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Abstract The phase relations of divariant and trivariant
assemblages involving combinations of phengite, chlo-
rite, biotite, K-feldspar, quartz and H,O in the KFASH,
KMASH and KFMASH systems were calculated using
a single thermodynamic data set (Holland and Powell
1998). The stability fields of the various equilibria
are represented in P-T projections by contouring
sets of compositional isopleths for the Tschermak
(Al (Fe,Mg) ,Si_;) and FeMg_, exchanges controlled
by the coexisting phases. Five multivariant continuous
equilibria, which occur in different regions of P-T-X
space, are calibrated as thermobarometers in metamor-
phic rocks of pelitic to quartzofeldspathic composition.
More subtle P-T information, relating to the trajectories
(dT/dz) along which reacting rocks have been buried or
exhumed, can be extracted from the continuous reac-
tions by investigating the recorded compositional trends
in the Al(Fe,Mg) ,Si_; and FeMg_, solutions. Singu-
larities in P-T space are associated with some of these
reactions and may result in unusual mineral textures and
compositional trends. A fluid-absent singularity has
particular petrological significance because it marks the
transition between hydration and dehydration along a
single reaction with increasing pressure and temperature.
This behaviour causes the sequence of reactions among
these minerals observed during metamorphism to be
critically dependent on the P-T trajectory. Thermo-
barometric calculations show good agreement with re-
spect to experimental and field-based data for phengite
compositions less than about 50 mol% celadonite
(<~3.5 Si p.f.u. phengite).
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1 Introduction

Low and medium grade metamorphic terrains contain
abundant rocks of sedimentary and/or granitic origin.
Although the assemblages of such rocks show relatively
few changes in major mineralogy with pressure and
temperature, it is possible to define their progressive
metamorphism in terms of continuous reactions in-
volving changes in the compositions of coexisting min-
eral phases along both Tschermak [Aly(Fe,Mg) ,Si_]
and FeMg_, exchanges (J. B. Thompson 1957; A. B.
Thompson 1976, 1982; Goffé 1977, J. B. Thompson
1979; Miyashiro and Shido 1985; Essene 1989; Spear
1989). In order to obtain information on the pressure
and temperature history of rocks from sequences con-
taining metamorphosed sediments and granites, it is
necessary to have a quantitative understanding of the
multivariant reactions existing between the phases
phengite, chlorite, biotite, K-feldspar and quartz. This
paper presents an investigation of these various reac-
tions appropriate to metamorphism of pelitic and grey-
wacke metasediments, felsic magmatic rocks and
intensely weathered Al-rich rocks such as laterites.
Numerous workers have observed increases in the
silica per formula unit (Si p.f.u.) in natural phengite
with increasing pressure and decreasing temperature
(e.g. Ernst 1963; Sassi 1972; Guidotti 1978, 1984). This
is an observation confirmed and quantified experimen-
tally for some reactions in the KMASH (K,O +
MgO + AlLO; + SiO, + H;0) system (phengite +
biotite + K-feldspar + quartz + H,O, Velde 1965;
Massonne and Schreyer 1987; phengite + pyrope +
kyanite + quartz + H,O, Massonne and Szpurka
1997; phengite + talc + quartz/coesite + K-feldspar +
kyanite + H,0O, Massonne and Schreyer 1989) and in
the KFASH (K,O + FeO + AL,O; + SiO, + H,0)
system (phengite + almandine + kyanite + quartz +
H,0O, Massonne and Szpurka 1997; see also Monier
and Robert 1986). Following from these investiga-
tions, several workers have derived thermodynamic
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data for the phengite end-members KMgAlSi O
(OH), (Mg-celadonite, Bucher-Nurminen 1987; Holland
and Powell 1990, 1998; Powell and Evans 1983) and
KFeAlSi4O,0(OH), (Fe-celadonite, Massonne and
Szpurka 1997; Holland and Powell 1998). The extraction
of these phengite data, along with thermodynamic data
for the biotite and chlorite Tschermak free (Fe and Mg)
end-members, has enabled calculation of compositional
isopleths as a function of P-T-ay,o of a large number of
previously uncalibrated equilibria (see: Bucher-Nurmi-
nen 1987; Powell and Holland 1990; Roots 1995; Worley
and Powell 1998; Powell et al. 1998). These calculations
are used extensively to constrain the pressure and tem-
perature conditions for the equilibration of multivari-
ant natural assemblages (e.g. Linner 1996; DiVincenzo
et al. 1997; Goscombe et al. 1998; Graessner and
Schenk 1999).

In the combined KFMASH system, there are one
divariant equilibrium and six trivariant equilibria
involving the six phases phengite, chlorite, biotite,
K-feldspar, quartz and H,O. Only one of these reac-
tions has been considered experimentally (phengite +
K-feldspar + biotite + quartz + H,O, Massonne and
Schreyer 1987). Investigations of natural parageneses
have shown that microcline appears to be stable with
chlorite at low metamorphic grade, whereas phengitic
muscovite is stable with biotite at higher grades. Mather
(1970) and Wang et al. (1986) have noted that K-feld-
spar and chlorite in metagreywackes give way to less
phengitic muscovite and biotite at higher grade (see also:
James 1955; Zen 1960; Graessner and Schenk 1999). The
compositional variability and pressure-temperature
(P-T) location of the various multivariant reactions in-
volving chlorite and K-feldspar remain largely un-
known. As with their higher grade counterparts, these
low grade reactions can potentially be applied as con-
tinuous reaction thermobarometers.

In this paper we examine phase relations of multi-
variant equilibria existing among combinations of the
phases phengite, chlorite, biotite, K-feldspar, quartz
(and H,0) in the KFASH, KMASH and KFMASH
model systems with calculations performed using one
thermodynamic data set (that of Holland and Powell,
1998). The principle aim of this paper is to quantify
and understand the mineralogical changes and chemi-
cal exchanges that are recorded in natural assemblages
as metamorphic rocks of sedimentary or granitic ori-
gin are buried and/or exhumed along particular P-T
paths. This is achieved by calculating the positions of,
and relationships among, various phase fields. The
schematic relative topology of these has been consid-
ered previously (Bucher-Nurminen 1987; Wang et al.
1986). We wish to determine how well the various
experimental and thermodynamic studies in model
systems can be applied to natural occurrences for the
purposes of thermobarometry, and to understand how
existing thermodynamic data for common phyllosili-
cate phases can be extended to more complex natural
systems.

As a result of the recent work to estimate thermo-
dynamic data for Fe and Mg end-members for the
common phyllosilicate phases (e.g. Massonne and
Szpurka 1997; Holland and Powell 1998), petrologists
are confronted with a variety of thermodynamic data. In
our consideration of low grade metamorphism we have
found that the results of calculations vary considerably
with respect to the version of thermodynamic data set
used (see Appendix). We have chosen here not to eval-
uate the various merits or limitations of particular data
sets, but rather to use the data set of Holland and Powell
(1998) to illustrate the natural reactions and to discuss
the applications of our observations to understanding
the metamorphic histories revealed by such rocks.

2 Calculated phase relations
of phyllosilicate-bearing equilibria
in model systems for low grade metamorphism

Thermodynamic calculations were performed with
THERMOCALC (Powell and Holland 1988) using the
solution models (Table 1) and internally consistent data
set (Table A1) of version 2.5 (which was generated on 26
September, 1997). Biotite and chlorite were modelled
using site populations and excess terms as in Holland
and Powell (1998) and Holland et al. (1998). Calcula-
tions were also performed (though not presented here)
using more recent chlorite and biotite models and data
from Holland et al. (1998) and Holland and Powell
(1999), but the results of these calculations are very
similar to those presented here. The exception occurs at
compositions very close to clinochlore at low tempera-
tures where chlorites that are Al-deficient relative to
clinochlore stoichiometry become stabilised (Holland
and Powell 1999). We present the results in terms of
conventional model systems (KFASH, KMASH and
KFMASH) as a background to our petrological dis-
cussions. We do not consider here phases such as garnet
and stilpnomelane, which may also be relevant to rocks
of such composition at the metamorphic grade of in-
terest (as discussed by Massonne and Szpurka, 1997).
Throughout the text (see also Table 1), phases are de-
noted with three upper case characters whereas com-
ponents are denoted with two lower case characters [as is
the Tschermak vector, tk, Al,(Fe,Mg)_;Si_;].

