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Abstract

Two empirical garnet–muscovite geothermometers, assuming no ferric iron (Model A) and 50% ferric iron (Model B) in

muscovite, respectively, were calibrated under the physical conditions of P= 3.0–14.0 kbar and T= 530–700 jC. The input

temperatures and pressures were determined by simultaneously applying the garnet–biotite thermometer [Am. Mineral. 85

(2000) 881.] and the GASP geobarometer [Am. Mineral. 86 (2001) 1117.] to natural metapelites. To confirm internal

thermodynamic consistency, Holdaway’s [Am. Mineral. 85 (2000) 881.] garnet mixing properties were adopted. Muscovite was

treated as a symmetric Fe–Mg–AlVI ternary solid solution, and its Margules parameters were derived in this work. The resulting

two formulae reproduced the input garnet–biotite temperatures well within F 50 jC, and gave identical results for a great body

of natural samples. Moreover, they successfully distinguished the systematic changes of temperatures of different grade rocks

from a prograde sequence, inverted metamorphic zone, and thermal contact aureole. Pressure estimation has almost no effect on

the two formalisms of the garnet–muscovite geothermometer. Assuming analytical error of F 5% for the relevant components of

both garnet and muscovite, the total random uncertainty of the two formulations will generally be within F 5 jC. The two

thermometers derived in this work may be used as practical tools to metamorphic pelites under the conditions of 480 to 700 jC,
low- to high-pressure, in the composition ranges Xalm = 0.51–0.82, Xpyr = 0.04–0.22, and Xgros = 0.03–0.24 in garnet, and

Fetot = 0.03–0.17, and Mg= 0.04–0.14 atoms p.f.u. in muscovite. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The partitioning of Fe2 + and Mg between coex-

isting garnet and muscovite, like many other coexist-

ing ferromagnesian mineral pairs, has been calibrated

as a geothermometer, either experimentally (Krogh

and Raheim, 1978; Green and Hellman, 1982) or

empirically (Hynes and Forest, 1988).

However, when these thermometers are applied to

natural rocks, large discrepancies between the garnet–

muscovite and the garnet–biotite temperatures are not

uncommon. Generally, the Krogh and Raheim (1978)

and the Hynes and Forest (1988) thermometers under-

estimate temperatures, whereas the Green and Hell-

man (1982) thermometer overestimates temperatures.

Furthermore, these formulations do not discern the
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systematic change of temperatures of rocks from

different zones of prograde sequences, inverted meta-

morphic zones, or thermal contact aureoles.

Considering multiphase equilibria, temperatures

and pressures computed through different mineral

pairs or mineral assemblages should always converge

to a unique definite value. Thus, in this paper, we

empirically refined the garnet–muscovite thermome-

try through simultaneously applying the garnet–bio-

tite geothermometer (Holdaway, 2000) and the GASP

geobarometer (Holdaway, 2001) to natural metapelitic

samples collected from the literature, and we adopted

the same composition–activity relations of garnet as

Holdaway (2000, 2001). Considering the iron valence,

we developed two formulations, for ferric iron-free,

and 50% ferric iron contents in muscovite, respec-

tively. We expect that this thermometer may play an

important role in determining metamorphic conditions

for metapelites, especially when biotite is absent in the

rocks, e.g., garnet–muscovite–quartz schists.

2. Thermodynamic basis

The Fe and Mg exchange between coexisting

garnet and muscovite can be described as (Krogh

and Raheim, 1978; Green and Hellman, 1982; Hynes

and Forest, 1988):

Mg3Al2Si3O12

pyrope

þ 3KðFeAlÞSi4O10ðOHÞ2
Fe� celadonite

¼ Fe3Al2Si3O12

almandine

þ 3KðMgAlÞSi4O10ðOHÞ2
Mg� celadonite

ð1Þ

At equilibrium, the Gibbs free energy change of

reaction (1), DG, is zero. This leads to the following

expression

DG ¼ 0 ¼ DH0 � TDS0 þ ðP � 1ÞDV 0

þ 3RT lnKd þ 3RT lnðcFe=cMgÞgrt

þ 3RT lnðcMg=cFeÞmus ð2Þ

in which DH0, DS0, and DV0 are the standard

enthalpic, entropic, and volumetric changes of reac-

tion (1) at 298.15 K and 1 bar, respectively. Kd is the

distribution coefficient, defined as Kd=(Fe
2 + /Mg)grt/

(Fe2 + /Mg)mus. R is the gas constant, R = 8.3144 J/

mol�K. The last two items in Eq. (2) describe the non-

ideal mixing properties of garnet and muscovite,

respectively. Thermal expansion and compressibility

coefficients of garnet and muscovite were neglected.

