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Abstract The purpose of this study is to derive a solid-
solution model for potassic white micas (KWM)
encountered in rocks of various bulk compositions, over
a wide range of P–T conditions. A compilation of
phengite compositions lead us to propose a seven-ther-
modynamic-component (muscovite, Fe2+-Al-celado-
nite, Mg-Al-celadonite, annite, phlogopite, pyrophyllite
and paragonite) ionic solid-solution model which ac-
counts for the Tschermak, Fe–Mg, di/trioctahedral,
pyrophyllitic and paragonitic substitutions observed in
nature. A four-site mixing model with symmetric Mar-
gules parameters to model the Tschermak substitutions,
asymmetric Margules parameters to model the other
substitutions, and ideal intersite interaction has been
adopted. In contrast to previous models, the relevant
thermodynamic data and solid-solution properties are
calibrated with independent sets of published experi-
ments conducted for the KMASH, KFASH, KFMASH,
and KNASH systems, as well as about 200 natural data
involving KWM assemblages. The constraints span a
wide range of pressure and temperature conditions (150
to 750 �C, 0.5 to 30 kbar), so that our model does not
need to be extrapolated outside the calibration range to
be used for P–T thermobarometric purposes. The cal-
culated thermodynamic data are interconsistent with the

TWQ thermodynamic database and solid-solution
models, including that recently published for chlorites.

Introduction

Dioctahedral potassic white micas (KWM: Rieder et al.
1998) display chemical composition variations which
were shown experimentally to depend on thermobaro-
metric conditions (Velde 1965; Chatterjee and Froese
1975; Krogh and Raheim 1978; Green and Hellman
1982; Massonne and Schreyer 1986, 1987; Cathelineau
1988; Cathelineau and Izquerdo 1988; Hynes and Forest
1988; Massonne and Schreyer 1989; Blencoe et al. 1994;
Guidotti et al. 1994a, 1994b; Massonne and Szpurka
1997; Guidotti and Sassi 1998b; Schmidt 1998). In the
last decade, a considerable amount of natural data
bearing on the composition of KWM as a function of
pressure (P), temperature (T) and bulk-rock composi-
tion also accumulated (see Guidotti and Sassi 1998b for
a review). The temperature- or pressure-controlled
compositional changes of muscovite and associated
phases have led to the formulation of various empirical
geothermometers or barometers (see Essene and Peacor
1995 for a review). The most important limitation of the
empirical thermometers or barometers is that they are
based on only one exchange reaction (e.g., Na–K or
Fe2+–Mg) whereas the compositional variability of
KWM results from at least six major substitutions (see
below). For this reason, the range of compositions for
which the empirical thermometers can be used is both
limited and questionable (Essene and Peacor 1995;
Guidotti and Sassi 1998b). The only way to improve this
situation is through the use of thermodynamics. Two
models were recently proposed by Massonne and
Szpurka (1997) and Holland and Powell (1998), which
are compatible with the internally consistent thermo-
dynamic databases of Berman (1988) and Holland and
Powell (1998), respectively. In both cases, the composi-
tion of KWM is expressed as a linear combination of
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Mg-Al-celadonite and muscovite (Holland and Powell
1998), + Fe-Al-celadonite + trioctahedral mica +
paragonite + Ti-WM (Massonne 1995; Massonne and
Szpurka 1997; cf. Table 1 for abbreviations). Although
these models provide new insights on the petrologic
significance of KWM, their application for thermo-
barometric purposes is still limited for the following
reasons.

1. The model proposed by Holland and Powell (1998) is
a four-site ideal model which does not account for
non-ideal K–Na interactions. Therefore, the influence
of composition and P–T conditions on the shape of
the muscovite–paragonite–pyrophyllite solvi cannot
be quantified and compared with natural data. This
can be done with Massonne and Szpurka’s (1997)

non-ideal molecular mixing model. However, Biino
and de Capitani (1995) have shown the ambiguity of
the ternary term expression for Gexcess given by
Massonne (1995) and later utilized by Massonne and
Szpurka (1997). Moreover, the model proposed by
Massonne and Szpurka (1997) is constrained only by
experiments conducted in the simplified chemical
systems KMASH or KFASH. The authors did not
consider independent experiments conducted in
KFMASH, such as the Fe–Mg partitioning between
garnet and phengite (Krogh and Raheim 1978; Green
and Hellman 1982), to check the validity of the
thermodynamic properties for intermediate Fe–Mg
KWM compositions. Also, they did not take into
account the substitution(s) responsible for the
vacancies in the interfolial site, as discussed below.

Table 1. Abbreviations and
structural formula of minerals
used in this study. * After Kretz
(1983), ** after Holland and
Powell (1998)

Mineral Structural formula Abbreviation

K white mica solid solution (K, Na)0–1(Al, Mg, Fe
2+)2–3(Si, Al)4O10(OH)2 KWM

Muscovite KAl2(Si3Al)O10(OH)2 Ms*
Mg-Al-celadonite K(MgAl)(Si4)O10(OH)2 Mg-ACel
Fe2+-Al-celadonite K(Fe2+Al)(Si4)O10(OH)2 Fe2+-ACel
Phlogopite KMg3(Si3Al)O10(OH)2 Phl*
Pyrophyllite Al2(Si4)O10(OH)2 Prl*
Paragonite NaAl2(Si3Al)O10(OH)2 Pg*
Chlorite solid solution (Al, Mg, Fe2+)4–3(Al, Mg, Fe

2+)2(SiAl)4O10(OH)8 Chl
Amesite Mg4Al2(Si2Al2)O10(OH)8 Ames**
Clinochlore Mg4(AlMg)(Si3Al)O10(OH)8 Clin**
Daphnite Fe2+4(AlFe

2+)(Si3Al)O10(OH)8 Daph**
Sudoite Mg2Al3(Si3Al)O10(OH)8 Sud
Garnet solid solution Gt
Almandine Fe2+3Si3Al2O12 Alm*
Pyrope Mg3Si3Al2O12 Pyp*
Grossular Ca3Si3Al2O12 Grs*
Spessartine Mn2+3Si3Al2O12 Sps*
Biotite solid solution Bt
Annite KFe2+3(Si3Al)O10(OH)2 Ann*
Phlogopite KMg3(Si3Al)O10(OH)2 Phl*
Chloritoid solid solution Cld
Fe2+-chloritoid Fe2+Al2SiO5(OH)2 Fe2+-Cld*
Mg-chloritoid MgAl2SiO5(OH)2 Mg-Cld*
Feldspar solid solution Fd
Potassic feldspar K(Si3Al)O8 K-Fd
Albite Na(Si3Al)O8 Ab*
Anorthite Ca(Si3Al]O8 An*
Others
Ca-amphiloles Ca2Na0–1(Mg, Fe

2+, Fe3+, Al)5(Si6–8Al2–0)O22(OH)2 Ca-Amph
Glaucophane Na2Mg3(Si8Al2)O22(OH)2 Gln**
Ca-Na-clinopyroxenes (Ca, Na)(Mg, Fe2+, Mn, Al)(Si, Al)2O6 Ca-Na-CPx*
Sillimanite Al2O3 Sill*
Andalusite Al2O3 And*
Kyanite Al2O3 Ky*
Mg-carpholite MgAl2Si2O6(OH)4 Mcar**
Talc Mg3(Si4)O10(OH)2 Tlc*
Quartz SiO2 Qtz*
Coesite SiO2 Coe*
Water H2O W*
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2. The amount of excess Si compared to the ideal number
of 3 a.p.f.u. muscovite is assumed to result solely from
the Tschermak substitution (TK) between muscovite
and Al-celadonite (TK: SiIV+(Mg+Fe)VI =AlI-
V+AlVI). As discussed below, this assumption is
probably justified for KWM crystallizing at high T
and low P. However, under low-T and high-P condi-
tions, a linear combination ofMs, Fe-ACel,Mg-ACel,
Tri and Pg often fails to reproduce the KWM com-
positions observed in natural samples which show a
significant proportion of vacancies, with large Si but
low (Fe+Mg) contents (Lambert 1959; Wang and
Banno 1987; Frey et al. 1988; Baldelli et al. 1989;
Bousquet 1998; Leoni et al. 1998; Agard 1999; Vidal
and Parra 2000; Agard et al. 2001). A likely explana-
tion for this combined increase of vacancies and Si
content is the existence of the pyrophyllite substitution
from muscovite toward pyrophyllite (P: KXII+A-
lIV=hXII+SiIV; see Guidotti and Sassi 1998a, 1998b
for reviews). Hence, for these low-grade KWM, the
molar fraction of Al-celadonite and the inferred
pressure conditions will be overestimated if calculated
from the observed Si content alone (Agard et al. 2001).

3. Phengite is often intimately associated with chlorite in
rock microstructures (e.g., Worley et al. 1997; Vidal
and Parra 2000; Trotet et al. 2001a, 2001b). Chlorite
minerals also show P-T-dependent compositional
variations (Vidal et al. 2001), so that P–T conditions
can be calculated using chlorite–phengite assemblages
(Vidal and Parra 2000). For example, pressure condi-
tions can be estimated from the location of the
‘‘Tschermak exchange’’ reaction between chlorite
and phengite at fixed T (i.e., Mg-amesite + Mg-Al-
celadonite = muscovite + clinochlore). Such
estimates are particularly interesting for rocks devoid
of low-variance parageneses. However, available
thermodynamic data and solid-solution models for
phengite (Massonne and Szpurka 1997; Holland and
Powell 1998) were not constrained with equilibria in-
volving chlorite and have not been extensively tested
against natural assemblages involving this mineral.
For this reason, the compatibility of the chlorite and
phengite solid-solution models is questionable.

In this study, we therefore propose a new solid-
solution model for KWM and standard-state thermo-
dynamic data for Mg-Al-celadonite and Fe2+-Al-ce-
ladonite. In order to minimize the problems mentioned
above, the unknown thermodynamic properties are de-
rived from the consideration of (1) experimental results
available in the literature for KMASH, KFASH,
KFMASH and KNASH systems, and (2) natural data
covering a large range of independently known P–T
conditions. To ensure compatibility between the chlorite
and phengite solid-solution models, a large part of these
natural data involves both minerals, and the equilibrium
P–T conditions were recalculated using the chlorite
model of Vidal et al. (2001).

Provisional thermodynamic data on the KWM solid
solution were published by Vidal and Parra (2000). The-
present model takes into account additional natural and
experimental data which help better constrain the solid-
solution properties and thermodynamic data of KWM.

Compositional variability and relevant substitutions

The compositional variability of KWM was recently
reviewed by Guidotti and Sassi (1998a, 1998b). The
most common isomorphous substitutions are listed be-
low (Figs. 1, 2).

