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Valid garnet-biotite thermometer: A comparative study

INTRODUCTION

Distribution of ferrous iron and magnesium between
coexisting silicate minerals is the basis of important
geothermometers for metamorphic rocks. Of wide interest is
the distribution between garnet and biotite as the thermometer
ranging for a wide range of rocks from greenschist to granulites.
In last four decades, more than twenty thermometers have been
proposed for garnet-biotite pair including both empirical and
experimental calibrations. Several thermobarometric studies
have been undertaken in the past few years, which led to the
development of a range of thermometers such as garnet-biotite
thermometer (Wu and Cheng, 2006); garnet-clinopyroxene
thermometer (Jahnson et al., 1983; Fu et al., 1998); garnet -
orthopyroxene thermometer (Thomas et al., 2018).

For last four decades, several experiments led to the
development of GB thermometry. (Frost, 1962) had used the
Fe-Mg distribution between garnet and biotite to qualitatively
determine the grade of metamorphic rocks. (Kretz, 1964) stated
that the Fe-Mg distribution between garnet and biotite may be
a function of pressure and temperature without stating any
formulation.

However, the calibrations are diverse and may be
confusing to petrologists in choosing a suitable version. With
the development of geothermometric studies, it appears necessary
to undertake a review of this thermometer every decade or so.
In order to recommend the best calibration for geologists, the
authors have compared twenty one garnet - biotite thermometer
models proposed since 1976 applicable on granulites facies of
rocks. The partitioning of the Fe+2 and Mg, expressed by the
distribution coefficient between coexisting garnet and biotite,
has clearly shown that this distribution is a function of both
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physical conditions as well as compositional variations of the
phases involved (Thompson, 1976; Holdaway and Lee, 1977;
Goldman and Albee, 1977; Ferry and Spear, 1978; Pigage and
Greenwood, 1982; Hodges and Spear, 1982; Perchuk and
Lavrente’va, 1983; Perchuk et al., 1985; Indares and Martignole
a and b, 1985; Hoinkes, a and b, 1986; Aranovich et al., 1988;
Dasgupta et al., 1991; Bhattacharya et al., a and b, 1992; Perchuk,
1977, 1981; Holdaway et al., 1997; Gessman et al., 1997 and
Kaneko and Miyano, a and b, 2004):

1/3 Fe3Al2Si3O12 + 1/3 KMg3AlSi3O10(OH)2

(1/3 Almandine)  + (1/3 Phologopite)

1/3 Mg3Al2Si3O12  + 1/3 KFe3AlSi3O10(OH)2

(1/3 Pyrope)  + (1/3 Annite)

The distribution of Fe and Mg between the phase’s garnet
and biotite is a function of pressure and temperature. As a
general rule, the partitioning of elements between phases
decreases as temperature increases: that is, KD approaches 1
and lnKD approaches 0.

For this the equilibrium constant, KD, T at some P and
T is given by:

                    (aPyrGt)1/3   * (aAnn Bio)1/3

      KD, T = --------------------------------
                 (aAlmGt)1/3  * (aPhlo Bio)1/3

where 'a' refers to the activity of component and the
superscripts refer respectively to garnet and biotite phases. If
both garnet and biotite behave as ideal 3 site solid solutions
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then, taking standard states to be the pure phases at the P and
T of interest, the K(P, T) corresponds to the empirical distribution
coefficient,

          KD =  (XMgGt*XFe Bio) / (XFeGt*XMgBio)

Where,

XFeGT = Fe/(Fe+Mg+Mn+Ca); XMgGT = 
Mg/(Fe+Mg+Mn+Ca) ; XFeBT = Fe/(Fe+Mg) ; XMgBT

= Mg/(Fe+Mg)

Several models of geothermometer have been formulated
for garnet-biotite pair by a number of workers since 1976 to till
dates which are summaried below:

