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Abstract—The method for prediction of Gibbs free energies of formation, based on the parameter
DGO=M z+(clay) characterizing the oxygen affinity of the cation M z+, on the smectites, considered as
hydrated clay minerals, has been used for micas and brittle micas, and yielded underestimated values. This
method of prediction can be improved by a new set of parameters DGO=M z+(clay), characterizing the
electronegativity of a cation in a specific site (interlayer, octahedral, tetrahedral in the 10 AÊ minerals),
determined by minimizing the difference between experimental Gibbs free energies and calculated Gibbs
free energies of formation from constituent oxides. By considering the crystal structure of 10 AÊ and 14 AÊ
minerals, and assuming the same electronegativity of cations, DGO=M z+(o), in the octahedral sheets, an
attempt is made to determine the electronegativity of cations in the brucitic sheet, DGO=M z+(b). The results
indicate that this prediction method compared to other determinations, gives values within 0.25% of the
experimentally-estim ated values. The relationships between DGO=M z+(clay) corresponding to the
electronegativity of a cation in the interlayer, octahedral, tetrahedral or brucitic sites and known
DGO=M z+(aq) were thus determined, allowing the determination of the electronegativity of transition metal
ions and trivalent ions in each of the four sites and consequently contribute to the prediction of Gibbs free
energies of formation of different micas and chlorites. Examples are given for low-Fe clinochlore whose
solubility is measured experimentally and the results appear excellent when compared with experimental
values.
Key Words—Amesite, Bityite, Chamosite, Chlorites, Clinochlore, Clintonite, Cookeite, Cronstedtite ,
Dombassite, Gibbs Free Energies of Formation, Hendricksite , Kinoshitalit e, Lepidolite, Micas,
Polylithioni te, Preiswerkite, Ripidolite, Sudoite, Taeniolite, Zinnwaldite

INTRODUCTION

Phyllosilicate minerals are classified in three differ-
ent groups: micas (pyrophyllite, muscovite and brittle
micas); chlorites (clinochlore, chamosite, sudoite, coo-
keite); and 7 AÊ minerals (kaolinite, lizardite, nepouite)
are considered to be well crystallized compounds and are
not hydrated. Smectites are 2:1 type layer silicates with
an expandable structure carrying a certain amount of
water and excess negative charge.

Recently a new method of prediction of Gibbs free
energies of formation was devised for hydrated clay
minerals (Vieillard, 2000) and gave excellent agree-
ments with calculated Gibbs free energies from solubi-
lity measurements. The principle is based on several
concepts. The poorly crystallized clay minerals are
assumed to be fully hydrated and are all of the same
particle size (not the same volume because of variable
amounts of water in the interlayer spaces of swelling
clays). The Gibbs free energy of formation from
constituent oxides is the sum of the products of the
molar fraction of an O atom bound to any two cations
multiplied by the electronegativity difference defined by
the DGO=M z+(clay) between any two consecutive

cations. The DGO=M z+(clay) value, using a weighting
scheme involving the electronegativity of a cation in a
specific site (interlayer, octahedral and tetrahedral) is
assumed to be constant and can be calculated by
minimizing the difference between experimental Gibbs
free energies (determined from solubility measurements)
and calculated Gibbs free energies of formation from
constituent oxides.

Micas and brittle micas have variable compositions.
Interlayer cations may be occupied by alkaline cations
(Na+, K+, Rb+ and Cs+) and alkaline earth cations (Ca2+,
Sr2+ and Ba2+). Cations such as Li+, Mg2+, Al3+,
transition metal ions such as Fe2, Fe3+, V3+, Mn2+,
Mn3+, Zn2+, Cr3+ or Ti4+ may fill the octahedral sites.
Cations such as Fe3+ and Be2+ can be located in
tetrahedral sites, usually occupied by Al3+ and Si4+.

Chermak and Rimstidt (1989) proposed a method of
prediction of Gibbs free energies of formation for some
classical micas but gave very high errors of prediction
for celadonite and brittle micas (difference of 50 kJ
mol 1 between experimental and predicted Gibbs free
energies of formation).

The prediction of Gibbs free energies of micas using
the method developed by Vieillard (2000) led system-
atically to underestimated values for all micas (the
difference between predicted and experimental Gibbs
free energies of formation ranges from 14 kJ mol 1 in
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paragonite to 36 kJ mol 1 in phlogopite) and brittle
micas (ranges from 6 kJ mol 1in siderophyllite to 30 kJ
mol 1 in eastonite). This means that the values of the
parameter DGO=M z+(clay) in interlayer, octahedral and
tetrahedral sites, initially assumed to be hydrated clay
minerals, are not suited for well-crystallized, large grain-
size micas. The first part of this paper aims to
redetermine the electronegativity scale for interlayer
and octahedral sites in micas, necessary to predict Gibbs
free energies of formation of some micas like biotite,
kinoshitalite, hendricksite, bityite, anandite, zinnwaldite,
chernykhite and preiswerkite.

At present there is no accurate method for the
prediction of Gibbs free energies of formation for chlorite
minerals. Those of Chermak and Rimstidt (1989) and
Nriagu (1975) produce very large errors. Several activity-
composition models have been proposed to model
compositional variation in the chlorite group of minerals
(Stoessell, 1984; Walshe, 1986; Aagaard & Jahren, 1992;
Holland et al., 1998). All these authors proposed a model
based on six end-member minerals considered as ideal
phases, for which experimental data were lacking.