2.1 Choice of additive components for continuous
reactions involving coupled substitutions

In our case, there are several advantages in choosing
muscovite [ms, KAl (AlSi3)O,o(OH),] rather than ce-
ladonite [ce, K(Fe,Mg)Al(Sis)O190(OH),] as the additive
component for white mica. The most prominent ad-
vantage is that the KMASH or KFASH continuous
reactions among phengite (PHE), biotite (BIO), chlorite
(CHL), K-feldspar (KSP), quartz (QTZ), H,O and
Tschermak [tk, Al(Fe,Mg)_,Si_;] can be written as:



Table 1 Phase and component notation, site mixing models and
activity-composition relations used in calculations (after: Holland
and Powell 1998, 1999; Holland et al. 1998). The M2 site involved
in mixing is bound by rounded-brackets, the M1 site is bound
by cusp-brackets and the T2 site is bound by square-brackets.
Xpe 1s defined as Fe/(Fe + Mg), Y is defined as the propor-
tion of Tschermak substitution (muscovite, ¥ = XM?; biotite,
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Y = XM!; chlorite, ¥ = X?) and N is defined as Xaimz2 — Xai12.
Non-ideal (symmetrical) mixing is treated with the interaction
parameters Wms—ce = 0, I/V;lm—cl = 18, I/Vcl—da = 25’ I/Vam—da = 205’
Wal,—si(FeMg) = 10, Watg—pe = 3, (kJ). In this table and throughout
the text, phases are represented by three upper case characters
whereas end-member components are annotated with two lower
case characters

Phase End-member Component Formula Activity relation

PHE Muscovite ms K(AD)AISi,[SiAl]019(OH), Y2 (2-7Y)
Celadonite ce K(Mg)AISi,[Si;]O10(OH), 0.25 (1 —Xpe) (1=Y) (2-7Y)?
Fe-celadonite fc K(Fe)AlSis[Si2]O10(OH), 0.25Xp. (1—Y) 2—7Y)*

BIO Phlogopite ph K{Mg}(Mg>)Si>[SiAl]O19(OH), (1= Xpem1)” (1 = Xpem2) (1= Y)* (147)
Eastonite ea K{Al}(Mg)Sis[Al,]O19(OH), 0.25 (1 —X}:e_Mz)2 (1+ Y)2
Annite an K{Fe}(Fez)Slz[SlAl]O]()(OH)Q XFe,Ml X]gele (1 — Y)2 (1 + Y)

CHL Chlinochlore cl Mg4{Mg}(AD)Si,[AlSi]Oo(OH)s 4(1-Xee)) 1=Y+N)(Y+N)(1-Y)Y
Amesite am Mg {Al}(ADSiz[A;]O10(OH)g (1 —Xg)* (Y =N) (Y +N) 12
Daphnite da Fes{Fe}(ADSiy[AlSi]O0(OH)s 4X, (1-Y+N)(Y+N)(1-Y)Y

KSP K-feldspar or KAISi;Og No solution considered

QTZ SiO, No solution considered

\%% H-O No solution considered

Table A1 Thermodynamic data (A H is molar enthalpy of forma-
tion, SD(H) is the standard deviation on molar enthalpy, S is molar
entropy, ¥ is molar volume, a, b, ¢ and d are coefficients in the heat
capacity polynomial C, = a +bT + cT~> + dT—'72, a° is the ther-
mal expansion parameter, x is the bulk modulus) extracted from

THERMOCALC, version 2.5, data set generated 26 September
1997) which was used in calculations presented here. Data for the
components ceys, and fcyg, are from Massonne and Szpurka
(1997) and have been converted here into a format consistent with
the Holland and Powell data set using PERPLEX (Connolly 1990)

Abbreviation A H(kJ) SD(H) S@°K™) Vdbar!) a b(x107%) ¢ d @ (K™  « (kbar)
H,O -241.81  0.02 188.80 0 0.0401 0.8656 487.5 -0.2512  0.00 0
QTZ -910.88  0.35 41.50 2.269 0.1107  -0.5189 0 —-1.1283  0.65 750
KSP —-3975.1 2.92 216.00 10.892 0.4488 —1.0075 -1007.3  -3.9731 3.35 574
cl —-8929.9 1.85 410.50 21.090 1.1618 1.0133 =7657.3  -9.6909 3.98 472
da -7154.00  3.33 545.00 21.340 1.2374 1.3594 -3743.0 -11.2500 3.98 472
am -9052.53  2.02 390.00 20.520 1.1770 0.9041 —=7458.7 -10.0530 3.98 472
ph -6219.44  3.08 328.00 14.964 0.7703  —-3.6939 -23289  -6.5316 5.79 512
an -5143.40  3.30 428.00 15.432 0.8157 -3.4861 19.8  -7.4667 5.79 513
ea -6348.90  4.70 306.00 14.751 0.7855  -3.8031 -2130.3 -6.8937 5.79 513
ms -5984.10  3.04 292.00 14.083 0.7564 —1.9840 -2170.0 -6.9792 5.96 490
ce -5844.50  3.04 287.00 14.040 0.7412  -1.8748 -2368.8 —6.6169 5.96 500
fc -5497.30  3.08 318.00 14.250 0.7563  —-1.9147 -1586.1 —6.9287 5.96 490
ceus: -5832.42 - 288.53 13.87 0.6459 0.0 -2368.8  —6.6169 5.96 500
feus: -5492.29 - 303.15 13.96 0.6648 0.0 -1246.0 -6.6169 5.96 490

CHL + KSP = ms + BIO + QTZ + H,0 + tk , (1a)
whereas with celadonite as the additive component, the
degenerate reaction:

ce = KSP + ph + QTZ + H,;O , (1b)

does not involve chlorite and involves phlogopite (ph).
In general, it is useful to choose, for the additive com-
ponent of a phase exhibiting complex crystalline solu-
tion, the end-member component closest to the most
abundant naturally occurring compositions. Thus, for
biotite, phlogopite (ph) is adequate, and for chlorite,
clinochlore (cl). The additive components ms, ph, cl and
or are used in Table 1 and in balancing reaction stoi-
chiometries the tk vector is used (Table 2).

