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A muscovite-biotite geothermometer

Tnovrls D. Horscrr
Department of Geology, Northern Arizona University, Flagstafl Arizona 8601 1-6030, U.S.A.

Ansrnlcr

A geothermometer based on the exchange of Mg-Tschermak's component between mus-
covite and biotite ([MgSiAl-r]B : [MgSiAl ,]') is empirically calibrated using data from
43 rocks having the assemblage muscovite + biotite + quartz + plagioclase + garnet +
AlrSiOs. Temperatures and pressures for the calibration are determined through the si-
multaneous application of garnet-biotite geolhermometry and GASP geobarometry.

Multiple regression is used to solve for unknowns in the equilibrium thermodynamic
expression. Incorporated into the expression are interaction parameters that model noni-
deality in the mixing of cations within the octahedral sites of both muscovite and biotite.
With temperature chosen as the dependent variable, this yields

- _ 1q0.1!q + 0.0t4789 0P - 878.7 45(X3r8 - XBr6t^) - 4532.671XMs(XMs - 2)l
' :  

l + a o 2 3 7 5 2 7 R l n K

where P is in bars, Zin kelvins, R : 8.3144 J/K, Xg denotes mole fraction Q in the
octahedral site for mineral m (M : muscovite, B : biotite), and

K : 27 l(Mgr6rAl)M/(Mg/r6rAl)Bl.

The quality of fit is indicated by a multiple correlation coefficient of 0.92. A standard
deviation of 22 K in the residuals may be easity explained through the propagation of
errors associated with microprobe analysis. Use of the muscovite-biotite geothermometer
should be restricted to micas that are compositionally similar to those in the calibration
data set.

flirnooucrroN compositional variations in pelitic rocks in the Balla-

Many studies have investigated the tureole' Scotland' Systematic composi-

cance of compositional variations witr vithin muscovite and biotite as a func-

biotite (Speer, 1984; Guidotti, I 9E4 ric grade imply that equilibria involving

muscovite has been found to vary in e two minerals may be sensitive mon-

function of metamorphic grade, these onditions'

times involving maxima or minima (C cy uses a thermodynamic approach and

1976; Guidotti, 1978). One promin, ion to investigate the reaction involving

muscovite and biotite is the tendency 'g-Tschermak's component between co-

increase with grade in the presence of a I te and biotite ([MgSiAl-']" : [Mg-

(Guidotti et al., 1977; Guidotti, 19781 sible geothermometer' In terms of end-

vites are also characteristic of two-mir lnts' this reaction may be written as

et al., 198 l; Anderson and Rowley, 198 l), suggesting that
the Ti-enrichment trend continues to higher temperatures KMgr(AlSir)O,o(OH), + KAlr(AlSir)Oro(OH),
and to coexistence with melts. Theoretical studies (e.g., Phlosopite Murcovite
Thompson,l976)havepredictedthenatureofbiotite-Fe- :K(MgAl)Si4O,o(OH), + K(MgrAl)(AlrSir)Oro(OH)r,
Mg variations in the prograde metamorphism of pelitic celadonite Eastonite
rocks, and such variations have been observed (e.9., Tri- (Rl)
boulet and Audren, 1985). One previous study has ad-
dressed the partitioning of Ti between coexisting mus- where the equilibrium constant is given by
covite and biotite and found little temperature sensitivity
(Guidotti et aL, lg77). Pattison (t981) found that net- 

t\p1 : Q"1Qg6/ QpnQ^''

transfer reactions involving the Tschermak's components The treatment of nonideality in the activity-composition
of muscovite, biotite, and chlorite explain systematic relations of micas is facilitated by subdividing K*, into
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Taau 1. Microprobe analyses of minerals
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Muscovite. Garnet.* Plagioclase-