From the new relationship between DGO=M z+(clay)
corresponding to the electronegativity of a cation in
octahedral sites and known DGO=M z+(aq) in micas,
obtained in this work, the second part of this paper will
relate to the determination of a new set of values of
DGO=M z+(clay) in brucitic sheets, by minimizing the
difference between calculated and theoretical Gibbs free
energy of formation from oxides of chlorites. So,
prediction of Gibbs free energies of formation of
chlorites with various cations located both in octahedral
and brucitic sites will be possible, when we know the
electronegavity of the cation in octahedral and brucitic
sites.

METHODOLOGY

The method of prediction of Gibbs free energy of
formation of clays minerals is based on the parameter
DGO=Mzi

i (aq) as defined initially by Tardy and Garrels
(1976, 1977), Tardy and Gartner (1977) and Tardy and
Vieillard (1977). An historical development of the
parameter DGO=Mzi

i was presented by Vieillard (2000).

Gibbs free energies of formation from constituent
oxides, DGox8

Consider a layer silicate containing continuous two-
dimensional tetrahedral sheets of composition T2O5 (T =
tetrahedral cation, normally Si, Al or Fe3+). Two kinds
of chemical formula are considered here depending on
the layer type and type of interlayer. (a) 2:1 layer type,
(M1i

)(Moj
)(Si(4 t)Alt)O10(OH)2 (with li the number of

interlayer atom which varies from 0 (pyrophyllite, talc )
to 1 (micas, if M = K+ or Na+, brittle micas, if M = Ca2+,
or Ba2+). (b) 2:1:1 layer type, (Moj

)(Si(4 t)Alt)O10(OH)2·
(Mbk

)(OH)6 where bk is the number of brucitic cations.

Interlayer sites may be occupied by cations such as
Li+, Na+, K+, Ca2+ and Ba2+. Octahedral sites and
brucitic sites are, to a limited extent, occupied by cations
such as Li+, Mg2+, Al3+, Fe3+ and several cations
belonging to the transition series. The Gibbs free energy
of formation of a phyllosilicate, DGf8 (phyllosilicate), is
a stoichiometric summation of Gibbs free energies of
formation of the different constituent oxides and a
second term, DGox8 , designating Gibbs free energies of
formation from constituent oxides:

DGf8 (phyllosilicates) =
Pi ns

i 1
(ni)DGf8(MiOx) + DGox8 (1)

where the Gibbs free energies of formation of the oxides
are given in Table 1.

The Gibbs free energy of formation from the oxides,
DGox8 is calculated by the following equation, which is
analogous to those of the enthalpy of formation given by
Vieillard (1994a):

DGox

N
Xi ns 1

i 1

Xj ns

j i 1

XiXj DGO Mzi

i clay DGO Mzj

j clay
8: 9;

" #

2

where Xi and Xj are the molar fractions of oxygen related
to the cations Mzi

i and Mzj

j , respectively, in the
individual oxides MiOxi

and MjOxj
, relative to the bulk

number of oxygen of the mineral, N:

Xi = (1/N)(nixi) (3)
Xj = (1/N)(njxj) (4)

where N is the total number of O atoms of all oxides, i.e.
the bulk number of oxygen or the compound:

Xi ns

i 1

N 5

The parameters DGO=Mzi

i (clay) and DGO=Mzj

j

(clay) characterize the electronegativity of cations Mzi

i

and Mzj

j respectively, in a specific site. These terms are
initially dependent on structural parameters such as bond
length, average bond length, and polarizability
(Vieillard, 1982, 1994a,b; Vieillard and Tardy, 1988a)
and they are assumed to be constant here.

In micas, e.g. muscovite, the Al3+ ion, located in two
sites, octahedral or hydrated sites (index o) and
tetrahedral sites (index t), have different structural
surroundings. This implies that terms such as
DGO=Al3+(o) and DGO=Al3+(t), are characteristic of the
electronegativity of the ion Al3+ in two different sites
and are not equal. Similarly, octahedral aluminum
DGO=Al3+(o), tetrahedral aluminum DGO=Al3+(t), and
brucitic aluminum DGO=Al3+(b) are unequal in clino-
chlore, (Mg2.5Al0.5)(Si3Al)O10(OH)2.(Mg2.5Al0.5)(OH)6

because of the nature of the oxygens surrounding the
cations. In the octahedral sites of micas and chlorites,
the octahedra comprise four oxygens and two hydroxyls

Vol. 50, No. 3, 2002 Prediction of Gibbs free energies of formation of clay minerals 353

https://doi.org/10.1346/00098600260358120 Published online by Cambridge University Press

https://doi.org/10.1346/00098600260358120


like MO4(OH)2; in brucitic sites of chlorites, the
octahedra are surrounded by six hydroxyls, probably
M(OH)6.

In the general equation, the interaction energy is
defined by the difference DGO=Mzi

i (clay) – DGO=Mzj

j

(clay), and this term characterizes short-range interac-
tions between the different sites. The interaction energy
is positive (absolute value) and should be assumed to be
equal (Vieillard and Tardy, 1988b, 1989):

[DGO=Mzi
i (clay) – DGO=Mzj

j (clay)] =
96.483(wMi

– wMj
)2 (6)

where wMz+ is Pauling’s electronegativity of the cation
M z+ (Pauling, 1960).

