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Abstract—The polymer model provides a relatively simple and robust basis for estimating the standard
Gibbs free energies of formation (DGo

f ) and standard enthalpies of formation (DHo
f ) of clay minerals and

other aluminosilicates with an accuracy that is comparable to or better than can be obtained using
alternative techniques. The model developed in the present study for zeolites entailed the selection of
internally consistent standard thermodynamic properties for model components, calibration of adjustable
model parameters using a linear regression technique constrained by DGo

f and DHo
f values retrieved from

calorimetric, solubility, and phase-equilibrium experiments, and assessments of model accuracy based on
comparisons of predicted values with experimental counterparts not included in the calibration dataset. The
DGo

f and DHo
f predictions were found to average within �0.2% and �0.3%, respectively, of experimental

values at 298.15 K and 1 bar. The latter result is comparable to the good accuracy that has been obtained by
others using a more rigorous electronegativity-based model for DHo

f that accounts explicitly for differences
in zeolite structure based on differences in framework density and unit-cell volume. This observation is
consistent with recent calorimetric studies indicating that enthalpies of transition from quartz to various
pure-silica zeolite frameworks (zeosils) are small and only weakly dependent on framework type, and
suggests that the effects on DHo

f of differences in framework topology can be ignored for estimation
purposes without incurring a significant loss of accuracy. The relative simplicity of the polymer model,
together with its applicability to both zeolites and clay minerals, is based on a common set of
experimentally determined and internally consistent thermodynamic properties for model components.
These attributes are particularly well suited for studies of the effects of water-rock-barrier interactions on
the long-term safety of geologic repositories for high-level nuclear waste (HLW).
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INTRODUCTION

Widespread interest in the thermochemical stability

of zeolites has resulted in the development of various

empirical methods to estimate their standard thermo-

dynamic properties (La Iglesia and Aznar, 1986;

Chermak and Rimstidt, 1989; Mattigod and McGrail,

1999; Vieillard and Mathieu, 2009; Vieillard 2010;

Mathieu and Vieillard, 2010). One such method, known

as the polymer model, was revised in the present study.

The impetus for this work comes from international

safety assessments of engineering concepts for the

permanent disposal of nuclear wastes in deep geologic

repositories (e.g. SKB, 2011). The assessments are based

in part on predictions of how the geochemical environ-

ment within a repository might evolve over hundreds of

thousands of years. In one evolution scenario, secondary

zeolites, clay minerals, and other minerals in the CaO-

Al2O3-SiO2-H2O (CASH) system are assumed to pre-

cipitate when cement-derived alkaline leachates (pH

5 11) react with engineered barrier components (e.g.

bentonite buffer, steel overpack, glass waste form) and

the host rock. Modeling studies have indicated that these

secondary minerals can play an important role in

controlling the geochemical environment and its spatial

and temporal evolution (Savage et al., 2002; Yui et al.,

2004; Oda et al., 2004; Savage et al., 2007).

Accounting for this role in a safety-assessment

context is problematic, however, because zeolites (as

well as some clay and CASH minerals) are complex

solid solutions having variable compositions, and hence

variable thermodynamic properties. A pragmatic

approach to this problem is to assume as a first

approximation that zeolites have a fixed stoichiometric

composition selected from among many possible com-

positions that are in reality permitted by their variable

chemistry. Alternative geochemical models in which

different representative compositions for selected zeo-

lites are assumed can then be used to generate a

corresponding range of predicted geochemical environ-

ments for consideration in a safety assessment.

This bounding approach requires an ability to relate

specific zeolite compositions to a corresponding set of

standard thermodynamic properties that are needed to

evaluate the geochemical models. Although these

properties can be determined experimentally, a more

practical approach is to estimate them using empirical

methods given the large number of zeolite types and

compositions that may be considered in a safety
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assessment. The objective of the present study was to

revise the polymer model to ensure that it is internally

consistent with respect to relevant thermodynamic

databases, and can be used to reliably estimate DGo
f

and DHo
f for zeolites of any specified composition. The

basic polymer approach was considered in favor of

alternative techniques because it can be used, in

principle, with a single set of calorimetrically deter-

mined thermodynamic properties for model components

to estimate DGo
f and DHo

f for zeolites, clay minerals

(notably smectites and illites), and possibly other

minerals in the CASH system, thereby providing an

internally consistent basis for interpretation of the

relative thermochemical stabilities of these closely

associated phases. The supporting thermodynamic data-

bases considered in this study (Yui et al., 1999; Arthur et

al. 1999) were developed by the Japan Atomic Energy

Agency (JAEA) and are available online: http://

migrationdb.jaea.go.jp.