2.1. Garnet solid solution

For this study, we adopted the same garnet activity

model of Holdaway (2000, 2001), in order to maintain

internal thermodynamic consistency between the gar-

net–biotite and garnet–muscovite thermometers. The

Holdaway garnet model is an Fe–Mg–Ca–Mn asym-

metric quaternary solid solution, consisting of the

Mukhopadhyay et al. (1997) Margules parameters

for the asymmetric Fe–Mg–Ca interactions in garnet

including a ternary interaction parameter WFeMgCa
grt =

7398 J/mol, and symmetric Mn-related parameters

WMnCa
grt =WCaMn

grt = 1425 J/mol (Ganguly and Cheng,

1994), WMnFe
grt =WFeMn

grt = 1617 J/mol (Pownceby et al.,

1991), and WMnMg
grt =WMgMn

grt = 41,249–23.01 T J/mol

(corrected from Ganguly and Cheng, 1994).

According to Holdaway (2000, 2001), the ratio of

activity coefficient of almandine and pyrope in garnet,

on the three-ion basis, is

3RT lnðcFe=cMgÞgrt ¼ GaTðKÞ þGbPðbarsÞ þGc

ð3Þ

in which Ga, Gb and Gc are polynomial expressions

of garnet components

Ga ¼ 12:4ðX grt
Fe Þ

2 þ 22:09ðX grt
MgÞ

2 � 12:02ðX grt
Ca Þ

2

þ 23:01ðX grt
MnÞ

2 � 68:98ðX grt
Fe ÞðX

grt
MgÞ

þ 37:33ðX grt
Fe ÞðX

grt
Ca Þ þ 18:165ðX grt

Fe ÞðX
grt
MnÞ

þ 35:33ðX grt
MgÞðX

grt
Ca Þ þ 27:855ðX grt

MgÞðX
grt
MnÞ

þ 35:165ðX grt
Ca ÞðX

grt
MnÞ ð4Þ

Gb ¼ �0:05ðX grt
Fe Þ

2 � 0:034ðX grt
MgÞ

2 � 0:005ðX grt
Ca Þ

2

� 0:014ðX grt
MnÞ

2 þ 0:168ðX grt
Fe ÞðX

grt
MgÞ

þ 0:1565ðX grt
Fe ÞðX

grt
Ca Þ � 0:022ðX grt

Fe ÞðX
grt
MnÞ

� 0:2125ðX grt
MgÞðX

grt
Ca Þ � 0:006ðX grt

MgÞðX
grt
MnÞ

� 0:0305ðX grt
Ca ÞðX

grt
MnÞ ð5Þ
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and

Gc ¼ �22265:0ðX grt
Fe Þ

2 � 24166:0ðX grt
MgÞ

2

þ 3220:0ðX grt
Ca Þ

2 � 39632:0ðX grt
MnÞ

2

þ 92862:0ðX grt
Fe ÞðX

grt
MgÞ � 67328:0ðX grt

Fe ÞðX
grt
Ca Þ

� 38681:5ðX grt
Fe ÞðX

grt
MnÞ � 99262:0ðX grt

MgÞðX
grt
Ca Þ

� 40582:5ðX grt
MgÞðX

grt
MnÞ � 79669:5ðX grt

Ca ÞðX
grt
MnÞ
ð6Þ

respectively.

2.2. Muscovite solid solution

Muscovite was treated as a symmetric Fe–Mg–

AlVI ternary solid solution. According to the general

formulation for symmetric solutions (Mukhopadhyay

et al., 1993), the ration of activity coefficients of Mg-

and Fe-celadonite can be written as

3RT lnðcMg=cFeÞmus

¼ Wmus
FeMg � 3ðXmus

Fe � Xmus
Mg Þ

þ ðWmus
MgAl �Wmus

FeAlÞ � 3Xmus
Al ð7Þ

in which the W’s are Margules parameters, and the

molar fractions of the components are defined as

XFe
mus = Fe2 + /(Fe2 + Mg + AlVI), XMg

mus = Mg/(Fe2 +

Mg + AlVI), and XAl
mus = AlVI/(Fe2 + Mg + AlVI),

respectively, in muscovite.

2.3. Regression model

Inserting Eqs. (3) and (7) into Eq. (2) and rearrange

it, a temperature-dependent regression model was

obtained:

T ¼ ðDH0=DS0Þ þ ðP � 1ÞðDV 0=DS0Þ
þ ðWmus

FeMg=DS
0Þ � 3ðXmus

Fe � Xmus
Mg Þ

þ ½ðWmus
MgAl �Wmus

FeAlÞ=DS0� � 3Xmus
Al

þ ð1=DS0Þ½3RT lnKd þGaT þGbP þGc� ð8Þ

which is actually a curve equation in a multidimen-

sional space and may be resolved through iterative

multiple regression.