Vieillard (1994a, 2000) applied the principles of
Pauling (1960), regarding the predominance of nearest-
neighbor interactions (short-range interactions) observed
in a crystal structure in the calculation of enthalpy of
formation or Gibbs free energy of formation.

In the two kinds of minerals, micas (10 AÊ ) and
chlorites (14 AÊ ), the idealized crystal structure is given
and shows for each case the existence of common O and
non-common O between two consecut ives si tes
(Figure 1).

Thus, for the muscovite, K(Al2)(Si3Al)O10(OH)2,
where K occupies the interlayer site (labeled l), Al is
located in the octahedral site (labeled o), and the
tetrahedral site contains Si and Al (labeled t) and proton
H+(i) bonded to oxygens of octahedral sheets. The

method of calculating the Gibbs free energy of formation
from constituent oxides is described in Vieillard (2000).

In cl inochlore, (Mg2.5Al0.5)(Si3Al)O10(OH)2.
(Mg2.5Al0.5)(OH)6, where octahedral cations Mg2+ and
Al3+ are randomly distributed both in octahedral sites
(MO4(OH)2) and brucitic sites (M(OH)6), there are eight
ions located as follows: Mg2+ and Al3+ in the octahedral
site labeled (o); Al3+ and Si4+, located in the tetrahedral
site labeled (t); Mg2+ and Al3+ in the brucitic site labeled
(b); the proton H+ occupies two different positions: the
first, termed H+(i), is bonded to oxygen in the octahedral
sheet, and the second, H+(b), bonded to oxygens of the
brucitic sheet and oriented towards tetrahedral sheets. In
this case, one assumes that the electronegativities of
cations located in octahedral sites are the same as those
for 10 AÊ minerals; this explains why the label (o)
remains unchanged. By considering the chlorite mineral
as a sum of oxides: (Mg2.5Al0.5)(Si3Al)O10(OH)2.
(Mg2.5Al0.5)(OH)6 ? 2.5 MgO(o) + 1/4 Al2O3(o) +
3 SiO2(t) + 0.5 Al2O3(t) + H2O(i) + 2.5 MgO(b) +
1/4 Al2O3(b) + 3 H2O(b) with the molar fraction of
oxygen bound to the following oxides: MgO(o), Al2O3(o),
SiO2(t), Al2O3(t), H2O(i), MgO(b), Al2O3 (b), and H2O(b)
being, 2.5/18, 0.75/18, 6/18, 1.5/18, 1/18, 2.5/18, 0.75/18,
and 3/18, respectively; the calculated equation of DGox8 ,
based on short-range interactions, is given in Table 2.
The crystal structure of a chlorite-type mineral
(Figure 1) shows the existence of non-common oxygen
between the following consecutive cations: Mg2+(o) and

Table 1. General equation of Gibbs free energy of formation from the oxides of a clinochlore (Mg2.5Al0.5)(Si3Al)O10

(OH)2.(Mg2.5Al0.5)(OH)6.

DGox 18

2:5
18

0:75
18

DGO Mg2 o DGO Al3 o
2:5
18

6
18

DGO Mg2 o DGO Si4 t

2:5
18

1:5
18

DGO Mg2 o DGO Al3 t
0:75
18

6
18

DGO Al3 o DGO Si4 t

0:75
18

1:5
18

DGO Al3 o DGO Al3 t
2:5
18

1
18

DGO Mg2 o DGO H i

0:75
18

1
18

DGO Al3 o DGO H i
6
18

1:5
18

DGO Si4 o DGO Al3 t

2:5
18

0:75
18

DGO Mg2 b DGO Al3 b
2:5
18

3
18

DGO Mg2 b DGO H b

0:75
18

3
18

DGO Al3 b DGO H b
6
18

3
18

DGO Si4 t DGO H b

1:5
18

3
18

DGO Al3 t DGO H b

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;
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H+(b), Al3+(o) and H+(b), Mg2+(b) and H+(i), Al3+(b)
and H+(i), Si4+(t) and H+(i), Al3+(t) and H+(i), Si4+(t)
and Mg2+(b), Si4+(t) and Al3+(b), Al3+(t) and Mg2+(b),
Al3+(t) and Al3+(b), Mg2+(o) and Mg2+(b), Mg2+(o) and
Al3+(b), Al3+(o) and Mg2+(b), Al3+(o) and Al3+(b), and
finally H+(i) and H+(b). This means that long-range
interaction energy terms between two sites (i.e. 15
interaction energy terms between the sites listed),
[DGO=Mzi

i (clay) – DGO=Mzj

j (clay)] are equal to
zero and did not appear in the general equation of DGox8
(Table 1).

RESULTS

Thermodynamic set of data for clay minerals

The numerous data for Gibbs free energies of
formation of micas and chlorites are compiled elsewhere
(Chatterjee et al., 1998; Robie and Hemingway, 1995;
Johnson et al., 1992; Holland and Powell, 1990; Wolery
and Daveler, 1992) and many of them are inconsistent.
To provide an internally consistent set of data, the
solubility product of each clay mineral is first calculated
from internal data (same references for both clay
minerals and ions), then Gibbs free energies for each

clay mineral are calculated again from the calculated
solubility product with the new set of thermodynamic
data of ions (Table 2). A few experimental solubility
products of some chlorites are used (Kittrick, 1982).
Gibbs free energies of 44 dehydrated end-member, well-
crystallized phyllosilicates from Tardy and Duplay
(1992) were recalculated from the estimated solubility
products with DGf8 of ions (Table 2). These values were
used here to determine the importance of the interlayer
cations in different clay minerals.