1. TK: the Tschermak substitution (SiIV(Mg, Fe2+)VI

=AlIVAlVI), which extends from ideal muscovite to
the theoretical Al-celadonite end member, K(Mg,
Fe2+)Al(Si4O10)(OH)2.

2. Pa: the paragonitic substitution (KXII=NaXII), which
is limited to KWM-rich and paragonite-poor com-
positions.

3. FM: the FeMg–1 substitution, which is almost com-
plete over the whole range of compositions between
Mg- and Fe-Al-celadonite end members.

4. Fe3: the ferrimuscovite substitution (AlVI, VI=Fe3+),
which can be significant depending on the oxygen
fugacity (Guidotti and Yates 1994).

5. P: the deficiency at the XII site, which produces in-
terlayer-deficient, illitic KWM (Rieder et al. 1998).
According to Guidotti and Sassi (1998a, 1998b), the
alkali deficiency at the XII site can be due to the
substitution of K+ by H3O

+, NH4
+ or H2O, or to

the pyrophyllitic substitution (P: (Na, K)XIIAlIV

=hXIISiIV) from the muscovite–Al-celadonite to-
wards pyrophyllite. For the reasons outlined by
Guidotti and Sassi (1998a, 1998b), alkali loss during
EMPA analyses should be considered as unimportant
(see below).

6. DT: the di/trioctahedral substitution (hVIAlVIAlVI

=3(Fe2+, Mg)VI), which is responsible for an excess
of octahedral content above the ideal value of
Al-celadonite and muscovite (2 a.p.f.u.). This sub-
stitution leads to intermediate compositions between
the muscovite–Al-celadonite binary and biotite end
members (K(Mg, Fe2+)3(Si3AlO10)(OH)2.

As outlined by Guidotti and Sassi (1998b), various
problems are encountered during standard EMPA of
KWM, among which the most important are the in-
ability to determine Fe3+ and the nature of interlayer
vacancies. Any attempt to use EMPA analyses of nat-
ural KWM for geothermobarometry should therefore
first address the question of substitutions (4) and (5).

The pyrophyllitic substitution

This substitution is well known in low-grade, low-pres-
sure environments where Si-rich and interlayer-deficient,
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illitic KWM crystallize (Rieder et al. 1998; Frey and
Robinson 1999). In metamorphic rocks, too, silica-rich
and alkali-deficient KWM compositions were reported
by Wang and Banno (1987), Bousquet (1998), Vidal and
Parra (2000) and Agard et al. (2001). In these studies,
the observed correlation between the Si, (Fe+Mg) and
vacancy contents cannot be explained by the substitu-
tions of K+ by H3O

+, NH4
+ or H2O, but rather by the

incorporation of a pyrophyllite component (Table 2).
The existence of a pyrophyllite component in KWM is

also suggestedbyFig. 1,wheremost of the ca. 300 analyses
plot on the muscovite/paragonite–pyrophyllite binary
(within microprobe errors) and show a trend towards
pyrophyllite. This indicates that the excess of silica (which
was recalculated after taking into account the paragonite,
pyrophyllite andmuscovite parts; Fig. 1), compared to the
ideal value of 3 a.p.f.u.muscovite, does not result from the
TK substitution (Al-celadonite content) alone.
What remains unknown is whether this pyrophyllite

component corresponds to a mechanical mixture or to a
solid-solutionphase.TheTEMobservations of Jiang et al.
(1990) indicate that phyllosilicates of illite composition
(as seen by EMPA) crystallizing in LT and LP pyro-
phyllite- andmuscovite-bearingmetapelites are actually a
mechanical mixture of pyrophyllite and muscovite. From
these observations, Jiang et al. (1990, 1992) concluded
that illite is metastable with respect to pyrophyllite and
muscovite. This conclusion is questioned by other TEM
investigations of low-temperature samples. For example,
Aja et al. (1991a, 1991b), Aja and Rosenberg (1992),
Yates and Rosenberg (1993, 1996), and Aja (1995)
claimed that compositions which cannot be taken for a
mechanicalmixture of pyrophyllite andmuscovite (hence,
a single illitic phase) formedwithin preexistingmuscovite.

Fig. 1. KWM interfolial cation occupancy (Na+K a.p.f.u.) versus
KWM Si content projected on the (Ms+Pg)–Prl binary. The Si
content is recalculated from the end-member decomposition,
considering only the muscovite, the paragonite and the pyrophyllite
end members: Si=(4·XPrl+3·(XMs+XPg))/(XPg+XMs+XPrl). A
chemical analysis resulting from a true pyrophyllitic substitution
should lie on the continuous line, or at least within the dashed lines
which account for microprobe errors (2r value). Open circles
represent natural data from Table 5 (with 1r standard deviation)
whose composition can be explained by the pyrophyllitic exchange.
Closed circles represent outliers (�12%) whose composition may
result from substitutions not considered in this study and/or
contamination by other minerals like quartz

Fig. 2. Relevant substitutions responsible for the compositional
variability of white micas represented in a Al–K–(Fe+Mg) ternary
diagram. The composition of white mica can be expressed as a
combination of Al-(Fe+Mg)-celadonite (Cel Si4AlMgKO10
(OH)2), muscovite (Ms Si3Al2KO10(OH)2), pyrophyllite (Prl Si4
Al2O10(OH)2) and trioctaedral K micas, such as phlogopite and
annite (Phl Si3AlFe3KO10(OH)2; Ann Si3AlFe3KO10(OH)2)
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Table 2. Influences of alkali loss or the assumption Fetotal=Fe
2+ on KWM structural formulae, for three chemical analyses of KWM

Phengite analysis calculated on 11 oxygens

Number 1a 2 3

Max.
Fe3+

All
Fe2+

10%
alkali loss

Max.
Fe3+

All
Fe2+

10%
alkali loss

Max.
Fe3+

All Fe2+ 10%
alkali loss

SiO2 48.050 48.050 48.050 50.511 50.511 50.511 49.796 49.796 49.796
TiO2 0.060 0.060 0.060 0.203 0.203 0.203 0.205 0.205 0.205
Al2O3 33.820 33.820 33.820 26.204 26.204 26.204 26.016 26.016 26.016
FeO total 3.060 3.060 3.060 3.199 3.199 3.199 3.786 3.786 3.786
MnO 0.030 0.030 0.030 0.025 0.025 0.025 0.000 0.000 0.000
MgO 1.010 1.010 1.010 2.721 2.721 2.721 2.328 2.328 2.328
CaO 0.090 0.090 0.090 0.069 0.069 0.069 0.000 0.000 0.000
Na2O 0.580 0.580 0.580 0.359 0.359 0.359 0.217 0.217 0.217
K2O 9.250 9.250 8.325 10.117 10.117 9.105 10.350 10.350 8.733
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 94.660 94.660 94.660 96.350 96.350 96.350 95.360 95.360 95.360
Si 3.148 3.173 3.184 3.432 3.446 3.459 3.425 3.438 3.460
Ti 0.003 0.003 0.003 0.010 0.010 0.010 0.011 0.011 0.011
Al 2.612 2.632 2.641 2.098 2.107 2.115 2.109 2.117 2.130
Fe2+ 0.000 0.169 0.170 0.097 0.182 0.183 0.133 0.219 0.220
Fe3+ 0.168 0.000 0.000 0.085 0.000 0.000 0.084 0.000 0.000
Mn 0.002 0.002 0.002 0.001 0.001 0.001 0.000 0.000 0.000
Mg 0.099 0.099 0.100 0.276 0.277 0.278 0.239 0.240 0.241
Ca 0.006 0.006 0.006 0.005 0.005 0.005 0.000 0.000 0.000
Na 0.074 0.074 0.075 0.047 0.047 0.048 0.029 0.029 0.029
K 0.773 0.779 0.704 0.877 0.880 0.795 0.908 0.911 0.774
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 6.884 6.937 6.883 6.929 6.956 6.896 6.937 6.964 6.866
Si 3.148 3.173 3.184 3.432 3.446 3.459 3.425 3.438 3.460
Ti 0.003 0.003 0.003 0.010 0.010 0.010 0.011 0.011 0.011
Al(IV) 0.849 0.824 0.813 0.557 0.544 0.530 0.565 0.552 0.529
Al(VI) 1.763 1.807 1.828 1.541 1.563 1.585 1.544 1.565 1.601
Mg(M2) 0.068 0.072 0.064 0.277 0.264 0.250 0.239 0.228 0.209
Fe(M2) 0.000 0.118 0.105 0.097 0.174 0.165 0.133 0.208 0.190
Fe3+(M2) 0.168 0.000 0.000 0.085 0.000 0.000 0.084 0.000 0.000
Mn(M2) 0.002 0.002 0.002 0.001 0.001 0.001 0.000 0.000 0.000
Mg(M1) 0.031 0.028 0.036 0.000 0.013 0.028 0.000 0.012 0.033
Fe(M1) 0.000 0.051 0.065 0.000 0.009 0.018 0.000 0.011 0.030
v(M1) 0.969 0.921 0.899 1.000 0.978 0.954 1.000 0.977 0.938
K(A) 0.773 0.779 0.704 0.877 0.880 0.795 0.908 0.911 0.774
Na(A) 0.074 0.074 0.075 0.047 0.047 0.048 0.029 0.029 0.029
m(A) 0.153 0.147 0.222 0.076 0.072 0.157 0.063 0.060 0.197
Fe3+Musc 0.084 0.000 0.000 0.042 0.000 0.000 0.042 0.000 0.000
Prl 0.153 0.147 0.222 0.076 0.072 0.157 0.063 0.060 0.197
Phl 0.000 0.048 0.062 0.000 0.009 0.019 0.000 0.011 0.030
Ann 0.031 0.029 0.037 0.000 0.014 0.029 0.000 0.012 0.033
Pg 0.074 0.074 0.075 0.047 0.047 0.048 0.029 0.029 0.029
Fe-ACel 0.000 0.024 –0.016 0.097 0.155 0.127 0.133 0.185 0.131
Mg-ACel 0.006 0.013 –0.011 0.277 0.236 0.193 0.239 0.203 0.143
Ms 0.660 0.673 0.640 0.468 0.473 0.435 0.494 0.500 0.438
Total 1.008 1.008 1.008 1.007 1.007 1.007 1.000 1.000 1.000
Prl criterion 0.020 0.017 0.015 0.053 0.050 0.088 0.045 0.042 0.100
Tsch. criterion 0.003 0.021 –0.011 0.067 0.058 0.101 0.058 0.049 0.111
dSi –0.031 –0.032 –0.032 –0.029 –0.029 –0.029 0.000 0.000 0.000
dAlVI –0.017 –0.017 –0.017 –0.014 –0.014 –0.014 0.000 0.000 0.000
d(Mg+Fe2+) 0.000 0.000 0.000 0.000 –0.001 –0.001 0.000 0.000 0.000
dK –0.008 –0.008 –0.008 –0.007 –0.007 –0.007 0.000 0.000 0.000