cc-36 CC-33a

sio,
Al,o3
Tio,
Mgo
FeO
MnO
Na.O
KrO
CaO
F

Total

D I

AI
Ti
Mg
Fe2*
Mn
Na
K

F

Oxygen{

44.690
32.705
0.785
0 788
1.495
0.020
1.350
9.730
0.003
0.108

91.6271

3 105
2.678
0.041
0 082
0.087
0.001
0.182
0 862
0.000
0.024

1 1

45.030
32.260
0.695
0.705
2.315
0.000
1.800
9.205
0.010
0.035

92.0401

3.1 20
2.635
0.036
0.073
0.134
0.000
o.242
0.814
0.001
0.008

1 1

34.680 34 866
17.456 17 .158
2.428 2.014
9.947 10.596

19.600 20,298
0.019 0.620
0.302 0.308
9.369 9.042
0.001 0.000
0.615 0.558

94.1591 94.6671
2.698 2.701
1 .601 1.567
0j42 0.117
1 .154 1 .223
1.276 1  .316
0.001 0.004
0.046 0.046
0.930 0.893
0.000 0.000
0.1s1 0 .137

1 1  1 1

37.066 37.544
20.730 20.425
0.004 0.000
3.562 3.845

33.643 32.523
0.478 0.903
1 .916 3.550
1.832 1.355

99.231 100.145

2.998 3 01 1
1.976 1.930
0.000 0.000
0.429 0 459
2.276 2.182
0.029 0.054
0131 0 .241
0.159 0 .1  16

63.141 64.850
23.465 22.',t10
0.023 0.016
9.445 10.41 1
0.056 0.046
4.870 3.267

1 01 .000 100.700

2.772 2.844
1 .214 1 .1 43
0.001 0 001
0.804 0.885
0.003 0.003
0.229 0.154

sio,
Alr03
Tio,
Mgo
FeO
FerO"
MnO
CaO

J I

AI
Fe2'
Na
K

Si
AI
Ti
M9
Fe,*
Fe3*
Mn
Ca

sio,
Alro3
FeO
Naro
KrO
CaO

1 21 2

Note.'Sample locations, CC-33a: Funeral Mountains, California, lat 36'43'6"N, long 1 16"55'35'W; CC-36: Funeral Mountains, California, lat 36%3'13'N,
long 116'55'26"W.

- All Fe as Fe,*
.. Fe2* and Fe3* calculated by charge balance assuming 12 oxygens and 8 cations.
f Total minus weight of oxygen charge-equivalent of fluorine.
+ Normalization to number of anhydrous oxygens indicated.

two terms, a term comprising ideal activity models,
KSli', and a term comprising activity coemcients, KRr.,:

where

K*r : K'fi"rK*r.,

Kfi"': X*rX*JX,1,rX^"

and

K*r.r : ^Y,"t^Y.^J^Ypnt^Y^". (l)

D,lr,c. srr

The present study makes use of previously published
mineral composition data on 4l rocks having the mineral
assemblage muscovite + biotite + quartz + garnet +
plagioclase + AlrSiOs. Data from two rocks from the Fu-
neral Mountains, California (this study), are included in
the data set (Table l). Data from the published literature
were selected for this study based on the completeness of
the mica analyses (at least oxides of Al, Si, Mg, Fe2*, Ti,
K, and Na) (Table 2). As done in the srudy of Hodges
and Crowley (1985), rim compositions of garnets were
used whenever analyses were given for both rims and
cores. Maximum ranges of composition were reported for
garnet and plagioclase from the study of Fletcher and
Greenwood (1979). For each sample in that study, the
most calcic plagioclase composition was chosen as the
equilibrium composition, in accordance with their obser-
vation of reverse zoning and generally increasing anor-
thite content with metamorphic grade. Also, garnet com-
positions showing higher Fe and Mg combined with lower

Mn (or two out of three when ambiguous) were taken as
equilibrium compositions, these being likely to reflect rims
as judged by several line traverses given in Fletcher and
Greenwood's study. For use in the present study, Fe2+
and Fe3* content were calculated for all garnets by charge
balance (see Table l). For micas, all Fe was assumed to
be Fe2*, and normalization was to I I anhydrous oxygens.