Minimization

Firstly, parameter DGO=M z+ of eleven cations char-
acterizing the occurrence in different sites (Na+, K+,
Ca2+ and Mg2+ in the interlayer site, Mg2+, Fe2+, Al3+

and Fe3+ in octahedral sites, Si4+ and Al3+ in tetrahedral
sites and H+ in the hydroxyl) of the 10 AÊ minerals were
determined by minimizing the difference between
calculated Gibbs free energies of formation from oxides
and those computed by the general equation 2.
Constraints of minimization involve short-range inter-
actions and positive value terms of interaction energies
between two different cations in accordance with
equation 6.

Figure 1. Crystal structures of 10 AÊ and 14 AÊ phyllosilicates showing the positions of oxygen atoms between consecutive sites.
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The minimization is optimized by fixing DG8
f H2O(i)

at 220.0 kJ mol 1, with a value slightly different from
those of ice II, DG8

f = 235.56 kJ mol 1 (Mercury et al.,
2001) and identical to those found by Vieillard (2000) in
the prediction of Gibbs free energies of formation of
hydrated clay minerals. This difference is based on the
differences between the proton of the hydroxyl groups in
the 2:1 layer vs. the proton of ice. By assuming that DG8

f

H+(c) = 0, DGO=H+(i) is equal to 220.0 kJ mol 1,
which represents the reference value for DGO=M z+(clay)
for different cations located in different sites of micas
and brittle micas (Table 3).

Secondly, thanks to the new set of DGO=M z+(clay)
obtained for octahedral and tetrahedral sites from micas
(Table 3), the determination of DGO=M z+ for the five
cations (Li+, Mg2+, Fe2+, Al3+, and Fe3+) in the brucitic
site and DGO= H+(b) is now performed by minimizing
the difference between experimental and calculated
Gibbs free energies of formation from the oxides of
chlorites, with the same constraints as given below.
Gibbs free energies of formation of clinochlore,
chamosite, cookeite, sudoite, ripidolite and four natural
clinochlore for which solubility data are available
(Kittrick, 1982), were recalculated with the new set of

Gibbs free energies of formation of ions to maintain an
internally consistent set of data (Table 4).

The minimization is optimized by fixing DG8
f H2O(b)

= DGO= H+(b) at 228.0 kJ mol 1, a value slightly more
negative than those obtained for the hydroxyl group in
the 2:1 layers. This slight difference probably explains
why the protons of the brucitic sheet oriented towards
oxygens of tetrahedral sheets are more tightly bonded
than those of hydroxyl in the 2:1 layers for which
protons are oriented depending on the nature of cations
in octahedral sites. Two natural Fe-bearing chlorites
from Ishpeming (Michigan) and New Mexico were
discarded in the processing of minimization because of
the uncertainties about their solubility products and the
non-reversibility between fluid compositions and start-
ing solid phases (Aja and Small, 1999). The new set of
values of DGO=M z+(clay) in different sites (interlayer,
octahedral, brucitic and tetrahedral) obtained by mini-
mization are given in Table 4 and they contribute to the
determination of Gibbs free energy of formation from
constituent oxides. Consequently the determined Gibbs
free energies of formation of the 10 AÊ and 14 AÊ minerals
may be compared with experimental (or calculated)
values and are given in Table 4.

Table 2. Gibbs free energies of formation of oxides and ions at 298.15 K and calculated
parameter DGO=Mz+(aq) of selected cations.

Oxides DGf, 298.15 K8 Ions DGf, 298.15 K8 DGO=M z+(aq)
(kJ mol 1) (kJ mol 1) (kJ mol 1)

Li2O 561.21 Li+ 292.67 24.00
Na2O 376.01 Na+ 261.8817 147.76
K2O 322.11 K+ 282.4627 242.82
Cs2O 308.41 Cs+ 291.463 274.52
(NH4)2O 234.32 NH+

4 79.4143 75.47
BaO 520.41 Ba2+ 563.87 43.40
CaO 603.11 Ca2+ 552.797 50.31
MgO 569.31 Mg2+ 453.9857 115.32
BeO 580.102 Be2+ 378.868 201.24
FeO 251.41 Fe2+ 90.539 160.87
MnO 362.91 Mn2+ 228.11 134.80
CuO 128.31 Cu2+ 65.11 193.40
CoO 214.11 Co2+ 54.3927 159.71
NiO 211.11 Ni2+ 45.67 165.50
CdO 258.353 Cd2+ 77.61 151.1
ZnO 320.41 Zn2+ 147.31 173.10
Fe2O3 744.41 Fe3+ 16.289 237.28
Cr2O3 1053.11 Cr3+ 206.278 213.52
Al2O3 1582.31 Al3+ 487.61610 202.36
Ga2O3 998.44 Ga3+ 158.9927 226.78
SiO2 856.34 SiO2aq8 833.4117