2.2 Topology of Tschermak end-member equilibria

In the KFMASH system, there are one divariant equi-
librium and six trivariant equilibria involving phengite,
chlorite, biotite, K-feldspar, quartz and H,O. To illus-
trate the phase diagram topology for this system, it is
constructive to select the relevant degenerate phase
components and to fix the Al(Fe,Mg) ,Si_; and
FeMg_, exchanges. This results in the above six phase
assemblage stable at an invariant point, and six uni-
variant equilibria, each formed from the invariant as-
semblage by the absence of one phase (Fig. 1). These
equilibria represent limiting cases of the continuous re-
actions investigated in subsequent sections. The stoi-
chiometric coefficients of the KMASH and KFASH
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Table 2 Reaction coefficients, entropy change of reaction (dS,,
J° K1), volume change of reaction (dV,, J bar~') and Clapeyron
slope (dP/dT, bar K1) for various KMASH continuous reactions
involving Tschermak exchange (tk, Al,Mg_;Si_;) in muscovite,
biotite and chlorite. Reactions are labelled by noting the phase
absent (i.e. [phase]) and are written with phases on the high tem-
perature side negative. The compositions of phases are defined in
Table 1. The thermodynamic data were calculated at 300 °C,
Skbar. The corresponding water data were calculated using the
Holland and Powell (1991, CORK) equation of state. The ther-
modynamic data for tk were calculated from the relation ce +
AlLMg_;Si_; = ms. The corresponding KFASH reactions have the
same coefficients and similar dS,, d¥, and dP/dT

Phase Phase components involved ds, dv, dpP/dT
absent in reaction (J K=" (J bar™!) (bar K1)
ms ph cl or QTZ H,0 tk
[PHE] 0 -2 1 2 -4 =2 -1 -342.1 1.23 =278
[BIO] 6 0-1 -6 -2 -2 =5 -440.1 -10.3 43
[CHL] 3 -1 0 -2 -3 -2 -3 -391.1 -4.6 86
[KSP] 3 -3 1 0-7 -4 -4 -7332 =33 221
[QTzZ] 12 2-3-14 0 -2 -9 -538.1 -219 25
[H0] -3 -1 1 4-1 0 2 490 58 8
[tk] -3 -5 3 8 -9 -4 0 —635.2 8.2 =77
| i | | | I -
10 ‘C/km”
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Fig. 1 Calculated topology of reactions emanating from a pseudo-
invariant point created by fixing the Tschermak and FeMg_,
exchanges (both fixed to 50%) in phengite coexisting with biotite,
chlorite, K-feldspar, quartz and water. The dashed line shows the
displacement locus of the invariant point along the FeMg_, exchange
between the end-member invariant points in KMASH and KFASH.
The dotted line shows variation along Tschermak exchange,
Aly(Fe,Mg)_;Si_; (Si PHE p.fu. is the silica per formula unit in
phengite)

reactions are listed in Table 2. In the remainder of this
work, the activities of quartz, K-feldspar and H,O are
taken to be unity.

7 I | | L L ! ”
10°C/km)’ KSP+ C}EL;,ESIIJ{E+BIO+QTZ+ tk+I/-I2 0
e 20 T/km L
6 SiPHEpfu=38 37 36 e B

PRESSURE (kb)

TEMPERATURE (°C)

Fig. 2 Calculated P-T projection for stability of the assemblage
chlorite + K-feldspar  (low pressure side) phengite + bio-
tite + quartz + H,O (high pressure side) in the KFMASH system.
The dashed contours show the tetrahedral Si (3.2-4) per formula unit
(p.fu.) of phengite in the divariant assemblage, which reflects
variations in Tschermak [Aly(Fe,Mg)_,Si_;] exchange. The dotted
contours show the Xg. [= Fe/(Fe+Mg)] of phengite in the equi-
librium assemblage, and are limited by solid lines in the KMASH and
KFASH end-member systems. The inset Al,O3-KAlO,-FeO-MgO
(AKFM) tetrahedral phase diagrams (projected from quartz and
H,0) show the calculated compositions of coexisting phengite, biotite,
chlorite and K-feldspar at various pressures and temperatures. The
linear geothermal gradients (10, 20, 30 °C/km) show that different
compositional changes are to be expected during different types of
metamorphism

2.3 Stability of the KFMASH divariant
assemblage phengite + biotite + chlorite +
K-feldspar + quartz + H,O

In the KFMASH system, the assemblage phengite +
biotite + chlorite + K-feldspar + quartz + H,O is
limited by the divariant reaction:

CHL + KSP = BIO + PHE + QTZ + tk + FeMg_, + H,0 , (2)

whereby the compositions of the coexisting phyllosili-
cates continuously change with respect to the Tschermak
[tk = Al(Fe,Mg) ,Si_;] and FeMg_, exchanges. The
P-T projection of this divariant equilibrium can be
represented by contouring sets of compositional isop-
leths for the various phyllosilicate phases. Although we
only present compositional isopleths for chemical ex-
change in phengite (Fig. 2), it is also possible to repre-
sent the same phase field by contouring the tk isopleths
for biotite and/or chlorite.

Because the Al,(Fe,Mg)_,Si_; and FeMg_, contents
in the coexisting phyllosilicate phases for continuous
reactions are strong functions of pressure and tempera-



ture, the stability field of equilibrium (2) extends over a
considerable interval of pressure (ca. 6 kbar) and tem-
perature (ca. 250 °C). Although the stability field pre-
sented in Fig. 2 delimits the maximum accessible portion
of reaction space for equilibrium (2), the effective sta-
bility field is likely to be more confined due to the re-
stricted compositional range of natural assemblages. As
illustrated by AKFM tetrahedra (inset in Fig. 2), the
compositional volume defined by tielines linking the
phases phengite-biotite-chlorite-K-feldspar expands with
increasing temperature and becomes progressively dis-
placed from Fe- towards more Mg-rich compositions
with increasing pressure.

2.4 Stability of KFMASH trivariant assemblages

In the KFMASH system there are six trivariant equi-
libria involving the phases phengite-biotite-chlorite-
K-feldspar-quartz-H,O (Fig. 1), each of which is formed
by the absence of one of the phases from the full as-
semblage (termed ‘‘phase-absent” equilibria, hereafter).
Because the calculations were carried out assuming unit
activities of both SiO, and H,O, the number of trivari-
ant equilibria considered here reduces to four. In order
to present graphically P-T projections of the four tri-
variant KFMASH equilibria, calculations have been
performed in the KMASH (Fig. 3a) and KFASH
(Fig. 3b) subsystems. This effectively reduces the vari-
ance of the assemblage phengite + biotite + chlo-
rite + K-feldspar + quartz + H,O to univariant, and
the phase-absent continuous reactions to divariant. Each
phase-absent equilibrium can then be represented by
contouring isopleths of the Al(Fe,Mg)_;Si_; compo-
nent, which is directly reflected by variations in the tet-
rahedral Si content in phengite (Si PHE p.f.u.) and the
other phyllosilicate phases. The results of these calcula-
tions are presented in Fig. 3a, b.

On the low pressure side of the univariant assem-
blage phengite + biotite + chlorite + K-feldspar +
quartz + H,O, the two stable divariant equilibria are
the phengite-absent assemblage, denoted [PHE] (not
shown in Fig. 3), corresponding to the reaction:

CHL + 2KSP = 2BIO + 4QTZ + tk + 2H,0 , (3)

and the biotite-absent assemblage, denoted [BIO], cor-
responding to the reaction:

6PHE = CHL + 6KSP + 2QTZ + 5tk + 2H,0 . (4)

These two assemblages occur in the same P-T field but
occupy different compositional space, with the biotite-
absent equilibria being stable at more Al-rich
compositions (see inset AKM diagrams in Fig. 3a).
The remaining two divariant equilibria emerge from
the high pressure side of the univariant assem-
blage phengite + biotite + chlorite + K-feldspar +
quartz + H,0O. The K-feldspar-absent assemblage,
[KSP], which occurs in the more Al-rich compositions,
corresponds to the reaction:

PRESSURE (kb)

PRESSURE (kb)

T
400

3(I)O
b TEMPERATURE (°C)

Fig. 3a, b P-T projections showing the calculated phase equilibria of
assemblages involving phengite, biotite, chlorite, K-feldspar, quartz
and H,O in: a KMASH; b KFASH (note different scales). The phase-
absent assemblages, denoted [phase], are represented by contouring
the tetrahedral silica (Si PHE p.fu.) of phengite in the various
equilibrium assemblages. The inser Al,03;-KAlO,-MgO (AKM)
ternary phase diagrams in a (projected from quartz and H,O) show
calculated compositions of the coexisting phases at various pressures
and temperatures

3PHE + CHL = 3BIO + 7QTZ + 4tk + 4H,0 . (5)

The stability of this assemblage has been calculated
previously by Powell and Evans (1983) and Bucher-
Nurminen (1987) for the KMASH system, and by Roots
(1995) in the KFMASH system. The chlorite-absent
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assemblage, [CHL], occurs in more Al-poor and K-rich
compositions and corresponds to the reaction:

3PHE = 2KSP + BIO + 3QTZ + 3tk + 2H,O0 . (6)

The stability of this assemblage in the KM ASH system has
been investigated experimentally by Velde (1965) and
Massonne and Schreyer (1987), and has been calculated by
Powell and Evans (1983) and Bucher-Nurminen (1987).