Enrprnrc,ll, cALIBRATToN

Estimation of pressures and temperatures

From the data set, pressures and temperatures were
determined on each sample through the simultaneous ap-
plication of the garnet-biotite geothermometer (R2) and
the GASP geobarometer (R3):

FerAlrSi.O,, + KMg3(AlSi3)O,o(OH),
Almandine Phlogopite

(R2)

: Mg,AlrSi.O,, * KFer(AlSi3)Oro(OH),
Pyrope Annite

3 CaAlrSirO, : SiO, + 2 AlrSiOs + CarAlrSirO,r.
Anonhite Quartz Kyanite or Grossulu

Siltimanite

(R3)

To calculate the equilibrium temperature and pressure
for each of the 43 samples, the equilibrium thermody-
namic expressions for R2 and R3 were solved simulta-
neously. Each takes the form

0: AH - ZA,S + PAV + R?"ln K. (2)
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Trele 2. Calibration data set

Sample
Phase Actual T
in R3- phases.' fC)Reference

xy,sxP"x?,P
(bars) KFi' XE"s XBh

Hodges and
Spear (1 982)

Tracy (1 978)

Pigage (1982)

Pigage (1 976)

Fletcher and
Greenwood
(1 979)

This study

79-788
79-80D
79-90A
79-92D
79-1 45E
79-1468
79-146D

892U
869
871
c26A
595C
M34

373
121
367
82
398
492
223
2-376
2-13
74
5V

40

3
4

o
7

o

7
e
q

1 1'12
1 2

1 4
1 5

CC-33a
cc-36

si l
si l
si l
si l
sil
And-Sil
And-Sil

si l
si l
sil
si l
si l
sil
si l

si l
sil
si l
si l
Sil
si l

472
499
491
497
504
c J /

468

588
538
EOA

566
t c z

520

cc+

547
J04

531
547
543
s36
coc

530
s89
co+
552

536
604
559
5 / 5

565
600
b J /

541
683
6 1 8
530
c / b
608
728
ooc
649

oJ3

693

sil
si l
si t
sil
si l
si l

Ky
Ky
Ky-Sil
Ky-Sil
si l
Ky-Sil
Ky-Sil
Ky-Sil
si l
si l
sil
si l

Ky Ky
Kv Ky

3921 0.298 0.377
3277 0.278 0 372
3858 0.277 0.393
4257 0.294 0.373
4095 0.305 0 330
3437 0.218 0.416
2059 0.287 0.417

4086 0.380 0 363
3262 0.344 0.362
3583 0.394 0.332
2678 0.313 0.347
6933 0.380 0.400
4003 0.249 0.367

5473 0.361 0.368
4840 0.386 0.376
6061 0.393 0.382
4491 0.417 0.363
4390 0.374 0.357
4382 0.288 0.372
4278 0.377 0.384
5748 0.361 0.370
4632 0.382 0.351
5684 0.360 0.373
5504 0.395 0.364
4595 0.335 0.374

6310 0.124 0.388
7684 0.108 0.375
7655 0.153 0.395
5498 0.126 0.365
5211 0.145 0.366
s386 0.122 0.362

7674 0.499 0.373
5429 0 445 0.389
5152 0.413 0.400
7546 0.406 0.403
4136 0.435 0.397
7039 0.390 0.400
5852 0.413 0.383
9585 0.341 0.402
8409 0.438 0.342
7677 0.475 0 319

0.168 0.0271 0.387
0.151 0.0240 0.430
0.162 0 0246 0.387
0.162 0.0263 0.407
0.161 0.0272 0.443
0.162 0 0263 0.360
0.161 0.0245 0.361