TiO2 888.81 Ti4+ 386.3411 251.2
H2O (i) 220.05 H2O liq. 237.1837

H2O (b) 228.06

H2O (e) 210.06

1 Robie and Hemingway (1995); 2 Wilcox and Bromley (1963); 3 Codata (1989); 4 Barin
(1985); 5 Vieillard (2000); 6 this work; 7 Shock and Helgeson (1988); 8 Sverjensky et
al.(1997); 9 Parker and Khodakovskii (1995); 10 Pokrovskii and Helgeson (1995);
11 Calculated from DHf8 of Vasil’ev et al. (1986) and S 8 of Shock and Helgeson (1988).
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Precision of the method of prediction

Figure 2 compares this method with other methods of
predicted values (Nriagu, 1975; Chermak and Rimstidt,
1989). It shows a plot of standard errors of estimation
using our model and the average error obtained for each
of the two different methods given previously. The
horizontal and vertical dashed lines show the ±0.25%
error for each model. The data from clay minerals
arranged in nine groups: pyrophyllite, true micas
(muscovite, paragonite, annite, phlogopite), celadonite,
brittle micas (siderophyllite, eastonite, margarite), Mg-
chlorites, Fe-chlorites, natural chlorites (Kittrick, 1982),
aluminous chlorites and other chlorite minerals (ripido-
lite, sudoite, cookeite), for use in determining the
accuracy of prediction.

It appears that these two methods (Nriagu, 1975;
Chermak and Rimstidt, 1989) give predicted Gibbs free
energies of formation with a very large uncertainty; this

is due to the fact that these methods are built on an
additive scheme and do not take into account the
interaction energies between cations in the same layer.
In both Figures 2a and b, the ferrous chlorites
(Ishpeming and New Mexico) shown by two points
very far from the group, exhibit an abnormal Gibbs free
energy of formation. The method of Nriagu (1975)
(Figure 2a) provides predicted Gibbs free energies of
formation which are systematically less negative than
the experimental values (>0.5%) except for pyrophyllite,
talc-brucite and aluminous chlorites.

The method of Chermak and Rimstidt (1989)
(Figure 2b) initially tested on silicate minerals, gives
an accuracy within a 0.5% limit for 10 AÊ phyllosilicates
such as muscovite, phlogopite and talc. For celadonites
and brittle micas, the error reaches ±1%; and nearly all
the values of Gibbs free energy of formation from
elements of chlorites are overestimated (>0.8%).

Table 3. Values of parameter DGO=M z+(clay) for different ions located in different sites (interlayer,
tetrahedral, octahedral and brucitic sites) obtained by minimization or calculated from equations
8 to 11.

Ions DGO=M z+(aq) DGO=M z+(l) Ions DGO=M z+(aq) DGO=M z+(t)
(interlayer) (kJ mol 1) (kJ mol 1) (tetrahedral) (kJ mol 1) (kJ mol 1)

K+(l) 4761 Si4(t) 1691

Na+(l) 2801 Al3+(t) 1961

Ca2+(l) 521 Fe3+(t) 237.28 261.75

Mg2+(l) 1101 Ga3+(t) 226.79 241.95

Cs+(l) 274.52 562.13 Be2+(t) 201.24 193.95

Rb+(l) 267.96 545.13

Ba2+(l) 40.382 73.73

Sr2+(l) 3.140 18.83

NH+
4(l) 75.47 76.63

Fe2+(l) 160.87 148.73

Ions DGO=M z+(aq) DGO=M z+(o) Ions DGO=M z+(aq) DGO=M z+(b)
(octahedral) (kJ mol 1) (kJ mol 1) (brucitic) (kJ mol 1) (kJ mol 1)

Mg2+(o) 1031 Mg2+(b) 302

Fe2+(o) 1411 Fe2+(b) 1152

Al3+(o) 1571 Al3+(b) 1712

Fe3+(o) 168.51 Fe3+(b) 2102

Li+(o) 24.00 35.21 Li+(b) 702

Mn2+(o) 134.80 119.14 Mn2+(b) 134.80 87.36

Zn2+(o) 173.10 139.34 Zn2+(b) 173.10 129.16

Ni2+(o) 165.50 135.34 Ni2+(b) 165.50 120.86

Co2+(o) 159.71 132.24 Co2+(b) 159.71 114.56

Cr3+(o) 213.52 160.64 Cr3+(b) 213.52 173.16

Ca2+(o) 50.31 74.44 Ca2+(b) 50.31 4.76

Ga3+(o) 226.79 167.64

Ti4+(o) 246.73 180.54

H+(i) 2201 H+(b) 2282

1 Obtained by minimization of the difference between calculated DG8
ox, 298.15K and measured

DG8
ox, 298.15 K for micas; 2 obtained by minimization of the difference between calculated

DG8
ox, 298.15 K and measured DG8

ox, 298.15 K for chlorites; 3 calculated from equation 8;
4 calculated from equation 9; 5 calculated from equation 10; 6 see text.
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Table 4. Chemical composition, listed Gibbs free energies of formation, calculated solubility products, calculated and
predicted Gibbs free energies of formation at 298.15 K of pyrophyllites, micas, celadonites, brittle micas and chlorites.

