
A GENERALIZED MODEL FOR PREDICTING THE THERMODYNAMIC
PROPERTIES OF CLAY MINERALS

PHILIPPE BLANC*,†, PHILIPPE VIEILLARD**, HÉLÈNE GAILHANOU*,
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ABSTRACT. A set of models for estimating the enthalpy of formation, the entropy,
the heat capacity and the volume of dehydrated phyllosilicates is presented. The model
for entropy and heat capacity estimation is essentially based on a method of decompo-
sition into polyhedral units, similar to that published by Holland (1989). The model for
predicting the enthalpy of formation is based on the electronegativity scale, as
previously developed by Vieillard (1994a, 1994b). For the sake of consistency, the
models are parameterized using the same critical selection of thermodynamic proper-
ties from the literature. This includes a set of direct measurements especially dedi-
cated to clay minerals that had not been taken into account in previous calculation
methods. The accuracy of the predictions is tested for each property. The verification
tests are also carried out for minerals that include different chemical elements than the
phases used to derive the model constants, especially lithium-bearing micas. Verifica-
tion tests also concern the Gibbs energy function that combines contributions from
both models. Finally, the models are used in order to propose a complete thermody-
namic database for clay mineral end-members. The consistency of the stability do-
mains calculated on the basis of these thermodynamic properties is investigated by
drawing relevant predominance diagrams for some chemical systems of interest. The
models proposed represent a significant improvement with respect to previous works
as regards the global accuracy of the estimates and because the developments were
realized and tested using the same set of minerals, whose properties had been
collected through a critical selection of the literature.

Keywords: clay mineral, thermodynamic data, enthalpy, Gibbs free energy, en-
tropy, phyllosilicates, chlorite

introduction

The long term stability of clay minerals is of critical importance, not only for
academic reasons but also within the context of deep underground nuclear waste
repositories, due to the sorption capacities and the plasticity of such materials.
Numerous experiments have already demonstrated the ability of alkaline solutions
stemming from cementitious materials (expected in deep repositories) to generate
important transformations in clay rocks (Gaucher and Blanc, 2006). Such experiments
usually concern time periods that are limited in relation to the timescales considered
in safety assessment calculations. In order to extend the range of experiments,
geochemical modeling has been used for a number of years as a valuable tool for
predicting mineralogical and chemical evolutions (Gaucher and others, 2004; Marty
and others, 2009). Thermodynamic properties are essential for such applications, but
they are still poorly understood for clay minerals and, until very recently, little
unambiguous experimental data were available. For example, numerous experimental
studies of equilibration in solution have been conducted since the pioneering work of
Reesman and Keller (1968). Equilibration experiments on illite were repeated by
Kittrick (1984) and Aja and others (1991). The smectite case was investigated, among
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others, by Reesman and Keller (1968), May and others (1986) and Kittrick and Peryea
(1988, 1989). Essene and Peacor (1995) strongly criticized the solution experiments
and the properties derived from these studies have not as yet been included in the
usual thermodynamic databases for geochemical modeling.

Moreover, an effort to acquire thermodynamic properties using calorimetric
techniques has recently been made and full sets of parameters can be measured
directly for illite, montmorillonite and beidellite (Gailhanou and others, 2012),
saponite, vermiculite and nontronite (Gailhanou and others, 2013) and berthierine
and chlorite (Blanc and others, 2013). This concerns essentially the minerals in their
anhydrous states. The use of calorimetric devices avoids having to assess equilibrium
achievement with respect to an aqueous solution, thereby providing reliable data for
calculating equilibrium constants.

However, all of these measurements may not be sufficient for modeling studies
involving clay minerals. Since clay minerals display variable composition, the probabil-
ity is low that measured properties from the literature are directly usable. In addition, it
is also of importance, for modeling studies, to consider the thermodynamic properties
of a large variety of clay end-members that could possibly form from the primary
phases, given the considered physical-chemical perturbations involved.

Predictive models could be used for this purpose. Furthermore, it has already
been demonstrated that available methods are not accurate for clay minerals (Gailha-
nou and others, 2012, 2013) and that the combination of different methods may be
questionable from a consistency point of view (Blanc and others, 2013). In order to
address this issue, we propose herein a consistent suite of models for the prediction of
�G0

f, �H0
f, S0, Cp(T) and V for anhydrous clay minerals, parameterized using

calorimetric data from the literature. The basis of the models stems from already
published methods (Chermak and Rimstidt, 1989; Vieillard, 1994a, 1994b). The latter
are refined and extended in order to predict consistently the full set of �G0

f, �H0
f, S0,

Cp(T) and V parameters, using a single set of data for parameterization and verifica-
tion. In addition, the developments have been performed so as to be able to predict the
properties of minerals that could include some unusual elements (such as Zn, Ni, Li, et
cetera). More precisely, two types of predictive models have been developed:

— One is based on site specific interactions and uses an electronegativity scaling
of the excess energies. It applies specifically to the prediction of �H0

f (Vieillard, 1994a,
1994b).

— The other one relies on a conventional polyhedral decomposition method and
is well suited for predicting properties that involve less specific interactions such as S0,
Cp(T) and V.

A critical selection of thermodynamic properties is performed from the literature,
including parameters only from phyllosilicates. The models are parameterized using
this dataset, ensuring compatibility and improving the accuracy of the predictions for
phyllosilicates. Also, since the parameterization uses the same dataset, consistency is
ensured between the two types of models. The models are verified by:

— Comparing the results with thermodynamic parameters not lying within the
parameterization set.

— Creating predominance diagrams in order to check phase relations of end-
members with respect to other minerals.

— Predicting properties for minerals including elements out of the parameteriza-
tion set and comparing them with direct measurements.

This last point makes it possible to check the robustness of the model and its
sensitivity to unusual compositions.
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preliminary considerations

This section presents the general conventions used in the present work, a review
of the available predictive methods for the thermodynamic properties of solids and a
critical selection of thermodynamic properties for clay minerals and phyllosilicates.

Thermodynamic Conventions and Relations
Classical thermodynamic relations and conventions theoretically apply to clay

minerals as to any other mineral. Consequently, the formation properties of a clay
mineral will depend on the definition of a reference state. The reference state is
considered as the standard state, at 0.1 MPa and 298.15K. Following Helgeson and
others (1978), the pressure between the temperature interval 273.15 to 373.15K is
constant, at 0.1 MPa. For T � 373.15K (100 °C), the pressure is obtained from the
water liquid-vapor curve. Considering a phase AB, its apparent Gibbs free energy of
formation �G0

a,P,T(AB) is given, at P and T, by the relation:

�Ga,P,T
0 (AB)��Ha,P,T

0 (AB)�T·�Sa,P,T
0 (AB)��Hf,Pr,Tr

0 (AB)�T·�Sf,Pr,Tr
0 (AB)

��
Tr

T

Cp(AB)dT�T·�
Tr

T Cp(AB)
T

dT��
Pr

P

V(AB)dP��Gf,Pr,Tr
0 (AB)�T·SPr,Tr

0 (AB)

��
Tr

T

Cp(AB)dT�T·�
Tr

T Cp(AB)
T

dT��
Pr

P

V(AB)dP (1)

with:
— Tr the temperature at the reference state (� 298.15K)
— Pr the pressure at the reference state (� 0.1 MPa)
— �H0

f,Pr,Tr(AB) the enthalpy of formation of phase AB at the temperature and
pressure of reference Tr and Pr

— S0
Pr,Tr(AB) the third law entropy of phase AB

— Cp(AB) the heat capacity of phase AB
— V(AB) the molar volume of phase AB, independent of temperature.
This definition follows the Benson–Helgeson convention (Helgeson and others,

1978) where, basically, the heat capacities of the elements are not considered. In this
case, �G0

a,P,T(AB) equals �G0
f,P,T(AB) only at 25 °C. Concerning the Cp(T) function,

its temperature dependence is expressed in the present work by the Maier-Kelley
polynomial expression where Cp(T) � a � bT - c/T2. The third law entropy term, at
Tr, includes the heat capacity function, and a residual contribution:

SPr,Tr
0 (AB)��

0

Tr Cp(AB)
T

dT�Smag(AB)�Sconf(AB) (2)

The two first terms in equation (2) can be measured by low temperature calorimetry
[PPMS or adiabatic, see Gailhanou and others, (2012) for details] and Smag represents
the magnetic entropy. As explained by Holland (1989), only the first term in equation
(2), that is to say Slat�SPr,Tr

0 �Sconf�Smag, where Slat corresponds to the crystalline lattice
entropy. For clay minerals, recent studies (Gailhanou and others, 2007, 2012; Gailha-
nou and Blanc, 2009; Blanc and others, 2013) have demonstrated that the magnetic
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contribution is difficult to detect and to measure directly. Instead, Ulbrich and
Waldbaum (1976) have proposed a calculation method for assessing the maximum
value of both the magnetic and the configurational entropy terms. For the Sconf term,
the method is based on a site mixing approach and, for the magnetic contribution, on
the maximum number of spin configurations according to:

Smag�R�
i

xiln(2Si�1) (3)

where R is the gas constant, xi the amount of element i and Si its spin number. This
expression is valid for the metals of the first transition series where the valence
electrons are in the outermost shells.

Considering again the AB solid, we can express its equilibrium in aqueous media
with the dissolved species A� and B-:

A � � B � ¢O¡
��r,P,T

0 (AB)
AB (4)

Any reaction property ��r,P,T
0 (AB) can be obtained from the corresponding formation

property ��f,P,T
0 (AB), according to the relation:

��r,P,T
0 (AB)���f,P,T

0 (AB)���f,P,T
0 (A�)���f,P,T

0 (B�) (5)

where � stands for G, H, S, or any other property. Finally, the Gibbs free energy of
reaction (4) is related to the equilibrium constant of the reaction, KP,T(AB), by:

�Gr,P,T
0 (AB)��R·T·LogKP,T (AB)·ln(10) (6)

In the case of reaction (4), according to the Mass Action Law, the equilibrium is
reached when:

LogKP,T(AB)�
[AB]

[A�]·[B�]
(7)

where bracketed symbols correspond to activities. The thermodynamic properties of
the aqueous complexes used in this work are issued from the Thermochimie database
(Giffaut and others, 2014).

Estimation Methods
To determine the missing thermodynamic parameters of a clay mineral phase

whose chemical composition is known, different methods have been developed using
thermodynamic data of other silicates in order to estimate the major thermodynamic
parameters (V, �G0

f, �H0
f, S0, CpTr). This section provides a brief overview of the five

different classes of methods developed to date and available in the literature.
Comparative methods.—Comparative methods use the thermodynamic similarities

of compounds sharing the same anions or cations. They are based on simple relation-
ships between selected clay mineral compounds. Sverjensky (1985) and Sverjensky and
Molling (1992) established a set of linear relationships between the free standard
enthalpies of formation of clay minerals and of divalent ions in aqueous species.