BACKGROUND

The polymer model (Nriagu, 1975; Chen, 1975;

Mattigod and Sposito, 1978; Sposito, 1985, 1986) was

first applied to zeolites by Mattigod and McGrail (1999).

These framework silicates were considered to be

condensation copolymers of solid hydroxide components

formed by the reaction:P
i
niMOH +

P
j
njD(OH)2 + n1Al(OH)3 + n2Si(OH)4 =

Mni
Dnj

Aln1Sin2Oy·xH2O + (y � x)H2O (1)

where ni represents the reaction coefficient for the ith

monovalent exchangeable cation, M; nj denotes the

reaction coefficient for the jth divalent exchangeable

cation, D; n1 stands for the reaction coefficient for

Al(OH)3; n2 refers to the reaction coefficient for

Si(OH)4, y = (Sni + 2Snj + 3n1 + 4n2)/2; and x

represents the reaction coefficient for H2O in extra-

framework positions in the zeolite lattice.

The polymer model is based on the assumption that

DGo
f for a zeolite of given composition can be closely

approximated by the reaction coefficient-weighted sum

of DGo
f values for its hydroxide components plus a

correction term, which accounts primarily for changes in

the coordination environment of exchangeable cations as

they are transferred from the components to exchange

sites in the crystal lattice (Sposito, 1986). Similar

corrections for tetrahedral cations (Si4+ and Al3+) are

assumed to be relatively small, which implies that DGo
f

for the component of a tetrahedral cation in a solid

hydroxide is similar to that for the same component in an

aluminosilicate framework (Slaughter, 1966; Tardy and

Garrels, 1974; Sposito, 1986). These constraints can be

represented by the expression given in equation 2

(below) where the correction term is defined by

adjustable parameters A (kJ mol�1) and B (kJ mol�1

nm�1) and by crystallographic ionic radii (nm) for

monovalent, ri, and divalent, rj, exchangeable cations.

The DGo
f values for components are assumed to be equal

to those of the corresponding solid hydroxides or H2O(l).

The polymer model differs in this regard from alter-

native models in which oxide and/or hydroxide compo-

nents are assumed to exist within the silicate (Tardy and

Garrels, 1974, 1976; Chermak and Rimstidt, 1989).

The model’s adjustable parameters can be determined

by rearranging equation 2 to define a quantity, dDGo
r ,

given by equation 3 below. Using a calibration dataset of

experimentally determined DGo
f values for zeolites, solid

hydroxide components, and H2O(l), the linear regression

o f dDG o
r , a s t h e d e p e n d e n t v a r i a b l e , v s .P

i
niri þ

P
j
njrj

 !
, as the independent variable, can be

used to determine the slope (B) and intercept (A) of

equation 3.

Sposito (1985, 1986) considered the thermodynamic

significance of parameter A in a polymer model for

dioctahedral smectites. He noted that A can be inter-

preted as the standard Gibbs free energy of reaction

(DGo
r ) for the formation of a zero layer-charge phyllo-

silicate (pyrophyllite in this case) from component solid

hydroxides. For zeolites, an analogous interpretation can

be made by noting that the aluminosilicate framework,

DGo
f;zeolite ¼

X
i

niDGo
f;MOH þ

X
j

njDGo
f;DðOHÞ2 þ n1DGo

f;AlðOHÞ3 þ n2DGo
f;SiðOHÞ4 � ðy� xÞDGo

f;H2O�

Aþ B
X
i

niri þ
X
j

njrj

8>>>>:
9>>>>;