3 Continuous equilibria and the construction
of P-T projections for thermobarometric purposes

We have expanded on previous studies (e.g. Powell and
Evans 1983; Bucher-Nurminen 1987) by calculating the

10
8
e}
E 6
)
/]
é 4
[a W)
2
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a TEMPERATURE (°C)
10 . . . o .
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8| n
" 10°C/km
@; | ) _
-]
|70}
2
(oW
N KFASH 34‘1"1":"::::5
200 300 400 500
c TEMPERATURE (°C)

full set of continuous equilibria in the KFMASH system
(with a variance of 3 or less) existing among the phases
biotite, chlorite and K-feldspar (excess quartz and H,O)
which involve phengite. The P-T projections of these
various equilibria, defined by contouring the
Al,(Fe,Mg)_;Si_; and FeMg_, components in phengite,
are presented in Fig. 4. Although isopleths of constant
Al (Fe,Mg)_,Si_; are only shown in KMASH and
KFASH, these isopleths have virtually the same P/T
slopes in  both chemical systems for fixed
Al,(Fe,Mg)_;Si_;. This feature ensures that the isop-
leths can readily be extrapolated between KMASH and
KFASH along contours of constant Al,(Fe,Mg)_,Si_;.
Thus, the grids presented in Fig. 4 depict all possible

10 | I /I ; | .
A S
1 PHE+CHL=BIO+QTZ+tk+H ,0 [KSP] ST
2
2
-,
0]
J
a®
200 300 400 500
b TEMPERATURE (°C)

Fig. 4a—c Calculated KFMASH P-T projections for the three
KFMASH trivariant assemblages existing among K-feldspar,
chlorite, biotite involving phengite, quartz and H,O. The P-T
projections are contoured in terms of the Tschermak
[Al(Fe,Mg)_;Si_;, represented as Si PHE p.f.u.] and FeMg_,
exchanges in phengite. Tschermak isopleths are only shown in
the KMASH and KFASH end-member systems. Note that the
compositional isopleths have distinctly different slopes for the
various buffering assemblages. The potential use of the isopleths as
geothermometers or barometers can be assessed from their slope
compared to idealised metamorphic paths represented by linear
geotherms



compositional variations along Al(Fe,Mg)_,;Si_; and
FeMg_, in phengite within the specified assemblages
and they can be used in conjunction with additional
mineral compositional data from metamorphic rocks
and independent thermobarometric estimates to obtain
direct pressure and temperature information.

Although only the phengite composition is needed to
construct the trivariant fields presented in Fig. 4, the
other phyllosilicate phases have variable compositions
which change with phengite. While it is possible to
construct equivalent P-T grids contouring the
Al (Fe,Mg)_;Si_; and FeMg_; components in either
biotite or chlorite (or both), this possibility is somewhat
limited by the more restricted compositional variation
exhibited by these phases. As an example, consider the
chlorite and biotite compositions coexisting with a
phengite composition of Xg. = 0.11 and Si p.fu. 3.12
at a temperature of 260 °C and a pressure of 5 kbar
within the assemblage phengite + chlorite + bio-
tite + K-feldspar (+quartz + H,O) which can be de-
fined (see Table 1) as X(CHL) = 0.013, Y(CHL) = 0.5,
N(CHL) = 0.5 and ph(BIO) = 0.92, an(BIO) = 0.002,
ea(BIO) = 9 x 107, respectively. Within the same as-
semblage at 420 °C and 2 kbar the compositions of
chlorite and biotite coexisting with a phengite compo-
sition of Xp. = 0.34 and Si p.f.u. 3.79 are X(CHL) =
0.072, Y(CHL) = 0.504, N(CHL) = 0.496 and
ph(BIO) = 0.61, an(BIO) = 0.024, ea(BIO) = 0.067,
respectively.

4 Inference of metamorphic histories
from continuous reactions

The compositional evolution and mineral zonation re-
corded during continuous reactions depend on the P-T
trajectory along which rocks are buried or exhumed.
Thus, even though the reactions investigated here have a
high variance, they can be used in a classical fashion,
similar to low variance reactions, to obtain information
on P-T paths during a metamorphic episode.

The P-T information can be obtained by detailed
analysis of the variations in Al,(Fe,Mg)_;Si_; and
FeMg, contents within rocks of different compositions
and within different limiting assemblages. By utilising
the fact that the compositional isopleths, defining the
various continuous reactions, have different Clapeyron
slopes, one can anticipate that the rates and even the
signs of chemical exchange may differ for different as-
semblages undergoing the same metamorphic history.
To demonstrate how the metamorphic history may
control the compositional trends recorded by continu-
ous reactions, it is useful to consider simple P-T trajec-
tories (shown in Figs. 1-3) which correspond to slow
burial or exhumation (where heating or cooling keeps
pace with pressure changes). The phyllosilicates in rocks
of constant Fe’* /Mg buried along low d7T'/dz gradients
(ca. 10 °C/km) will display almost no variation in tk
within chlorite-absent assemblages, progressive de-
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creases in tk within K-feldspar-absent assemblages and
progressive increases in tk within biotite-absent assem-
blages (e.g. Fig. 3). In fact within any one limiting
assemblage, the trend of compositional variation in
Aly(Fe,Mg)_;Si_; and FeMg_, observed within a profile
of exposed rocks may be used to quantify the 7-P gra-
dient along which rocks were buried or exhumed.

The sequence of reactions observed within rocks of a
fixed composition is also sensitively dependent on the
P-T trajectory of burial or exhumation. Only P-T tra-
jectories exceeding approximately 15 °C/km will record
the breakdown of chlorite and K-feldspar to form bio-
tite, phengite, quartz and H,O (reaction 2) with in-
creasing metamorphic grade (Fig. 2). Lower gradients
will not experience this reaction but are likely to show
the prograde formation of K-feldspar from chlorite at
higher metamorphic grades due to the progressive re-
placement of K-feldspar-absent assemblages by chlorite-
absent assemblages (Fig. 3a). This latter reaction is also
more likely to be observed in rocks subjected to high 7-P
gradients such as may be observed during periods of
isobaric heating.

5 Reaction singularities and the change from hydration
to dehydration equilibria

Pressure-temperature curves with maxima (e.g. Fig. 2)
indicate that one or more phases have changed sides in a
reaction. For each phase changing side in a reaction
there is a singularity. As seen from the reaction labelling
in Fig. 5, there will be such singularities involving H,O,
QTZ and BIO.