0.130 0.0s60 0.398 0.0365
0j29 0.0613 0.388 0.0329
0.128 0.0660 0.408 0.0350
0.111 0.0558 0.439 0.0337
0.1 19 0.0656 0.351 0.0433
0.099 0.0732 0.400 0.0311

o 141 0.0364 0.414 0.0330
0.145 0.0383 0.397 0.0346
0.147 0.0365 0.387 0.0352
0.151 0.0407 0.394 0.0346
0.147 0.0368 0.410 0.031 6
0.149 0 0381 0.394 0.0252
0.148 0.0333 0.394 0.0338
o 142 0.0426 0.398 0.0325
0.143 0.0411 0.414 0.0322
0.125 0.0485 0.407 0.0363
0.146 0.0439 0.393 0.0339
0.147 0.0393 0.400 0.0295

0.170 0.0329 0.342 0.01 00
0.170 0.0331 0.352 0.0085
0.168 0.0329 0 339 0.0125
0.164 0.0372 0.362 0.0099
0.168 0.0388 0.350 0.01 10
0.165 0.0402 0.356 0.0094

0 0380 0.387 0.0431
0.0306 0.346 0 0360
0.0324 0.369 0.0375
0.0330 0.369 0.0382
0.0341 0.350 0.0371
0.0375 0.367 0.0376
0.0356 0.367 0.0343
0.0383 0.376 0.0336
0.0442 0.412 0.0353
0.0411 0427 0.0336

0.148
0.167
o 152
0.146
0.161
o.142
0.160
0.143
0.1 46
0.154

0.100 0.0474 0.425
0.089 0.0390 0.439

0.0235
0.0240
0.0237
0.0238
o.0221
0.0199
0.0260

Ky
Ky
Ky
Ky
Sil
Ky
Ky
Ky
Sil
si l
si l
Sil

Ky Ky
Kv Ky
Ky Kv
Ky Ky
Ky KY
sit sil

Kv Kv
Ky Ky
Kv Ky
Ky KY
Kv Ky
Kv Ky
Ky Kv
Ky Ky
Kv Ky
Sil SiI

7429 0.320
8966 0.246

0.385
0.408

0.0408
0.0364

- Eq. 4 was used where kyanite is listed; Eq. 5 was used where sillimanite is listed.
.'AlrSiO5 phases present: And : andalusite, Ky : kyanite, Sil : sillimanite.

Equation 2 assumes that the heat capacity of reaction
(AC") is zero and that the volume of reaction does not
vary as a function of pressure and temperature. Using
joule and bar quantities, the equilibrium thermodynamic
expression for R2 given by Ferry and Spear (1978) is

0:  52108 -  19.5067 + 0.2385P + RZln K. , ,  (3)

where K., : ar"X^.,/e,1Xott.
Equilibrium thermodynamic expressions for R3 may

be derived through the algebraic manipulation of equa-
tions given in the study of Koziol and Newton (1988).
For kyanite, the expression is

0 :  -45 462.29 + 141.588r + (V" ,  -  t8 .74)P
* RZ ln K*r, (4)

and lor sil l imanite, the expression is

0 : -33 rs7.78 + (r21.r82 - 0.00096sor
+ (Vu - 17.684)P + RI ln K*r, (5)

where K*. : a",/(a^")3 and Vo is the partial molar volume
(J/bar) of the grossular component calculated using the
method of Newton and Haselton (1981), as adjusted by
Hodges and Crowley (1985).

Because the activity-composition models for garnet and
plagioclase selected for this study are temperature depen-
dent, the simultaneous solution of Equations 3 and 4 or
3 and 5 required iteration, with the first iteration assum-
ing a temperature of 500 'C, and the subsequent itera-
tions using the temperature calculated from the previous
iteration until convergence (less than 0.0I-K difference)
was achieved. Using the activity models discussed below
and the AlrSiOs stability fields of Holdaway (1971), the
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pressures and temperatures calculated place all samples
except two within 20 'C or 300 bars of the proper field
or within one of the two fields if two AlrSiO, phases are
present in the rock (Fig. l).