Thompson (1976) attempted to calculate isobaric Fe-Mg
section from available experimental and thermo-chemical data
in the KFMASH system, calculated at PH2O = 5 kb for reactions
involving garnet - biotite - staurolite - chlorite - cordierite -
quartz - muscovite assemblages. Holdaway and Lee (1977)
have given an empirical calibration of the garnet-biotite
geothermometer applicable to high grade metamorphism of
pelitic rocks. Ferry and Spear (1978) carried out experimental
calibration with garnet-biotite ratio as 49/1 and DH = 12,454
cal; DS = 4.662 Cal/K mole to gave a polythermal polybaric
equation. Perchuk (1977, 1981) calibrated an equation using
distribution coefficient as a factor without using pressure effect
in the equation. Goldman and Albee (1977) used the isotopic
and chemical data for thirteen metamorphic rocks containing
garnet and biotite to investigate the dependence of the Mg-Fe
partition upon temperature to give an emperical calibration.
Hodges and Spear (1982) incorporated (Ferry and Spear, 1978)
data set in their calibrations along with alternative calibration
using a consistent set of solution models to formulate an equation.
Pigage and Greenwood (1982) gave an empirical equation for
coexisting garnet - biotite with sillimanite plus kyanite using
XCaGT and XMnGT as variables in the equation. Perchuk and
Lavrente’va (1983) undertook an experimental calibration using
natural minerals and biotite with a high Al content. Their
equation avoids the problem of non-ideality by working directly
with the natural minerals. Perchuk et al. (1985) formulated an
equation for calculation of temperature of metamorphism for
Aldan granulites using XCaGt as variable in the equation. Indares
and Martignole (1985) proposed two new calibration of (Newton
and Haselton, 1981) and (Ganguly and Saxena, 1984) based
upon the correction for Al and Ti and the interaction of Ca in
Fe - Mg garnets. Hoinkes (1986) gave two equations evaluating
the Ca content in the metapelites of staurolite in zone, supporting
non-ideal mixing of the grossular with almandine - pyrope solid
solution.  Aranovich et al. (1988) reformulated the equation
using the experimental data set of Perchuk and Lavrente’va
(1983). Dasgupta et al. (1991) gave a new formulation developed
through statistical regression of the reversed experimental data
of Ferry and Spear (1978) using available thermo-chemical data
for quaternary Fe-Mg-Ca-Mn garnet solid solution and for the
excess free energy terms, associated with the mixing of Al and
Ti, in octahedral sites in biotite solid solution. Bhattacharya et

al. (1992) gave two new formulations using (Ganguly and
Saxena, 1984) and (Hackler and Wood, 1989) of garnet - biotite
thermometer using the non-ideal mixing in the phlogopite-
annite binary system. Gessman et al. (1997) used new
experimental data for the Fe-Mg exchange between garnet and
biotite using the Fe-Mg-Al mixing properties of biotite to give
new calibration. Holdaway et al. (1997) recalibrated the equation
using recently obtained Margules parameters for ternary Fe-
Mg-Ca garnet, Mn interactions in garnet, Al interactions in
biotite as well as the Fe oxidation state of both minerals. Kaneko
and Miyano (2004) derived two equations, one as the presence
of ferric Fe in biotite in relation to the coexisting Fe-oxide
phases and second assuming the absence of ferric Fe in biotite,
both evaluated in terms of iterative multiple least-square
regressions of the experimental results.

RESULTS AND DISCUSSION

For the validation of the software (Thomas, 1995; Thomas
and Paudel, 2017) and comparative study of different models,
27 sample data of granulites (Table 1: Bohlen and Essene, 1980;
Harris et al.,1982; Hodge and Spear, 1982; Keinast and Ouzegane,
1987; Perchuk, 1989; Sharma et al, 1989; Riciputi et al., 1990;
Barth and May, 1992; Sen and Bhattacharya, 1992;
Buchernurminen and Ohta, 1993; Liangzhao and Shiqin, 1993;
Dasgupta et al., 1994; Fareduddin et al.,  1994; Kumar and
Chacko, 1994; Thomas,1995; Knudsen, 1996; Muhongo and
Tuisku, 1996; Shaw and Arima, 1996; Bindu,1997; Ellis and
Hiroi, 1997; Raith et al., 1997; Bose et al., 2001; Pattison et al.,
2003; Sommer et al., 2008; Tadokaro et al., 2008; Gross et al.,
2009; Yang et al., 2015) have been processed through “Gt-
Bio.EXE” software. A comparison of the calculated lnKD and
1/T for different geothermometric models has been done. The
KD, lnKD, XFe Gt, XMg Gt, XCa Gt, XMn Gt, XMg Bt, XFe Bt,
XAl Bt and, XTi Bt of different rocks samples by different authors
are shown in Table 1 and the plots of lnKD vs 1/T plot are shown
in Figs. (1a-u) along with temperature distribution of specific
models are shown in Table 2.

The data selected in this way was used to check the
temperature dependence of the distribution coefficient.