Statistical methods.—Statistical methods can describe the thermodynamic functions
either as a linear combination of a variable such as the mineral stoichiometric
composition, or as a function of several chemical and physical variables. Using only
stoichiometry, a clay mineral can be decomposed into a sum of oxides and/or
hydroxides of all cations, in such a way that the properties (�G0

r, �H0
r, �S0

r, �Vr,
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�Cpr) of fictive solid-solid reactions are zero. This method is the most widely used for
predicting the value of different thermodynamic entities, that is the enthalpy of
formation of micas, smectites and chlorites (Chermak and Rimstidt, 1989; Van
Hinsberg and others, 2005a), the free energies of formation of micas (Chermak and
Rimstidt, 1989) and smectites (Tardy and Garrels, 1974; Nriagu, 1975); the entropy
and molar volumes of clay minerals (Helgeson and others, 1978; Holland, 1989; Van
Hinsberg and others, 2005b) and the heat capacity of clay minerals (Helgeson and
others, 1978; Robinson and Haas, 1983; Berman and Brown, 1985).

Another statistical method developed by Kashik and others (1978) enables the
Gibbs free energy of formation of any phyllosilicate to be determined by a combination
of stoichiometric components and molar volumes through multivariable regression.

Parametric methods.—In these methods, the parameters used in the prediction of
thermodynamic entities can be empirical (electronegativity) or characteristics of other
clay mineral properties. The concept of the electronegativity � was defined by Pauling
(1960) as the power of an atom in a molecule to attract electrons from another atom.
The greater the difference in electronegativity between atoms and oxygen, the higher
the energy of formation of the compound. Considering a binary oxide ABON (where A
and B are different cations), it may be decomposed into a sum of two oxides AOn1 and
BOn2. The energy of formation of ABON can be written as:

E(ABON) � E(AOn1) � E(BOn2) � kXAXB(�A��B)2 (8)

The last term, representing the energy of formation of the compound from AOn1 and
BOn2, is proportional to the molar fraction of oxygen atoms related to the cations A
(XA) and B (XB) and to the electronegativity difference between the cations A and B
bonded to the same oxygen atom. Zuyev (1987) predicted the enthalpy of formation
based on the electronegativity of a constant and single ion, while Vieillard (1994a,
1994b) derived the enthalpy of formation from experimental data of several com-
pounds (silicates, aluminates and ferrites). In the latter case, the author considered the
electronegativity of an ion as being a function of the interatomic distance between the
ion and the oxygen, involving the so-called Born-Haber energy. For both hydrated and
dehydrated clay minerals, Vieillard (2000, 2002) estimated the Gibbs free energy from
the electronegativity difference concept.

Similar to this approach, Mattigod and Sposito (1978) have proposed considering
the Gibbs free energies of formation from oxides and hydroxides as a function of a
parameter that depends on the nature of the isomorphic substitutions, ionic radii and
charge of interlayer cations. This method has been refined by Sposito (1986) by
introducing a specific correction term.

Solid solution models.—The use of solid solution models in interpreting the compo-
sition and stability of clay mineral phases was promoted by the work of Weaver and
Pollard (1973) and Velde (1977). The different solid solution models can be classified
into two categories, ideal mixing models and non-ideal, regular mixing models.

In the first category, different models may exist and can be distinguished by the
nature of the crystallographic sites considered. The simplest model is based on a
random mixing of cations in energetically equivalent sites. This is the case of models
developed by Helgeson and Mackenzie (1970), Aagaard and Helgeson (1983), and
Helgeson and Aagaard (1985) for smectites. Tardy and Fritz (1981) developed a model
with 36 end-members, based on molar ideal mixing, independently of the chemical
composition. Tardy and Duplay (1992) developed a model for hydrated and anhy-
drous smectites from the model initiated by Tardy and Fritz (1981). For chlorites, a
first model based on a set of six end-members was proposed by Walshe (1986), followed
by Bryndzia and Scott (1987), McPhail and others (1990), Aagaard and Jahren (1992)
and Saccocia and Seyfried (1994). Holland and others (1998) and Holland and Powell
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(1998) finally proposed their own three site mixing model for micas and a four site
mixing model for chlorites.

The second group was initially proposed by Stoessell (1979) with four micaceous
end-members and a three site regular mixing model. It was improved by considering a
canonical function of cation distribution (Stoessell, 1981) and was extended to four
sites for chlorites (Stoessell, 1984). Since then, different models based on three or four
site regular mixing have been developed for illites, micas and chlorites (Vidal and
others, 2001; Coggon and Holland, 2002; Parra and others, 2002, 2005). Considering
asymmetrical subregular mixing, Massonne and Szpurka (1997) built a model for (Mg,
Fe) celadonite. In this case, two Margules parameters are necessary to explain the
behavior of a binary solid solution as shown by Eugster and others (1972), Chatterjee
and Flux (1986) and Roux and Hovis (1996) for the muscovite-paragonite joint.

Other models.—By considering the free enthalpy of formation �G0
r � �G0

f (min-
eral) -��Gf,i

� in which ��Gf,i
� represents the sum of the free standard enthalpies of

formation of reaction compounds, Chen (1975) assumed an exponential variation of
�G0

r with the nature and the complexity of reaction compounds. This model was
refined by Varadachari and others (1994) and applied to clay minerals.

Assessment of some predictive methods for clay minerals.—Gailhanou and others (2012,
2013) have attempted to assess some estimation methods among the most popular with
respect to thermodynamic properties measured directly by calorimetric means, for the
minerals illite, montmorillonite, beidellite, nontronite, saponite and vermiculite. They
concluded that:

— To estimate the full set of thermodynamic properties for a clay mineral, a
combination of several methods is required, which poses the problem of the consis-
tency of the estimates.

— Discrepancies in calculating �G0
f, �H0

f and S0 concern both the accuracy and
the precision, that is both a scattering of predictions with respect to the experimental
values and a systematic deviation.

— The latter case is well illustrated by comparing the entropy values predicted
using the Holland (1989) model with experimental measurements. Gailhanou and
others (2013) have pointed out a systematic deviation of -36 J/mol.K for the calcula-
tions, which corresponds to more than 10 percent of the measured value.

— For heat capacity, the systematic error with the Berman and Brown (1985)
model is less important, reaching -10 J/mol.K (Gailhanou and others, 2013).

— Predictions made for �H0
f using the Chermak and Rimstidt (1989) method

also display a systematic -20 kJ/mol deviation for illite, montmorillonite, beidellite and
saponite. For nontronite and vermiculite, the deviation dramatically increases up to
-150 kJ/mol, also producing a general scattering of 130 kJ/mol of the calculation
results with respect to the measurements.

In conclusion, given the aforementioned performance, current estimation meth-
ods can hardly be used to predict the thermodynamic properties of clay mineral
end-members and include them in a general thermodynamic database for geochemi-
cal calculations. The present work aims to fill this gap.

Selection of the Thermodynamic Constants for Model Development
This section is dedicated to a selection of thermodynamic properties for phyllosili-

cates derived from the literature. This selection is to be used:

— to parameterize the models,
— to verify the models,
— directly, to implement the clay minerals database.
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The selection of thermodynamic constants is an essential step in developing
prediction models. Here the selection conforms to the following rules:

— to enhance direct and traceable measurements,
— to select data only for phyllosilicates,
— to discard estimated values, when possible.

These rules are established in order to focus the selection on phyllosilicates, which
is also a way to increase, a priori, the accuracy of the method for clay minerals by
including interaction contributions specific to structurally similar minerals into the
constants derived for the models. It also seems important to enhance directly mea-
sured data, for the sake of accuracy and traceability and in order to remain consistent
with the general thermodynamic relations. However, when no other data are available,
properties derived from equilibrium experiments performed at high temperature and
pressure are also selected. A recent and different work was performed by Tutolo and
others (2014) who focused on a set of 12 minerals and 10 aqueous complexes in the
chemical system Na2O-K2O-SiO2-Al2O3-Cl-CO2-H2O. The authors managed to refine
the thermodynamic properties of the different phases in the system, consistently, using
the results from high temperature and pressure equilibrium experiments. The present
work is taking place in a different framework, that is the development of a large
thermodynamic database (Giffaut and others, 2014; Grivé and others, 2015; Blanc and
others, 2015), especially devoted to the modeling of cement/clay interactions (among
other applications). The clay minerals compositions we are considering are ranging in
an 8 dimension space (Si, Al, Mg, FeII, FeIII, K, Na, Ca) at least. The full database itself
now includes more than 60 elements, not to mention the organics. A full refinement is
not feasible in that case. Instead, the choice was made to rely on the critical selection of
thermodynamic properties, with selection guidelines explained previously and de-
tailed by Giffaut and others (2014) and Blanc and others (2015). Refined properties
are avoided, as far as possible.

For most of the minerals retained for calibration, we have selected a complete set
of thermodynamic data [�H0

f, S0, V, and Maier-Kelley coefficients a, b and c for the
Cp(T) function]. All the selected phases are given in tables 1 and 2 and a more detailed
discussion is provided in Appendix 1.

Verification of phase relations is performed by assessing predominance diagrams
in sub-systems of interest with respect to observations from experiments or field
studies. As reported by Gailhanou and others (2012, 2013) and Blanc and others
(2013, 2014), results from high temperature and high pressure experiments can hardly
be used without making various hypotheses that strongly lessen the meaning of the
demonstration.

General Context for Predictive Model Developments
This section provides explanations about the types of models developed in the

present work, their connections, the verification tests and their “extrapolation”
capacities.

Consistency issues.—The need for unifying predictive approaches arises clearly with
some recent tests against consistent sets of thermodynamic parameters acquired
recently by calorimetric means (Gailhanou and others, 2012, 2013). The tests favored
the use of Chermak and Rimstidt (1989), Holland (1989) and Berman and Brown
(1985) methods for predicting respectively �G0

f, S0 and Cp(T) of clay minerals. Apart
from the precision and accuracy problems revealed by the tests, it was also shown that,
for the Chermak and Rimstidt (1989) method, �H0

f displayed a greater discrepancy
with respect to experimental data than �G0

f, indicating an internal consistency
problem. The problem could have been partially solved by combining the Chermak
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and Rimstidt (1989) and Holland (1989) methods for calculating �H0
f. However, in

addition to the internal inconsistencies induced by the process, the consequences for
estimating a thermodynamic property using two different methods with two different
parameterizing data sets are difficult to predict.