5.1 Reaction singularity reflecting
an Al,(Fe,Mg)_;Si_| degeneracy in phengite

A singularity associated with reaction (2) occurs when
phengite is compositionally colinear with chlorite and
K-feldspar (solid star in Fig. 5). Close to the degener-
ate reaction in KAIO,-MgO (ce = ph + KSP +
QTZ + H,0), the phengite composition is less alumi-
nous than the tieline linking coexisting chlorite and K-
feldspar and thus phengite undergoes breakdown due to
the terminal dehydration reaction:

PHE = CHL + BIO + KSP + QTZ + tk + H,O . (7)

As the Al(Fe,Mg) ,Si_; component in the phyllosili-
cate phases increases, a compositional colinearity is
formed among the phases phengite, K-feldspar and
chlorite (solid star in Fig. 5) which is represented by the
BIO-absent reaction:

PHE = CHL + KSP 4+ QTZ + tk + H,0 . (8)

At this point, biotite changes side in reaction (2), and the
biotite-absent equilibrium emerges tangentially. At
higher temperatures, phengite is more aluminous than
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Fig. 5 Calculated KMASH P-T
projection and schematic ter-
nary (A, Al,Os3; K, KAIO,; M,
MgO) diagrams illustrating
phase relations and singularities
near the degenerate reaction K

celadonite — phlogopite +
K-feldspar + quartz + H,O
in the KA1O,-MgO system. The
numbers bounded by round
brackets are the calculated tet-
rahedral Si per formula unit in 8
phengite. The reaction coeffi-
cients are obtained using these
calculated Si PHE p.f.u. values.
In the text these reactions are
written more generally involv-
ing the tk vector. Singularities
which occur in the pressure-
temperature space shown are
indicated by a solid star (biotite-
absent reaction) and by a solid
triangle (H,O conserving reac-
tion)
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the tieline linking chlorite and K-feldspar, so that reac-
tion (2) once again involves biotite with phengite, now in
a crossed tieline relationship.

5.2 Singularity involving fluid

As the Al,(Fe,Mg)_;Si_; component increases further,
another compositional colinearity occurs, this time
among phengite, biotite and chlorite (with K-feldspar
and quartz), which is shown as a solid triangle in pro-
jected Al,0O3-MgO-H,O diagrams in Fig. 5. At this
singularity, H,O changes side in reaction (2) and a de-
generate H,O-conserving equilibrium emerges tangen-
tially:

BIO + PHE + QTZ = CHL + KSP + tk . 9)

At temperatures exceeding that of the singularity, the
phengite composition is more aluminous than the tieline

o

+ KSP

MgO

linking chlorite and biotite on projected Al,O3-MgO-
H,0 diagrams. Thus chlorite and K-feldspar break
down to form biotite and phengite in the direction of
dehydration by the reaction:

CHL + KSP = BIO + PHE + QTZ + tk + H,O . (10)

This appears as a tieline crossing reaction in projected
AKM diagrams and as a terminal reaction in projected
Al,03-MgO-H,0 diagrams.

The H,O singularity is located very close to (but not
exactly at) the point where the entropy change of reac-
tion (2), and the resulting tangent, go to zero. This
property is due to the fact that H,O is the greatest
contributor to the reaction entropy and because the re-
action coefficients of H,O go through zero at the sin-
gularity. Unfortunately, the singular behaviour, and the
related small entropy changes associated with reaction
(2), mean that the location of this phase field (and the



related set of higher variance equilibria) are sensitive to
the thermodynamic data set used.

There are several petrological implications related to
the presence of the P-T maximum of reaction (2). The
shallow slope (i.e. d7/dP) of the Tschermak isopleths
for the divariant reaction (2) near the maximum (i.e.
phengite with Si ca. 3.6 p.f.u.) makes the reaction a
potential barometer. In fact, even without mineral
compositional data, maximum pressure estimates in low
grade rocks subjected to relatively high d7/dz condi-
tions can be obtained from reaction (2), and from the
two higher variance phase-absent assemblages defined
by reactions (3) and (4), which emanate from the low
pressure side of reaction (2). More subtle implications
resulting from the existence of the P-T" maximum of
reaction (2) are the complex textures and chemical sig-
natures which may result from burial, or exhumation,
paths through its phase field. This is particularly im-
portant for low-aluminium rocks undergoing burial or
exhumation along gradients of approximately 20 °C/km

Table 3 Comparison between calculated pressures (Pgp, Pumszs
kbar) and temperatures (Typ, Twvsz, °C), pressures estimated on the
basis of the Massonne and Schreyer (1987) KMASH isopleths for
the chlorite-absent equilibrium (reaction 6, Pysc) and (Pref, Tref)
estimates constrained independently from natural data. Phengite
compositions are shown in terms of the silica per formula unit (Si
p.fu) and Xg. [=Fe/Fe + Mg]. The subscript HP indicates that
the Holland and Powell (1998) phengite data and solution model
was used whereas the subscript M Sz indicates the phengite data and

563

which may show evidence for phengite firstly as a reac-
tant then as a product at different times along the same
P-T trajectory, for the same rock composition and the
same reaction.

6 Petrographic constraints on the mineral stability
calculations

To understand how well the thermodynamic calcula-
tions in model systems can be applied to natural oc-
currences for the purposes of thermobarometry, natural
examples in which the stability of assemblages involving
combinations of the phases phengite, chlorite, biotite,
K-feldspar and quartz are constrained by independent
thermobarometers have been examined. Table 3 presents
a comparison between these independent P-T con-
straints (denoted Per, Tref), With calculations performed
using the data of Holland and Powell (1998) (denoted
Pyp, Typ) and calculations performed using the data set

solution model are from Massonne and Szpurka (1997). Calcula-
tions were performed with PERPLEX (Connolly 1990) using the
data set and solution models of Holland and Powell (1998) and
the Holland and Powell (1991, CORK) fluid equation of state. The
error bars for Pyp (and Typ) are one standard deviation calculated
using THERMOCALC. The data presented in the source list below
the table indicates the means by which the independent pressure
estimates were obtained

Sample  Per (kbar)  Tier °C)  Si(pfu) Xee Pyp Tup Pys; Tvs:  Pusc Source®
Phengite + chlorite + biotite + K-feldspar + quartz

16 - - 3.21 0.56 1.3+ 12 409 £20 43 450 - 17
1407A - - 3.17 0.43 1.0+ 12 420 + 18 238 453 - 14
3044 - - 3.18 0.47 1.1 £12 420 +£20 25 443 - 18
33-93 ca. 2 ca. 325 3.19 0.14 09 +08 412 + 14 27 440 - 1
20 - ca. 450 3.25 0.33 26 £ 08 412 £32 4.1 435 - 4
Phengite + biotite + K-feldspar + quartz [chlorite]

8/26 >14 500 3.57 0.51 85+ 1.0 - 13.0 - 14.5 11
21 9-14 420-500 3.54 0.69 52-73 £ 10 - 10.0-13.6 - 13.0-142 13
M32 6.5 500 3.41 0.49 65+ 10 - 10.9 - 14.0 15
WP-9 4.4 720 3.08 0.43 32 £ 08 - 5.1 - 4.0 7
DDR-14 7-9 600-700  3.29 0.43 7.0-9.1 £ 1.0 - 11.4-15.0 - 9.0-10.0 9
di 14-15.0 550-600  3.41 0.28 8598 + 1.0 - 10.7-12.5 - 11.5-12.4 12,19
BL-152  ca. 8 ca. 580 3.21 0.35 52 +1.0 - 7.6 - 7.0 2
PF-114 8.5 575 3.07 0.3 1.3+£09 - 2.4 - 2.5 3
TC2 9.4 638 3.30 0.45 80 + 1.0 — 13.1 - 10.0 6
Phengite + biotite + chlorite + quartz [K-feldspar]

12B 6.2 505 3.21 0.45 55+ 1.6 — 8.8 - - 10
GD80B 7.5 620 3.18 0.31 102 £19 - 15.5 - - 15
157 3.8 570 3.12 0.46 55+ 15 - 9.7 - - 16
44-93 ca. 2 ca. 535 3.08 0.72 21 +14 - 3.8 - - 1
TS58 18-22 520-550  3.58 0.02 16.6-18.7 £ 1.8 - 19.7-21.7 - - 5
2WM3 6.5-7.3 515-530  3.15 0.66 3.642 + 1.6 - 8.4-9.5 - - 8