aFor each analysis, we show the EMP analysis, the structural for-
mulae calculated on 11 oxygens, the cation distribution for the
solid-solution model used in this study (see Table 3), the end-
member decomposition, the exchange criteria for the Tschermak
and the pyrophyllite vectors (see Appendix), and the scatter (d)
between the real cation content and the content recalculated from
the end-member decomposition for Si, AlIV, (Fe+Mg) and K. In
order for the chemical analysis to be a linear combination of the
end members, each end-member proportion must be positive and

the total must be equal to one (within the uncertainty due to EMP
analysis: ±0.025). Similarly, the d must be lower than 0.05 (value
from microprobe uncertainties). If the Si content results from the
Tschermak and pyrophyllitic vectors only, the Prl and Tsch. ex-
change criteria will be verified and the values lower than 0.060 and
0.070, respectively (see Appendix). For each analysis, we report the
effect of the Fe3+ content in the first column, and the effect of the
alkali loss in the third column. The second column corresponds to
structural formulae assuming all iron is Fe2+
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These contrasting results suggest that TEM investigations
may not be sufficient to solve the question of illite meta-
stability and the existence of the pyrophyllite substitution
at low T and P. Nevertheless, the correlation between the
extent of the pyrophyllite substitution andP–T conditions
(in low-T blueschist and greenschist facies environments;
Wang and Banno 1987; Leoni et al. 1996, 1998; Vidal and
Parra 2000; Agard et al. 2001; Trotet et al. 2001a, 2001b)
seems more difficult to explain if pyrophyllite is a
mechanical phase rather than a phase component (solid-
solution endmember). Consequently, in this study we will
attribute the interfolial deficiency to the P substitution.

The ferrimuscovite substitution

The distinction between Fe2+ and Fe3+ is sometimes
made by plotting the EMP data in Si–Altotal diagrams
(Frey et al. 1988; Dalla Torre et al. 1996). Unfortunately,
this plot is ambiguous when dealing with KWM con-
taining a significant proportion of pyrophyllite and/or
trioctahedral components. In fact, the incorporation of
pyrophyllite leads to compositions plotting above the Al-
celadonite–muscovite line, whereas the incorporation of
ferrimuscovite and trioctahedral mica leads to composi-
tions plotting below this line. Guidotti and Yates (1994)
designed a method to broadly estimate the Fe3+ content
of KWM, based on the opaque phase mineralogy. How-
ever, in the absence of directmeasurement, it is impossible
to estimate precisely the Fe3+ content from EMPA, and
KWM are generally calculated assuming that Fetotal
=Fe2+. For Mg-rich natural KWM used in the present
study, this common assumption has an influence on the
calculated proportions and activities of the Fe-bearing
end members (i.e., Fe-Al-celadonite, ferrimuscovite and
annite) but almost none on their sum as well as on the
atom distribution at the T2, M1, M2 and A sites, as seen
from Table 2 (except for the Fe2+ content). This is mainly
due to the large dilution of Fe3+ in these KWM. There-
fore, whatever the assumptions regarding the oxidation
state of iron, the activities of Mg-Al-celadonite, musco-
vite, pyrophyllite and paragonite in KWM, and the P–T
estimates involving these end members are almost un-
changed (Vidal and Parra 2000). On the basis of these
observations, KWMstructural formulae are calculated in
the following, assuming that Fetotal=Fe

2+.

KWM solution model

Cation ordering and site distribution

The crystal structure of potassic white micas (KWM) is
illustrated in Fig. 3. The basic layered T–O–T structure
consists of a layer of octahedrally coordinated cations
(Al, Fe, Mg) and two identical (Si, Al)O3(OH) tetrahe-
dral layers (Bailey 1975, 1984a, 1984b). Twelve coordi-
nated interlayer cations (K, Na, etc.) are located between
two T–O–T layers. Six distinct sites can be recognized:

two tetrahedral (T1)2 and (T2)2, three octahedral (M1)
(M2) and (M3), and one interlayer A site.
The distribution of cations among the different sites is

constrained by the following observations.

• Tetrahedral ordering is favored in the 3T structures,
for phengitic compositions, and for Si:AlIV ratios near
1:1 (Bailey 1984a). For the other polytypes, refine-
ments did not lead to the detection of any substantial
degree of tetrahedral ordering in micas (see Bailey
1984a for more details). However, Haselton et al.
(1995) claimed that comparison of the entropy of
muscovite derived from heat capacity and heat con-
tent measurements suggests that the distribution of Al
and Si in tetrahedral sites of 2M1 muscovite is nearly
ordered. This indicates short-range Al/Si ordering, at
least to the extent of obeying the Al-avoidance rule. In
the following we assume a partial Si/Al ordering with
T1 filled by Si only.

• Octahedral cation ordering occurs between cations of
different sizes and charges (see Table 5 of Bailey
1984a). In particular, AlVI shows a strong preference
for M2 and M3 sites, whereas the vacancies and the
excess of Fe+Mg cations resulting from the di/tri-
octahedral substitution are primarily located in the
larger M1 octahedrons (see Table 5 of Bailey 1984a).

The cation site distribution model used here, which
stems from the above constraints, is given in Table 3.
This model does not differentiate the M2 and M3 sites of
similar sizes (collectively referred to as the M2 site of
multiplicity 2).

Thermodynamic formulation and relevant
thermodynamic properties

The formalism used in this study to calculate the end-
member, standard-state thermodynamic properties and

Fig. 3. Simplified sketch of the KWM crystal structure, illustrating
the relative sizes of the M2 and M3 octahedral sites (shaded) and
the vacant M1 site in 2M1-muscovite (Bailey 1984a)
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the mixing parameters is similar to that described by
Berman and Brown (1984) and Mäder et al. (1994), and
used by Vidal et al. (2001) for chlorites.
For any balanced chemical reaction among j species,

the equilibrium condition is

0 ¼
X
j

mjDaG
P ;T
j þ RT lnK ð1Þ

where mj is the stoichiometric reaction coefficient, DaG
P, T

is the change in the apparent Gibbs free energy of for-
mation, and K is the equilibrium constant which can be
written as

K ¼
Y
j

ðacmÞ
mj
j

" #
equilibrium

ð2Þ

where aideal is the ideal (configurational) part of the ac-
tivity, and cm is the activity coefficient, accounting for
non-ideal contributions to the activity. For the sym-
metric interactions assumed at the octahedral sites T2,
M2 and M1, cm is computed from the following equa-
tion, which is a simple extension of the classic Wohl’s
equation (Cheng and Guanguly 1994) but dropping the
ternary interactions terms:

ns:R:T : ln cm ¼
X

Wij:xi:xj:
Qm:rm
xm:ns

� 1
� �

ð3aÞ

where ns is the multiplicity of site s, rm the number
of cations m at each site, xm the mole fraction of
cation m at site s, Wij the Margules parameters
(Wij=W

H
ij+W

S
ij·T+WV

ij·P), and Qm the number of i,
j subscripts which are equal to m.
For the asymmetric interactions assumed at the

interlayer site AXII, cm is computed from

ns:R:T : ln cm ¼
X

Wijk :xi:xj:xk :
Qm

xm
� 2

� �
ð3bÞ

Equation (1) can be rearranged to compute the un-
known thermodynamic parameters for known mineral
compositions and P–T conditions. A four-site mixing
model and ideal intersite interaction have been adopted
to model chemical exchange in KWM (Tables 3 and 4).
The input data discussed below are insufficient to

derive a unique estimate of each solution parameter for
all possible interactions at each site (Table 3). For this
reason and by analogy to the chlorite model deri-
ved by Vidal et al. (2001), intersite interactions, WAl–Si at
T2 and WFe–Mg at M2 and M1 were assumed to be zero
(ideal behavior of same ionic radius cations). For the
symmetric interaction model between cations at M2
used in this study, CAl–Fe–Mg at M2 is equal to zero
(Cheng and Ganguly 1994). At site A, the components
have different energetic properties, which precludes to
estimate the CK–Na–m parameter as suggested by Cheng
and Ganguly (1994). CK–Na–m was assumed to be zero.
The remaining adjustable Margules parameters are
therefore WAl–Mg and WAl–Fe at M2,Wh–Mg and Wh–Fe

at M3, and WNa–m, Wm–Na, WK–m, Wm–K, WK–Na and
WNa–K at A

XII. Moreover, since the trioctahedral con-
tent is largely dependent on the Fe3+ content, we as-
sumed that Wh–Mg=Wh–Fe=0 at M1. As a
consequence, the DT substitution is not calibrated, and
the annite and phlogopite end members should not be
used to estimate pressure and temperature.
The standard-state properties of muscovite, parago-

nite, and pyrophyllite were taken from the database of
Berman (1988). The remaining adjustable standard-state
properties are the enthalpy, molar volume and third-low
entropy of Mg- and Fe-Al-celadonite.

Input data

Thermodynamic properties are primarily constrained
with available experimental data, which are then ad-
justed and extrapolated outside the P-T-composition
experimental range using selected natural data.

Experimental constraints

The available experimental data provide constraints on
Mg–Al, Fe–Al, Fe–Mg and K–Na interactions. The

Table 4. Ideal part of the act-
ivity of the KWM end mem-
bers, calculated for a multisite
ionic model

End member Ideal part of activitya

Muscovite aMs=((Si–2)/2)•(AlIV/2)•4•(AlVI/2)2•q•K
Paragonite aPg=((Si–2)/2)•(AlIV/2)•4•(AlVI/2)2•q•Na
Mg-Al-celadonite aMg-Al-cel=((Si–2)/2)

2•(AlVI/2)•(MgM2/2)•4•q•K
Fe2+-Al-celadonite aFe2+-Al-cel=((Si–2)/2)

2•(AlVI/2)•(FeM2/2)•4•q•K
Pyrophyllite aPrl=((Si–2)/2)

2•(AlVI/2)2•q•m
Annite aAnn=((Si–2)/2)•(AlIV/2)•4•(FeM2/2)2•FeM1•K
Phlogopite aPhl=((Si–2)/2)•(AlIV/2)•4•(MgM2/2)2•MgM1•K

a
q represents the M1-site vacancy

b m represents the interlayer vacancy

Table 3. Cation distribution for the different end members in the
four sites of the K white mica (KWM) solid solution

End member T2(2) M2(2) M1(1) A(1)

Muscovite SiAl AlAl q
a K

Paragonite SiAl AlAl q Na
Mg-Al-celadonite SiSi AlMg q K
Fe2+-Al-celadonite SiSi AlFe2+ q K
Pyrophyllite SiSi AlAl q mb

Annite SiAl Fe2+Fe2+ Fe2+ K
Phlogopite SiAl MgMg Mg K

a
q represents the M1-site vacancy

b m represents the interlayer vacancy

712



octahedral interactions are constrained by data in
the KMASH, KFASH, and KFMASH systems, whereas
the K–Na interaction is constrained by the data in the
KNASH system.