Instead, some authors have tried to develop generalized methods that could apply
to any property, ensuring internal consistency of the predicted values. Among these,
La Iglesia and Félix (1994) have proposed a method that applies specifically to
carbonates. Van Hinsberg and others (2005a, 2005b) have published the only general-
ized method that could apply to phyllosilicates. In the latter, the properties are refined
after the Holland and Powell (1998) database, which has itself been refined from
experiments performed mainly at T� 300 °C. The application domain is therefore
mainly devoted to rather high temperature domains and Gailhanou and others (2012)
have already found large discrepancies between properties calculated with the Van
Hinsberg and others (2005a) method and the values directly measured for illite,
montmorillonite and beidellite.

Developing a generalized model for anhydrous clay minerals.—In developing a general-
ized model, a first point is to verify the quality of the estimates. It was then important to
estimate properties that could be measured directly, for comparison purposes. It was
thus preferred to propose a method for predicting �H0

f rather than �G0
f. For this

reason, since the available statistical methods failed to provide accurate estimates of
experimental values (Gailhanou and others, 2012), we selected a different type of
previously developed model and tried to improve its results for clay minerals. We
selected the parametric method previously proposed by Vieillard (1994a, 1994b),
which includes anion-cation interactions that can be refined specifically for a group of
given minerals. In addition, it has the capacity to extend its predictions to chemical
elements that do not belong to the parameterizing set (allowing estimates for Li-, Zn-
or Cd-bearing clay minerals for example).

For the other properties, either the statistical method seemed to provide good
results [such as the Berman and Brown (1985) method for estimating Cp] or a
systematic deviation was observed (Gailhanou and others, 2013). In that case, focusing
more the refinement process on clay minerals could significantly improve the accuracy
of the methods. A statistical method similar to that of Holland (1989) or Chermak and
Rimstidt (1989) was retained for the estimates of S0 and each of the a, b and c
Maier-Kelley coefficients for Cp(T) and V.

The consistency between both models is ensured in different ways:

— by using the same set of minerals to derive the respective model constants,
— by using the same set of minerals to verify the accuracy of the estimates for each

property,
— by combining both �H0

f and S0 and verifying the estimate of �G0
f with respect

to experimental values,
— by comparing the stability diagrams that can be drawn from estimated �G0

f
with field or laboratory observations.

model for predicting the enthalpy of formation of clay minerals

Fundamental Developments
Crystallographic considerations.—The enthalpy prediction model developed here is

based on a balance of anion-cation interactions within a crystal structure. Therefore, a
brief description of the structure involved is given.

In the present work, three types of phyllosilicates are considered, depending on
the layer type (tetrahedral, octahedral, interlayer and brucitic layers) and stacking
(fig. 1).
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In a phyllosilicate, a layer can be composed either of: 1 tetrahedral � 1 octahedral
sheet (1:1 layer), 2 tetrahedral � 1 octahedral sheet (2:1 layer) or the latter with a
brucitic sheet in the interlayer (2:1:1 layer). These correspond respectively to the
following structural formulas:

— 1:1 layer type (7 Å group, kaolinite, serpentines, et cetera):
(Mi,siteM1

zi� )(Mi,siteM2

zi� )(Mi,siteM3

zi� )(Mi,siteT1

zi� )(Mi,siteT2

zi� )O5(OHi)(OHe)3

— 2:1 layer type (10Å group, smectites, micas, et cetera):
(Mi,siteI

zi� )(Mi,siteM1

zi� )(Mi,siteM2

zi� )(Mi,siteT1

zi� )(Mi,siteT2

zi� )O10(OHi)2 where I is the interlayer site which
is equal either to 0 (pyrophyllite, talc) or to 1 (micas, if M � K� or Na�, brittle micas, if
M� Ca2� , or Ba2�).

— 2:1:1 layer type (14Å group, chlorites):
(Mi,siteM1

zi� )(Mi,siteM2

zi� )(Mi,siteT1

zi� )(Mi,siteT2

zi� )O10(OHi)2(Mi,siteM3

zi� )(Mi,siteM4

zi� )(OHb)6.
In dioctahedral micas and chlorites, the vacant octahedral site is located on the

mirror plane of each 2:1 layer (generally M1). In trioctahedral micas and chlorites, the
arrangement of cations in site M1 and in the two sites M2 can depart from randomness
(ordering). Such ordering can also be observed in the two sites M3 and M4 of the
brucitic layers of chlorite minerals. Minerals belonging to the 7Å group exhibit three
different sites M1, M2 and M3. The labels i of Hi represent the proton located in the

Fig. 1. Crystal structures of 10Å, 14Å and 7Å phyllosilicates showing the positions of the different
crystallographic sites.
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octahedral layer and oriented within the octahedral layer, for 1:1 and 2:1 phyllosili-
cates. The labels b and e of Hb and He represent the protons oriented towards the
tetrahedral layers and located in the brucitic and the octahedral layer, for 2:1:1 and 1:1
phyllosilicates respectively.

Enthalpy prediction model development.—The enthalpy of formation of a mineral can
be decomposed into sums that involve both the enthalpy of formation of the oxide of a
given element and a specific term that accounts for the interactions of the element
with the anions (oxygen atoms) in the given crystallographic site:

�Hf
0(Mk1Mk2 ..Mki ..MksON)� �

i�1

i�ns

*(ki*
zi

2
)*�Hf

0(Mi Oxi)(c)��Hf,Ox
0 (9)

Each term of this general equation (9) is explained step by step in the following:
In equation (9), ki and zi are the stoichiometric coefficient and charge of a cation

M in the oxide MiOxi. The enthalpies of formation of the oxides MiOxi, �Hf
0(MiOxi)(c),

are shown in table 3 for each oxide of interest.
The enthalpy of formation of a compound from oxides �Hf,Ox

0 is estimated by
considering the specific interactions of the cations distributed among pairs of sites
(Vieillard, 1994a):

�Hf,Ox
0 ��N	 �

k�1

k�nS�1 �
1�k�1

1�nS

XkX1(�HO�site·k��HO�site·1)
 (10)

In equation (10), Xk and Xl are the molar fractions of the oxygen atoms related to the
sites k and i, according to:

Xk�(1/N)� �
i�1

i�nc,site.k

ni,site.kxi� (11)

Table 3

Enthalpies of formation of oxides and ions, at 298.15K, and parameter �HO�Mz�(aq)
calculated for the selected cations

(1) - Robie and Hemingway (1995); (2) - Cox and others (1989); (3) - Mercury and others (2001); (4) –
Chase (1998); (5) - Vieillard and Tardy (1988a); (6) Garvin and others (1987), (7) – Parker and
Khodakovskii (1995); (8) – Hemingway (1990); (9) Pokrovskii and Helgeson (1995); (10) Richet and others
(1982); (11) By convention.
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X1�(1/N)� �
i�1

i�nc,site.1

ni,site.1xi� (12)

In expressions (10), (11) and (12), ns and nc represent the number of sites and the
number of cations, respectively. The total number of oxygen atoms bonded to the
different cations, in all crystallographic sites of the phyllosilicate, must equal N:

�
k�1

k�nS �
i�1

i�nc,site.k

ni,site·k·xi�N (13)

Each site may be occupied by one or more cations. For a given site, the parameter
�HO�(site) from equation (10) is the stoichiometric average of the parameters
�HO�(cation), expressed in terms of �HO�Mi,clay

zi� , increased by a term representing the
energy of mixing between different cations:

�HO�(site)�

�
i�1

i�nS

xi*(�HO�Mi
zi�(clay))

�
i�1

i�nsk

ni·xi.

�kmix · �
i�1

i�nS �
j�i�1

j�nS�1

(Xi)*(Xj)

*(�HO�Mi
zi

�

(clay)��HO�Mj
zj

�

(clay)) (14)

The mixing energy is valid only for interlayer, M2 and M3 sites because some different
cations occupy the same site. For other sites such as M1, M4 and tetrahedral sites T1 and
T2, the mixing site is not valid and kmix�0. The parameters Xi and Xjl are the molar
fractions of the oxygen atoms related to the cations i and j in a specific site and are
based on the total number of oxygen atoms bound to a given site.

In equation (14), the parameter �HO�Mi,clay
zi� , which characterizes the electronega-

tivity of the cation i in the crystalline environment of the mineral, is calculated
according to the following expression:

�HO�Mi,clay
zi� �1/xi[�Hf

0(MiOxi)(clay)��Hf
0(Mi

zi�)(c)] (15)

where �Hf
0(MiOxi)(clay) and �Hf

0(Mizi�)(c) respectively indicate the enthalpy of forma-
tion of the oxide MiOxi and the ion Mi

zi� in the crystallized compound. The parameter
�HO�Mi,clay

zi� can be calculated from �HO�Mi,ox
zi� , which represents the oxygen affinity of

the ion Mz� in pure oxide (Vieillard and Tardy, 1988a):

�HO�Mi,clay
zi� ��HO�Mi,ox

zi� ���HO�Mzi� (16)

In equation (16), the second term ��HO�Mzi� is related to the modification of the site
environment during the fictive transformation from the oxide MiOxi to the clay
mineral.

The first term in equation (16), �HO�Mi,ox
zi� , corresponds to the electronegativity of

a cation Mzi�in the stable oxide according to the expression (Vieillard and Tardy,
1988a, 1988b, 1989):

�HO�Mi,ox
zi� �1/Xi[�Hf

0(MiOxi)(c)��Hf
0(Mi

zi�)(c)] (17)

This expression can also be applied to an aqueous cation, thus defining the parameter
�HO�Mi,aq

zi� as:
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�HO�Mi,aq
zi� �1/Xi[�Hf

0(MiOxi)(c)��Hf
0(Mi

zi�)(aq)] (18)

where �Hf
0(MiOxi)(c) and �Hf

0(Mi
zi�)(aq) values are given in table 3. Additional explana-

tions regarding equations (17) and (18) are proposed by Vieillard and Tardy (1988a).
Application to phyllosilicates.—Some simplifications are considered when applying

the model to phyllosilicates, due to the structure of the minerals and also to the small
number of data for the parameterization stage.

With respect to Vieillard’s algorithm (1994a), the model assumes that the parameter
�HO�Mz�

(clay), characterizing the electronegativity of the cation MZ� in a specific site,
is constant and independent on deviations in the interatomic variations of the various
sites. For the tetrahedral sheet, two sites, T1 and T2, can be distinguished and the
distribution of Si4� and Al3� among them obeys the rule of Loewenstein (1954), also
detailed by Lipsicas and others (1984) and Sanz and Serratosa (1984). Specific
interactions between sites (parameter kmix) are taken into account only between the
octahedral sites M2 and M3 and the interlayer site I in 10Å and 14Å phyllosilicates.