3. Natural metapelitic rocks: data set

Empirical calibration of a geothermometer requires

natural rock samples with well-determined chemical

compositions of coexisting minerals, and pressures

and temperatures of equilibration. For this, we col-

lected 73 samples of pelitic metamorphic rocks from

the literature. The pressures and temperatures range

from 3.0–14.0 kbar to 530–700 jC, respectively.
The samples all fit the following four criteria: (1)

there is a clear description of textural equilibria among

garnet, biotite, muscovite, plagioclase, quartz, kyanite

and/or sillimanite in the literature; (2) there are also

detailed electron microprobe analyses of the minerals

involved, at least SiO2, TiO2, Al2O3, FeO, MnO,

MgO, CaO, Na2O and K2O were analyzed. If there

is chemical zoning in garnet, only the rim composition

is used, and accordingly, only the (rim) compositions

of matrix biotite, muscovite and plagioclase in contact

with garnet are used; (3) stoichiometry of the analyzed

minerals are confirmed; and (4) the samples did not

undergo retrogression. The samples are listed in Table

1.

Equilibrium temperatures and pressures of the

natural metapelitic samples (Table 1) collected from

the literature were determined by simultaneously

applying the garnet–biotite thermometer (Holdaway,

2000) and the GASP barometer (Holdaway, 2001).

At present, there are nearly 30 versions of the

garnet–biotite thermometer available, among which

only the Holdaway (2000) version yields the smallest

absolute error (F 25 jC) in reproducing the exper-

imental temperatures of Ferry and Spear (1978),

Perchuk and Lavrent’eva (1983) and Gessmann et

al. (1997), in the wide range 550–950 jC. Further-
more, this thermometer may successfully discern the

systematic change of temperatures of rocks from

different zones of prograde sequences, inverted meta-

morphic zones, and thermal contact aureoles. Uncer-

tainty of F 2.0 kbar of input pressure may introduce

small errors of F 3–6 jC of garnet–biotite temper-

atures for common metapelites. Thus, this thermom-

eter is believed to be a reliable and precise tool.

GASP barometer is valid only for higher anorthite

contents in plagioclase and higher grossular contents

in garnet (Todd, 1998; Holdaway, 2001). In many

metapelites, the mole fraction of grossular in garnet is

< 10%, and in typical metapelites, the anorthite com-
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ponent of plagioclase is commonly less than 30%

(Todd, 1998). After theoretical modelling and analy-

ses of natural metapelites, Todd (1998) pointed out

that GASP barometer should be used with great

caution when Xan < 30% and/or Xgros < 10%. After

refinement of this barometer, Holdaway (2001) stated

that it can be used for Xan > 17% and Xgros>3%. Of

the 70 samples used to calibrate the garnet–muscovite

thermometer, only 11 samples are slightly anorthite-

deficient, but all the garnets of the 70 samples exceed

3% grossular. Thus, these samples are believed to be

suitable for calibration.

To satisfy internal thermodynamic consistency

with the Holdaway (2000, 2001) thermobarometry,

Table 1

Natural metapelites for calibrating the garnet–muscovite thermometry

Source Sample Al-phase GASP T(gb) T(A) T(B) Source Sample Al-phase GASP T(gb) T(A) T(B)