KMASH and KFASH systems

Massonne and Schreyer (1986, 1987, 1989), Massonne
(1995) and Massonne and Szpurka (1997) reported nu-
merous experimental data in both systems dealing with
the P-T-composition dependency of KWM in equilibri-
um with either K-feldspar + phlogopite + quartz
(FkPQ), pyrope + kyanite + quartz/coesite (PyKQ/C),
talc + kyanite + quartz/coesite (TaKQ/C), or alman-
dine + kyanite + quartz/coesite (AKQ/C), respectively.
The experiments involving talc were not included in the
input data set because of the uncertainties on its stan-
dard-state properties and activity-composition relation-
ship. For the AKQ/C equilibria, run GV57 was not
considered because the octahedral occupancy was not
determined. Run GV60 was also omitted because it led
to the crystallization of an Md polytype, whereas 2M1
polytypes crystallized in all the other runs. For the re-
maining data, the activity of all phases except KWM
and phlogopite were assumed to be unity. The activity of
phlogopite estimated by Massonne and Szpurka (1997)
was allowed to vary within ±0.02. The uncertainties
estimated by Massonne and Schreyer (1987) and Mass-
onne and Szpurka (1997) on the KWM Si content
(r(Si)T1+T2=±0.04 a.p.f.u.) and octahedral occupancy
(r(Oct.)M2+M3=±0.015 a.p.f.u) were enlarged to
±0.05 and ±0.02, respectively. These latter values are
believed to be more realistic and account for the differ-
ences observed between the Si contents derived from
XRD and EMPA (e.g., for the runs V934 and V940). As
the Al:Mg ratio at the M2 site results from the TK and
DT substitutions, uncertainties on Mg and Al contents
at M2 correspond to r(Al)M2=r(Mg)M2=r(Si)T1+T2
+2·r(Oct.)M2+M3=±0.09. Following Massonne and
Szpurka (1997), a 2r error of ±2% on temperature was
assumed for the buffered experiments (±1% for other
experiments), and a 2r error of ±1% on pressure.

KFMASH system

Krogh andRaheim (1978) andGreen andHellman (1982)
have investigated the evolution of the Fe2+–Mg distri-
bution between garnets and KWM. Green and Hellman
(1982) studied the Fe–Mg exchange reaction between the
two minerals by reacting natural phengite and garnet in
the presence of quartz at temperatures between 800 and
1,000 �C and water pressures between 20 and 35 kbar. We
only used experiments which contain ‘‘true’’ phengite
(runs with KWM octahedral occupancy close to 2.5 were
omitted), and for which EMPA are available. Krogh and
Raheim (1978) used a set of three experiments combined
with data for natural rocks to calibrate three Fe–Mg

exchange geothermometers depending on bulk-rock
composition. We used the experimental runs which were
carried out at 30 kbar and temperatures between 700 and
1,000 �C. In both cases, we assumed 2r uncertainties of
±1,000 bar and ±25 �C on pressure and temperature,
respectively, and a 2r uncertainty of 5% was introduced
on lnKD=ln((Fe/Mg)Gt/(Fe/Mg)Pheng) to account for the
uncertainties on the compositions given by the authors.

KNASH system

Major inconsistencies exist among the different sets of
experimental data dealing with the location and shape of
the muscovite–paragonite solvus (Eugster and Yoder
1955; Iiyama 1964; Eugster et al. 1972; Blencoe 1974;
Chatterjee and Froese 1975; Blencoe 1977; Chatterjee
and Flux 1986; Roux and Hovis 1996). Blencoe et al.
(1994) suggested that the thermodynamic model of
Chatterjee and Froese (1975; constrained by experiments
from Eugster et al. 1972) best fits natural data. For this
reason, we preferentially used the experimental results of
Eugster et al. (1972) to constrain the WK–Na and WNa–K

Margules parameters. These experimental results were
combined with all the available volume measurements
on the paragonite–muscovite binary (Burnham and
Radoslovich 1964; Zen et al. 1964; Guven 1971; Roth-
bauer 1971; Eugster et al. 1972; Chatterjee 1974; Chat-
terjee and Johannes 1974; Flux and Chatterjee 1986;
Roux and Hovis 1996).

Natural data

Selection of the analyses

About 250 analyses of KWM from the literature, from
various rock compositions and parageneses formed un-
der contrasting P–T conditions (Table 5) were selected
according to the following criteria.

1. They span a range of P–T conditions large enough to
permit extrapolation of the solid-solution model
outside the experimental P–T range.

2. Mineral assemblages, or the geological context, pro-
vide independent P–T estimates.

3. Textural and chemical evidences testify to equilibri-
um between the relevant minerals (lack of reaction
features). When different mineral generations ap-
peared to coexist in the same thin section, we selected
the analyses likely to correspond to the peak of
pressure, that is, analyses showing the largest Al-ce-
ladonite content. When enough analyses were avail-
able, we averaged the compositions representative of
a population of at least three analyses in the same
thin-section area. If zoning was evidenced (as is
sometimes the case in KWM, Dempster 1992), we
considered rim analyses only.

4. In order to limit the possibility for KWM to contain
Fe3+, we preferentially used carboneous-bearing sam-
ples. This guarantees at least a low oxygen fugacity,
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and consequently a low Fe3+ content in KWM
(Guidotti and Yates 1994).

5. Quartz is in excess (or coesite for UHP assemblages).
6. In order to discard contaminated analyses, we only
retained EMP analyses with an oxygen sum between
92 and 96 wt%, and showing less than 0.5 wt%
(TiO2+MnO+CaO). Moreover, they are strictly a
linear combination of the seven end members (Mg-
and Fe-Al-celadonite, muscovite, annite, phlogopite,
paragonite, muscovite and pyrophyllite) and satisfy a
series of equalities (for further details, see Appendix).
Only 250 analyses out of the initial set of 300 fulfilled
these criteria (outliers in Figs. 1 and 4 were discarded).

Type of parageneses and P–T conditions of reference

The natural samples used to constrain thermodynamic
data correspond to four different ranges of metamorphic
peak (Table 5).

HP–LT conditions (T<400–450 �C, P>10–12 kbar)

Carpholite-bearing samples (carpholite + trioctahedral
chlorite + quartz + KWM parageneses) were collected
in the Schistes Lustrés unit, Western Alps (Agard et al.
2001) and in the Engadine Window (Bousquet 1998;
Bousquet et al. 1998). In both data sets, various KWM
generations with different compositions have been
identified on the basis of microstructural criteria. The
pressure and temperature conditions for assemblages
involving chlorites containing more than 5% (Fe, Mg)-
sudoite end member were recalculated using the carph-
olite–chlorite–quartz–water paragenesis, as indicated in
Vidal et al. (2001). For chlorite with less than 5%
(Fe, Mg)-sudoite end member, it is not possible to
calculate confident pressure and temperature simulta-
neously because the uncertainty on the activity of
sudoite in chlorite is too large. In this case, we used as a
reference the original P–T conditions given by the
authors. The three other parageneses (chlorite + KWM
+ paragonite + jadeite + quartz, chlorite + KWM+
glaucophane + paragonite + quartz, and chlorite +
KWM + chloritoid + quartz) correspond to samples
from northwest Turkey (Okay and Kelley 1994), the
external Hellennides (Theye and Seidel 1991), and the
Schistes Lustrés unit, Western Alps (Agard et al. 2001).
Pressure and temperature conditions for the chloritoid-
bearing assemblages involving chlorite were re-estimated
with the TWQ software (Berman 1991) implemented
with thermodynamic data for Fe-chloritoid (Vidal et al.
1994), Mg-chloritoid (Vidal et al. 1999), carpholite and
sudoite (Vidal et al. 1992), and the solid-solution model
published for chlorite by Vidal et al. (2001). The new
temperature estimates for the Chl-Cld-bearing samples
are close (±20 �C) to those estimated with the empirical
Fe–Mg exchange thermometer of Vidal et al. (1999). For
the two other parageneses, the original P–T values given
by the authors were taken as a reference.

HP–HT conditions (T>400–450 �C, P>10–12 kbar)

Al-celadonite-rich phengites were shown to be one of the
most likely mineral remnants of peak pressure condi-
tions in high-pressure parageneses affected by exhuma-
tion-related retrogression (e.g., Frey et al. 1983). For this
reason, they were used here to infer peak pressure esti-
mates. Whenever possible, P–T conditions were re-esti-
mated independently without considering the KWM (see
Table 5). In other cases, we used the peak pressure
conditions given by the authors. In addition to the data
from the literature (Feininger 1980; Heinrich 1982;
Chopin and Monié 1984; Arenas et al. 1995; Chopin
1985; Heinrich 1986; Hirajima and Campagnoni 1993;
Zhang and Liou 1994; Trotet et al. 2001a, 2001b), we
also considered unpublished data obtained from samples
collected in the Cycladic blueschists (Tinos Island,
Greece; Patriat 1996; Jolivet and Patriat 1999; Vidal and
Parra 2000) and the Sambagawa Belt (Shikoku Island,
Japan; Banno and Nakajima 1992; Enami et al. 1994).
Samples from Tinos Island were collected in the lower
Cycladic blueschist unit along a transect marked by an
increasing degree of greenschist overprint from base to
top, below the detachment zone with the upper ophio-
litic unit (Jolivet and Patriat 1999; from Panormos to
Isternia). The main interest of the Tinos samples is to
provide a continuous variation of the KWM and chlo-
rite compositions involved in the same parageneses
(Chl–KWM–Gln or Ab–Pg–Qtz) from well-preserved
blueschist to highly retrogressed, greenschist facies
rocks. In some samples, Chl–KWM–Qtz parageneses
involve chloritoid and/or garnet instead of Ab and Gln.
Samples from the Sambagawa Belt were collected in the
albite–biotite zone of the central part of Shikoku Island,
along the Asemigawa River which crosscuts the meta-
morphic zonation. A similar observation is made for
these samples, i.e., intensity of retrogression increases
from the center of the Ab–Bt unit towards the upper
garnet zone at the top of the tectonic pile and the oli-
goclase–biotite zone at the base (Radvanec et al. 1994).
For the samples containing Chl–KWM–Cld–Qtz or

Chl–Gt–Phg–Qtz, P–T conditions were re-estimated
without considering the KWM. For the others samples
(Chl+KWM+Pg+Ab or Gln+Qtz), we used the P–T
ranges given by the authors (Bröcker (1990) for Tinos
Island samples, and Enami et al. (1994) for the Sam-
bagawa Belt samples).

