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Atomistic investigation of the pyrophyllitic substitution and implications on clay stability
Benoît Dubacq,1,2,* Olivier Vidal,2 and Éric Lewin2
1

Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, U.K.
LGCA, Université Grenoble, CNRS, 1381 rue de la Piscine, BP 53, 38041 Grenoble cedex 09, France

2

Abstract
Predicting phase relations and reactions involving phyllosilicates is of critical importance when
modeling geological reservoirs and making thermobarometric estimates at temperatures below 350 °C.
However, it is difficult to perform experimental studies of phase relations of phyllosilicates because of
very slow reaction rates. Simple methods of estimations of thermodynamic properties of minerals such
as oxide summation techniques are insufficient to constrain activity models for minerals. In this study,
we use a recent atomistic technique that allows constraining activity models in minerals independently
from kinetics. Among the various solid solutions occurring in phyllosilicates, the magnitude and the
thermodynamic significance of the pyrophyllitic substitution has strong implications on the stability
of clay minerals at surface conditions. We have applied a lattice energy estimation method combined
with Monte Carlo simulations to estimate the energy of mixing along the muscovite-pyrophyllite solid
solution at 25 °C and 1 bar. The results suggest a strongly positive and asymmetric Gibbs free energy
of mixing, concordant at first order with previous thermodynamic models issued from phase relations
and with field observations. The calculated solvus implies that pyrophyllite-rich phyllosilicates are
unstable, unless another phenomenon such as hydration stabilizes them. Calculated structures at low
muscovite contents present large variations of interlayer occupancies due to short- and long-range
ordering. The observed ordering suggests that sub-layers in illite/smectite mixed layers minerals
are not independent as the alternation of K-rich and K-depleted sublayers minimizes the Gibbs free
energy of the mineral.
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Introduction
Concerns and questions about the long-term geological
storage of wastes, as well as interest about low-temperature
thermobarometry, create a need for a well-constrained thermodynamic database for phyllosilicates. The low-temperature
(LT) phyllosilicates smectite and illite are the main constituents
of natural or engineered barriers in the context of geological
storage of wastes and sequestration of CO2. The composition of
phyllosilicates has also been shown to be sensitive to variations
of temperature (T). Several geothermometers have been proposed
to estimate crystallization temperatures at T lower than 300 °C,
either using empirical approaches [e.g., Cathelineau and Nieva
(1985) for chlorites; Cathelineau (1988) and Battaglia (2004), for
illites and smectites] or based on thermodynamic models [e.g.,
Vidal et al. (2001, 2005, 2006) for chlorites; Vidal and Dubacq
(2009); Dubacq et al. (2010) for 2:1 smectite and illite]. Variations in the composition of phyllosilicates with T and pressure
(P) result from various substitutions, some of them thought to be
ideal [e.g., Al-Fe3+, Andrieux and Petit (2010)] and others highly
non-ideal [e.g., Na+-K+, Roux et al. (1996); (Mg,Fe2+)VI + SiIV =
AlIV + AlVI, Massonne and Szpurka (1997)]. The pyrophyllitic
substitution (R + AlIV = SiIV + oXII, with oXII an interlayer vacancy and R a cation in the interlayer position, such as K+, Na+
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or Ca2+/2) competes with the Tschermak substitution to modify
the Si content of phengites (e.g., Auzanneau et al. 2010). This
is especially true in LT metamorphic rocks where it is common to find Si-rich phengites depleted in K (Wang and Banno
1987; Vidal and Parra 2000; Agard et al. 2000, 2001; Trotet et
al. 2001; Bousquet et al. 2002; Inui and Toriumi 2002; Parra et
al. 2002; Le Hebel et al. 2002; Ganne et al. 2003; Augier et al.
2005; Vidal et al. 2001, 2006; Bosse et al. 2002; Jolivet et al.
2004; De Andrade et al. 2006; Yamato et al. 2007). To account
for these K-depleted and Si-rich compositions, it is necessary
to consider pyrophyllite (Prl) as an end-member of the phengite
solid solution. Moreover, the composition (neglecting interlayer
water) of illite, smectite, and illite/smectite mixed layers can be
expressed as the combination of mica and Prl end-members (e.g.,
Meunier and Velde 1989; Parra et al. 2002; Dubacq et al. 2010).
The Gibbs free energy of mixing along the Prl-muscovite and
-celadonite binaries must be strongly positive, since muscovite
(Ms) and Prl are observed to coexist in aluminous pelites. However, the magnitude of the excess energies along the Prl-mica
solid solutions is poorly constrained. There are no experimental
data available on the composition of Prl and mica coexisting in
equilibrium as a function of P and T. Moreover, the number of
vacancies in mica is not a measurable quantity, but is deduced
from the sum of interlayer cations (sim) as obtained in mica
structural formulas after normalization of the analyses on the
basis of 11 anhydrous O atoms (vacancies = 1 – sim). A possible