The present developments follow the principles of Pauling (1960) regarding the
predominance of nearest-neighbor interactions (short-range interactions) observed in
a crystal structure (Vieillard 1994a, 2000). The presence of a non-bridging oxygen
atom between any two adjacent polyhedra in any phyllosilicate implies that long-range
interaction energy terms between two sites are not required, and consequently:

�HO�Sitei��HO�Site1�0 (19)

��HO�Mi,site1
zi

�

��HO�Mj,site1
zj

�

��0 (20)

Contrary to the model developed by Vieillard (2000, 2002) on anhydrous smectites and
phyllosilicates respectively, the model developed here is proposing a more realistic
description of the cation distribution among the various sites. The second originality,
related to the formalism developed by Vieillard (1994a, 1994b), is the use of energies
of interactions between the cations occupying a same site.

Parameterizing the Model for Predicting the Enthalpy of Formation
The 24 selected minerals from table (3) are used to derive a set of sixteen

parameters �HO�Mz�(clay) for the cations distributed in the various structural sites of
the phyllosilicates:

— Na�, K�, Ca2� in the interlayer sites (i),
— Mg2�, Fe2�, Fe3�, Al3� in the octahedral sites on the one hand (o) and in the

brucitic sites on the other hand (b),
— Al3� and Si4� in the tetrahedral sites (t),
— H�

o, H�
b and H�

e in the different sites.
In addition, the three mixing parameters among the three sites I, M2 and M3 are

also refined. Finally, the global refinement process involves the determination of 19
unknown parameters. Constraints on minimization involve short-range interactions
and positive value terms for the interaction energies between two different cations in
accordance with equation (20).

The minimization is processed by fixing a new set of �HO� Mz�(clay) for sixteen
ions in different sites (table 4). Then, assuming that �H0

f(H�)(c) � 0 J.mol-1 (Vieillard
and Tardy, 1988a), the enthalpies of formation of H2O in the three structural states are
-254.10 kJ mol-1 within the octahedral layer (label o), -312.19 kJ mol-1 between the
brucitic and the tetrahedral layers (label b) and –287.30 kJ mol-1 between the
octahedral and tetrahedral layers (label e). Using the enthalpy of formation of ice II
(Mercury and others, 2001), it appears that the protons in the brucitic layer (label b)
oriented towards oxygen atoms of the tetrahedral layers are more strongly bonded to
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the oxygen atoms than those of ice II. This probably explains why the brucitic layer and
the 2:1 layers are closely bonded in chlorites, thus forming a single structural unit. The
outer and, to a less extent, the inner hydroxyl bonds (label e and o) located within the
octahedral unit (1:1 and 2:1 layer, respectively) are less strongly bonded than in ice II,
given the formation enthalpies obtained.

The set of parameters �HO� Mz�(clay) is used to calculate the enthalpy of
formation from constituent oxides (eq. 10), using equation (14). From enthalpies of
oxides (table 3) and water in different states, the enthalpy of formation of a phyllosili-
cate can be evaluated (compare table 5) and compared with the Chermak and Rimstidt
(1989) model. It can be seen that the present model gives better results for calibration
phases belonging to the three families of phyllosilicates (fig. 2A). The high deviations
observed for vermiculite and nontronite with the polyhedral model (-1.42 and -2%,
respectively) are resolved with the present model. The improvement comes from a
better consideration of the octahedral ferric iron, on the one hand and high tetrahe-
dral aluminium content on the other hand.

Verifying the Model for Predicting the Enthalpy of Formation
With the prediction model developed here, enthalpies of formation of some

verification phases listed in table 2 are calculated and are given in table 6 and
compared with the polyhedral model (fig. 2B). For only one mineral, vermiculite, the
enthalpy of formation predicted by using the electronegativity model is lower than -0.5
percent from the measured value. Globally, estimates by the Chermak and Rimstidt
(1989) method display a wider range of discrepancies and a more important systematic
deviation than the calculation performed by using the model developed here.

the polyhedral decomposition model

Preliminary Aspects
A description of the method has already been given above (Statistical Methods

section). The principle is to describe the thermodynamic functions as a linear
combination of the mineral stoichiometric composition, including, in some cases,

Table 4

Values of the parameter �HO�Mz� (clay) for different ions and H� obtained by
minimization

(1) �HO�Mz�(aq) values and references as reported in table 3 for the different cations
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additional physical variables, such as volume for instance (Holland, 1989). The
mineral structural formulas are decomposed into a sum of oxides and/or hydroxides
of all cations, in such a way that the properties (�G0

r, �H0
r, �S0

r, �Vr, �Cpr) of fictive
solid-solid reactions are zero.

Mathematical formalism.—A simple mathematical description can be given, based
on a matrix formalism. Considering a set of four phases (a, b, c and d) and the property
X, and assuming that each of the four phases can be decomposed into three
elementary polyhedrons (pol1, pol2 and pol3), then the polyhedral decomposition
consists in calculating the coordinates of each phase with respect to the three Xpol
polyhedrons. In equation (21), the result of this calculation corresponds to the
“Coordinates” matrix, which relates the matrix of the X mineral values, Xmin, to the
matrix of X for each polyhedron, X pol.:

Xmin

�
Xmin

a

Xmin
b

Xmin
c

Xmin
d

��

Coordinates

�
c1

a c2
a c3

a

c1
b c2

b c3
b

c1
c c2

c c3
c

c1
d c2

d c3
d
� ·

Xpol

�
X

pol1

X
pol2

X
pol3

� (21)

This relation implies that the number of mineral phases (a, b, c, d) is higher or equal to
the number of polyhedrons (pol1, pol2, pol3). The Xpol values are obtained by

Table 5

Predicted enthalpies of formation compared to the observed values for parameterization
minerals

(1) �H°f,obs values and references as reported in table 1 for the different minerals
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minimizing the squared difference between Xmin(obs) and Xmin(calc), which corre-
sponds to the SSD (Sum of Squared Differences) parameter in the following equation:

SSD��
i�1

n

(Xmin
i (obs)�Xmin

i (calc))2

with

Xmin
i (calc)��

j�1

m

Xpolj·cj
i (22)

Fig. 2. Enthalpy of formation of phyllosilicates: comparison of the discrepancy of the estimates,
calculated either with the present model or with the method of Chermak and Rimstidt (1989). (A)
Parameterization phases; (B) Verification phases.

Table 6

Predicted enthalpies compared to observed values for verification minerals

(1) �H°f,obs values and references as reported in table 2 for the different minerals
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The minimization processes are carried out by adjusting the values of Xpolj in order to
minimize the SSD. The present model is applied to the properties Slat, V, and for the
Cp(T) function, to each of the Maier-Kelley coefficients a, b and c.

Polyhedral decomposition.—The coordination polyhedra selected for the model are
identical to those defined by Chermak and Rimstidt (1989). It should be mentioned
that only a single polyhedral unit accounted for the FeIII contribution in their work. In
addition, we could restore the symmetry of the model by integrating nontronite in the
calibration and introducing a Fe(OH)3 component into the model. In detail, the
calculation of the coordinates is as follows:

— for tetrahedral sites, one considers complete disorder between sites (the same
proportion of SiO2 and Al2O3 between T1 and T2 sites),

— the interlayer space is considered as one single site,
— in the brucitic layer (for chlorites only), following Holland and others (1998)

and Vidal and others (2005), Al first fills the M4 site, then it fills the M1 octahedral site.
Finally, the remaining Al is equally distributed among the M2 and M3 sites.

For the 1:1 and 2:1 octahedral layer for the M2�M3 chlorite sites (the part not
filled by Al), the distribution of cations Mz�

i is calculated according to the relation:

�Zi·XOH
Mi

z�

�nOH
Clay (23)

and calculating a constant value for the ratio:

R�
XOx

Mi
z�

XOH
Mi

z�

(24)

for each cation Mz�
i. In these expressions, Xi

OH is the Mz�
i hydroxylated fraction and

Xi
Ox its oxide fraction. This process ensures an equal distribution of the elements

among the octahedral sites. It also avoids calculating distributions where the total
hydroxyl number could be different from the theoretical number (8, 2 and 4 for
phyllosilicates 2:1:1, 2:1 and 1:1 respectively).

Parameterizing and Verifying the Model for Predicting Slat, V and the Cp(T) Function
Parameterizing the polyhedral decomposition model.—The decomposition is applied to a

list of 21 phyllosilicates from among the phases previously selected. From the list of the
selected minerals (tables 1 and 6), none of the minerals whose properties were directly
measured was discarded. However, the polyhedral decomposition model does not
include specific interaction terms. Such terms would have been required in order to
include the end members margarite and paragonite because of the existence of a
miscibility gap with respect to muscovite (Roux and Hovis, 1996). The situation is
similar for the celadonite end members that are not included either in the parameter-
ization dataset because of their extreme octahedral charge. The results of the coordi-
nate calculations are given in table 8, for the following oxides and hydroxides:
[8-12]Na2O, [8-12]K2O, [6-8]CaO, [6]Fe(OH)3, [6]Mg(OH)2, [6]Fe(OH)2, [6]Al(OH)3,
[6]Al2O3, [6]FeO, [6]MgO, [6]Fe2O3, [4]Al2O3, [4]SiO2 (the number in brackets indicates
the coordination number of the component). The properties derived for each
polyhedral unit are reported in table 5 and a comparison between predicted and
observed values is provided in table 6. From the latter, the scattering of the discrepan-
cies is quite homogeneous for the different properties and rather moderate.

Verification of the model for each property.—As for the enthalpy of formation, the
verification is carried out using the rest of the minerals from tables 1 and 2, apart from
the set used for model parameterization. For the entropy estimate, figure 3 compares
the discrepancy with values estimated using either the present method or that of
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Holland (1989). For Holland (1989), we have considered it a priori the most effective
method, including a contribution that depends on the molar volume. The method
proposed here exhibits results that fall within the � 5 percent domain, except for one
point at –8.5 percent, which corresponds to the Mg-chlorite. For the Holland (1989)
method (fig. 3), the discrepancies are larger, between �3 and -13 percent, and exhibit
a clear systematic overestimation close to 5 percent, which has already been reported
by Gailhanou and others (2013).