Activity-composition relations

Ideal mixing-on-sites models (e.g., Powell, 1978; price,
1985) that consider mixing in the octahedral sites were
used to calculate ideal activities for the phase compo-
nents of muscovite and biotite. The interlayer sites may
be disregarded because their terms cancel out in the
expressions of ,Kfi"' and K*r. Similarly, terms involving
the tetrahedral sites cancel out in the expression ofK*r.
Excluding the tetrahedral sites in the activities used to
calculate 1Q;"' yielded a significantly better fit in the
regression over when they were included. Hence, the tet-
rahedral sites were excluded from the activity expressions
in micas for all applications in the present study.

For the activity of anorthite in plagioclase, the model
of Newton et al. (1980) was used. For garnet, the models
ofHodges and Spear (1982), Ganguly and Saxena (1984),
and Grambling (1986) were tested in combination with
the above to see which provided the best correspondence
between the calculated pressure and temperature and the
stability field of the Alrsios phase in the rock. Using the
AlrSiO5 stability fields given by Holdaway (1971), the
models of Hodges and Spear (1982) produced the best
correspondence (Fig. l). Table 3 summarizes the activity
models used in this study.

Regression

Unknowns in the thermodynamic expression of Rl were
solved using multiple regression. To perform the regres-
sion, a system ofequations based on Equation 2 is need-
ed, one equation for each sample. Before the regression
can be performed, the equilibrium thermodynamic
expression (Eq. 2) must be elaborated to involve nonide-
ality in the mixing of cations within the octahedral sites
of both muscovite and biotite.

To evaluate RT lnly. 
"/yon,l 

(part of the expression of
RZln K",,"), a method based on the work of Ganguly and
Kennedy (1974) was used. Using the symmetric "simple
mixture" model of Guggenheim (1967), Ganguly and
Kennedy (1974) derived an expression appropriate for
the mixing of four species on one site. In biotite, this
expression may be applied to the octahedrally coordinat-
ed constituents Al, Mg, Fe2*, and Ti:

RTlnl1""/1rnl: W*"-ar(XB1a, - XEo) + AW+iX+t
+ LWF.XE., (6)

where AZGi : W\t-ri - W."-r, and AWr" : Wor_r. -
W*r'. and, the compositional variable X indicates mole
fraction in the octahedral sites based on three octahedral
srtes.

To evaluate activity coefficients for the MgAl-celadon-
ite component in muscovite, a different treatment was
preferred because of the very low concentrations of Mg.
The mole fraction of Mg in the octahedral sites in mus-

covite is typically about 0.03 (Table 2), implying Henry's
law behavior of the MgAl-celadonite component. A treat-
ment applicable to phase components whose theoretical
end-members involve trace elements (Powell, 1978, p.
5l) was used to formulate an expression for RZ ln ,y*,:

RZln 7"", : WM"IXM"(XM" - 2)1, (7)

where the compositional variable -Xs, denotes the mole
fraction of Mg in the octahedral sites based on two oc-
tahedral sites. Because the value of ffi"would vary with
major variations in the overall muscovite composition,
this approach is valid only if all muscovite compositions
used are similar. All muscovites used in the present study
are composed primarily of end-member muscovite com-
ponent, with only minor compositional variations occur-
ring within the dala set.

Taking the activity coefficient of the muscovite com-
ponent to be l, the full equilibrium thermodynamic
expression for Rl may now be written from Equations l,
2 .6 .  andT :

0 : LH - 7"A^S + PAV + R?n ln Kfi.'

+ wMe_^t(pME - _4'o,) + AW\,X+I

+ awF"x1. + WM"IXM"(XY4" - 2)1. (8)

Kf;d may be simplified from the activity models in Table 3:

Kiii.' : 27 l(Mg/I6t 517'/(Mg/t0t4jn1.

To perform the regression, Equation 8 is rewritten to
make temperature the dependent variable:

T: AH/AS + PAV/AS + RZln Kid;.'/AS

+ (wME ̂t/ as)(,Y&' -,l?,nJ

+ (AW\|/AS)X+, + (AWFJAS)X'."