T78 892U Sill 4219 610 598 603 G91 2038 – 3866** 579 574 580

869 Sill 4120 595 594 599 2040-2. Sill 3866 600 592 585

871 Sill 3713 613 591 597 HR84 8B Ky 9705 708 701 695

C26A Sill 2846 593 577 584 8C Ky 6939 570 602 607

595C Sill 5955 695 672 669 12E Ky 5114 563 592 602

SG89 S129 Ky 5941 623 601 608 18A Ky 7320 579 566 568

S130 Ky 6205 631 602 608 21A Ky 6416 606 651 641

S134A Ky 6748 613 601 608 21C Ky 7709 615 642 644

S135 Ky 7620 643 616 617 21F Ky 6657 606 621 628

S141G Ky 6266 626 606 610 SB87 SA-19 Ky 7311 575 605 607

S142A Ky 7069 654 622 621 SA-5 Ky 7700 594 606 609

H89 CC-33a Ky 6896 641 611 611 S-306 Ky 8871 620 622 625

CC-36 Ky 8237 667 610 600 E95 Fus80b Ky 10,448 592 612 614

H91 23A And 4169 580 598 601 Ma9353 Ky 5089 648 619 621

1004A And 3899 580 616 617 Ma9355 Ky 14,006 636 600 598

906A And 4085 586 595 600 Ma9356 Ky 10,447 650 619 620

1001A And 4918 594 575 582 Ma9356 Ky 12,331 656 684 689

24A Sill 4910 617 622 623 Ma9364 Ky 5535 649 608 613

905A Sill 4652 605 602 605 Ma9364 Ky 6066 651 608 612

663A Sill 4801 613 617 617 Mag096 Ky 5678 596 585 591

666A Sill 4046 597 587 594 Mag310 Sill 6430 640 626 630

WD98 ND9522 Sill* 2963 609 594 597 Mag431 Ky 11,548 695 698 698

Z96 162-2 Ky 11,255 530 543 552 Mag452 Ky 4847 603 580 587

181-1 Ky 11,702 547 559 560 Mag540 Ky 6532 656 617 620

181-2 Ky 11,466 544 534 538 TE97 Ma9415 Ky +Sill 5193 592 589 596

ZC99 S4-1M2 Ky 7834 604 580 582 Ma9418 Sill 6548 611 592 596

S4-2M2 Ky 8179 600 581 584 Ma9421 Sill 5888 634 584 589

S4-3M2 Ky 7801 584 583 585 Ma9422 Sill 4941 606 594 599

Z-3M2 Ky 4605 535 582 584 Ma9429 Ky +Sill 7829 652 625 625

D6-2M2 Ky 6129 605 599 600 Ma9450 Ky 8507 641 639 633

162-2M2 Ky 12,476 561 561 567 Ma9464 Ky 7058 559 595 604

181-1M2 Ky 12,502 567 574 573 Ma9506 Ky +Sill 5883 644 620 619

181-2M2 Ky 12,290 564 548 550 Si9414 Ky 7545 622 619 620

G94 gsg92.9 Ky 4432 597 583 593 T024 Ky +Sill 7879 603 628 626

c91-14 Ky 5824 635 602 596 T024 Ky +Sill 10,154 609 630 626

G91 1001 – 3866** 556 563 569 T031 Ky 5840 606 606 607

2025A – 3866** 556 564 571 T031 Ky 5895 611 609 610

Note: GASP and T(gb) are GASP pressures (Holdaway, 2001) and garnet–biotite temperatures (Holdaway, 2000), respectively. *: Metamorphic

granite. **: These samples were collected within 600 m, so pressure was assumed as the same. T(A) and T(B) are the garnet–muscovite

temperatures of Models A and B determined in this work, respectively. Sample source abbreviations: T78 =Tracy (1978), SG89 = Sevigny and

Ghent (1989), H89 =Hoisch (1989), H91 =Hoisch (1991), WD98=Whitney and Dilek (1998), Z96 =Zhao et al. (1996), ZC99 =Zhao and

Cawood (1999), G94=Gordon et al. (1994), G91=Gordon et al. (1991), HR84=Hodges and Royden (1984), SB87 = Steltenpohl and Bartley

(1987), E95 = Engi et al. (1995), TE97=Todd and Engi (1997). Pressure is in bar and temperature is in jC.
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5. Error analysis

The total uncertainty of one thermometer includes

systematic and random errors. The best way for

evaluating systematic error is to apply the thermom-

eter to experimental data and examine the difference

between calculated and experimental temperatures.

However, at present, there are no experimental data

for metapelites available, so here, we just discuss the

random error of the two formulations.

Each of the two formulations (Eq. (9a,b)) is a

continuous function of pressure, Fe, Mg, and AlVI

we assumed that there is 3% ferric iron in garnet, and

11.6% ferric iron in biotite for the natural metapelites

(Table 1), as Holdaway (2000, 2001) did in calibrating

his thermobarometer.

Ferric iron content in muscovite is still an unre-

solved problem for petrologists. Miller et al. (1981)

analyzed 41 samples of plutonic muscovite through

Mössbauer spectra and found that Fe3 + /(Fe2 + Fe3 + )

in muscovite is as high as 0.8 in magmatic rocks.

However, the samples involved in this work are not

magmatic but metamorphic. Guidotti et al. (1994)

measured a great body of metapelitic muscovites

through Mössbauer spectroscopy, and found that the

average Fe3 + /Fetot ratio of muscovite is 0.45F 0.11

for graphite-bearing samples, and 0.67F 0.06 for

magnetite-bearing samples.

Due to the problem of determining ferric iron con-

tents, in this work, ferric iron contents of muscovite

were assumed to be 0% and 50%, and these two

treatments were designated as Models A and B,

respectively. We state herein that such treatments are

somewhat arbitrary, but these two treatments have

almost identical results, because the derived parame-

ters for the two thermometer models are different, as

we may see later. On the other hand, zero ferric iron

contents of muscovite are always assumed elsewhere

in most literature. The Fetot and Mg atoms of musco-

vites (Table 1) are in the ranges of 0.03–0.17 and

0.04–0.14, respectively, on the 11-oxygen basis.

The temperatures of the natural samples (Table 1)

are not equally distributed, and they generally cluster

in the range 550–650 jC. In the computation, some

samples were hired for more than two times, such that

the samples belonging to 500–550, 551–600, 601–

650, and 651–700 jC ranges could be used in the

calculation by almost equal quantities.