Table 8

Thermodynamic properties of the polyhedral units

Bracketed numbers: correspond to the coordination number of the cation in the phyllosilicate structure

Fig. 3. Verification of the predicted entropy: comparison between two different estimating methods.
Error (%) � (Slat

obs - Slat
calc) / Slat

obs *100 ; Slat
obs values and references as reported in table 1 for the

different minerals.
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The result of the Cp estimations at 25 °C is compared in figure 4 with data
collected for this verification (table 2). The model shows a rather good agreement with
experimental data, except for one point that accounts for the Fe-sudoite. Similarly to
the Mg-chlorite previously, the thermodynamic properties of this arise from the work
of Holland and Powell (1990, 1998). These inconsistencies may arise from the choice
that we make to favor the selection from Vidal and others (2005) for chlorites. For the
other minerals, the agreement is similar for the values predicted by the Berman and
Brown (1985) method.

In figure 5, the full Cp(T) function predictions are compared with experimental
data and with results from the Berman and Brown (1985) method. The agreement is,
again, quite satisfactory. Temperature evolution of the predicted Cp follows the
experimental trends and the 25 °C discrepancy does not tend to increase with
temperature. In addition, the method proposed here provides similar or somewhat
slightly better results than that of Berman and Brown (1985). Our improvement here is
therefore to propose a method that consistently combines the prediction of all the
main thermodynamic functions, for clay minerals, and which retains the same accuracy
as the most efficient method for Cp(T) prediction.

A final comparison for the model prediction is reported in figure 6 for the molar
volumes. We observe an excellent agreement between the model and the experimental
measurements. To our knowledge, this work could be among the very few (if not the
only) methods that enables the molar volumes of anhydrous clay minerals to be
predicted.

extrapolating capacities
Generally, predictive models are able to calculate the thermodynamic properties

within the composition domain of the minerals used for the parameterization. This
limitation may become a hindrance when considering alteration processes that release
specific elements such as Cd, Ni, Zn or Li for example. Since such elements may be

Fig. 4. Verification of the heat capacity predicted at room temperature Cp(25 °C): comparison
between two different estimating methods.

Error (%) � (Cp(25 °C)obs - Cp(25 °C)calc) / Cp(25 °C)obs *100 ; Cp(25 °C)obs values and references as
reported in table 1 for the different minerals.
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incorporated into the clay mineral structure, they may be irreversibly trapped but may
also considerably modify the solubility of the phase. In addition, demonstrating such
an ability increases the level of confidence concerning model predictions. Taking

Fig. 5. Predicted Cp(T) functions, comparison with experimental data and the Berman and Brown
(1985) method for the minerals (A) chamosite; (B) beidellite SBId-1; (C) illite IMt-2.

Fig. 6. Verification of the predicted molar volume. Vobserved values and references as reported in table 1
for the different minerals.
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advantage of some recent calorimetric determinations on lithium-bearing phyllosili-
cates, we have extended the electronegativity scale concepts to the polyhedral method
and tested the resulting approach.

The General Concept and Application to the Polyhedral Model
Globally, the idea is to develop parameters related to the clay structure that can

also be calculated for aqueous cations. If a relation can be shown between aqueous
cations and clay structure parameters, then it is possible to estimate the value for the
element in the clay structure from its value for the aqueous cation. The method
developed in the present work for the enthalpy of formation already includes such
parameters (�O� types). The following developments are carried out in order to
propose similar parameters for the polyhedral model. A description of these develop-
ments for the enthalpy of formation is detailed by Vieillard (1994a).

If we express the fictive solution equilibrium with a basic polyhedral component
MxOy as:

xMaq
z��yO��MxOy (25)

and if we consider that the entropy of this fictive reaction is zero, we can define a �SO�

parameter, corresponding to the entropy of the oxygen, as:

�SO�(Mox
z�)�S(O�)�

S(MxOy)�x·S(Maq
z�)

y
(26)

Applying the same reasoning to the heat capacity or to the volume of basic polyhedral
components, similar parameters can be defined for each of these properties:

�CpO�(Mox
z�)�Cp(O�)�

Cp(MxOy)�x·Cp(Maq
z�)

y
(27)

�V,CpO�(Mox
z�)�

V(MxOy)�x·Cp(Maq
z�)

y
(28)

The latter is somewhat dubious since it associates heat capacity and volume in a final
semi-empirical expression. However, this is the only way we have found to relate the
molar volumes of the basic polyhedral components to those of the aqueous cations.
For the sake of simplicity, the three Maier-Kelley coefficients are not considered here
for the Cp(T) function. In that case, �SO� applies only to a constant value (at 25 °C or
298.15K).

The relations between the �O� parameters are reported in figures 7A, 7B and 7C
for the entropy, the heat capacity at 25 °C and the molar volume, respectively. For each
of these properties, the correlation coefficient is quite high. For the volume term, the
correlation is slightly less good (0.91).

From figures 7A, 7B and 7C are extracted the following relations:

�SO�Mz�(clay-inter.) � 1.11 * �SO�Mz�(aq) � 92.01 (29)

�SO�Mz�(clay-tetr./octa.) � 0.96 * �SO�Mz�(aq) � 2.97 (30)

�CpO�Mz�(clay) � 1.04 * �CpO�Mz�(aq) � 4.03 (31)

�V,CpO�Mz�(clay) � 1.06 * �V,CpO�Mz�(aq) � 4.30 (32)

The parameters �SO�Mz�(aq), �CpO�Mz�(aq) and �V,CpO�Mz�(aq) are calculated
from relations (26) to (28), with thermodynamic properties from the aqueous ions
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from the Thermochimie database (table 3, same references for entropies). Then,
using relations (29) to (32), the parameters �SO�Mz�(clay), �CpO�Mz�(clay) and
�V,CpO�Mz�(clay) are calculated. The results are reported in table 7 where the
relations (26) to (28) are finally reversed in order to obtain the thermodynamic
properties of the polyhedral units.

Application to the Prediction of Enthalpy
For enthalpies of formation, values of the parameters �HO� Mz�(clay) obtained

in the minimization procedure of enthalpy of formation developed previously are
plotted in figure 8 versus �HO� Mz�(aq) (eq.18), and provide four relationships
depending on the nature of the site:

Interlayer sites: �HO� Mz�(l) � 99.06 � 2.18*[�HO� Mz�(aq)]

� 2.57 10�3*[�HO� Mz�(aq)]2 (33)

Tetrahedral sites: �HO� Mz�(t) � �76.67 � 0.97*[�HO� Mz�(aq)]

(34)

Octahedral sites: �HO� Mz�(o) � �72.23 � 0.89*[�HO� Mz�(aq)]

(35)

Brucitic sites: �HO� Mz�(b) � 141.31 � 1.83*[�HO� Mz�(aq)] (36)

From relations (33) to (36), the parameter �HO� Mz�(clay) in the four different sites
(tetrahedral, octahedral, octahedral and brucitic) can be evaluated from the parame-

 C)  

A) B) 

Fig. 7. Development of predictive capacity for (A) entropy, (B) heat capacity at 25 °C and (C) volume
estimates, respectively.
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ter �HO�Mz�(aq) in the aqueous state directly obtained from the enthalpy of
formation of the oxide and the aqueous cations from equations (10-14). The results of
such a calculation are reported in table 11 for a large set of elements, taking into
account the possible locations into the interlayer, octahedral or brucitic sites. Then,
from the previous result, the standard enthalpy of formation can be directly computed
from (eq. 9), as realized for Li-bearing phyllosilicates, in the following section.

An Evaluation of the Extrapolating Capacities: The Case of Lithium-Bearing Phyllosilicates
Considerable efforts to acquire the thermodynamic properties of some lithium-

bearing phyllosilicates have been made recently and have been summarized by
Ogorodova and others (2010). In this work, the authors have considered Li-bearing
minerals belonging to the mica or the brittle micas family, including variable amounts
of iron and fluorine.

The enthalpy of formation has been acquired for 12 of these mica phases, by drop
calorimetry in lead borate solvent at high temperature. In addition, the heat capacity
of 6 phases has been measured by low temperature adiabatic calorimetry, providing
the heat capacity function and the entropy. The composition of the phases includes
some minor amounts of Ti, Mn, Cs, Rb and above all, large amounts of Li and F
(replacing the hydroxyl groups). In addition, a complete set of thermodynamic
properties has been measured on a Li-bearing berthierine by Blanc and others (2014)
including the formation enthalpy and the entropy. It has been included in the set of
Li-bearing phyllosilicates for this verification.

The entropy and heat capacity (25 °C) has been predicted for the 7 minerals
whose properties were directly measured and also for the 4 theoretical end-members.
The estimates include the contributions of Ti, Mn, Cs, Rb and Li, calculated by
coupling the polyhedral model with the electronegativity (�O�) approach, as devel-
oped in the previous section. Unfortunately, the influence of OH/F substitution
cannot be assessed directly. This was finally achieved by considering a fictive exchange
reaction between fluorophlogopite and hydroxylphlogopite, whose thermodynamic
properties are provided by Robie and Hemingway (1995). The results are reported and
compared with experimental data in figures 9A and 9B. For figure 9A, the results from
the present method can be compared with another estimation method that includes
the contribution of lithium. Such methods could not be found for heat capacity.

Generally speaking, it can be said that both methods display a similar scattering
range. This is already quite satisfactory in our case, since no Li-bearing minerals were

Fig. 8. Relationship between �HO�Mi,clayzi� and �HO�Mi,aq
zi� for cations in the interlayer, octahedral and

brucitic sites.

758 Blanc and others—A generalized model for predicting the thermodynamic



included in our parameterization set of minerals. In detail, this range is extended, for
the method of Van Hinsberg and others (2005a, 2005b), because of two samples that
display an iron content greater than 1.0 cations per O10(OH)2. This somewhat limits
the application range, since Fe is quite a common element in phyllosilicate structures.
For the method developed here, the scattering range is extended by one point that
refers to the Li-richest phyllosilicate, polylithionite, with 2.0 Li per O10(OH)2. Below
1.68 Li, the scattering range remains within the usual �5 percent limit. This should
indicate that, when reaching extreme composition, the extrapolation ability of the
model developed here is less accurate. Also, this point seems less difficult to manage
than the failure of the alternative method (Van Hinsberg and others, 2005b) to take
into account Fe-rich compositions. The results shown in figure 9B indicate a satisfac-
tory agreement of the calculations with the experimental data, close to the limits (�
5%) previously defined when verifying the model (figs. 4 and 5).

A similar comparison had been made for the enthalpy of formation of the
Li-bearing minerals, including the theoretical end-members and berthierine. In order
to take into account the fluorine contribution, we have also calculated the enthalpy of
the fictive exchange reaction F/OH, between fluorophlogopite and hydroxylphlogo-
pite from Robie and Hemingway (1995), which gives a value of 81 kJ mol-1.The
difference between predicted and measured enthalpy of formation of Li-bearing
phyllosilicates provide a range between -1.0 and �2.0 percent, better than that
obtained using the method of Van Hinsberg and others (2005a). In addition, the latter
implies a global overestimate (in absolute value) close to 2.0 percent (fig. 10).