Mineral Formula DGf, 298.15 K8 Log K DGf, 298.15 K8 DGf, 298.15 K8 Error
listed calculated predicted (%)

(kJ mol 1) (kJ mol 1) (kJ mol 1)

Pyrophyllite group
Pyrophyllite1 (Al2)(Si4)O10(OH)2 5266.20 1.04 5263.57 5267.25 0.07
Minnesotaite2 (Fe3)(Si4)O10(OH)2 4477.08 13.03 4479.61 4475.15 0.10
Talc1 (Mg3)(Si4)O10(OH)2 5520.20 22.33 5516.89 5514.35 0.05
Talc3 (Mg3)(Si4)O10(OH)2 5515.37 23.17 5512.06 5514.35 0.04
Talc4 (Mg3)(Si4)O10(OH)2 5515.57 23.14 5512.26 5514.35 0.04

Mica group
Muscovite1 (K)(Al2)(Si3Al)O10(OH)2 5608.40 11.35 5603.84 5595.28 0.15
Muscovite3 (K)(Al2)(Si3Al)O10(OH)2 5600.41 12.75 5595.85 5595.28 0.01
Muscovite4 (K)(Al2)(Si3Al)O10(OH)2 5602.19 12.44 5597.63 5595.28 0.04
Annite1 (K)(Fe2+

3 )(Si3Al)O10(OH)2 4798.30 29.10 4798.90 4801.18 0.05
Annite4 (K)(Fe2+

3 )(Si3Al)O10(OH)2 4793.88 29.87 4794.48 4801.18 0.14
Phlogopite1 (K)(Mg3)(Si3Al)O10(OH)2 5860.50 35.06 5855.26 5835.63 0.34
Phlogopite3 (K)(Mg3)(Si3Al)O10(OH)2 5828.93 40.59 5823.69 5835.63 0.20
Phlogopite4 (K)(Mg3)(Si3Al)O10(OH)2 5833.59 39.77 5828.35 5835.63 0.12
Paragonite1 (Na)(Al2)(Si3Al)O10(OH)2 5568.50 14.66 5564.36 5560.98 0.06
Paragonite3 (Na)(Al2)(Si3Al)O10(OH)2 5567.05 14.92 5562.91 5560.98 0.03
Paragonite4 (Na)(Al2)(Si3Al)O10(OH)2 5562.77 15.67 5558.63 5560.98 0.04
Tschermak Talc-Mg3 (Mg0.5)(Mg1.5Al)(Si3Al)O10(OH)2 5613.92 34.72 5608.35 5666.05 1.03
Rectorite5 (Na0.67)(Al2)(Si3.33Al0.67)O10(OH)2 5471.44 8.80 5467.80 5466.37 0.03

Celadonite group
Celadonite Al-Mg6 (K)(MgAl)(Si4)O10(OH)2 5463.86 7.86 5461.56 5462.08 0.01
Celadonite Al-Mg3 (K)(MgAl)(Si4)O10(OH)2 5456.97 9.07 5454.67 5462.08 0.14
Celadonite Al-Fe3 (K)(Fe2+Al)(Si4)O10(OH)2 5118.56 4.34 5118.20 5110.93 0.14

Brittle mica group
Siderophyllite3 (K)(Fe2+

2 Al)(Si2Al2)O10(OH)2 5262.15 40.66 5258.54 5280.23 0.41
Eastonite3 (K)(Mg2Al)(Si2Al2)O10(OH)2 5949.22 48.33 5941.72 5976.20 0.58
Eastonite7 (K)(Mg2Al)(Si2Al2)O10(OH)2 5976.38 43.57 5968.88 5976.20 0.12
Margarite1 (Ca)(Al2)(Si2Al2)O10(OH)2 5858.90 37.82 5851.68 5859.30 0.13
Margarite3 (Ca)(Al2)(Si2Al2)O10(OH)2 5857.32 38.09 5850.10 5859.30 0.16
Margarite4 (Ca)(Al2)(Si2Al2)O10(OH)2 5857.16 38.12 5849.94 5859.30 0.16

Mg-chlorites
Amesite 14 AÊ 2 (Mg4Al2)(Si2Al2)O10(OH)8 8323.06 75.46 8323.06 8336.82 0.17
Amesite 14 AÊ 8 (Mg4Al2)(Si2Al2)O10(OH)8 8350.84 72.66 8339.02 8336.82 0.03
Clinochlore1 (Mg5Al)(Si3Al)O10(OH)8 8255.80 60.50 8246.24 8190.83 0.67
Clinochlore3 (Mg5Al)(Si3Al)O10(OH)8 8256.03 60.46 8246.46 8190.83 0.67
Clinochlore2 (Mg5Al)(Si3Al)O10(OH)8 8207.77 68.92 8198.20 8190.83 0.09
Talc 3 brucite8 (Mg6)(Si4)O10(OH)8 8065.46 65.04 8058.16 8030.17 0.35

Fe-chlorites
Chamosite 14 AÊ 3 (Fe2+

5 Al)(Si3Al)O10(OH)8 6541.71 40.72 6541.87 6508.23 0.51
Chamosite 14 AÊ 9 (Fe2+

5 Al)(Si3Al)O10(OH)8 6495.13 48.88 6495.29 6508.23 0.20

Natural chlorites
Chlorite Vermont10,11 7793.00 53.82 7798.12 7791.15 0.09
Chlorite Ishpeming10,12 7290.00 24.64 7322.04 7153.95 2.30
Chlorite Québec10,13 7869.00 52.40 7870.87 7859.09 0.15
Chlorite New mexico10,14 7319.00 22.73 7344.53 7220.60 1.69