Perchuk and Lavarente’va, 1983 (Fig. 1a) graph of lnKD
vs 1/T has been plotted as lnKD = 1875/ T (°C) – 1.470 with R²
= 0.997;

Thompson, 1976 (Fig. 1b) as lnKD = 1567/ T (°C) –
0.425 with R² = 0.996;

Ferry and Spear, 1978 (Fig. 1c) as lnKD = 1020/ T (°C)
– 0.040 with R² = 0.992;

Holdaway and Lee, 1977 (Fig. 1d) as lnKD = 1402/ T
(°C) – 0.723 with R² = 0.963;

Hoinkes, 1986(b) (Fig. 1e) as lnKD = 1032/ T (°C) –
0.003 with R² = 0.951;

Perchuk, 1977; 1981 (Fig. 1f) as lnKD = 1271/ T (°C) –
0.591 with R² = 0.926;
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+ 0.729 with R² = 0.659;

Kaneko and Miyano, 2004 (a) (Fig. 1r) as lnKD = 1364/
T (°C) -0.655 with R² = 0.652; Goldman and Albee, 1977 (Fig.
1s) as lnKD = 747.5/ T (°C) + 0.240 with R² = 0.647;

Gessman et al., 1997 (Fig. 1t) as lnKD = 844.9/ T (°C)
+ 0.236 with R² = 0.599; and Bhattacharya et al., 1992 (b) (Fig.
1u) as lnKD = 402.3/ T (°C) + 0.819 with R² = 0.526.

On the basis of different plots, it is observed that Perchuk
and Lavrente’va (1983); Thompson (1976); Ferry and Spear
(1978) and Holdaway and Lee (1977) are showing very good
relation between lnKD vs 1/T and maximum points are coming
in best fit lines and has high regression values.

CONCLUSION

Among the twenty-one geothermometer models of garnet-
biotite equilibrium considered for this comparative study,
Perchuk and Lavrente’va (1983); Thompson (1976); Ferry and
Spear (1978) and Holdaway and Lee (1977) are showing the
highest regression values and maximum points (values of
temperature) are coming in best fit lines (Figs. 1a-d). So, these
models can be considered empirically as the most appropriate
ones to be used for the calculation of temperature.

Hoinkes, 1986 A, (Fig. 1g) as lnKD = 1038/ T (°C) +
0.063with R² = 0.921;

Kaneko and Miyano, 2004(b) (Fig. 1h) as lnKD = 1570/
T (°C) –1.07 with R² = 0.909;

Indares and Martingole, (a. Newton and Haselton, 1981),
1985 (Fig. 1i) as lnKD = 882.6/ T (°C) -0.070 with R² = 0.903;

Perchuk et al., 1985 (Fig. 1j) as lnKD = 1740/ T (°C) –
1.234 with R² = 0.871;

Hodges and Spear, 1982 (Fig. 1k) as lnKD = 1044/ T
(°C) – 0.048 with R² = 0.870;

Holdaway et al., 1997 (Fig. 1l) as lnKD = –759.1/ T (°C)
+ 2.607 with R² = 0.855;

Pigage and Greenwood, 1982 (Fig. 1m) as lnKD = 1210/
T (°C) – 0.158 with R² = 0.851; Aranovich et al., 1988 (Fig.
1n) as lnKD = 1264/ T (°C) – 0.332 with R² = 0.780;

Bhattacharya et al., 1992 (a) (Fig. 1o) as lnKD = 985/ T
(°C) – 0.089 with R² = .767;

Indares and Martingole, (b. Ganguly and Saxena, 1984),
1985 (Fig. 1p) as lnKD = 837.3/ T (°C) + 0.028 with R² = 0.674;

Dasgupta et al., 1991 (Fig. 1q) as lnKD = 523.8/ T (°C)

Table 1: Data of KD, lnKD, XFe Gt, XMg  Gt, XCa  Gt, XMn  Gt, XMg  Bt, XFe  Bt, XAl  Bt and, XTi Bt of different rocks samples
by different authors
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However, Perchuk and Lavrente’va (1983) is the best
among them as the regression correlation coefficient value; R2

is close to 1 which indicates that the maximum points are coming

in best fit line. Therefore, the temperature value obtained by
the Perchuk and Lavrente’va (1983) model is more accurate as
compared to others.

Table 2: Data of the Calculated Temperature (ºC) of different rocks samples by different authors

Table 2: Continued.
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Fig. 1: (a) Perchuk and Lavarente’va, 1983, (b) Thompson, 1976, (c) Ferry and Spear, 1978, (d)  Holdaway and Lee, 1977,
(e) Hoinkes, 1986(b), (f) Perchuk, 1977; 1981, (g) Hoinkes, 1986 a, (h) Kaneko and Miyano, 2004(b), (i) Indares and
Martingole, (a. Newton and Haselton, 1981), 1985, (j) Perchuk et al., 1985, (k) Hodges and Spear, 1982, (l) Holdaway et
al., 1997, (m) Pigage and Greenwood, 1982, (n) Aranovich et al., 1988, (o) Bhattacharya et al., 1992, (p) Indares and
Martingole, (b. Ganguly and Saxena, 1984), 1985, (q) Dasgupta et al., 1991, (r)   Kaneko and Miyano, 2004 (a), (s) Goldman
and Albee, 1977, (t) Gessman et al., 1997, and (u)  Bhattacharya et al., 1992 (b)
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