Finally, the extrapolating capacities demonstrated by our predictive model display
some interesting abilities and compares favorably even with methods that already
include the element of interest in their parameterization set of minerals.

uncertainty issues
From the previous results, it appears that the uncertainty ranges related to the

estimates depend on the property considered and on the data used to assess the
performance of the models. For the entropy and heat capacity estimates, the case is
quite simple, as displayed in figures 3, 4, 9A and 9B. Generally speaking, Slat and Cp(25
°C) predictions fall within an uncertainty interval of �5 percent. In the case of
vermiculite, this corresponds, through eq. (1), to a contribution to the Gibbs free
energy uncertainty of �4.5 kJ/mol.

For the prediction of the enthalpy of formation, different cases need to be
distinguished. The largest uncertainty range is found for the extrapolating capacity

Fig. 9. Comparison between experimental and predicted properties of some lithium-bearing micas.
Results for (A) entropy and (B) heat capacity at 25 °C.
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with �1.5 percent or �90kJ/mol for vermiculite at 25 °C, which is important. For
verification minerals (fig. 2B and table 6), the uncertainty is reduced to �0.5 percent
or �30kJ/mol for vermiculite. This interval is still large but greatly reduced with
respect to the previous one. From figure 10, it is possible that part of the extent of this
interval stems not only from the inadequacy of the estimation method but also from a
relative scattering of the experimental data. From tables 5 and 6, collation of the
low-temperature dissolution calorimetry data gives an uncertainty interval of �0.15
percent or �10 kJ/mol. This method has been discussed by Blanc and others (2013) as
being especially well suited to the measurement of the enthalpy of formation of clay
minerals. A reasonable uncertainty interval could be found by averaging the two last
intervals, which gives the value �0.33 percent or �20 kJ/mol for vermiculite, for
instance.

Taking into account only low temperature dissolution calorimetry data could have
led to a reduction in such an uncertainty interval. Unfortunately, no other data of this
type could be gathered from previously published works.

combining the predictive models: gibbs free energy estimates
Estimating the Gibbs free energy is an important step since it finally makes it

possible to predict the equilibrium constant of any clay mineral end-member by using
equations (5) and (6). Indeed, the LogK(T) function is then introduced into a
thermodynamic database in order to enable geochemical calculations. Once the Gibbs
energy estimates have been verified, a complete database can be provided for the clay
mineral end-members. Finally, a simple and final verification step consists in calculat-

Berthierine ISGS
Direct measurements
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Fig. 10. Comparison between experimental and predicted formation enthalpy of some lithium-bearing
micas.
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ing the stability fields of those minerals with respect to the other phases, using the
newly created database, in order to check phase relations in predominance diagrams.

Estimating the Gibbs free energy for phyllosilicates.—By combining the estimates of the
enthalpy of formation and the entropy through equations (1) and (2), it is possible to
predict the Gibbs free energy values. Since the accuracy of predictions for �H0

f and Slat

have already been checked, the main question arises from the additional entropy terms
Smag and Sconf. For chamosite for example, table 1 indicates that Smag reaches 66.91
J/mol.K. This contributes up to -20 kJ/mol to the final value of �G0

f and modifies it by
-0.28 percent. Such modification is far from negligible and has to be tested. Calcula-
tions were performed by combining Smag and Sconf from tables 1 and 2 and the
estimates from tables 5, 6 and 9. In tables 12 and 13 and figures 11A and 11B, the
results are compared to the experimentally measured �G0

f values from tables 1 and 2.
From tables 12 and 13 and figures 11A and 11B, it is clear that introducing the

configurational and magnetic entropy terms does not significantly increase the discrep-
ancies with respect to experimental data. These remain of the same order of magni-
tude as discrepancies observed for �H0

f predictions (tables 5 and 6). In fact, for the
verification minerals, figure 2 indicates a general and small overestimate of �H0

f
whereas Slat in figure 3 is slightly underestimated. Finally, the combination tends to
reduce the overall uncertainty for �G0

f estimates.
Based on the estimation models developed previously, the thermodynamic prop-

erties of several end-members has been calculated in order to propose a database for
clay minerals with ideal compositions (table 14) in order to be included into more
general geochemical databases (Blanc and others 2012; Giffaut and others 2014). The
compositions of the clay end-members has been chosen in order to cover a large
domain, including illite and smectite (di- and trioctahedral), Al/Fe/Mg substitutions

Table 9

Parameterization of the polyhedral model: results for entropy, heat capacity and volume

(1) Slat
obs, Cp(25 °C)obs and Vobs values and references as reported in table 1 for the different minerals
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in the octahedral sheet and 4 interlayer compositions (Na, K, Ca and Mg). For
chlorites, the present models have been developed consistently with Vidal and others
(2005) work. The latter already proposed end-member compositions that make it

Table 10

Slat, Cp (25 °C) and V values of the polyhedral units for different ions located in the
interlayer and octahedral sites

Table 11

Values of the parameter �HO�Mz�(clay) calculated for different ions located in interlayer,
and octahedral sites
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possible to take into account a large composition domain and the present work relies
on the thermodynamic properties refined by Vidal and others (2005) for such phases.
For the 7Å phases, we have estimated the properties of a cronstedtite and a berthierine.
These stand for the extreme transformation products of a smectite in contact with
iron, as determined by Mosser-Ruck and others (2010).

Based on the values calculated in table 14 and on Sconf and Smag from the Ulbrich
and Waldbaum (1976) method, the equilibrium constant was calculated for each
end-member and predominance diagrams could be drawn in various chemical systems.
This exercise makes it possible to check the consistency of the clay mineral stability
domains, with respect to themselves and with respect to minerals other than phyllosili-
cates. Among these, zeolites play an important role in limiting clay mineral stability
fields in the highly alkaline or calc-alkaline part of the stability diagrams. In Appendix
2, a selection for the thermodynamic properties of the main zeolite minerals is
proposed. The activity diagrams displayed in figures 12, 13 and 14 makes it possible to
test the stability field of the clay mineral end–members from table 14 but also, as a
secondary goal, the stability domains of zeolite mineral, calculated using the thermody-
namic properties reported in Appendix 2. The stability domains are calculated by
combining the mass action laws (eq. 7) for two minerals (univariant line) or for three
minerals (invariant points), using equilibrium constants calculated from the thermody-
namic properties predicted or selected in this work (table 1, table 14 and Appendix 2)
and implemented into equation 1, in order to calculate the Gibbs energies at T and P
of interest.

In figure 12 are displayed the stability diagrams in the chemical system SiO2-Al2O3-
MgO-K2O-Na2O-H2O, at 25 and 150 °C. For the potassic sub-systems, figure 12A
presents a conventional configuration of the stability fields. Beidellite is intercalated
between illite and pyrophyllite instead of montmorillonite since, because of the
compositions retained in table 14, the latter includes a quantity of magnesium. Indeed,

Fig. 11. Predicted �G0
f for phyllosilicates: comparison of the discrepancy between experimental

measurements and values calculated either with the present model or with the method of Chermak and
Rimstidt (1989). (A) Phases for parameterization; (B) Verification phases.
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as long as magnesium is allowed in the system, montmorillonite largely replaces
beidellite, as shown in figures 12C and 12D. The temperature increase also produces a
phillipsite to microcline transition, which is quite correct with respect to the experi-
ments carried out by Chermak (1993) on an Opalinus Clay sample altered by alkaline
solutions. The same trend can be found for the sodic sub-system in figures 12E to 12F.
The introduction of magnesium in figure 12C and figure 12D allows vermiculite to
appear, along with saponite and clinochlore. Temperature implies an increase in the
vermiculite and clinochlore stability fields, at the expense of saponite and montmoril-

Table 12

Assessment of the free enthalpy predictions for the parameterization set of minerals

(1) �G°f.meas values and references reported in table 1 for the different minerals

Table 13

Assessment of the free enthalpy predictions for verification minerals

(1) �G°f.meas values and references reported in table 2 for the different minerals
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lonite. This situation is not surprising compared with the results obtained by Roy and
Romo (1957), Whitney (1983) and Mosser-Ruck and others (2010), where clinochlore
and vermiculite are rather restricted to high temperature domains. In figures 12A and
12B, illite (Al) is found to be more stable than muscovite. We could test that
considering an ordered muscovite rather than a disordered one, as in the present

Table 14

Predicted values for the thermodynamic properties of clay mineral end-members

(a) Configurational entropy is not considered here, following Bertoldi and others (2007) and Blanc and
others (2014)
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Fig. 12. Activity diagrams in the SiO2-Al2O3-MgO-K2O-Na2O-H2O system. (A) Sub-system SiO2-Al2O3-
K2O-H2O at 25 °C; (B) Sub-system SiO2-Al2O3- K2O-H2O at 150 °C; (C) Sub-system SiO2-Al2O3-MgO-K2O-
H2O at 25 °C, equilibrium with talc; (D) Sub-system SiO2-Al2O3-MgO-K2O-H2O at 150 °C equilibrium with
talc; (E) Sub-system SiO2-Al2O3- Na2O-H2O at 25 °C; (F) Sub-system SiO2-Al2O3- Na2O-H2O at 150 °C.
Equilibrium constants calculated using thermodynamic properties from table 1, table 14 and table 15, for
the corresponding minerals.
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selection, was reversing this tendency. This indicates small affinities for the mineral
transformation from illite to muscovite, with respect to the uncertainties related to the
present estimates, which prevent us from discussing this point in greater depth.

Figures 13A to 13D display quite similar tendencies for the chemical system
SiO2-Al2O3-MgO-CaO-H2O, at 25 °C and 150 °C. Figures 13A and 13B in particular
allow the discussion on zeolites to be completed. Indeed, the comparison between the
25 °C and 150 °C figures indicates a transition between low temperature phases such as
gismondine, chabazite or phillipsite, to a set of minerals stable at higher temperatures
such as laumontite, for instance, or microcline and albite. Such modifications corre-
spond to an evolution of the zeolite paragenesis with temperature, as reported by
Fridriksson and others (2001) or Giret and others (1992). Figures 13C and 13D are
dominated by the 14 Å phases. This is because aluminium is present in the system.
Otherwise, 7 Å phases would appear instead, as reported in figure 14D for the iron
chemical sub-system.