4. Calibration

Substituting the data listed in Table 1 into Eq. (8) to construct a set of over-determined equations, and using

iterative regression computation, we arrived at: (1) for the data set with the assumption of no ferric iron in

muscovite (Model A), DH0/DS0 = 969.9 (F 95.7) K, DV 0/DS0 = 1.3 (F 0.9) K/kbar, WFeMg
mus /DS0 =� 1464.6

(F 70.7) K, (WMgAl
mus �WFeAl

mus )/DS0 = 66.8 (F 35.0) K, 1/DS0 =� 0.0091 (F 0.0005) K/J, and a multiple correlation

coefficient of R = 0.91 was derived from the regression; and (2) for the data set with the assumption of 50% ferric

iron in muscovite (Model B), DH0/DS0 =� 1167.3 (F 255.0) K, DV0/DS0 =� 0.2 (F 1.0) K/kbar, WFeMg
mus /

DS0 =� 2292.7 (F 152.0) K, (WMgAl
mus �WFeAl

mus )/DS0 = 823.0 (F 92.7) K, 1/DS0 =� 0.0088 (F 0.0007) K/J, and

a multiple correlation coefficient of R = 0.90 was derived. Inserting these parameters into Eq. (8), we have gained

two new formulations of the garnet–muscovite Fe–Mg exchange geothermometry:

(a) Model A, assuming no ferric iron in muscovite

TðAÞ ðKÞ ¼
969:9þ P ðkbarÞ ð1:3� 9:1GbÞ � 0:0091Gc� 4393:8ðXmus

Fe � Xmus
Mg Þ þ 200:4Xmus

Al

1þ 0:0091ð3RlnKd þGaÞ ð9aÞ

and

(b) Model B, assuming 50% Fe3 + contents in muscovite

TðBÞ ðKÞ ¼
�1167:3� P ðkbarÞ ð0:2þ 8:8GbÞ � 0:0088Gc� 6878:1ðXmus

Fe � Xmus
Mg Þ þ 2469:0Xmus

Al

1þ 0:0088ð3RlnKd þGaÞ ð9bÞ
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Table 2

Applications of the garnet–muscovite thermometers of this work to the natural metapelites not included in calibrating the thermometry

Source Sample Al-phase P T(gb) T(A) T(B) Source Sample Al-phase P T(gb) T(A) T(B)