#Sources: (I Graessner and Schenk 1999, 2 Rosenberg et al. 1999,
sphalerite + pyrrhotite + pyrite barometer, 3 Goscombe et al.
1998, average PT calculation, 4 Lentz et al. 1997, 5 Guillot et al.
1997, jadeite + chloritoid + paragonite + garnet and jadeite +
garnet + glaucophane + paragonite calculation, 6 DiVincenzo
et al. 1997, garnet + plagioclase + muscovite + biotite barom-
eter, 7 Linner 1996, average, PT from calculation, 8§ Arenas et al.
1995, garnet + plagioclase + muscovite + biotite barometer, 9
Kroner et al. 1995, garnet + hornblende + plagioclase thermo-

barometer, /0 Bergman 1992, garnet + plagioclase + muscovite +
biotite barometer, /1 Massonne and Chopin 1989, presence of ja-
deite, 12 Mposkos 1989, 13 Evans and Patrick 1987, presence of

glaucophane, presence of albite + quartz, /4 Wang et al. 1986, 15
Droop 19835, jadeites + quartz + albite and calculation, /6 Novac
and Holdaway 1981, calculations using staurolite + silliminite +
almandine and staurolite + muscovite + biotite + silliminite, /7
Mather 1970, 18 Ernst 1997, 19 Liati and Mposkos 1990, garnet +
pyroxene barometer)
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and solution models of Holland and Powell (1998)
modified to include the Fe- and Mg-phengite end-
member data and solution models of Massonne and
Szpurka (1997) (denoted Pusz, Twmsz, see Appendix and
Table Al). Although the calculations originally pre-
sented by Massonne and Szpurka (1997) were carried
out using the data set of Berman (1988) augmented by
data from a variety of different studies, the Holland and
Powell (1998) data were used here in order to focus
solely on variations due to the different phengite data
and solution models. Table 3 also shows pressure
estimates (Pys) based on the isopleths reported by
Massonne and Schreyer (1987) for the KMASH chlo-
rite-absent assemblage (reaction 6).

In general, calculations performed with the data of
Holland and Powell (1998) yield pressures that are
consistent (typically within 2 kbar) with estimations
based on independent thermobarometers. There are
however some discrepancies, particularly for chlorite-
absent assemblages containing high (>40 mol%) celad-
onite contents (e.g. samples 8/26, 21, dl in Table 3)
where the calculated pressures tend to significantly un-
derestimate the independently derived pressures. One
notably anomalous pressure was obtained for a chlorite-
absent assemblage in which the calculated pressure
estimate is at least 5.0 kbar lower than the pressure in-
dicated from the observed stability of jadeite and quartz
at an estimated temperature 500 £ 50 °C (Massonne and
Chopin 1989). In fact, the calculated phengite compo-
sitional isopleths for the chlorite-absent assemblage have
similar P-T gradients to the albite + quartz = jadeite
isopleths. Assuming the assemblage does represent
equilibrium conditions, this relationship implies that
either the calculated isopleths at high celadonite content
have an incorrect Clapeyron slope or that they are dis-
placed towards too low a pressure. Calculations based
on reaction (2) tend to yield realistic temperatures but
some unusually low pressures. These anomalous esti-
mates are especially evident for cases in which reaction
(2) is described within regional metamorphic terrains
(i.e. Scottish Dalradian, Mather 1970; Ryoke meta-
morphic belt, Wang et al. 1986) where mineral compo-
sition data require 7-z gradients of approximately
60-70 °C/km during burial and prograde metamor-
phism.

Calculations based on the phengite thermodynamic
data and solution model of Massonne and Szpurka
(1997) also show a broad agreement with respect to the
independent pressure estimates although they also dis-
play some discrepancies, most commonly for samples
containing phengite with relatively low (<40 mol%)
celadonite contents (e.g. samples GD80B, 157, DDR-
114, TC2, M32). For such compositions, the calculations
generally overestimate the independent pressure esti-
mates (see however sample PF-114). Pressure estimates
based on equilibrium (2) are significantly higher than
those obtained with the data set of Holland and Powell
(1998) and are more consistent with expected 7-z gra-
dients.

Pressure estimates for the chlorite-absent assemblage
based on the isopleths reported by Massonne and
Schreyer (1987) are reasonably consistent with inde-
pendent estimates, with two noticeable exceptions
(samples PF-114 and M32) where the differences are
between 4 and approximately 6 kbar. Similar discrep-
ancies have been noted by Arenas et al. (1995), Ernst
(1997) and Rosenberg et al. (1999). In the latter refer-
ence, the difference appears to be due to the application
of the Massonne and Schreyer (1987) isopleths for the
chlorite-absent assemblage to an assemblage containing
coexisting chlorite and K-feldspar (+ phengite + bio-
tite). More recently, Goffé and Bousquet (1997) dem-
onstrated an example in which an entire P-T path
(spanning 15 kbar and 100 °C) is consistent with a near
constant phengite composition existing within different
buffering assemblages. These examples outline the in-
consistent results that can be obtained by applying
phengite barometry to unbuffered assemblages to obtain
minimum pressure estimates.

It is difficult to generalise about the relative accuracy
of the calculations presented in Table 3 given the limited
data available and the uncertain reliability of the inde-
pendent pressure estimates. However, there does appear
to be some tendency for the calculations based on the
phengite thermodynamic data set of Holland and Powell
(1998) to display greater consistency at relatively low
celadonite contents (<40 mol%), whereas the phengite
thermodynamic data of Massonne and Szpurka (1997)
produce the best results at relatively high celadonite
contents (>40 mol%). In all cases, calculations using the
Massonne and Szpurka (1997) data can be expected to
yield higher pressures than calculations with the
Holland and Powell (1998) data. Pressure estimations
based directly on the isopleths for the KMASH equi-
librium phengite = K-feldspar + biotite + quartz +
tk + H,O experimentally investigated by Massonne
and Schreyer (1987) almost always exceed calculation-
derived pressures (using thermodynamic data from ei-
ther Holland and Powell, 1998, or Massonne and
Szpurka, 1997).

7 Extension of model calculations
to more complex natural systems

Using the Holland and Powell (1998) data set, it is pos-
sible to perform internally consistent calculations of a
large number of new multivariant reactions involving Al,
(Fe,Mg)_,Si_; in the KMASH, KFASH and KFMASH
systems. In the KMASH system, these calculations ap-
pear to be accurate for reactions involving phyllosilicates
with a high proportion of Aly(Fe,Mg)_;Si_; exchange
(<40 mol% celadonite). The accuracy of calculations
involving Al,(Fe,Mg)_,Si_; exchange in the KFMASH
system, and other more complex systems, is less well
understood. However, a number of inferences can be
made on the basis of petrographic and experimental
data.



7.1 Effects due to FeMg_; exchange

Calculations performed with the thermodynamic data
set of Holland and Powell (1998) predict that FeMg_,
exchange will have a strong influence on the stability of
assemblages involving combinations of phengite, chlo-
rite and biotite. The calculated effect of varying FeMg_,
on the stability of the various assemblages depends on
the Aly(Fe,Mg)_,Si_; component in the coexisting
phyllosilicate phases (Fig. 2). In general, increasing Fe**
relative to Mg>* reduces the pressure at which a par-
ticular assemblage is stable. This result contradicts the
sparse data available on this subject in two ways. Firstly,
mineral exchange data show that the Fe’*/Mg”" ratios
of coexisting muscovite and biotite are similar, with the
ratios slightly less in phengite than in biotite (Tracy
1978). These data imply that the respective reactions
involving phyllosilicate Fe and Mg end-members have
similar free energy changes. On the basis of these
data, the reaction phengite — biotite + K-feldspar +
quartz + tk + H,O should be virtually independent of
the Fe’*/Mg”* ratio, not strongly dependent as shown
in Fig. 3a, b. Secondly, because the Fe’*/Mg>" ratios
are typically slightly less in muscovite than in biotite
(Tracy 1978), the addition of Fe?* will actually stabilise
biotite + K-feldspar in the chlorite-absent reaction (i.e.
reaction 6) and thus reduce the Aly(Fe,Mg)_,Si_; com-
ponent in phengite, displacing the Si-isopleths to higher
pressure. This is consistent with the experimental data
reported by Velde (1965) but contrary to the results of
the calculations presented here using the data set of
Holland and Powell (1998).