LP–HT conditions (T>400–450 �C, P<10–12 kbar)

All the parageneses considered here (Table 5) consist of
KWM + Qtz + biotite + plagioclase + garnet ±
chlorite ± aluminosilicates (except the data of Faryad
1995 where KWM coexist with amphiboles and Gt).
Thermodynamic data and solid-solution properties for
these minerals are included in the TWQ 2.01 software
(amphibole: Mäder et al. 1994; biotite: McMullin et al.
1991; feldspar: Fuhrman and Lindsley 1988; garnet:
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Berman 1990). For the chlorite-bearing samples, the P–T
conditions were re-estimated without considering the
KWM. For samples lacking chlorite, temperature esti-
mates are based on the biotite–garnet Fe–Mg equilibrium
at the original pressure reported by Hoisch (1990). The
reference P–T conditions obtained this way are consistent
with the stability field of the aluminosilicates present in
these parageneses (aluminosilicates were only used to
check the validity of the new P–T estimates obtained with
the thermodynamic data extracted in the present study).

LP–LT conditions (T<400–450 �C, P<10–12 kbar)

LP–LT parageneses are devoid of low-variance assem-
blages and the P–T conditions prevailing during the
formation of KWM are difficult to assess and even
questionable (Essene and Peacor 1995). The data of
Leoni et al. (1996, 1998) were preferentially used because
the authors document chemical correlations between the
compositions of coexisting KWM and chlorite which are
related to the evolution of the estimated P–T conditions
(temperature determined from the illite crystallinity and

pressure from the ‘‘b0’’ parameter of illite as well as
additional data from the literature). However, the
KWM compositions of the Cravasco/Voltaggio and Mt.
Figogna units (Leoni et al. 1996, 1998) are surprisingly
similar to the KWM composition of the carpholite-
bearing samples from the HP–LT domain (see above) in
terms of pyrophyllitic and Tschermak contents, sug-
gesting that the KWM of these units crystallized at
higher pressure than that proposed by Leoni et al.
(1996). Higher peak pressure conditions than reported
by Leoni et al. (1998) for the Cravasco/Voltaggio unit is
also suggested by the occurrence of blue amphibole in
metabasites and carpholite in metapelites (B. Goffé and
L. Martin, personal communication).

Calculation procedure

The unknown thermodynamic properties identified
above (WG

Al–Mg, W
G
Al–Fe at M2 , W

G
Na–h, W

G
h–Na, W

G
K–h,

WG
h–K, W

G
Na–K, and W

G
K–Na at A, as well as the stan-

dard-state properties of Mg- and Fe-Al-celadonite) were
calculated using a step-by-step method similar to that
adopted by Vidal et al. (2001) for chlorite. We started
with a subset of the most constraining input data to
estimate all the possible thermodynamic properties
which were kept constant in the following steps. In the
following step, we used another subset of less con-
straining data to calculate other thermodynamic prop-
erties, and so on until all the input data were used and all
the thermodynamic properties were calculated. As dis-
cussed below, natural analyses were used so as to allow
for the influence of each substitution to be identified
independently.

Fig. 4. KWM octahedral (Fe+Mg) occupancy (corrected for the
DT substitution): (Mg+Fe)(M2)–2·(Mg+Fe)(M1), versus KWM
Si content projected on the Ms–ACel binary. The Si content is
recalculated from the end-member decomposition, considering only
the muscovite and the Al-celadonite end members: Si=(4·XACel
+3·XMs)/(XMs+XACel). A chemical analysis resulting from a true
Tschermak substitution should lie on the continuous line, or at least
within the dashed lines which account for microprobe errors (2r
value). Open circles represent natural data from Table 5 (with 1r
standard deviation) whose composition can be explained by the
Tschermak exchange. Closed circles represent outliers (�12%)
whose composition may result from substitutions not considered in
this study and/or contamination by other minerals like quartz
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Expansivity, compressibility and volume parameters
of Al-celadonite

The expansivity and compressibility terms of Al-celad-
onite were assumed to be similar to that of muscovite.
The Cp(T) functions for Mg-Al- and Fe-Al-celadonite
were estimated according to Berman and Brown (1985),
and their standard-state volumes as well as the excess
volume functions along the muscovite–Mg-Al-celado-
nite and muscovite–Fe-Al-celadonite binaries were cal-
culated from the volume-composition measurements
reported by Massonne and Schreyer (1986), Massonne
and Szpurka (1997) and Schmidt (1998) in the KMASH
system, and Massonne and Szpurka (1997) in the
KFASH system.
Results are shown in Fig. 5a, b and values are re-

ported in Table 6. The standard-state molar volume of
Mg-Al-celadonite estimated here is intermediate
between those obtained by Holland and Powell (1998)
and Massonne and Szpurka (1997), who could not
consider the data of Schmidt (1998) at that time. As
shown in Fig. 5b, the experimental constraints on V0 of
Fe-Al-celadonite are weak, partly because most of the
data were obtained for a small range of composition.
For this reason, V0 of Fe-Al-celadonite was further
constrained using natural data (see below). The resulting
value is somewhat larger than that proposed by Holland
and Powell (1998).

The volume-composition data were fitted with the
function

Vxms:V 0msþxcel:V 0celþVexcess
where

Vexcess ¼ xms: xM2Al :x
M2
Mg :

1

1:xM2Al

�1
� �

:W V
Al�Mgð ÞM2

� �

þxcel: xM2Al :x
M2
Mg :

1

2:xM2Al

�1
� �

þ 1

2:xM2Mg
�1

 ! !
:W V

Al�Mgð ÞM2

" #

which simplifies to the common expression

Vexcess ¼ xM2Al :x
M2
Mg :W

Al�Mgð ÞM2
v

with

xms ¼ xM2Al �xM2Mg

xcel ¼ 2:xM2Mg

Entropy, enthalpy of Mg-Al-celadonite
and WG

Al–Mg(P, T)

The entropy ofMg-Al-celadonitewas calculated using the
model of Holland (1989) and allowed to vary within
±2%.The standard-state properties ofMg-Al-celadonite
aswell as apreliminary, temperature-independentWG

Al–Mg

=WG, 1 bar
Al–Mg +P•WV

Al–Mg function were calculated by
mathematical programming using the experimental
results along with the WV

Al–Mg calculated above. This

Fig. 5. a V0 for the Al-Mg-
celadonite end member and V
for the Tschermak substitution
in the KMASH system, result-
ing from a regression analysis
on the experiments of Mass-
onne and Szpurka (1997) and
Schmidt (1998). The V0 of
muscovite is set to 14.087 J/bar
to preserve the consistency with
the data set of Berman (1988). b
V0 for Al-Fe-celadonite end
member and V for the Tscher-
mak substitution in the
KFASH system, resulting from
the optimization of the natural
data set (Table 5) and the
experiments of Massonne and
Szpurka (1997). The V0 of
muscovite is set to 14.087 J/bar
to preserve the consistency with
the data set of Berman (1988)
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preliminaryWG allowed to fit the experimental data fairly
well but not the low-temperature natural data. The final
standard-state properties of Mg-Al-celadonite as well as
WH
Al–Mg and W

S
Al–Mg were therefore adjusted by consider-

ing the carpholite-bearing samples, the chlorite–KWM
LP–LT assemblages of Leoni et al. (1996, 1998), and the
experimental constraints simultaneously. These natural
data were preferentially considered because (1) they cor-
respond to P–T conditions outside the range of experi-
mental conditions, (2) they involve KWM with high Al-
celadonite contents and high XMg which insure a negli-
gible influence of the Fe–Al interactions on the Al-Mg-
celadonite activity, (3) different generations of KWM
have been clearly identified using microtextural criteria
(Agard et al. 2001) and the corresponding P–T conditions
can be calculated independently, (4) these natural data
also involve chlorite, which allows one to estimate pres-
sure conditions with the equilibriumMg-Al-celadonite+
Mg-amesite=muscovite+ clinochlore. Since muscovite
andMg-Al-celadonite are on each side of the equilibrium
with the same stoichiometric coefficients, the influences of
the K–Na, K–m and Na–m interactions cancel out in the
equilibrium constant. Moreover, the use of this equilib-
rium ensures consistency between the thermodynamic
data of KWM and chlorite, and it is independent of the
water activity.

WG
Al–Fe(P, T)

A preliminary WG
Al–Fe=W

H
Al–Fe–T•WS

Al–Fe+P•WV
Al–Fe

function was calculated from the complete set of natural
assemblages, using the Mg-Al-celadonite and WG

Al–Mg

parameters obtained above. The different pressure–

temperature domains (HP–LT and HT, and LP–LT and
HT) placed constrains on the pressure and temperature
dependencies of WG

Al–Fe. To obtain the preliminary values
WH
Al–Fe, W

S
Al–Fe and W

V
Al–Fe, we used a trial and error

method to fit the pressures and temperatures recalculated
in the step above with the Al-Mg-celadonite end member.
To avoid the influence of the K–Na, K–m and Na–m

interactions on the equilibrium constant, we discarded
equilibria involving paragonite and/or feldspar. Again,
since muscovite and Al-Mg-celadonite are the only K-
bearing phase components, they appear with the same
stoichiometric coefficients in the equilibria involving
phengite, and the K–Na, K–m and Na–m interactions
cancel out in the equilibrium constant. Because
no distinction is made between Fe2+ and Fe3+, Fe3+–Al
and Fe2+–Al interactions are assumed to be identical.