+ (wMs/AElXY,"(Xy," - 2)1. (9)

From this, one equation for each of the 43 samples is
formulated using P, T, K'ii^, and compositional data (Ta-
ble 2). In this form, multiple regression finds solutions to
AH/AS, AV/AS, l/AS, W"M"_^t/AS, AW+t/LS, AW?"/AS,
and ffi"/A.S that minimize the sum of squares of resid-
uals of temperature, resulting in the best possible geother-
mometer.

An iterative approach was needed to regress unknowns
in Equation 9 because the variable ?" could not be fac-
tored out in such a way as to produce coefficients of dis-
crete numbers. Without iteration, temperatures calculat-
ed using the regressed variables would not be the same
as those used to calculate the values of RZ ln K{p', as
they must if regressed variables are to be used to solve
uniquely for temperature. To treat this problem, temper-
atures calculated from the regressed variables were used
to recalculate RZ ln Kffd values, which were then used
to regress variables again. This continued until the dif-
ferences between temperatures calculated from regressed
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Fig. 1. Pressures and temperatures calculated for data set
showing aluminum silicate phases (Ky: kyanite, Sil : silliman-
ite, And : andalusite) relative to stability fields of Holdaway
(197 1) .

variables in successive iterations were less than 0.1 .C for
all samples. Throughout the procedure, the values as-
signed to the dependent variable Z remained those de-
termined using garnet-biotite geothermometry (Table 2).
This procedure insured that temperatures calculated from
the regressed variables were within 0.1 .C ofthose used
to calculate the values of RZ ln ,KS;"'.

Uncertainties associated with the determinations of
A,WAS and AZ|"/AS indicated no significance for these
variables. These were eliminated using a stepwise pro-
cedure with backward elimination (e.g., Devore, 1982, p.
500). By examining residual plots, four samples were
found to be discrepant: 79-1468, 595C, and samples 7
and 13 of Fletcher and Greenwood (1979). Elimination
of these from the data set caused a dramatic improve-
ment in the quality of fit. The results of the final regres-
sion are MI/AS : 500.110 + 43.529 K, AZIA,S :
0.0147890 + 0.0028380 K/bar ,  1/A,S :  -0.0237527
+ 0.0042106 wJ,wMs_^t/a.s: -979.745 + 202.304K,
and Wfi/AS : -4532.67 + 703.46 K with lo uncerrain-
ties indicated. A multiple correlation coefficient of 0.92
is derived from the regression, as is a standard deviation
of 22 K in the residuals.

A geothermometric expression in which temperature is
solved given pressure and compositional data may be
formulated from the regressed variables by rearranging
Equation 9:

TreLe 3. Activity models

where Xln: Mg/2;
XH": Mg/3;
)G": Fe/3

Garnet
po": (Xrexp{[(3300 - 1.57yFI] Q(s + XdXs + XgX*)]).
ad : (X",exp{[(1.5r - $00yR4 X.\))"

4,: (Xs,exp{[(3300 - 1.5I)RII 6'.w + XdXw + XrXo)])"

where f is in kelvins, R: 1.987 cal/K, and

Xo": Mg/(Mg + F€F* + Ca + Mn)
Xd : Fe'?./(Mg + Fe* + Ca + Mn)
4, :Ca/(Mg + Fe2+ + Ca + Mn)
X"e: Mn/(Mg + Fe2* + Ca + Mn)

Plagioclase
4": IX""(1 + X".l'.l4l exp{[(1 - x*)"lRtl (2050 + 9392X.")]

where I is in kelvins, R : 1.987 callK, X." : Cal(Ca + Na + K)

In order for Equation l0 to be useful as a geothermome-
ter, temperatures calculated must be insensitive to un-
certainties in the assumed pressure. The sensitivity of the
calculated temperature to pressure may be evaluated by
differentiating Equation I 0:

dT/dP : 0.0147890(l + 0.023 7527Rln l3*ui"'). ( l l)

For the end-member reaction (ln Kfi.' : 0), dT/dP :
0.0 I 4 7 89 0 Wbar, indicating that a I -kbar uncertainty in
pressure propagates to a 14.8-K uncertainty in tempera-
ture. This compares to a 12.2-K uncertainty for the end-
member garnet-biotite exchange reaction (ln K., :0, dT/
dP : 0.01223 K/bar). Thus, the muscovite-biotite geo-
thermometer has little sensitivity to pressure, but slightly
more than the garnet-biotite geothermometer.