For the SiO2-Al2O3-MgO-FeO- Fe2O3-Na2O-H2O system, figures 14A to 14D pro-
vide the stability domains at 25 °C, especially for the iron-bearing phases. This

Fig. 13. Activity diagrams in the SiO2-Al2O3-MgO-CaO-H2O system. (A) Sub-system SiO2-Al2O3-
CaO-H2O at 25 °C; (B) Sub-system SiO2-Al2O3- CaO-H2O at 150 °C; (C) Sub-system SiO2-Al2O3-MgO-H2O at
25 °C; (D) Sub-system SiO2-Al2O3-MgO-H2O at 150 °C. Equilibrium constants calculated using thermody-
namic properties from table 1, table 14 and table 15, for the corresponding minerals.
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chemical model has been the subject of several important studies in the past. Among
the latter, the studies from Wilson and others (2006) and Mosser-Ruck and others
(2010) give indications that can be compared with the present results. In table 14,
berthierine(FeII) has the same composition as the phase used by Wilson and others
(2006). In our case, Chamosite appears instead, since berthierine (FeII) is less stable by
168 kJ/mol, in our case. In fact, berthierine does appear but in the highest part of the
diagram and extends towards higher LogfO2,g, which results from its Fe�3 content.
Apart from the position of the stability field of berthierine, figures 14A and 14B are
quite similar to Wilson and others (2006) Figures 4A and 4B at 25 °C. Such similarity is
less evident in figure 14C (equivalent to fig. 8A) at 25 °C in Wilson and others (2006)
since amesite from our selection is less stable by 190 kJ/mol per O10(OH)8. Finally,
figure 14D indicates that, at equilibrium with quartz, cronstedtite appears at equilib-
rium with ferrihydrite, whereas the presence of the other iron oxides/hydroxides

Fig. 14. Activity diagrams in the SiO2-Al2O3-MgO-FeO-Fe2O3-Na2O-H2O system. (A) Sub-system
SiO2-Al2O3-FeO-Fe2O3-Na2O-H2O at 25 °C, Log(Na�/H�) � 5, equilibrium with quartz; (B) Sub-system
SiO2-Al2O3-FeO-Fe2O3-Na2O-H2O at 25 °C, equilibrium with quartz, LogfO2,g � -70; (C) Sub-system
SiO2-Al2O3-MgO-FeO-Fe2O3- H2O at 25 °C, equilibrium with quartz, LogfO2,g � -70; (D) Sub-system
SiO2-FeO-Fe2O3-H2O at 150 °C, equilibrium with quartz, no iron oxides/hydroxides but ferrihydrite.

769properties of clay minerals



prevents this. Greenalite remains stable in the lowest Eh domains, even when hematite
(the most stable oxide) is considered in the system.

conclusions

In order to provide a database for the thermodynamic properties of clay minerals,
the present work proposes a set of estimation models. The developments concern the
estimates for the enthalpies, the entropies, the heat capacities and the molar volumes.
Two different prediction models have been developed, one based on the electronega-
tivity scale for the enthalpy alone and a second polyhedral decomposition model, for
all other properties. For the latter, the electronegativity relation has been proposed in
order to provide it with an extrapolation capacity for chemical elements not included
into the parameterization set of minerals. Both models use the same set of minerals for
deriving their internal constants and for verification. This ensures an overall consis-
tency between both approaches. In addition, the data, selected from a literature
review, can represent the first block of thermodynamic data for building up a
consistent database for phyllosilicates. The consistency of both types of models could
be tested by verifying the Gibbs energy function that combines both enthalpy and
entropy terms. The models result in an overall improvement of the estimates with
respect to previous models. Finally, they have been used to calculate the thermody-
namic functions of a large set of clay minerals, providing a consistent thermodynamic
database that can be used for geochemical calculations that involve such phases. The
database is tested by drawing a predominance diagram in selected chemical sub-
systems of interest. Since this work does not include the hydration contribution to the
overall Gibbs energy (Vidal and Dubacq, 2009; Vieillard and others, 2011), phase
relations may still be modified, especially for hydrated clay minerals. Future develop-
ments may need to pay attention to this additional contribution.
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APPENDIX 1

DETAILED SELECTION FOR THERMODYNAMIC PROPERTIES OF PHYLLOSILICATES

This appendix describes the selection of phyllosilicate thermodynamic data from the literature. It
includes a specific section for the phases that have been the subject of a single study, for which the discussion
is limited. A comparison is provided, with respect to the results obtained after a recent global optimization
work by Tutolo and others (2014). The values eventually selected are fully reported in table 1. For kaolinite,
the selection is already discussed by Blanc and others (2013).

Datasets Built from Direct Measurements
Muscovite and pyrophyllite.—The entropies of muscovite and pyrophyllite were measured by Robie and

others (1976), whose results were adopted by Robie and Hemingway (1995) and Haselton and others (1995)
as reference values; we also selected these values. The heat capacity comes from the work from Krupka and
others (1979), knowing that this represents the only direct measurement of S0 and Cp(T) for the two phases.
For the enthalpy of formation of muscovite, the value of –5.946.20 kJ/mol measured by Barany (1964) was
modified to –5.976.74 kJ/mol by Hemingway and Robie (1977) and Berman (1988) because of a 11.3 kJ/mol
correction on the enthalpy of formation for gibbsite. This value would characterize a phase where Al and Si
are partly ordered in the tetrahedral layer (Haselton and others, 1995). Robie and Hemingway (1995)
provide the thermodynamic properties for ordered and disordered muscovite, but they refer to a document
that does not completely explain the process for calculating the enthalpy of formation and its origin remains
difficult to assess. The values found in the literature mostly come from the exploitation of high temperature
(between 510 and 802 °C) and high pressure (from 1 – 6 kbars) reaction data (Chatterjee and Johannes,
1974; Haselton and others, 1995). Among these, we selected the value of –5974.80 kJ/mol, given by Haselton
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and others (1995), after equilibria experiments. It comes from recent, traceable experiments focused on
muscovite, with detailed chemical and mineralogical analyses and an extensive discussion on the influence
of disorder in the tetrahedral layers. The work by Haselton and others (1995) would, moreover, relate to a
relatively disordered 1M phase, which appears better adapted to the construction of a prediction model for
clay minerals. The polytype difference could explain the 10 kJ/mol discrepancy observed with the value
provided by Holland and Powell (1998) for a 2M1 muscovite sample. Tutolo and others (2014) obtained
�5982.70 J/mol and 292.00 J/mol.K for the enthalpy and the entropy, respectively, which could apply rather
to the 2M1 polytype. Few studies have been carried out so far concerning pyrophyllite formation enthalpy.
Using the result of experiments carried out at high pressure and high temperature, Robie and Hemingway
(1995), Holland and Powell (1998), Gottschalk (1997) and Chatterjee and others (1998) obtained an
enthalpy of formation that is within � 0.5kJ/mol. We adopted the value provided by Robie and Hemingway
(1995), that is –5.640.00�1.50 kJ/mol. The value refined by Tutolo and others (2014), �5638.78 kJ/mol,
agrees with this selection, given the uncertainty.

Phlogopite.—The enthalpy of formation for phlogopite measured by Circone and Navrotsky (1992) is
the only available direct measurement, as opposed to the values given by Robie and Hemingway (1995),
which are estimates. The entropy of phlogopite given by Robie and Hemingway (1984) and Hemingway
(1991) is from the most recent direct measurement. With respect to the case of muscovite, for example, the
discussion is more limited given the few direct measurements available in the literaure.

Paragonite.—The paragonite case is very similar to the previous one. The enthalpy of formation
measured by Roux and Hovis (1996) is the only direct measurement available, as opposed to the values given
by Robie and Hemingway (1995), which are estimates. The refinement performed by Tutolo and others
(2014) results in -5956.34 kJ/mol and 276.02 J/mol.K for the enthalpy and the entropy, respectively, which
are closer to the values reported by Robie and Hemingway (1995) for an ordered phase (-5949.30 kJ/mol),
whether Roux and Hovis (1996) obtained -5937.50� 3.0 which is closer to the value reported by Robie and
Hemingway (1995) for the disordered phase (-5933.00 kJ/mol). The entropy reported by Robie and
Hemingway (1984) is currently the most recent direct measurement available.

Talc.—The enthalpy of formation of talc was measured and discussed by Kahl and Maresch (2001).
These authors show that all the measurements carried out over the past 20 years are, within the uncertainty,
consistent among themselves as long as a consistent database is used to calculate the thermodynamic cycles.
The directly measured values were all acquired from high temperature dissolution reactions, with lead
borate as solvent. In that case, extracting the enthalpy of formation at 25 °C requires that the Cp(T) and
�H°

f
of the minerals used in each thermodynamic cycle are known. Kahl and Maresch (2001) used the

Holland and Powell (1998) database, which is self-consistent. Moreover, the value obtained by these authors
comes from three different thermodynamic cycles including a sensitivity analysis of the critical volatile
component H2O. For the above reasons, we have used the value proposed by Kahl and Maresch (2001),
�5.892.10 kJ/mol. For the entropy and heat capacity, we retained the values measured by Robie and Stout
(1963) and Krupka and others (1979), which are the only direct measurements available for a composition
close to the ideal formula.

Natural 2:1 clay minerals.—Recently, full sets of thermodynamic data have been measured for natural
2:1 clay minerals. These include:

— Illite/Smectite ISCz-1 (Gailhanou, ms, 2005),
— Illite IMt-2, Smectite MX-80, Beidellite SBId-1 (Gailhanou and others, 2012)
— Nontronite Nau-1, Saponite SapCa-1, Vermiculite Santa Olalla (SO) (Gailhanou and others, 2013).

Most of these are retained to parameterize the models. Because verification also has to rely on some
accurately measured data, Beidellite SBId-1, Saponite SapCa-1 and Illite/Smectite ISCz-1 have been used for
this purpose in the present work.

Chlorite (ripidolite) and berthierine.—The determination of the full set of thermodynamic parameters has
been carried out recently by Blanc and others (2014) on a CCa-2 chlorite sample and a berthierine sample
from Illinois (USA). The values have been directly retained for the present work, since no other study has
proposed a consistent set of directly measured thermodynamic properties for these phases.

Sepiolite.—Sepiolite properties are obtained by Stoessell (1988) from a series of solubility experiments
performed at different temperatures. They are compared by the author to the assessment given by previous
authors. Stoessel’s (1988) study provides the only data set of directly measured thermodynamic properties
available for sepiolite.