Aluminous chlorites
Chlorite alumineuse15 (Al4)(Si3.4Al0.6)O10(OH)8 7709.83 22.46 7702.39 7755.09 0.68
Dombassite16 (Al4)(Si4)O10(OH)8 7573.40 15.50 7567.45 7627.47 0.79

Other chlorites
Ripidolite6 (Mg3Fe2+

2 Al)(Si3Al)O10(OH)8 7518.62 61.62 7512.95 7528.04 0.20
Sudoite17 (Mg2Al3)(Si3Al)O10(OH)8 7985.56 39.98 7976.68 7995.79 0.24
Sudoite18 (Mg2Al3)(Si3Al)O10(OH)8 7984.84 40.10 7975.96 7995.79 0.25
Cookeite4 (Al4Li)(Si3Al)O10(OH)8 7882.79 35.47 7874.65 7895.42 0.16

1 Robie and Hemingway (1995); 2 Johnson et al. (1992); 3 Holland and Powell (1990); 4 Chatterjee et al. (1998); 5 Vidal (1997);
6 Wolery and Daveler (1992); 7 Zolotov et al. (1999); 8 McPhail et al. (1990); 9 Saccocia and Seyfried (1993); 10 Kittrick (1982);
11 (Mg3.24Fe2+

0.99Al1.45Fe3+
0.07)(Si2.98Al1.02)O10(OH)8;

12 (Mg1.05Fe2+
3.3Al1.61)(Si2.47Al1.53)O10(OH)8;

13 (Mg3.53Fe2+
0.58Al1.39Fe3+

0.21)(Si2.99Al1.01)
O10(OH)8;

14 (Mg1.16Fe2+
2.61Al1.75Fe3+

0.12)(Si2.84Al1.16)O10(OH)8;
15 Varadachari et al. (1994); 16 Merceron et al. (1992); 17 Vidal et al.

(1992); 18 El-Din and El-Shazly (1996).
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RESULTS

Values of DGO=M z+(clay), obtained from minimiza-
tion (Table 3) are different from those given for
hydrated clays minerals (Vieillard, 2000). Among values
of DGO=M z+(clay) corresponding to different sites in the
clay mineral, four sets of values were observed
corresponding to the interlayer, octahedral, brucitic and
tetrahedral sites.

Interlayer sites

The relation between DGO=M z+(aq) and DGO=M z+(l)
in the interlayer site for alkaline, earth alkaline cations,
(Figure 3a) is:

DGO=M z+(l) = 14.465 +
1.3766[DGO=M z+(aq)] + 0.00225[DGO=M z+(aq)]2 (8)

with a regression coefficient of 0.9994, for five points
and a standard error of ±17.4 kJ mol 1. Thus, values of
DGO=M z+(l) for NH+

4, Ba2+, Sr2+, Rb+, Cs+ located in the
interlayer sites can be determined from equation 8 from
known values of DGO=M z+(aq) (Table 2) and these
values are given in Table 3. By comparing the relation-
ship between DGO=M z+(aq) and DGO=M z+(l) in the
interlayer site obtained in hydrated clays (Vieillard,
2000), it appears that the parameter DGO=M z+(l) for
interlayer cations in micas is more negative than those
observed in hydrated clays minerals except for mono-
valent cations such as Na+, K+, Rb+ and Cs+ (Figure 3a).

Octahedral sites

A re l a t i on sh ip b e t we e n D GO =M z+ (o ) a nd
DGO=M z+(aq) is observed for four cations Mg2+, Fe2+,
Al3+ and Fe3+ (Figure 3b):

DGO=M z+(o)= 47.877 + 0.5281[DGO=M z+(aq)] (9)

with a regression coefficient of 0.9737 and an error of
prediction of ±13.0 kJ mol 1. From equation 9, values of
DGO=M z+(o) of cations such as Li+, Mn2+, Ni2+, Co2+,
Zn2+, Cr3+ and Ti4+ are determined from known values
of DGO=M z+(aq) (Table 2). These values contribute to
the prediction of Gibbs free energies of micas and brittle
micas with transition metals and Li located in octahedral
sites such as lepidolite, ephesite, biotite and transition
metals-bearing micas (Table 5).

Brucitic sites

A r e l a t i on sh ip b e t we e n D GO =M z+ (b ) a nd
DGO=M z+(aq) is observed for five cations Li+, Mg2+,
Fe2+, Al3+ and Fe3+ (Figure 3b):

DGO=M z+(b)= 59.559 + 1.089[DGO=M z+(aq)] (10)

with a regression coefficient of 0.9824 for four points
and an error of prediction of ±29.2 kJ mol 1. From
equation 10, values of DGO=M z+(b) of cations such as as
Li+, Mn2+, Ni2+, Co2+, Zn2+ and Cr3+ are determined
from known values of DGO=M z+(aq) (Table 2). These
values contribute to the prediction of Gibbs free energies
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Figure 2. Plots of the percentage errors from different methods of prediction of Gibbs free energies of formation against the
percentage errors for values from the model presented here. The horizontal and vertical dashed lines represent a ±0.25% error using
in each model: (a) the method of Nriagu (1975); (b) the method of Chermak and Rimstidt (1989). & muscovite group; * pyrophyllite
group; ^ celadonites; ~ brittle micas; & Mg-chlorites; ^ Fe-chlorites; * aluminous chlorites; ~ natural chlorites (Kittrick,
1982); 6 other chlorites (sudoite, ripidolite, cookeite).
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of chlorites with transition metals and Li located in
brucitic sites such as Co-chlorite, Ni-chlorite and Zn-
chlorite (Table 5). It appears that the values of
DGO=M z+(b) are more negative for trivalent cations
than those of the octahedral sheet; for divalent cations
the reverse case can be observed.