Temperatures calculated using the regressed variables
are compared to temperatures used in the calibration in
Figure 2. For all 39 samples, the difference is less than
38 K. For 20 samples, it is less than 20 K. The high
multiple correlation coefficient of 0.92 is reflected in the
small scatter of data about a line of hypothetical perfect
correlation (Fie. 2).

Discussion of uncertainties

There are numerous possible sources of error that might
contribute to the scatter of data about the best-fit "sur-
face." These include uncertainties in the mineral analy-
ses, uncertainties in the activity-composition models for

Micag
X- :4X}n)ff^
x^ : (xll^'F
X* : 6.75(Xfln)')fi6,
X*, : (XBnf
X-": (X".")'

Xrl^, :(Al +Si -4)/2
XE": (At + Si - 4y3

an
E,

dt

(L
K y

7_ 500.110 + 0.0147890p- 878.745('4s - _l?h) - 4532.67[.tHe0ffe - 2)]
I + 0.023 752 7R ln Kl.i"

(10)
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Fig.2. Residual plot comparing temperatures calculated us-
ing the muscovite-biotite geothermometer (Rl) and garnet-bio-
tite geothermometer (R2) for the 39 samples used in the calibra-
tion ofRl. Line represents hypothetical perfect correlation.

the solid-solution phases, uncertainties introduced by
possible disequilibrium among the phases, uncertainties
introduced by assuming LCr: 0, and uncertainties in-
troduced by assuming that AV does not vary with pres-
sure and temperature. Uncertainties introduced by the
latter two are probably very small. Uncertainties in the
experimental calibrations of R2 and R3 are systematic in
nature and hence do not contribute to the scatter of data
about the best-fit "surface," but make very important
contributions to the total uncertainty for any calculated
values of pressure or temperature (Hodges and McKenna,
l  987) .

The only source of nonsystematic errors that may be
independently quantified is that introduced by the elec-
tron-microprobe analysis of minerals. Whether this source
of errors explains the scatter of data about the best-fit
"surface" may be easily tested. By propagating analytical
errors through the muscovite-biotite geothermometer (Rl)
and the garnet-biotite geothermometer (R2), the error as-
sociated with the difference between the two may be pre-
dicted and compared to the standard deviation of the
residuals of 22 K derived from the regression of ther-
modynamic variables. A minimal estimate of analytical
errors is obtainable from counting statistics. Unfortu-
nately, counting statistics were not reported for most of
the data used in the calibration, so the assumption will
be made that counting statistics are similar to those for
the data in Table 2. Counting statistics for the micro-
probe analyses in Table 2 are lo/o for those elements that
could achieve this in less than 40-s counting time. This
precision could not be achieved for some elements that
occur in low concentrations. Counting statistics for Mg
in muscovite are 3o/o, and in garnet, counting statistics for
Mg are l.lo/o,Ca l.60/o,and Mn 3ol0. One study (M. Kohn,
1988, personal communication) has shown that the total
error in microprobe analysis is typically two to three times
the counting statistics when comparing different data sets
taken on the same machine. In the present study, analyt-

ical errors should be even larger because the calibration
data set comprises data taken on different machines. Us-
ing the minimal assumption that analltical errors are twice
the counting statistics, the Monte Carlo method of error
propagation (Anderson, 1976,1977) determines a lo un-
certainty of 13 K for applications of the garnet-biotite
geothermometer (o*r), and a lo uncertainty of 20 K for
the muscovite-biotite geothermometer (o*,). From these,
the error associated with the difference between temper-
atures calculated using Rl and R2 (o*,-*r) may be deter-
mined using the following approximate relation:

(o.,-*r) ': (o*,) '* (o.r) ' * 2po*ro*r, (12)

where p is the coefficient of correlation between the Rl
and R2 errors (Anderson, 1977). A value of 24 K for
o",-", is calculated when no correlation of errors is as-
sumed (p : 0). A comparison with the error of 22 K in
the residuals (discussed above) indicates that errors stem-
ming from the microprobe analysis of minerals easily ex-
plain all ofthe scatter ofdata about the best-fit "surface."