HS84 78B Sill 5458 557 561 567 WS91 284-2 – 5000* 556 530 537

80D Sill 4281 567 571 577 H90 W228 – 5000* 606 585 587

90A Sill 5193 570 573 579 CC25c – 5000* 593 607 610

92D Sill 5353 567 566 572 KS93 K87-83J – 5000* 563 553 561

145E Sill 5120 567 555 561 K87-83L – 5000* 543 511 521

146B Sill +And 4374 594 623 623 K87-83N – 5000* 557 520 527

146D Sill +And 3750 564 577 584 K87-20B – ** 5000* 553 530 535

NH81 147 And 5000* 576 585 588 K87-21E – ** 5000* 560 592 604

AH1 And 5000* 586 592 596 K90-15A – 5000* 589 581 580

91 And 5000* 580 584 587 K90-15C – 5000* 588 551 555

41 Sill +And 5000* 588 594 598 K93 CD169D2 – 5000* 593 573 579

5 Sill +And 5000* 570 577 581 CD171D – 5000* 595 577 581

102 Sill +And 5000* 572 567 572 SP-9B1 Ky 5000* 591 622 623

EW3 Sill 5000* 589 593 595 SP-9G4 – 5000* 598 588 593

MA4 Sill +And 5000* 608 603 607 CD-201E – 5000* 614 614 615

107 Sill 5000* 575 587 591 CD201G – 5000* 613 606 610

P82 373 Ky 5975 595 579 585 VI2C – 5000* 613 592 598

121 Ky 5286 589 585 590 B89 260Br – 5000* 570 602 610

367 Ky + Sill 6165 603 592 596 268Br – 5000* 596 617 622

82 Ky + Sill 5161 581 578 583 836Br – 5000* 572 603 609

398 Ky + Sill 4816 585 575 581 R60r – 5000* 574 567 575

492 Ky + Sill 4926 585 590 594 R223r – 5000* 575 618 621

223 Ky + Sill 4910 585 585 590 B92 191r – 5000* 568 565 573

2-376 Ky + Sill 6076 599 592 595 241r – 5000* 607 638 644

2-13. Sill 5319 582 576 580 26r – 5000* 580 587 593

74 Sill 5760 614 599 598 137r – 5000* 631 643 645

59 Sill 5943 603 590 594 189r – 5000* 605 556 562

40 Sill 4791 584 585 590 Z96 S4-1 – 5000* 593 577 582

C87 Irim And 5000* 548 515 524 S4-2 – 5000* 590 579 584

IIArim And 5000* 541 546 549 S4-3 – 5000* 577 581 585

IIArim And 5000* 555 546 549 Z3-2 – 5000* 578 584 586

IIArim And 5000* 573 546 549 Z-3 – 5000* 581 578 583

IIBrim And 5000* 552 548 542 D6-2 – 5000* 607 585 588

IIBrim And 5000* 529 533 529 ZC99 N30-4M1 – 5000* 535 583 588

IIIrim Sill 5000* 587 579 576 S4-1M1 – 5000* 469 491 504

FG79 5 Ky 8690 540 548 555 S4-3M1 – 5000* 481 483 485

6 Sill 9869 593 598 599 Z3-2M1 – 5000* 463 480 496

7 Sill 1422 614 616 622 162-2M1 – 5000* 489 546 555

8 Sill 8311 609 609 609 181-2M1 – 5000* 501 540 552

10 Sill 4644 602 602 608 HF88 615r – 5000* 521 505 518

12 Sill 5347 608 606 609 621r – 5000* 522 536 549

13 Sill 4657 620 621 622 622r – 5000* 531 524 536

9 Sill 5390 583 593 598 KA93 BGR2 – 5000* 518 553 559

11 Sill 4993 622 620 622 BGR6 – 5000* 552 546 554

14 Sill 6033 628 599 602 BGR17 – 5000* 538 571 584

15 Sill 8197 628 585 586 BGR19 – 5000* 535 540 552

H88 2 – 5000* 581 595 601 BGR19 – 5000* 608 586 595

96 – 5000* 552 554 560 BGR73 – 5000* 522 552 562

1A – 5000* 585 601 604 SB87 SB42 – 5000* 638 594 600

52 – 5000* 570 580 584 SA-34 – 5000* 576 561 569

3A – 5000* 582 605 607 S-140 – 5000* 563 600 608

61A – 5000* 584 599 602 S-100 – 5000* 543 561 570

84 – 5000* 566 556 562 SA-374 – 5000* 562 590 596
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components in muscovite, and Fe, Mg, Mn and Ca

components in garnet. Thus, neglecting the correla-

tions of the analytical errors of mineral components,

total random error of the garnet–muscovite thermom-

eter stem from pressure uncertainty and analytical

errors of minerals may be written as

DTgm ¼ DT
DP

� �
DP þ DT

DX grt
Fe

 !
DX

grt
Fe

þ DT

DX grt
Mg

 !
DX

grt
Mg þ

DT

DX grt
Ca

 !
DX

grt
Ca

þ DT

DX grt
Mn

 !
DX

grt
Mn þ

DT
DXmus

Fe

� �
DXmus

Fe

þ DT
DXmus

Mg

 !
DXmus

Mg þ DT
DXmus

Al

� �
DXmus

Al

ð10Þ

in which the delta items stand for the respective

errors of the corresponding items. On the basis of

Eq. (10) and Tables 1, 2 and 3, we arrived at: (1)

pressure estimation has negligible effect on garnet–

muscovite temperatures; (2) assuming pressure

uncertainty of F 2 kbar and analytical error of

F 5% for the relevant compositions of both garnet

and muscovite, the total random uncertainty of the

thermometer will generally be below F 5 jC. These
conclusions are valid for the two formulations of the

thermometry.

6. Test and application of the thermometers

The new thermometers (Eq. (9a,b)) have a reso-

lution of F 50 jC in reproducing the input garnet–

biotite temperatures (Table 1; Fig. 1). Samples not

included in calibrating the thermometers, listed in

Tables 2 and 3, may be used to certify their applic-

ability. From Tables 2 and 3 and Fig. 2, we may see

that the differences of the garnet–muscovite and

garnet–biotite temperatures are well within 50 jC.
Furthermore, the two garnet–muscovite thermometers

have much more steep dP/dT slopes than the garnet–

biotite thermometer (Holdaway, 2000), which imply

that they are much more independent of pressure

estimate (Fig. 3).

The two garnet–muscovite thermometers, assum-

ing either no ferric iron or 50% ferric iron in musco-

vite, respectively, gave generally identical temper-

atures (Fig. 4).

The difference between garnet–biotite and garnet–

muscovite temperatures is equally distributed in the

range of Xcel = 6–28% (Fig. 5a,b).

Practical thermometers should discriminate differ-

ent grade rocks from different zones in either prograde

Source Sample Al-phase P T(gb) T(A) T(B) Source Sample Al-phase P T(gb) T(A) T(B)

129 – 5000* 607 552 560 SA-349 – 5000* 564 591 598

114 – 5000* 568 569 574 SA-376 – 5000* 524 575 581

5A – 5000* 603 605 607 SB47B – 5000* 618 605 613

65 – 5000* 567 554 562 H78 PR-53A – 5000* 578 556 564

94 – 5000* 597 590 593 PR-53C – 5000* 612 572 577

27 – 5000* 573 554 558 PR-62 – 5000* 597 570 576

WS91 106-3 – 5000* 564 569 573 PR-25A – 5000* 566 557 566

107-1 – 5000* 563 547 554 PR-74D – 5000* 591 580 586

108-1 – 5000* 553 525 536 PR-78A – 5000* 594 570 577

193-1 – 5000* 554 533 541 PR-67C1 And +Sill 5000* 642 705 692

199-1 – 5000* 560 551 556

Note: P and T(gb) are GASP pressures (Holdaway, 2001) and garnet–biotite temperatures (Holdaway, 2000), respectively, except for that labeled

‘‘ * ’’ were assumed pressures. **: amphibolite. Sample source abbreviations: HS84 =Hodges and Spear (1984), NH81 =Novak and Holdaway

(1981), P82 = Pigage (1982), C87 =Clarke et al. (1987), FG79 = Fletcher and Greenwood (1979), H88=Holdaway et al. (1988), WS91 =Wang

and Spear (1991), H90 =Hoisch (1990), KS93 =Kohn and Spear (1993), K93 =Kohn et al. (1993), B89 =Burton et al. (1989), B92 =Bergman

(1992), Z96 = Zhao et al. (1996), ZC99 = Zhao and Cawood (1999), HF88 =Hynes and Forest (1988), KA93 =Kamber (1993),

SB87 = Steltenpohl and Bartley (1987), H78 =Holdaway (1978). Pressure is in bar and temperature is in jC.

