermobarometer program is available
as an EXCEL spreadsheet in the electronic supplemen-
tary material at the journal’s website. This is also
available from the authors.
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