Calculations performed with the phengite end-mem-
ber data extracted by Massonne and Szpurka (1997) are
influenced to a minor extent by the FeMg_, exchange.
In general, the effect of increasing Fe’* relative to Mg?*
increases the pressure at which a particular assemblage is
stable. This behaviour is reflected in results presented in
Table 3 where the calculated pressure estimate of sample
21 (13.6 kbar at 500 °C) is greater than that of sample 8/
26 (13.0 kbar at 500 °C) the latter of which has a slightly
higher celadonite content but significantly lower Xge.
This behaviour is also consistent with the petrographic
data outlined above.

7.2 Multi tri- and dioctahedral substitutions

Experimental results and natural data presented by
Monier and Robert (1986) demonstrate a complication
in addition to that of FeMg_, exchange, in that it was
suggested that phengite can deviate significantly from
the pure dioctahedral form (e.g. 2Al + vacancy) due to
substitution of a trioctahedral (biotite) component (e.g.
3Mg). Based on X-ray diffraction, the trioctahedral
component was shown to be important at low temper-
atures (with an octahedral occupancy of up to 2.2 atoms
per formula unit) and to decrease strongly with in-
creasing temperature. Deviations from ideal dioctahe-
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dral phengite based on X-ray diffraction were also
reported by Massonne and Schreyer (1987) and Mass-
onne and Szpurka (1997) whose data indicate that the
octahedral occupancy in phengite increases (relative to 2
p-fou) with decreasing pressure, and also increases
slightly with increasing temperature. Effects due to de-
viations from dioctahedral phengite are not accounted
for in the mixing models and thermodynamic data of
Holland and Powell (1998) but are in the data of
Massonne and Szpurka (1997). Monier and Robert
(1986) indicate that the trioctahedral component in
phengite decreases with increasing temperature whereas
Massonne and Szpurka (1997) suggest the opposite. The
possibility also exists that the trioctahedral component
may reflect microscopic phyllosilicate interlayering (e.g.
see Garcia-Casco et al. 1993). Its potential importance
has been pointed out by Monier and Robert (1986) who
suggested that the persistence of the trioctahedral com-
ponent in phengite to temperatures beyond where there
remains significant celadonite component in muscovite
may explain the commonly observed presence of octa-
hedrally coordinated divalent cations in phengite at high
temperature conditions.

7.3 Effects of additional components, principally Na
and Fe*

Because Na fractionates into K-feldspar more than into
coexisting white mica (e.g. Thompson and Thompson
1976) the equilibria investigated here are stabilized by the
addition of Na to higher pressures relative to KAISi;Og
until saturation with NaAlSiz;Og occurs. However, be-
cause of the limited extent of solid solution between al-
bite and K-feldspar at the conditions of interest in this
study, the effect of adding Na is insignificant (calculation
showed that the displacement of reaction 2, due to the
introduction of Na, was <100 bar).

Some information also exists on the fractionation of
Fe’™ and octahedral Al among coexisting phyllosili-
cates. Mather (1970) presents full chemical analyses for
coexisting phengite, chlorite and biotite for reactions
across the biotite isograd (reaction 2) in Barrovian series
rocks from the Scottish Highlands. The fraction
Fe’ /(AIY' 4+ Fe**) is highest in biotite and slightly
more in chlorite than phengite (e.g. 0.47, 0.14, 0.13 for
sample 11; 0.22, 0.13, 0.07 for sample 16; and 0.22, 0.11,
0.07 for sample 18 of Mather, 1970, p 264). These data
indicate that the addition of Fe** to the systems inves-
tigated here will displace reaction 2 towards lower
pressure and reactions 5 and 6 towards higher pressure
until they saturate with Fe;O4 or Fe,O3 (or FeTiO3 or
TiO,), depending upon fo,.

8 Concluding statements

The calculations presented here serve three principal
purposes. Firstly, the results constrain the positions of,



566

and relationships between, various possible phase fields.
These reaction topologies provide a quantitative means
of understanding the mineralogical changes observed
during the metamorphism of natural rocks (Mather
1970; Wang et al. 1986). Secondly, the calculations serve
as a means to demonstrate singularities, which are an
inherent part of the reactions investigated due to com-
positional colinearities caused by different amounts of
Al (Fe,Mg)_,Si_; in the coexisting phyllosilicate phases.
A H;,O-absent singularity in particular has petrological
significance because it marks the unusual transition from
hydration to dehydration associated with a single reac-
tion with increasing pressure and temperature. This be-
haviour results in a nearly circular phase field (with a
maximum in P-T space) that provides barometric con-
straints and may cause complex mineral zonation and
chemical signatures in rocks buried or exhumed along
T-z trajectories exceeding 15 °C/km. Thirdly, the results
presented here can be used to obtain quantitative ab-
solute P-T estimates and information on the trajectories
along which low grade metamorphic rocks are buried
and/or exhumed.

The phase relationships, thermobarometric grids and
petrological implications that have been discussed in this
paper are derived almost entirely on calculations per-
formed with one thermodynamic data set (Holland and
Powell 1998). The advantage of this approach is that
calculations can be performed within an internally
consistent framework. Despite this advantage, we have
noted considerable discrepancies between calculations
and both petrological and experimental constraints. The
calculated pressure differences tend to be small at com-
positions close to the muscovite end-member
(<30 mol% celadonite), but they become increasingly
larger as compositions approach the celadonite end-
member.

Field and experimental data indicate that calculations
overestimate the sign and magnitude of displacements in
pressure and temperature induced by the addition of
Fe>™ to the KMASH system. Given that most experi-
mental data used to derive phyllosilicate data comes
from Fe-free systems, thermobarometric calculations are
therefore most likely to yield the best results for natural
compositions that approach the KMASH system. The
trioctahedral substitution [2Al = 3(Fe,Mg), section 7.2]
could potentially explain some of the differences be-
tween calculations and petrological P-T estimations, as
could non-ideal octahedral substitutions such as Fe**
for Al. Petrological data indicate the addition of Fe** to
the KMASH system will tend to increase the stability of
biotite relative to phengite and chlorite, which will de-
termine whether reactions are displaced towards higher
or lower pressure.

Finally, we emphasise that the slope of the isopleths
for Aly(Fe,Mg)_;Si_; are quite different for the various
buffering assemblages. In all cases considered here the
phases phengite, biotite and chlorite all become less
aluminous (more siliceous) with increasing pressure. We
encourage determination of mineral compositions in

different coexisting assemblages from individual out-
crops across metamorphic terrains to determine the ef-
fects of Fe’*, Na and Ti on the isopleths presented here.
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Appendix: thermodynamic data and comparison
of calculations with experimental results

A1l Constraints on stability of the chlorite-absent KMASH
assemblage

The only equilibrium considered in this study that has been in-
vestigated experimentally is the chlorite-absent assemblage pheng-
ite + biotite + K-feldspar + quartz + H,O (reaction 6). Both
Velde (1965) and Massonne and Schreyer (1987) undertook ex-
perimental studies of this assemblage in the KMASH system. In
both cases, the starting materials were synthetic minerals, oxide
mixes or gels. Experimental data extend from 300 to 700 °C, from 2
to 23 kbar and cover phengite compositions ranging from pure
muscovite to 80% celadonite. The phengite compositions in both
studies were characterised by X-ray powder diffractometry.