Entropy and enthalpy of Fe-Al-celadonite

The Pref–Tref conditions of the input data were then re-
calculated with the Al-Mg-celadonite standard-state
properties and Margules parameters obtained above
(WG

Al–Mg and W
G
Al–Fe): PKMASH and TKMASH. The stan-

dard-state thermodynamic properties of Fe2+-Al-celad-
onite and the final WG

Al–Fe(P, T) function were estimated
from the simultaneous consideration of the experiments
of Massonne and Szpurka (1997) in the KFASH system,
the Fe–Mg partitioning between phengite and garnet
(Krogh and Raheim 1978; Green and Hellman 1982) or
chlorite (most of the natural data listed in Table 5). As
shown in Fig. 5b, V0 of Al-Fe2+-celadonite is not well
constrained by the experiments ofMassonne and Szpurka

Table 6. Thermodynamic
properties of the Al-celadonite
and Tschermak excess parame-
ters in the KFASH and the
KMASH systems

Holland and
Powell (1998)

Massonne and
Szpurka (1997)

This study

KMASH
H0 –5,844,530.000 –5,832,415.000±3,040.000 –5,834,736.700
S0 287.000 288.527±4.008 291.000
V0 14.040 13.870±0.027 13.968
Activity model Ionic Molecular Ionic

Ideal Non-ideal Non-ideal
Asymmetric Symetric

WH
Al–Mg 0.000 –30,500.000

Mg–Al 0.000 –30,500.000
WS

Al–Mg 58.598 15.000
Mg–Al 15.920 15.000
WV

Al–Mg 0.735 0.780
Mg–Al 0.187 0.780
KFASH
H0 –5,497,340.000 –5,492,287.000±6,267.000 –5,478,134.63
S0 318.000 303.148±6.827 330.170
V0 14.250 13.962±0.067 14.301
Activity model Ionic Molecular Ionic

Ideal Non-ideal Non-ideal
Symmetric Symmetric

WH
Al–Fe 0.000 –5,500.000

Fe–Al 0.000 –5,500.000
WS

Al–Fe 24.083 15.000
Fe–Al 24.083 15.000
WV

Al–Mg 0.339 0.650
Fe–Al 0.339 0.650
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(1997). It was thus optimized during the data extraction
with an objective function aimed at keeping the volume as
close as possible to the value obtained by the regression
analysis on experimental results. Final values ofH0, S0 and
V0 of Fe-Al-celadonite are reported in Table 6.
For each KWM–Gt or KWM–Chl natural assem-

blage, the conditions of equilibrium are given by Eqs. 1
and 2, with

KChl�KWM¼ aDaph:a
5
Al�Mg�cel:a

�1
Clin:a

�5
Al�Fe�cel ð4Þ

or

KGt�KWM¼ aAlm:a
3
Al�Mg�cel:a

�1
Prp:a

�3
Al�Fe�cel ð5Þ

and

KDrG0¼DrH0�T :DrS0þ
ZT
T 0

Cp:dT �T :
ZT
T 0

Cp
�
T:dT þ

ZP
P 0

V :dP

ð6Þ

For exchange reactions, the term ½
R T
T 0 Cp:dT � T :R T

T 0
Cp
�
T:dT � can be neglected and

R P
P 0 V :dP ¼ ðP � 1Þ

DrV 0 Equation (6) was therefore approximated as

DrG0¼ A� B:Tþ ðP� 1Þ:C ð7Þ

with A=H0Fe-Al-cel+A1, B=S
0
Fe-Al-cel+B1, and C=

V0Fe-Al-cel+C1. A1, B1 and C1 are computed from the
known standard-state properties of Al-Mg-celadonite,
daphnite and clinochlore or almandine and pyrope.
Combining Eq. (7) with Eqs. (4) or (5), the standard-

state thermodynamic data of Fe-Al-celadonite can be
computed from the equilibrium constants for the
KWM–Chl or KWM–Gt exchange reactions using the
following equation:

H0
Fe�Al�cel�T:S0Fe�Al�celþP:V0Fe�Al�cel¼A1�T:B1þP:C1�RT:lnK

ð8Þ

with K calculated for each mineral pair for known P and
T.
A multilinear least-square method was used to extract

the H0, S0, and V0 of Al-Fe2+-celadonite from the ex-
perimental (Massonne and Szpurka 1997) and natural
constraints simultaneously.

The pyrophyllitic and paragonitic substitutions

The WG
(K–Na)A(P, T), W

G
(Na–m)A(P, T) and W

G
(K–m)A(P, T)

functions were calculated by a trial and error method,
using natural constraints, experimental data in the

Fig. 7. Paragonite–muscovite solvus in the NKASH system at
2.07 kbar (continuous line). The dashed lines 1 and 2 represent the
solvus obtained by Chatterjee and Froese (1975) and Blencoe et al.
(1994), respectively

Fig. 6. V for the muscovite–paragonite binary. The least-square
analysis leads to an asymmetrical solid solution with Margules
parameters similar to the values estimated by Chatterjee and
Froese (1975). The resulting values are reported in Table 7. We
kept the V0 of muscovite and paragonite unchanged from the data
set of Berman (1988) to preserve the consistency

Table 7. Results obtained for the excess properties of the pyro-
phyllitic and paragonitic solid solutions, using the natural data set
of Table 5 and available experiments (see text)

(A)
Na–K (J/mol)

(A)
Na–m (J/mol)

(A) K–m
(J/mol)

WH 1–2 12,230 40,000 35,000
2–1 19,456 40,000 45,000
WS 1–2 –5 5 25
2–1 –1.65 5 10
WV 1–2 0.67 0.00 –0.85
2–1 –0.46 0.00 –0.85
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KNASH system, and the natural observations on the
solvus between KWM and pyrophyllite.

K–Na exchange at the A site

These parameters were optimized with an objective
function aimed at keeping the values as close as possible to
the values calculated by Chatterjee and Froese (1975).
WV

K–Na was calculated by a least-square method using
the experimental estimates of the white micas volume as a
function of Na content (Zen et al. 1964; Burnham and
Radoslovich 1964; Guven 1971; Rothbauer 1971; Eugster
et al. 1972; Chatterjee 1974; Chatterjee and Johannes
1974; Flux and Chatterjee 1986; Roux and Hovis 1996).
Our results (Fig. 6; Table 7) are similar to the values

proposed by Chatterjee and Froese (1975). The WH
K–Na,

WH
Na–K, W

S
K–Na and W

S
Na–K were extracted by consider-

ing simultaneously the Na–K exchanges between ex-
perimental KWM and paragonite (Fig. 7; Eugster et al.
1972), and between natural KWM and feldspar (Table 8;
thermometer of Green and Usdansky 1986, estimated
from natural data of Ferry 1978, 1979, Fletcher and
Greenwood 1978, Hodges and Spear 1982, and Pigage
1982).

K–m exchange at the AXII site

WG
(K–m)A(P, T) and W

G
(m–K)A(P, T) functions were calculated

using natural data (Table 5) together with the data of
Frey et al. (1988; closed circles), Jiang et al. (1990; open
circles), and Giorgetti et al. (1998; open squares) on the

Table 8. T estimates using TWQ software (Berman 1988) for the
Na–K exchange between KWM and feldspar, at the P given by
Green and Usdansky (1986; G-U). The results are in very good
agreement with the temperatures previously estimated either by the

garnet–biotite geothermometer (see references below) or the feld-
spar–muscovite geothermometer (Green and Usdansky 1986). N.a.
Not applicable

Sample T calculated with different geothermometersa P (bar) T (�C)

F-S P-G H-S H-L G-S G-U

Penfold Creek (Fletcher and Greenwood 1978)
5 596 560 668 617 599 674 7,000 596
6 534 596 553 549 523 565 7,000 486.5
7 648 676 663 626 577 561 7,000 498
8 572 628 600 576 545 488 7,000 413.5
9 521 577 538 536 510 505 7,000 441.5
11 539 599 573 553 525 558 7,000 490
12 602 630 617 596 568 508 7,000 447
13 625 677 640 613 585 585 7,000 543
14 631 700 659 617 619 625 7,000 564
15 640 674 650 621 623 466 7,000 425.5
Azure Lake (Pigage 1982)
373 545 602 573 557 545 565 5,678 523
121 535 651 603 578 535 581 5,546 536.5
82 525 626 549 542 524 552 5,133 523
398 541 652 557 553 544 562 5,528 512.5
492 543 618 579 569 534 505 5,979 477
223 533 621 570 556 529 601 6,035 537
2-376 555 641 585 564 547 592 5,828 552
2-13 523 656 552 542 535 600 5,396 567
74 581 658 612 585 578 569 6,731 500.5
59 557 682 581 565 549 579 5,828 543
40 540 580 558 553 530 500 5,264 484.5
Mt. Moosilauke (Hodges and Spear 1982)
78B 468 533 477 499 488 514 3,918 494
80D 489 565 512 518 513 588 3,444 581.5
92D 491 557 501 518 508 422 3,493 394.5
145E 498 567 507 524 524 441 3,167 418.5
146B 519 621 538 540 527 531 2,722 539.5
146D 464 561 480 498 486 532 2,677 534
Augusta, Maine (Ferry 1978, 1979)
694s n.a. n.a. n.a. n.a. n.a. 676 3,500 372.5
698s n.a. n.a. n.a. n.a. n.a. 364 3,500 359
821s n.a. n.a. n.a. n.a. n.a. 474 3,500 467.5
838s n.a. n.a. n.a. n.a. n.a. 446 3,500 415
276s n.a. n.a. n.a. n.a. n.a. 401 3,500 408.5
787s n.a. n.a. n.a. n.a. n.a. 315 3,500 315

aGarnet–biotite thermometer calibrations: F-S, Ferry and Spear
(1978); P-G, Pigage and Greenwood (1982); H-S, Hodges and
Spear (1982); H-L, Holdaway and Lee (1977); G-S, Ganguly and
Saxena (1984). Plagioclase–muscovite thermometer calibrations:

G-U, Green and Usdansky (1986); s, secondary muscovite; T,
plagioclase–muscovite geothermometer (this study). Feldspar
crystalline solutions: solid solution parameters of Fuhrman and
Lindsley (1988) and thermodynamic properties of Berman (1988)
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KWM–pyrophyllite solvus (Fig. 8a). The results are
presented in Table 7.

Na–m exchange at the AXII site

The WG
(Na–m)A(P, T)and W

G
(m–Na)A(P, T) are not well con-

strained since very few data exist on the paragonite–
pyrophyllite solvus. The influence of pressure on this
solvus is completely unknown. For this reason, we set
the WV

(Na–m)A and WV
(m–Na)Ato zero. We optimized the

remaining parameters in order to fit the P–T references
of the natural data set and to keep the solvus as open as
possible. The results are presented on Fig. 8b.