RnsrnrcrroNs oN THE usE oF MuscovrrE-BrorrrE
GEOTHERMOMETER

Although experience with applications of the musco-
vite-biotite geothermometer will ultimately determine the
circumstances under which it can be reliably applied, some
restrictions may be inferred. One important restriction
concerns the applicable ranges of mica compositions. In
the calibration data set, micas are Al rich and show only
narrow ranges of composition. This is a consequence of
Al saturation by coexisting AlrSiOs phases and of occur-
rence within very similar low-variance mineral assem-
blages. The interaction parameter ffi" is valid only for
muscovite that is similar compositionally to muscovites
in the calibration data set. The assumption of a symmet-
ric mixing model for octahedrally coordinated species in
biotite appears to have validity over the narrow range of
compositions in the calibration data set, but extrapola-
tion beyond this must be questioned. In view of these
considerations, applications should be restricted to micas
whose compositions fall within the ranges of the calibra-
tion data set (see Table 4).

The 39 samples used in the final regression cover phys-
ical conditions ranging from 450 to 700 oC and 2000 to
9600 bars. The use ofEquation l0 at conditions outside
these, or at conditions unrepresented in the data set such
as blueschist-facies metamorphism, involves higher un-
certainties than other applications. The uncertainty as-
sociated with any application, taking this efect into con-
sideration, may be evaluated by calculating the prediction
interval P (e.9., Devore, 1982, p. 445-446, 5l l-512):

P : t.,r lo2(l + x'(X',X)-'x)l%, ( 1 3 )

where t^,, is the Student's l-value for 34 degrees offree-
dom, a is I minus the desired confidence level, o : 22.3
K (standard deviation ofthe residuals), and
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x ' : [ l Rf h Kfi.' Xhe - XPt^l XY^"6M" - 2)l

l 0  5  2 .66  x
l 0  8  l . 5 l  x
l0-8 3.57 x
l0-4 1.22 x
l0-3 5.68 x

l 0  o  t . 7 5
l0  E  4 .30  x
l0-8 1.22 x
t0-3 82.4
t0-3 219

8.08
t .62
l . 5 l
4 .30
2.41

X

X

X

X

X

41.9
l0-4 2.41
l0-3 5.68

219
996

x' is the vector of coefficients used to set up the coefficient
matrix in the final regression, x is the transpose of x', and
(X'X;-' is the coefficient matrix used in the final regres-
sion multiplied by its transpose and inverted. For ex-
ample, applying Equations l0 and l3 to sample 79-788,
assuming a 900/o confidence level (t",, : 1.693) and using
the data in Table 2, the calculated muscovite-biotite tem-
perature and 900/o prediction interval are 495 + 39.6 "C.

CoNcr,usroNs

The exchange of Mg-Tschermak's component between
muscovite and biotite is found through empirical calibra-
tion to have a strong temperature dependence, weak pres-
sure dependence, and utility as a geothermometer. Un-
knowns in the equilibrium thermodynamic expression
were determined by using multiple regression, incorpo-
rating terms that model nonideality in the mixing of cat-
ions in the octahedral sites of both muscovite and biotite.
The quality of fit is indicated by a multiple correlation
coefficient of 0.92. The standard deviation of 22 K in the
residuals may be easily explained through the propaga-
tion of errors associated with microprobe analysrs.

The geothermometric expression is given by Equation
10. Uncertainties associated with any application may be
calculated at the desired confidence level using Equation
13. Applications of the muscovite-biotite geothermome-
ter should be restricted to micas that are compositionally
similar to those in the calibration data set.
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