" #
ð2Þ

dDGo
r ¼ DGo

f;zeolite �
X
i

niDGo
f;MOH þ

X
j

njDGo
f;DðOHÞ2 þ n1DGo

f;AlðOHÞ3 þ n2DGo
f;SiðOHÞ4 � ðy� xÞDGo

f;H2O

 !
¼

� Aþ B
X
i

niri þ
X
j

njrj

8>>>>:
9>>>>;

" #
ð3Þ
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excluding hydrated exchangeable extra-framework

cations and H2O, has the general composition

[AlzmSi(4�z)mO8m]
zm�, where m stands for some multiple

of this basic unit needed to fill the unit cell (Armbruster

and Gunter, 2001). For the limiting case of zero net

charge, z = 0, the framework composition is Si4mO8m,

and formation of such a pure-silica zeolite from

component Si(OH)4 can be represented by the general

reaction Si(OH)4 = 1
4mSi4mO8m + 2H2O(l). Because free

energy changes resulting from the transfer of a cation

from an hydroxide component to a silicate framework

are assumed to be relatively small in the polymer model,

the constraint DGo
r = A = 0 kJ mol�1 was assumed as a

first approximation for any value of m in this reaction,

and thus for all zeolites regardless of their composition.

The validity of this assumption is evaluated further

below. Mattigod and McGrail (1999) did not consider

parameter A in their model, but presented an expression

that is identical to equation 2 when A = 0 kJ mol�1.

Several other features of the Mattigod and McGrail

(1999) model are pertinent to the present study. These

investigators apparently used a DGo
f value for the

amorphous hydrous oxide, SiO2·2H2O(am), to represent

DGo
f for the stoichiometrically equivalent model

component, Si(OH)4: this can be seen by noting that

DGo
r for the dehydration reaction, SiO2·2H2O(am) =

SiO2(am) + 2H2O(l), must equal 0 kJ mol�1 at any

pressure and temperature if the conventional standard

state calling for unit activity for pure solids and solvent

H2O(l) is assumed. As a result, DGo
f;SiO2�2H2OðamÞ =

DGo
f;SiO2ðamÞ + 2DGo

f;H2OðlÞ, and, taking values for the

two parameters on the right-hand side of this equation at

298.15 K and 1 bar from Wagman et al. (1982)

(�850.70 kJ mol�1 and �237.129 kJ mol�1, respec-

tively), gives DGo
f;SiO2 �2H2OðamÞ = �1324.96 kJ mol�1.

Mattigod and McGrail (1999) (with references to

Wagman et al., 1982) adopted a DGo
f value for

Si(OH)4 = �1324.9 kJ mol�1, which differs significantly

from the value given by Wagman et al. (1982) for the

crystalline hydroxide, represented by H4SiO4(c)

(�1332.9 kJ mol�1). Thus, despite a minor difference

in rounding, DGo
f for component Si(OH)4 in the Mattigod

and McGrail (1999) model apparently corresponds to

that of the amorphous hydrous oxide, SiO2·2H2O(am).

This observation is noteworthy because DGo
f values for

all other components in this model [excluding H2O(l)]

refer to the crystalline hydroxides.

Mattigod and McGrail (1999) assumed B = 921 kJ

mol�1 nm�1 based on the study of Sposito (1986), who

evaluated this parameter using a model calibration

dataset consisting of both estimated and experimental

DGo
f values for 25 montmorillonites from Mattigod and

Sposito (1978). Recalling that the correction term in the

polymer model accounts for the effects on DGo
f of

changes in the coordination of exchangeable cations as

they are transferred from hydroxide components to

exchange sites in a silicate lattice, the rationale for

assuming that a B value for montmorillonites should

necessarily also be appropriate for zeolites is unclear

given that the structural frameworks of these two

mineral groups differ significantly. Also noteworthy is

the fact that Sposito (1986) determined A = 41 kJ mol�1

when B = 921 kJ mol�1 nm�1, whereas Mattigod and

McGrail (1999) effectively assumed A = 0 kJ mol�1.