Results and discussion

Thermodynamic properties of Mg-Al-celadonite
and the WG

Al–Mg and W
G
Al–Fe parameters

The results on the thermodynamic properties of Mg-Al-
celadonite and the WG

Al–Mg and W
G
Al–Fe parameters are

listed in Table 6, together with the data of Massonne
and Szpurka (1997) and Holland and Powell (1998). The
entropy of Mg-Al-celadonite is slightly higher than the
entropy proposed by Holland and Powell (1998) and
Massonne and Szpurka (1997), but still within the

standard deviation proposed by the authors (Massonne
and Szpurka 1997). Using these thermodynamic prop-
erties, we have reported in Figs. 9 and 10 the calculated
location of the KWM Si isopleths for the mineralogical
assemblages investigated experimentally by Massonne
and Szpurka (1997).
Our solid-solution model implies that the Mg(M2)

content is influenced not only by the TK substitution but
also by the DT substitution. As a consequence, for each
Tschermak content isopleth (fixed Si content), the un-
certainty due to errors on the trioctahedral KWM con-
tent is represented by shaded bands. It appears that the
isopleths calculated for KWM compositions close to
muscovite have a larger uncertainty than those closer to
the Al-celadonite end member. The results of calculation
are in agreement (within the experimental uncertainties)
with all the constraints provided by the FkPQ and
PyKQ/C equilibria, except for three and one brackets,
respectively. Nevertheless, it must be noted that the
calculated Si content of KWM in equilibrium with py-
rope, kyanite and quartz/coesite is systematically above
that determined experimentally. As we state above, this
is due to the use of low-temperature natural data to
derive the relevant thermodynamic properties.
Using the calculated Mg-Al-celadonite standard-state

properties and the WG
Al–Mg and W

G
Al–Fe parameters, it is

also possible to re-estimate the equilibrium conditions
for the natural samples used as input data. The results
(Pcalc and Tcalc) are reported in Fig. 11 versus the ref-
erence pressures and temperatures (Pref and Tref, see
Table 5). As explained above, Pref and Tref were either
estimated (when more than two independent equilibria
could be calculated without considering KWM), or they
correspond to the original pressure and temperature
ranges given by the authors when less than two equi-

Fig. 8. a Pyrophyllite–muscovite solvus in the KASH system at 1
and 5 kbar (a and b solvi), and for two Tschermak exchanges at
5 kbar (Mg(M2)=0.0 and 0.2; c solvus). The data are from
Giorgetti et al. (1998; closed circles), Jiang et al. (1990; open circles),
and Frey et al. (1988; open squares). b Paragonite–pyrophyllite
solvus in the NaASH system. Due to the lack of paragonite–
pyrophyllite occurrences and experimental data, the solvus is not
very well constrained and should be considered with caution
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libria could be calculated. Standard deviations of
±2,000 bar and ±50 �C were introduced on Pref and
Tref, respectively, to account for the precision of the P–T
estimates, except when the authors give explicitly greater
standard deviations.
The temperature and pressure conditions calculated

with the new thermodynamic data for Mg-Al-celadonite
(Table 6) are in agreement with the reference values

(closed circles in Fig. 11), except for three sets of data
(open circles, squares and diamonds).

1. The temperature and pressure conditions estimated
for the LP–LT samples from Leoni et al. (1998) are
higher than those estimated by Leoni et al. (1996,
1998; open circles). However, these high-pressure es-
timates are not surprising, since the composition of
the KWM in these samples is similar to those of
KWM occurring with carpholite in the HP–LT
samples (cf. Bousquet et al. 1998; Agard 1999).
Higher pressure conditions than reported by Leoni et
al. (1998) are also suggested by the occurrence of blue
amphibole in metabasites and carpholite in metapel-
ites of the Cravasco-Voltaggio unit (B. Goffé and L.
Martin, personal communication).

2. The pressure conditions calculated for the HP–LT
data of Theye and Seidel (1991; open squares) are
lower than the values previously estimated by these
authors. The different KWM compositions (Si con-
tent from 3.4 to 3.2) reported by Theye and Seidel

Fig. 9. Results on the recalculated KWM Tschermak isopleths in
the presence of phlogopite–K-feldspar–quartz and water (KMASH
system), using the thermodynamic data and Margules parameters
reported in Table 6. Numbers refer to the Si content determined by
XRD (Massonne and Schreyer 1986). Closed circles represent
experimental data (Massonne and Szpurka 1997) fitted by the
present solid-solution model, whereas closed squares represent
outliers. Location of the isopleths is dependent on the activity of
phlogopite (the 2r uncertainty on this activity is symbolized by the
thickness of the continuous lines), and on the KWM trioctahedral
content (the 2r uncertainty associated to the trioctahedral content
of KWM is represented by the shaded areas). Experimental
uncertainties on pressure and temperature are represented by the
shaded squares around the closed circles and squares
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(1991) yield pressures ranging between 15 and 9 kbar
and correspond probably to different crystallization
episodes during uplift. More important discrepancies
are observed between the temperatures proposed by
Theye and Seidel (1991) and our estimates (up to
150 �C). However, the equilibrium which constrains
temperature (Fe–Mg exchange between chloritoid
and chlorite) is independent of KWM.

3. Some of the HP–HT data of Sambagawa (open
squares) yield temperatures and pressures largely
below the peak of metamorphism calculated by
Enami et al. (1994). In these samples, the KWM
compositions differ from those related to the peak of

metamorphism, and correspond to strong retrogres-
sion of the metapelites into the greenschist facies
(Vidal and Parra 2000).

For the LP–HT data, the equilibria with the Al-Mg-
celadonite end member are very sensitive to the Mg
content of the M2 site. In particular, Figs. 9 and 10 show
that recalculated isopleths are very sensitive to the tri-
octahedral and Al-celadonite contents when KWM are
close to the muscovite end member, and that using the
Mg-Al-celadonite end member leads to large uncertain-
ties in the P–T estimates. Consequently, the Al-Mg-ce-
ladonite end member should not be taken into account
for this type of paragenesis. When considering only the
muscovite end member, there is a good agreement be-
tween the P–T conditions which we estimate and the
pressure derived with the geobarometer of Hoisch (1990)
at the same temperature.

Thermodynamic properties of Fe-Al-celadonite

The entropy of Fe-Al-celadonite derived in the present
study is slightly higher than the value of Holland and
Powell (1998), and the enthalpy is very different from the

Fig. 10. Results on the recalculated KWM Tschermak isopleths in
the presence of kyanite–pyrope–quartz or coesite and water
(KMASH system), using the thermodynamic data and Margules
parameters reported in Table 6. Numbers refer to the Si content
determined either by XRD (Massonne and Schreyer 1986) or by
EMPA (within brackets). Closed circles represent experimental data
(Massonne and Szpurka 1997) fitted by the present solid-solution
model, whereas closed squares represent outliers. Location of the
isopleths is dependent on the KWM trioctahedral content (the 2r
uncertainty associated to the trioctahedral content of KWM is
represented by the shaded areas). Experimental uncertainties on
pressure and temperature are represented by the shaded squares
around the closed circles and squares
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values proposed by these authors and Massonne and
Szpurka (1997). However, the Si isopleths calculated
with the new thermodynamic data are consistent with all
the experimental results reported by Massonne and
Szpurka (1997), except one (Fig. 12).
In Fig. 13a, b, we have plotted deltaP=(PKFASH–

PKMASH) and deltaT=(TKFASH–TKMASH) for all the
natural data (Table 5). PKFASH and TKFASH were calcu-
lated using the Al-Fe-celadonite end member with the

Intersx software after having eliminated the most com-
position-dependant equilibria (Berman 1991; Lieberman
and Petrakakis 1991). PKMASH and TKMASH correspond
to the P–T results calculated with the Mg-Al-celadonite
end member, but without considering the Fe-Al-celado-
nite end member. Standard deviations of±1,000 bar and
±50 �C were introduced on PKMASH and TKMASH to
account in particular for the assumption that all iron in
KWM is divalent. In most cases, the P–T estimates
obtained with Al-Fe2+-celadonite agree well with those
obtained without this end member. However, some data
do not lie on the zero line (within errors). The calculated
temperatures are always constrained by the Fe–Mg
exchange between KWM and another Fe-Mg-bearing
mineral (garnet or chlorite), with Fe-celadonite on the
high-temperature side of the exchange reaction. The
ncorporation of Fe3+ decreases the activity of Fe-Al-ce-
ladonite, and shifts the location of such Fe–Mg equilibria
at low temperature. Therefore, TKFASH higher than
TKMASH (deltaT>0) can be easily explained by the pres-
ence of Fe3+ in KWM. Data for which TKFASH<
TKMASH (deltaT<0) aremore difficult to explain, but they
always correspond to PKMASH and TKMASH estimated by
only two independent equilibria (i.e., the system of
chemical equations is not overdetermined), so that equi-
librium cannot be demonstrated. A tentative explanation
is that these KWMcorrespond to late phases crystallizing
during decompression and which are not equilibrated
with the other minerals formed at higher P and T.
For each pressure domain, we have plotted in Fig. 14a

the equilibrium constant lnKChl–KWM (see Eq. 4) of
natural chlorite–KWM pairs as a function of the reverse
of the temperature estimated above with the new ther-
modynamic data for Mg-Al-celadonite. These data are
compared with the lnK predicted when using the stan-
dard-state properties of Mg- and Fe-Al-celadonite and
the mixing properties derived in the present study (Ta-
ble 6). It appears that pressure and temperature depen-
dency evidenced from the lnK predicted when using
both Mg- and Fe-celadonite end members is in good
agreement with that observed from original lnK values.
In Fig. 14b, we have plotted the predicted vs. observed
lnK of chlorite–KWM pairs. The strong correlation
between the calculated and observed lnK lends credi-
bility to the thermodynamic data derived for KWM and
demonstrates their agreement with the chlorite solid-
solution model derived by Vidal et al. (2001).
The geothermometer of Krogh and Raheim (1978;

continuous lines) at three different pressures, 10, 30 and
35 kbar, and the three geothermometers of Green and
Hellman (1982; dashed lines) at two different pressures, 10
and 30 kbar, are shown as a function of 1/T in Fig. 15.
Using the standard-state properties derived in this study,
we have recalculated the equilibrium temperature for each
experiment (squares: Green and Hellman 1982; circles:
Krogh and Raheim 1978). We have also reported the
calculated equilibrium temperature for three garnet–
KWMnatural pairs stable at about 10 kbar (Arenas et al.
1995; diamonds). It appears that our data are in good

Fig. 11a, b. Comparison between a pressure and b temperature
calculated with the new thermodynamic data (Table 6) and the
pressure and temperature of reference for the optimization (Pref

and Tref). Pref and Tref are either the results given by Intersx
software (Berman 1991) or the P–T references given by the authors
(Table 5, last column). Closed symbols correspond to P–Tcalc	P–
Tref. Outliers are represented by open circles (Leoni et al. 1996,
1998), open squares (Theye and Seidel 1991), and open diamonds
(some data of the Sambagawa Belt, this study). These discrepancies
are discussed in the text
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agreement with the high-pressure experiments of Krogh
and Raheim (1978), but in better agreement with the
geothermometers of Green and Hellman (1982) for

the medium-pressure natural samples of Arenas et al.
(1995).