Tetrahedral sites

The parameter DGO=Al3+(t) is more negative than
DGO=Si4+(t); the difference between the two DGO=

parameters is always positive with a value of 27.0 kJ
mol 1. The prediction of the DGO=M z+(t) value of
trivalent Fe, Ga and divalent Be in tetrahedral sites is
current ly possible if one assumes a value of
DGO=Si4+(aq) equal to 188.0 kJ mol 1 (Tardy and
Garrels, 1977; Gartner, 1979). The evaluation of these
parameters (Table 3) will allow us to predict Gibbs free
energies of formation of some micas such as ferriannite
and bityite having Fe3+ and Be2+ in the tetrahedral site,
respectively (Table 5).

Gibbs free energies of formation of some various
cations in different sites have been calculated and
compared with experimental and estimated values
(Table 5). The results appear very good for experimental
data (biotite, tobelite, ephesite, ferriannite) and not so
good for transition metal-bearing pyrophyllite, micas
and chlorites for which Gibbs free energies of formation
from elements are estimated by a linear regression from
Mg- and Fe2+-bearing phyllosilicates (Sverjensky,
1985). His poor choice of the Gibbs free energies of
formation of minnesotaite (DGf8 = 4390.7 kJ mol 1)
explains the very great underestimation of Gibbs free
energies for Co-, Ni-, Zn- and Mn-bearing pyrophyllite.
Some Li-rich micas (polylithionite-OH, trilithionite-OH
and lepidolite-OH) for which Gibbs free energies of
formation are predicted, can be compared with experi-
mental Gibbs free energies of formation of these F- and
Li-rich micas (Ponomareva and Gordienko, 1991).

DISCUSSION

Example of calculation of Gibbs free energies of a
chlorite mineral

A low-Fe clinochlore chlorite with the following
chemical formula: (Mg4.152Mn0.004Ca0.01Ni0.008 Cr0.004

Ti0.005Fe2+
0.43Al1.126Fe0.172

3+ )(Si2.875Al1.125)O10(OH)8 has
its solublility measured experimentally by equilibration
in aqueous solutions at 25, 125 and 1758C and saturated
vapor pressures (Aja and Small, 1999). Reversibility of
fluid mineral equilibria was demonstrated by approach-
ing final solution compositions from different ratios of
Mg2+ and under- and super- saturation of silica. By
assuming a random distribution of cations in octahedral
and brucitic sites, and with the help of DGO=M z+(clay)
(Tables 4) and equation 2, the Gibbs free energy of
formation from constituent oxides can be computed and
is DGox8 = 278.2kJ mol 1. Thanks to the values of
Gibbs free energies of formation of the constituent
oxides (Table 1), the Gibbs free energy of formation
from elements is DGf8 = 7974.8 kJ mol 1. This
predicted value is very close to those calculated from
equation 1 in Aja and Small (1999); DG8

f = 7953.51 kJ
mol 1 computed from DGf8 (kaolinite)= 3797.5 kJ
mol 1 (Rob i e and Hem ingway , 1995) ; DG 8

f

Al(OH)4 (aq) = 1306.077 kJ mol 1 (Diakonov et al.,
1996) and DGf8 Fe(OH)4 (aq)= 842.558 kJmol 1 (Baes
and Mesmer, 1976).

Non-constancy of the DO=M z+ parameter

By assuming the constancy of the parameter
DGO=M z+(clay) within three sites of a clay mineral
(tetrahedral, octahedral and brucitic), this work shows
that this model of prediction of Gibbs free energies of
formation from oxides can give very good results if the
formalism of the Gibbs free energy of formation from
constituent oxides uses an approach from short-range
interactions. The assumption of the constancy of the
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parameter DGO=M z+ of a cation in octahedral coordina-
tion, led to two different scales of electronegativity in
sites of 2:1 layers and brucitic sheets. It should be kept
in mind that the general expression does not allow us to
predict the excess free energies of mixing because,
firstly, we have not considered the different sites M1 to
M4 in phyllosilicates and secondly, in any interaction
between two sites, the expression XiXj[DGO=Mzi

i (clay)
– DGO=Mzj

j (clay)] is a symmetrical function.
For a model involving long-range interactions, the

constancy of DGO=M z+ for cations in different sites is
questionable and accurate results depend on the envir-
onment around the cations and protons. The influence of
occupancy of cations in different sites may act on the
variation of the parameter DO=M z+ of a cation and can
explain the asymmetrical behavior of the excess energy
between any two consecutive sites. This step will be
investigated further by using the enthalpy of formation
instead of the free energies of formation.
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