Table 2 (continued)

C.-M. Wu et al. / Lithos 62 (2002) 1–13 7



sequences, or inverted metamorphic zones, or thermal

contact aureoles. We check the usefulness of our

garnet–muscovite thermometry hereafter.

6.1. Prograde sequence

Lang and Rice (1985) described a prograde se-

quence of metapelites, that is, the consequence of the

second period of regional metamorphism in the Snow

Peak area, northern Idaho, USA. Considering that the

Prichard Formation (from which TS29 was sampled)

was emplaced on top of the upper Wallace Formation

Fig. 1. Garnet–muscovite vs. garnet–biotite temperatures. (a)

Garnet–muscovite thermometer (Model A); (b) garnet–muscovite

thermometer (Model B). Dots stand for samples in Table 1, which

were included in calibrating the garnet–muscovite thermometry.

Temperature is in jC.

Table 3

Applications of the two new garnet–muscovite thermometers to the

metapelites of the prograde, inverted and contact aureole zones

Source Sample Al-phase Zone P T(gb) T(A) T(B)

LR85 TS29 – chl-bio 6000* 526 510 519

BT144 – grt 6000* 545 546 552

TS2 – grt 6000* 526 533 540

BT91 – grt 6000* 557 565 572

BT86 – stau 6000* 554 550 557

BT174 – stau 6000* 566 576 581

BT137 – stau 6000* 572 601 605

BT41 Ky transition 6692 580 588 591

BT28 Ky transition 6581 581 599 603

BT49 Ky stau-ky 6714 584 594 596

BT34 Ky stau-ky 5627 568 577 583

BT32 Ky stau-ky 6206 595 607 610

BT31 Ky ky 7720 605 629 628

H91 15A – grt 8000* 582 566 569

20B – grt 8000* 597 608 603

21A – stau-bio 8000* 600 630 631

84B – stau-bio 8000* 602 620 621

88D Ky lower ky-bio 11107 637 640 629

89B Ky lower ky-bio 9429 635 613 611

81C Ky higher ky-bio 7872 673 645 642

83A Ky higher ky-bio 8701 655 633 636

51A Sill sill 6329 670 659 653

VG98 48 Ky+ Sill migmatite 5665 614 598 600

49 Ky+ Sill migmatite 5170 600 564 571

50 Ky+ Sill migmatite 5596 601 568 572

52 – migmatite 5000* 538 497 509

54 Ky+ Sill migmatite 5045 608 593 597

55 Ky+ Sill migmatite 5317 605 595 599

56 Sill migmatite 4146 583 581 586

57 Ky+ Sill migmatite 4253 576 595 598

59 Ky+ Sill sill 5140 599 599 599

60 Ky+ Sill ky 5128 583 584 591

62 Ky ky 5888 593 592 595

63 – stau 5000* 583 539 547

65 – stau 5000* 569 567 571

66 – stau 5000* 600 551 557

73 – stau 5000* 548 545 554

D84 17 – bio 7000*

86 – grt 7000* 540 543 550

55 – stau 7000* 617 623 619

154 Ky ky 6995 650 626 625

153 Ky ky 6771 647

Note: P and T(gb) are GASP pressures (Holdaway, 2001) and garnet–

biotite temperatures (Holdaway, 2000), respectively, except for that

labeled ‘‘ * ’’ were assumed pressures. Sample source abbreviations:

LR85 =Lang and Rice (1985), H91 =Himmelberg et al. (1991),

VG98=Vannay and Grasemann (1998), D84=Delor et al. (1984).

Pressure is in bar and temperature is in jC.
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(from which TS2 was sampled) before regional meta-

morphism, and the close geographic proximity of

the samples, the pressure of equilibration of the

Fig. 2. Garnet–muscovite vs. garnet–biotite temperatures. (a)

Garnet–muscovite thermometer (Model A); (b) garnet–muscovite

thermometer (Model B). Dots stand for samples in Tables 2 and 3,

which were not included in calibrating the garnet–muscovite

thermometry. Temperature is in jC.