Mattigod and McGrail (1999) did not extend their

model for the purpose of estimating DHo
f , nor has the

polymer model been used for such a purpose to the

authors’ knowledge. Most experimental investigations of

the thermodynamic properties of zeolites have been based

on direct calorimetric determinations of isobaric heat

capacities and enthalpies of formation, however, and the

results of these studies provide a valuable resource that

can be used for model calibration and model testing.

Because enthalpy, like Gibbs free energy, is a state

function, such a model can be formulated in terms of the

conceptual analogues of equations 2 and 3, given by

equations 4 and 5 below, respectively, where A* and B*

distinguish these adjustable parameters from their coun-

terparts in equations 2 and 3. Consistent with the

discussion concerning parameter A, the constraint DHo
r =

A* = 0 kJ mol�1 was assumed as a first approximation for

any value of m in the reaction Si(OH)4 = 1
4mSi4mO8m +

2H2O(l), and thus for all zeolites of any composition. The

validity of this assumption is evaluated below.

DHo
f;zeolite ¼

X
i

niDHo
f;MOH þ

X
j

njDHo
f;DðOHÞ2 þ n1DHo

f;AlðOHÞ3 þ n2DHo
f;SiðOHÞ4 � ðy� xÞDHo

f;H2O�

A� þ B�
X
i

niri þ
X
j

njrj

8>>>>:
9>>>>;

" #
ð4Þ

dDHo
r ¼ DHo

f;zeolite �
X
i

niDHo
f;MOH þ

X
j

njDHo
f;DðOHÞ2 þ n1DHo

f;AlðOHÞ3 þ n2DHo
f;SiðOHÞ4 � ðy� xÞDHo

f;H2O

 !
¼

� A� þ B�
X
i

niri þ
X
j

njrj

8>>>>:
9>>>>;

" #
ð5Þ
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MATERIALS AND METHODS

Revisions to the polymer model entailed the selection

of thermodynamic properties for model components,

calibration of parameters B and B* using a linear

regression technique and experimentally determined

DGo
f and DHo

f values for zeolites reported in the

literature up to and including 1999, and testing of the

calibrated model by comparing model estimates with

experimental values determined in studies carried out

since 1999. This cut-off date was chosen because it

resulted in roughly equivalent numbers of experimental

studies supporting the calibration and testing datasets.

Selection of properties for model components

Most DGo
f and DHo

f values for model components

were taken from Wagman et al. (1982) (Table 1).

Corresponding values for H2O(l), Al(OH)3(c), and

Mg(OH)2(c) were selected from a different source

(Arthur et al., 1999) in order to maintain consistency

with thermodynamic databases developed by JAEA. The

DGo
f value for Sr(OH)2(c) chosen by Mattigod and

McGrail (1999) (referencing Robie et al., 1978) was

also used in the present study. Crystallographic ionic

radii for exchangeable extra-framework cations were

taken from Shannon (1976) (Table 2).

Component Si(OH)4 was represented in the model by

the amorphous hydrous oxide SiO2·2H2O(am) following

the approach of Mattigod and McGrail (1999). The

corresponding DGo
f value (Table 1) was calculated based

on recent solubility measurements for SiO2·nH2O(am)

(Gunnarsson and Arnórsson, 2000). The experimental

results were interpreted in terms of the reaction

SiO2·nH2O(am) + 2H2O(l) = H4SiO4(aq) + nH2O(l), for

which the value of the equilibrium constant, K, is

independent of hydration state, n (Gunnarsson and

Arnórsson, 2000). For n = 2, the reaction is

SiO2·2H2O(am) = H4SiO4(aq), and DGr
o = DGo

f;H4SiO4ðaqÞ
� DGo

f;SiO2 �2H2OðamÞ. Rearranging this equation to

DGo
f;SiO2�2H2OðamÞ = DGo

f;H4SiO4ðaqÞ � DGr
o and choosing

values for the two parameters on the right-hand side

(�1309.181 kJ mol�1 and 15.483 kJ mol�1, respectively;

Gunnarsson and Arnórsson, 2000) resulted in

DGo
f;SiO2�2H2OðamÞ = �1324.66 kJ mol�1. This value is

slightly more positive than that adopted by Wagman et

al. (1982) and Mattigod and McGrail (1999). The

DGo
f;H4SiO4ðaqÞ value used in this analysis is compatible

with recent quartz solubility measurements at low

temperatures (Rimstidt 1997). The DHo
f value for

component Si(OH)4 was calculated based on the above

reaction using DHo
r and DHo

f;H4SiO4ðaqÞ values at 298.15 K

and 1 bar (14.595 kJ mol�1 and �1461.722 kJ mol�1,

respectively) from Gunnarsson and Arnórsson (2000).