Datasets Built from Indirect Measurements

In this category are gathered the minerals for which all the properties are derived from equilibria
realized at high temperature and pressure. The properties extrapolated to 25 °C thus depend on the Cp(T)
functions used by the authors and on the thermodynamic parameters of the other reactive species and
products of the reaction.
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Annite.—In spite of the lack of precise detail, it seems that the thermodynamic functions S0 and Cp(T)
given by Robie and Hemingway (1995) were estimated from measurements carried out on a natural phase by
Hemingway and Robie (1990). This phase actually contained 1.0 F and 0.8 Al in the octahedral sheet per
O10(OH)2. Robie and Hemingway (1995) have corrected the measurements for a purely ferrous mineral,
devoid of fluorine. Unfortunately, the correction method is not indicated. Moreover, Robie and Hemingway
(1995) selected the enthalpy of formation published by Holland and Powell (1990), which was based on a
single series of equilibrium experiments. Finally, the entropy and enthalpy of formation are selected from
the experimental work of Dachs and Benisek (1995). This choice was made for the sake of consistency and
because the authors have carried out reversed equilibrium experiments and have conducted a sensitivity
analysis on their results, based on different databases.

Margarite.—The values published by Robie and Hemingway (1995) are very close to those obtained by
Holland and Powell (1998), with only 1 kJ/mol difference for the enthalpy of formation and 3 J/mol.K for
the entropy. Robie and Hemingway’s (1995) selection was preferred, for the sake of consistency with the rest
of this work. For the Cp(T) function, we selected the values of Robinson and others (1982) rather than those
of Robie and Hemingway (1995), since the calculation method is reported by the authors.

Minnesotaite and greenalite.—Evans and Guggenheim (1988) have proposed the properties of minneso-
taite, with the following composition Fe3Si4O9.6(OH)2.8. The assessment was made after a compilation of
experimental studies performed at high temperature and pressure and field observations. Using their own
experiments at high temperature and pressure, Rasmussen and others (1998) obtained the properties of
greenalite, using the data of Evans and Guggenheim (1988) for the properties of minnesotaite. Unfortu-
nately, the latter do not provide any explanation concerning the choice of thermodynamic properties for
minnesotaite. On the other hand, Miyano and Klein (1983) have also assessed the properties of minnesotaite
and greenalite. Because the details of the assessment process are fully described by these authors, we have
chosen to retain the values of the properties published by Miyano and Klein (1983).

Chrysotile and lizardite.—Chrysotile and lizardite properties have been synthesized and reviewed in a
recent review paper by Evans (2004). Taking advantage of previous studies and direct measurements for
chrysotile, the author concluded in the metastability of chrysotile and deduced the properties of lizardite
with respect to those compiled for chrysotile. The properties reviewed and selected by Evans (2004) are
retained here.

Antigorite.—Antigorite properties are derived from the database of Holland and Powell (1998). Indeed,
they are the only authors providing a full dataset of thermodynamic properties and who actually consider
antigorite with a chemical formula that corresponds to that of the natural mineral. For Robie and
Hemingway (1995), antigorite is confused with chrysotile.

Chlorites.—For chlorites, the properties published by Vidal and others (2005) for five end-members
(clinochlore, chamosite, amesite, Fe-amesite and sudoite) resulted from a long series of previously published
experimental studies. Few papers report direct measurements. These are limited to the entropy and the
Cp(T) functions (Hemingway and others, 1984; Bertoldi and others, 2007). Because the Cp(T) function
published by Saccocia and Seyfried (1993) starts at 50K only, it has been discarded from the present
discussion. Hemingway and others (1984) and Bertoldi and others (2007) values are selected here but for
the set of verification minerals since, for parameterization, we favor complete thermodynamic datasets for
the sake of consistency. Similarly, since the experimental dataset used by Holland and Powell (1998) to
retrieve the properties of Mg-chlorite and Fe-sudoite, both phases were selected for verification only.

Celadonite, Fe-celadonite, Na-phlogopite, Eastonite and Siderophyllite.—The thermodynamic properties are
selected after Coggon and Holland (2002) and Holland and Powell (1998). The retrieval method is quite
similar to the previous one, in that a solid solution model is used in order to derive the properties of these
end-members. However, the experimental dataset is much more reduced than the one used by Vidal and
others (2005) for chlorite end-members.

Incomplete Datasets

Some incomplete datasets have also been included in the selection for verification purposes. These
include the datasets from:

— Robie and others (1976) for illite;
— Bertoldi and others (2005) for berthierine;
— Bertoldi, Dachs and Appel (2007) for chlorites;
— Hemingway and others (1984) for chlorites;
— Ogorodova and others (2009) for a vermiculite.
In fact, a formation enthalpy was provided by Bertoldi and others (2005), together with the measured

entropy. Unfortunately, it was based on a berthierine/chlorite transition reaction that was hypothesized after
field observations. This value was not retained for the present work.
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APPENDIX 2

SELECTION FOR ZEOLITE MINERALS

Among the minerals involved in the context of cement/clay interactions, zeolites are a group of
important phases, which represent a transition between cementitious material and the clayey barrier
(Gaucher and Blanc, 2006). This Appendix reports a selection of thermodynamic properties, based on a
literature review, for zeolite minerals. When required, the thermodynamic datasets have been completed by
using estimation models, as described below.

Selection Principles

The selection of thermodynamic properties is focused on the collection of direct and traceable
measurements, according to the following guidelines:

— To avoid fitting of the LogK(T) functions, as well as averaging equilibrium constants. The aim is to
avoid producing new and perhaps confusing data.

— When possible, to calculate LogK(T) functions by using calorimetric data (and/or estimates) and to
compare them with the results of solution equilibria experiments in order to perform an independent
verification. The whole process could be achieved only for analcime.

— Thermodynamic calculations are realized consistently, using the same secondary or auxiliary
properties.

— The selection is finally verified by drawing activity diagrams involving the minerals of interest in the
chemical sub-systems of concern.

Additional details for selection are given in Blanc and others (2015). As can be seen in table 15, most of
the Cp(25 °C) had to be estimated since very few direct measurements were available. Moreover, for
chabazite, heulandite, laumontite and wairakite, the phase transition temperature could be checked with
respect to experimental results from Liou (1971), Zeng and Liou (1982) and Cho and others (1987), by
calculating their LogK(T) function.

Johnson and Others (1992) Corrections

In a series of papers, (Johnson and others, 1982, 1983, 1985, 1991 and 1992; Howell and others, 1990)
measured a complete set of thermodynamic data for analcime, natrolite, mesolite, scolecite, heulandite,
clinoptilolite and mordenite. These sets of consistent and direct measurements represent the core of the
present selection. However, in a final paper, Johnson and others (1992) proposed correcting all their
previous enthalpy measurements by –3.51 kJ/mol per Si atom, based on a re-evaluation of silicalite formation
enthalpy. Integrating this modification leads to the disappearance of the analcime stability field in figure
12F. Following Neuhoff and others (2004), we have preferred not to retain this correction for analcime and
the other phases measured by Johnson and co-workers.

Predictive Models

In order to complete the thermodynamic property sets we had to rely on estimation models in some
cases. This was limited to the heat capacity at 25 °C and to entropy (2 minerals, see table 15). Estimates were
made using the method recently published by Vieillard (2010). The comparison with calorimetric measure-
ments displayed an overall improvement of 5 percent for the entropy and 10 percent for the specific heat
with respect to the previous estimation methods. The latter were primarily based on the polyhedral
approach. An improvement proposed by Vieillard (2010) can be made by (1) using the thermodynamic
properties of silica polymorphs, whose crystal structure is close to that of zeolite, and (2) determining
specifically the thermodynamic parameters of the zeolitic water. Thus Vieillard (2010) has proposed new sets
of entropies and Maier-Kelley coefficients a, b and c for the heat capacity function, for the various oxides
which compose zeolites. With the new sets of values, prediction errors decrease to less than 3 percent and 4
percent for the entropy and the specific heat, respectively.

Selected Properties by Mineral Type

The thermodynamic constants finally selected for zeolites are reported in table 15. A brief explanation is
given next for each phase and additional details are given in Blanc and others (2015):

Analcime.—Analcime properties are derived from the very complete review by Neuhoff and others
(2004) and verified against solubility data from Murphy and others (1996) and Wilkin and Barnes (1998).

Phillipsite.—Log K (25 °C) is derived from a calculation process from Hess (1966) that is based on
equilibrium with microcline in a saline environment. The proposed equilibrium could not be checked.
Entropy and heat capacity are derived from Hemingway and Robie (1984) measurements.
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Scolecite and natrolite.—For both phases, a complete set of measurements is provided by Johnson and
others (1983).

Stilbite and stellerite.—The thermodynamic function has been reviewed by Fridriksson and others
(2001).

Mordenite.—A complete thermodynamic dataset has been measured by Johnson and others (1992)
[mordenite (J) in table 15]. However the LogK(T) function calculated from these data is not compatible
with Wilkin and Barnes (1998) and Benning and others (2000) solution experiment results [Mordenite(Ca)
in table 15]. Consistency is regained by removing the correction applied by Johnson and others (1992) to the
formation enthalpy.

Clinoptilolite.—A full set of thermodynamic parameters is given by Johnson and others (1991).
Unfortunately, the natural sample chosen contains Ba and Sr, which poses problems for future modeling.
Instead, we have extracted thermodynamic functions from Benning and others (2000) and Wilkin and
Barnes (1998) solution experiments, coupled with Yang and others (2001) experimental determination of
the formation enthalpy.

Merlinoite.—For this phase, the selection is based on a single experimental work by Donahoe and
others (1990).

Zeolite CaP.——Because of a lack of experimental data, LogK(298) is inferred from phase relation in
cementitious systems by Blanc and others (2010). It may replace gismondine as a synthetic analogue, for
cementitious systems especially.

Wairakite.—The thermodynamic functions are taken from calorimetric measurements by Kiseleva and
others (1996).

Laumontite.—The selection is based on the direct measurements performed by Kiseleva and others
(1996) and Paukov and Fursenko (1998).

Heulandite.—The selection is based on the experimental work of Drebushchak and others (2000) and
Kiseleva and others (2001). To derive the properties of pure end-members, exchange properties are
extracted from the work of Fridriksson and others (2001) and (2004).

Gismondine.—The selection is rather uncertain for this phase. Both enthalpy and entropy are estimated
and the verification performed by Blanc and others (2015) is very limited.

Chabazite.—The thermodynamic functions are directly measured by Shim and others (1999) and
Belitskii and others (1982), for the formation enthalpy and the entropy, respectively, on a mineral displaying
the same composition in both studies.

Finally, the consistency of phase relation is tested by drawing the activity diagrams in figures 12 to 14.
Problems remain concerning specifically phillipsite and gismondine, due to a lack of experimental data in
the literature.

— Gismondine, which has to be discarded from the selection.
— The phillipsite(Na) stability domain is also a matter of discussion in that it partially overlaps that of

analcime.
— Experimental data are lacking in order to address more accurately the stability domains of

phillipsite, chabazite and gismondine.
In addition, for verification we used data derived either from experiments or from field investigations.

This poses some difficulty since it involves many parameters to consider.
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