The experimental data obtained in the different studies show
broadly similar trends (Fig. A1), although the data of Velde (1965)
predict greater celadonite contents in phengite at lower pressures
and temperatures. Massonne and Schreyer (1987) attributed these
differences to the presence of phengite compositions in their ex-
periments that deviated from true dioctahedral compositions and
to difficulties encountered by Velde (1965) to satisfy the required
conditions of phase characterisation.

Thermodynamic calculations of the KMASH chlorite-absent
equilibrium show good agreement with the experimental data for
phengite compositions close to the muscovite end-member (<30%
celadonite) but show progressively larger deviations as phengite
compositions approach the celadonite end-member (Fig. Al). The
calculations underestimate the pressure-stability of end-member
celadonite by approximately 5 kbar.

A2 Stability of chlorite-absent equilibria based on new data
and solution models from Massonne and Szpurka (1997)

Recently, Massonne and Szpurka (1997) have derived new ther-
modynamic data for the Mg- and Fe-celadonite end-members
(Table A1) based on new synthesis experiments involving phengite,
garnet, kyanite and quartz or coesite (carried out between 30 and
45 kbar and 850 to 1100 °C), and utilising data from previous ex-
periments carried out by Massonne and Schreyer (1987, 1989).
Massonne and Szpurka (1997) also proposed new mixing models to
describe the solid solution between Fe- and Mg-celadonite and
muscovite. These new models differ from other models (e.g. Hol-
land and Powell, 1990, 1998) in that they are molecular and non-
ideal. The non-ideal behaviour of the muscovite-Mg-celadonite
solid solution series was modelled by them using an asymmetric
Margules formulation, whereas a symmetric model was used for the
muscovite-Fe-celadonite solid solution. Exchange between Fe and
Mg was assumed to be ideal.

A comparison between phengite isopleths for the chlorite-ab-
sent KMASH equilibria presented by Massonne and Szpurka
(1997), the corresponding experimental data of Massonne and
Schreyer (1987) and calculations performed with the thermody-
namic data set of Holland and Powell (1998) is presented in
Figs. A1 and A2. Results of calculations (presented by Massonne
and Szpurka 1997, their Fig. 7) based on the new data and solution
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Fig. Ala,b P-T projection a and P-X section b showing results of
calculations using the thermodynamic data set of Holland and Powell
(1998) (H & P, solid lines in P-T projection), isopleths calculated by
Massonne and Szpurka (1997) (M & Sz, dashed lines in P-T
projection) and experimental data (P-T projection: hash symbols
Massonne and Schreyer 1987, crosses Velde 1965, symbols not
distinguished in P-X section) for the KMASH chlorite-absent
assemblage phengite + biotite + K-feldspar + quartz. The shaded
regions in the P-T projection indicate the difference between H & P
and M & Sz calculations for 10, 30 and 80% celadonite

models display a reasonable fit to the experimental data over the
entire range of experimentally investigated phengite compositions.
The deviation between the two sets of calculations is greatest near
to pure celadonite compositions, where the Massonne and Szpurka
(1997) isopleths are displaced by approximately 5 kbar towards
higher pressure (at constant temperature) relative to isopleths cal-
culated with the Holland and Powell (1998) data set. The deviation
between the two sets of isopleths decreases as the muscovite com-
ponent in phengite increases until 30% celadonite, when the two
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sets of compositional isopleths nearly coincide. At phengite com-
positions approaching pure muscovite, the isopleths of Massonne
and Szpurka (1997) are displaced by approximately 1 kbar towards
higher pressure (at constant temperature) relative to isopleths
computed with the Holland and Powell (1998) data set.

A3 Sensitivity of calculations to choice of thermodynamic data
and solution models

The results presented in Fig. Al illustrate that thermobarometric
estimations based on the phengite compositions in the chlorite-
absent assemblage are dependent on the choice of available ther-
modynamic data and solution models. These results indicate that it
is necessary critically to evaluate the thermodynamic data and so-
lution models prior to applying calculations for thermobarometric
purposes.

The difference in thermodynamic data between Holland and
Powell (1998) and Massonne and Szpurka (1997) are due to the use
of different constraints in the data extraction process. The enthalpy
of formation for celadonite was derived by Holland and Powell
(1998) from the experiments of Massonne and Schreyer (1989) on
the equilibrium talc + muscovite + quartz = celadonite + kya-
nite + H,O. These authors pointed out that the resulting data are
in reasonable agreement with the experiments of Massonne and
Schreyer (1987) and Velde (1965) on the equilibrium celado-
nite = phlogopite + sanidine + quartz + H,O, and of Mass-
onne and Schreyer (1987) on the equilibrium muscovite +
phlogopite = eastonite + sanidine + quartz + H,O, but that
the results disagree with other experimental results of Massonne
and Schreyer (1989). Thermodynamic data for Fe-celadonite were
derived by Holland and Powell (1998) using the exchange equilib-
rium almandine + Mg-celadonite = pyrope + Fe-celadonite in-
vestigated by Green and Hellman (1982). Holland and Powell
(1998) warned that the errors associated with extracting enthalpy
data from exchange equilibria may be considerable because of
small free energy and enthalpy changes, especially if one of the
phases involved in the exchange is a ternary or higher order solu-
tion. Fortunately, THERMOCALC enables the propagation of
these uncertainties through the successive calculation which pro-
vides an estimation of the resulting thermobarometric errors (see
Table 3). For the estimation of entropies, volumes, heat capacities,
thermal expansions and compressibilities for celadonite and Fe-
celadonite, Holland and Powell (1998) used the experiments of
Guggenheim et al. (1987) and Comodi and Zanazzi (1994).

Massonne and Szpurka (1997) derived thermodynamic data for
celadonite and Fe-celadonite on the experimental equilibria re-
ported within their 1997 study, along with the data obtained by
Massonne and Schreyer (1987, 1989). After estimating molar vol-
umes from the lattice dimensions derived by X-ray diffraction and
after introducing Margules parameters to account for the limited
miscibility apparent between phengite and phlogopite, enthalpies of
formation and entropies were obtained by least squares fitting of
results from 48 experiments. The data set of Berman (1988), aug-
mented by data from various other sources, was used as the basis
for the thermodynamic evaluation. Recently, Schmidt and Artioli
(1999) noted that their new experimental molar volume data for
phengite in the KMASH system differ largely from the data of
Massonne and Szpurka (1997).

An additional source of variation for calculations presented in
Fig. Al stems from the use of significantly different solution
models to describe the mixing in phengite. The variation due to the
different solution models is reflected in Fig. Ala by the different
spacing between isopleths and in Fig. A2b by the different slopes of
the P-X curves. Massonne and Szpurka (1997) argue that their data
support the deviation from ideal mixing which is interpreted to
indicate molecular mixing. They model the non-ideal behaviour
using a Margules formulation that is asymmetrical in KMASH
and symmetrical in KFASH. These authors demonstrated that such
models show a good fit to their experimental data (see also
Fig. A1b). Holland and Powell (1998) propose a more classical
ionic phengite mixing model in which Mg and Al can only mix on
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one (M2A) of two sites and the mixing of tetrahedral Al and Si is
restricted to two of the four T sites to maintain Al-avoidance (see
also Holland and Powell, 1990). Incidentally the resulting mixing
model (and end-member thermodynamic data) shows good agree-
ment with recent experimental data obtained by Schmidt and
Artioli (1999).
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