Fig. 3. P/T slops of garnet–muscovite vs. garnet–biotite thermom-

eters. (a) Sample 905A, Model A; (b) sample 905A, Model B; (c)

sample 121, Model A; (d) sample 121, Model B. Sample 905Awas

included, while sample 121 was not included, in calibrating the

thermometry. Pressure is in kbar and temperature is in jC.
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chlorite–biotite and garnet zones was reasonably

assumed to be 6 kbar. This is similar to the

pressures obtained from GASP barometer (Hold-

away, 2001) for the nearby sillimanite- and/or

kyanite-bearing rocks. The resulting garnet–biotite

temperatures are: for the chlorite–biotite zone, 526

jC; for the garnet zone, 526–557 jC; for the

staurolite zone, 554–572 jC; for the transition

zone, 580–581 jC; for the staurolite–kyanite zone,

568–595 jC; and for the kyanite zone, 605 jC
(Table 3). Here, the garnet–biotite thermometer

(Holdaway, 2000) successfully distinguished the

different grade rocks. Our two garnet–muscovite

thermometers yielded identical results and all gave

temperatures very close to the garnet–biotite tem-

peratures (Table 3). The temperature difference for

the prograde zones is obvious: (1) Model A gave

510, 533–565, 550–601, 588–589, 577–607 and

629 jC, respectively; and (2) Model B gave 519,

540–572, 557–605, 591–603, 583–610 and 628

jC, respectively.

6.2. Inverted metamorphic zones

An inverted metamorphic gradient is preserved in

the western metamorphic belt near Juneau, AK. Him-

melberg et al. (1991) stated that the western metamor-

phic belt is part of the Coastal plutonic–metamorphic

complex of western Canada and southeastern Alaska

that developed as a result of tectonic overlap and/or

compressional thickening of crustal rocks during col-

lision of the Alexander and Stikine terranes. Detailed

mapping of pelitic single-mineral isogrades, system-

atic changes in mineral assemblages, and silicate geo-

thermometry indicate that thermal peak metamorphic

Fig. 4. Comparison of temperatures of Model A vs. Model B. Dots

stand for samples in Tables 1, 2 and 3. Temperature is in jC.

Fig. 5. Celadonite fraction in muscovite vs. the difference between

garnet–muscovite and garnet–biotite temperatures. Dots stand for

samples in Tables 1, 2 and 3. (a) Model A; (b) Model B. Celadonite

fraction is defined as Xcel = 4XMg
musXAl

mus (mixing-on-sites model).

Temperature is in jC.
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conditions increase structurally upward over a distance

of about 8 km. From bottom to top, there gradually

outcrops rocks of green biotite, brown biotite, garnet,

staurolite–biotite, lower kyanite–biotite, upper kyan-

ite–biotite and sillimanite zones. Garnet–biotite ther-

mometer (Holdaway, 2000) successfully discriminated

the different zone rocks, and again, our two garnet–

muscovite thermometers gave similar results, and dis-

tinguished the different zone rocks (Table 3). How-

ever, Model B yielded higher temperatures for the

staurolite zone rocks than the lower kyanite–biotite

ones, which is not the case.

The crystalline core of the Himalayan orogen in the

Sutlej valley corresponds to a 9-km-thick, high-grade

metamorphic sequence. This High Himalayan Crys-

talline (HHC) shows an inverted metamorphic zona-

tion characterized, from the base to the top of the unit,

by a gradual superposition of staurolite, kyanite,

sillimanite, and migmatite Barrovian mineral zones

(Vannay and Grasemann, 1998). Garnet–biotite ther-

mometer (Holdaway, 2000) confirmed the gradual

increase of temperature from the bottom to the top

of the sequence, our two garnet–muscovite thermom-

eters also clearly reflected such a trend, and they gave

identical temperatures (Table 3).

6.3. Thermal contact aureole

In Eastern Rouergue, France, garnet, staurolite

and kyanite isograds in metasedimentary rocks were

developed as a result of thermal metamorphism

around syntectonic granitoids, and the biotite, garnet,

staurolite and kyanite zones were mapped (Delor et

al., 1984). For the kyanite zone, samples 154 and

153, simultaneously applying the garnet–biotite ther-

mometer (Holdaway, 2000) and the GASP barometer

(Holdaway, 2001), yielded pressures of 6.77–7.0

kbar and temperatures of 647–650 jC. For other

samples devoid of kyanite and/or sillimanite, we

assumed a pressure of 7.0 kbar. This yielded gar-

net–biotite temperatures of 540 and 617 jC for the

garnet and staurolite zones, respectively. Our two

garnet–muscovite thermometers gave almost the

same results as the garnet–biotite geothermometer

and naturally reflected systematic change of the

temperature of different zone rocks. Again, the two

garnet–muscovite thermometers gave identical tem-

peratures (Table 3).

7. Conclusions

The two garnet–muscovite thermometers, assum-

ing either no ferric iron (Model A) or 50% ferric iron

(Model B) in muscovite, respectively, gave generally

identical temperatures (Fig. 4), and can be safely

used on metapelites in the range 480–700 jC and

3.0–14.0 kbar. The thermometers can distinguish the

systematic change of temperature of metapelites from

different zones in prograde sequence, inverted meta-

morphic zone, and thermal contact aureole, thus,

they may be applied to natural metapelitic rocks as

practical tools.
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