The WG
Na–K and W

G
K–Na parameters

The results are presented in Table 7. The parameters
WH, WV and WS are similar to those estimated by
Chatterjee and Froese (1975), except WS

K–Na which
reached –5 after optimization, against –0.71 for these
authors. This is due to the consideration of natural
KWM–feldspar or KWM–paragonite pairs, for which
temperatures calculated with the solid-solution model of
Chatterjee and Froese (1975) are systematically too low

Fig. 12. Results on the recalculated KWM Tschermak isopleths in
the presence of kyanite–almandine–quartz or coesite and water
(KFASH system), using the thermodynamic data and Margules
parameters reported in Table 6. Numbers refer to the Si content
determined by XRD (Massonne and Schreyer 1986). Closed circles
represent experimental data (Massonne and Szpurka 1997) fitted by
the present solid-solution model, whereas closed squares represent
outliers. Location of the isopleths is dependant on the KWM
trioctahedral content (the 2r uncertainty associated to the triocta-
hedral content of KWM is symbolized by the shaded areas).
Experimental uncertainties on pressure and temperature are repre-
sented by the shaded squares around the closed circles and squares
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with respect to the results of Green and Usdansky (1986)
and our independent estimates. In order to resolve this
problem, the Na–K solvus needs to be more open and
WS was adjusted. The results for the KWM–feldspar
equilibrium using the solid-solution model of Table 7 are
presented in Table 8. The temperature estimates are in
very good agreement with the geothermometer of Green
and Usdansky (1986).

The WG
m–A and W

G
A–m parameters

Results for the WG
m–K, W

G
K–m and the W

G
Na–m, W

G
m–Na pa-

rameters are also presented in Table 7. In Figs. 8a and
16, we plotted the muscovite–pyrophyllite solvi for two
different pressures (Fig. 8a: 1 and 5 kbar; Fig. 16: 5 and
10 kbar) and two Mg-Al-celadonite contents (Mg
(M2)=0.0 and 0.2 a.p.f.u. at 5 kbar).
In Fig. 8a, we also reported the K/(K+m) of coexis-

ting KWM and pyrophyllite (open squares: Giorgetti et
al. 1998; closed circles: Frey et al. 1988; open circles:
Jiang et al. 1990). In Fig. 16, we added the K/(K+m)
ratio of natural KWM for two ranges of pressures
(closed and open squares: P<5 kbar and 5<P<10 kbar,
respectively). These two figures indicate the good
agreement between the natural observations and the
calculated solvi for different pressures and Tschermak
contents. In particular, at a given pressure the temper-

ature tends to increase the pyrophyllitic content of
KWM until the pyrophyllite–kyanite reaction. From
this temperature, the pyrophyllitic content decreases. At
a given temperature, the pressure and the Tschermak
content tend to increase the pyrophyllitic content of
KWM.
WG
Na–m and W

G
m–Na parameters were also calculated

from the natural data. However, because of the lack of
constraints, these parameters are only provisional values
and should be considered with caution.

Concluding remarks

The phengite solid solution and the Al-celadonite stan-
dard-state properties calculated in the present study are

Fig. 13. a DeltaP=PKFASH–PKMASH and b deltaT=TKFASH–
TKMASH for all carboneous-bearing samples of Table 5. PKMASH
and TKMASH are the results given by Intersx software (Berman
1991) using the Al-Mg-celadonite end member and based on an
independent set of equilibria. PKFASH and TKFASH are the P–T
estimates of Intersx software, using the thermodynamic data of Al-
Fe-celadonite end member and solid-solution properties in Table 6
(see text for further explanations)

Fig. 14. a lnK versus 1/T (�C) for the equilibrium 5Fe-Al-
celadonite + clinochlore = daphnite + 5Mg-Al-celadonite,
showing that lnK is extremely dependent not only on temperature
but also on pressure. Lines represent the results of the multilinear
analysis delimitating the different pressure domains. b Observed
lnK versus recalculated lnK using the thermodynamic data and
excess properties of Table 6 (see text for the optimization
procedure). The fit is very good for lnK between –5 and –11 where
the circles lie on the continuous line
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consistent with the data set of Berman (1988), the
standard-state properties for Mg- and Fe-chloritoid
(Vidal et al. 1994, 1999) as well as Mg-carpholite (Vidal
et al. 1992), and the new standard-state properties and
solid-solution parameters for garnet (Berman 1990) and
chlorite (Vidal et al. 2001).
There are several conditions for the entire data set to

be applied. Firstly, the chemical analysis must be de-
scribed by the decomposition on the seven end members
(muscovite, Al-Mg-celadonite, Al-Fe-celadonite,
phlogopite, annite, paragonite and pyrophyllite; see
Appendix).
The second limitation is the real content of each end

member in a given analysis. For KWM with a very low
end-member content, it is not possible to use this end
member to estimate the P–T conditions, mainly because
a slight variation in its content will have a large impact
on the P–T location of the equilibrium curves involving
this end member. For high-temperature phengite, for
example, the pyrophyllite content is in fact lower than
the uncertainty which we have on the estimation of the
vacancies at the A site.
The use of an increased number of KWM end mem-

bers makes the estimation of pressure and temperature

conditions possible even for high-variance parageneses,
which was not possible by considering only muscovite,
and sometimes Al-celadonite. It is therefore expected
that a more continuous spatial assessment of the meta-
morphic P–T conditions at the outcrop scale will be
possible (e.g., Vidal and Parra 2000). Another potential
use of the phengite data calibrated in this study is the
calculation of P–T paths using different generations and/
or zoning of phengite coexisting in specific microstruc-
tures of the same thin section. In particular, the com-
bination of phengite solid solution and chlorite solid
solution allows one to evaluate local equilibrium at the
thin-section scale, and provides constraints on the shape
of the exhumation P–T paths of HP–LT rocks (Vidal
and Parra 2000; Parra et al. 2002). Such constraints are
generally difficult to obtain, since the rock mineralogy
does not change significantly under greenschist facies
conditions.
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Appendix

Selection of the analyses

In order to discard contaminated analyses, we only re-
tained EMP analyses with an oxygen sum between 92

Fig. 15. lnKD Fe/Mg of KWM–garnet versus 1/T (�C). Continuous
lines represent the geothermometer of Krogh and Raheim (1978) at
35, 30 and 10 kbar. Dashed lines represent the geothermometers of
Green and Hellman (1982) for the different bulk-rock composi-
tions: 1 Ca systems with Mg/(Fe+Mg) close to 0.67; 2 low-Ca
systems with Mg/(Fe+Mg) between 0.20 and 0.30; 3 basaltic
systems with Mg/(Fe+Mg) close to 0.67. Squares and circles
represent the experiments of Green and Hellman (1982), and
Krogh and Raheim (1978), respectively, for which temperatures are
calculated with thermodynamic data and excess properties of
Table 6, at the pressure given by the authors. Diamonds represent
garnet–KWM occurrences of Arenas et al. (1995) whose P–T
conditions of crystallization have been estimated to 10 kbar at
around 500 �C. Our new solid-solution model best fits the Krogh
and Raheim (1978) geothermometer at high pressure, and the
Green and Hellman (1982) geothermometers at lower pressure

Fig. 16. Muscovite–pyrophyllite solvi calculated for two different
pressures (5 and 10 kbar) at Mg(M2)=0.0, and for Mg(M2)=0.2
at 5 kbar. Closed and open squares represent the unlimiting
assemblages which crystallized at pressures under 5 and 10 kbar,
respectively
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and 96 wt% and showing less than 0.5 wt%
(TiO2+MnO+CaO). Structural formulae were calcu-
lated on an 11-oxygen basis, assuming all iron to be
divalent. Molar fractions of the seven end members
(Mg- and Fe-Al-celadonite, muscovite, annite, phlogo-
pite, paragonite, and pyrophyllite) in the remaining
phengite compositions were calculated with six inde-
pendent equations (one for each end member – the
constraint SXend member = 1). Finally, we only retained
analyses which are strictly a linear combination of these
end members and satisfy the following equalities.

Chemical constraints

• (Mg+Fe) a.p.f.u.–(XACel+3XPhl+3XAnn)=0±0.075
• K a.p.f.u.–(XMs+XACel+XPhl+XAnn)=0±0.075
• Si a.p.f.u.–(3XMs+3XPg+3XPhl+3XAnn+4XPrl+4-
XACel)=0±0.075

• AlVI a.p.f.u.–(2XMs+2XPg+2XPrl+XACel)=
0±0.075

These criteria guarantee that KWM analyses are not
contaminated by other minerals (e.g., quartz).

Exchange-vectors constrains

• (Na+K) a.p.f.u.–4+(4XPrl+3(XMs+XPg))/
(XPrl+XPg+XMs)=0±0.05

• ((Mg+Fe)(M2)–2(Mg+Fe)(M1))–3–(3XMs+4XACel)/
(XMs+XACel)=0±0.075

where ±0.075 and ±0.05 stem from EMPA uncertain-
ties.
The two latter criteria also ensure that the KWM

analyses result from the exchange vectors chosen to
model the solid solution for KWM. In particular, the
effect of alkali volatilization leads to values significantly
above zero, within microprobe errors for phengitic-rich
KWM (Table 1, analyses 2 and 3) and can be thus easily
detected. For phengitic-poor KWM, the alkali volatil-
ization tends to decrease the ACel part which rapidly
becomes negative, and can be also easily detected (Ta-
ble 1, analysis 1).
From the initial set of 300 analyses, 250 fulfilled the

above criteria. The deviation from the ideal, linear
combination of the KWM compositions (Mg-
ACel+Fe-ACel+Ms+Pg+Prl+Ann+Phl) is illus-
trated in Figs. 1 and 4. In Fig. 4, the recalculated Si
content resulting only from the Tschermak exchange
((3XMs+4XACel)/(XMs+XACel)) is plotted as a function
of the (Fe2++Mg) content corrected for the amount of
biotite component (=2•(Mg+Fe)(M1)). Ideally, all the
analyses should plot on the 1:1 line between muscovite
and Al-celadonite (TK substitution). The scatter result-
ing from errors due to EMPA analysis can be estimated
with a Monte-Carlo method (Lieberman and Petrakakis
1991; Vidal and Parra 2000). Assuming a standard error
of 1% for Si, Al, Mg, Mn, Fe and Ti oxides (Kohn and

Spear 1991a, 1991b; Worley and Powell 2000), and 2%
for K and Na oxides, the corresponding error on Si and
(Fe2++Mg) contents are 0.015 and 0.01 a.p.f.u., re-
spectively. This is represented by the limiting dashed
lines on Figs. 1 and 4. About 95% of the initial set of
data plot in the ‘‘permissible domain’’, i.e., within the
two dashed lines. It is noteworthy that the 5% remaining
analyses also plot outside the ‘‘permissible domain’’ in
Fig. 1, which shows the recalculated Si content resulting
from only the pyrophyllitic exchange versus (Na+K)
content (uncertainty resulting from errors due to the
EMPA: ±0.025 a.p.f.u. for Si and Na+K). These an-
alyses do not fit the criteria mentioned above and were
simply discarded.
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