Calibration datasets

The regression procedure was constrained by 23 DGo
f

values for various zeolites derived from calorimetric,

phase-equilibrium, and solubility studies (Table 3). The

calorimetric values were calculated in the referenced

studies using DHo
f and standard entropies (So) retrieved

from high-temperature lead-borate calorimetry or from

heats of solution measured at low temperatures in

hydrofluoric acid (HF) solutions. Calorimetric DGo
f

values from compilations in which the corresponding

standard entropies were either estimated or taken from

other literature sources were not included in the

regression dataset. Phase-equilibrium and solubility

study values were included in the regression dataset

because they were considered to be at least as reliable as

their calorimetric counterparts (Helgeson et al., 1978;

Nordstrom et al., 1990). The DGo
f values retrieved from

solubilities measured by Wilkin and Barnes (1998) for

Na- and K-exchanged variants of a natural clinoptilolite

from Castle Creek, Idaho, for example, are closely

consistent with calorimetric DHo
f and So values deter-

mined for these minerals by Yang et al. (2001).

Values of DHo
f for 63 hydrated zeolites were used in

the regression procedure to determine B* (Table 4). This

dataset features a diverse set of zeolite types having a

Table 1. DGo
f and DHo

f values for model components.

Compound
DGo

f

(kJ mol�1)
DHo

f

(kJ mol�1)

H2O(l) �237.18a �285.84a
Al(OH)3(c) �1154.89a �1293.13a
Ba(OH)2(c) �859.5b �944.7c
Ca(OH)2(c) �898.49c �986.09c
KOH(c) �379.08c �424.764c
LiOH(c) �438.95c �484.93c
Mg(OH)2(c) �835.32a �926.3a
NaOH(c) �379.494c �425.609c
RbOH(c) �364.4d �418.19c
Si(OH)4 (SiO2·2H2O(am)) �1324.66e �1476.32e
Sr(OH)2(c) �881.1f �959.0f

a JAEA TDB 990900 (Arthur et al., 1999); b JANAF (Stull
and Prophet, 1971); c Wagman et al. (1982); d Mattigod and
Sposito (1978); e Gunnarsson and Arnórsson (2000);
f Mattigod and McGrail (1999)
(c) crystalline; (am) amorphous.

Table 2. Crystallographic ionic radii (Shannon, 1976).

Cation Radius (nm)

Ba2+ 0.135
Ca2+ 0.100
K+ 0.138
Li+ 0.076
Mg2+ 0.072
Na+ 0.102
Rb+ 0.152
Sr2+ 0.118
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wide range of Al/Si ratios and extra-framework compo-

sitions. All of the calorimetric values were also included

in a recent critical compilation of reliable DHo
f data for

anhydrous and hydrated zeolites (Mathieu and Vieillard,

2010). Reported DHo
f from the constituent oxides were

converted in the present study to DHo
f from the elements

using auxiliary data from Wagman et al. (1982) for DHo
f

of the oxides from the elements. A large number of DHo
f

values for synthetic anhydrous zeolites, for which

hydration enthalpies have also been determined by

transposed-temperature drop calorimetry, were not

included in the calibration dataset either because the

respective chemical formulae were not perfectly

balanced or because interpretations of the structural

chemistry of constituent ions (notably Al) were compli-

cated by possible interstratifications within these com-

pounds (Mathieu and Vieillard, 2010).

Regression procedure

A linear regression technique was used with the

calibration datasets to determine model parameters B

and B*, respectively. The regression procedure entailed

calculation of the quantity dDGo
r using reaction coeffi-

cients ni, nj, n1, n2, and (y�x) and experimental DGo
f

values for the zeolites (Table 3) and their respective

components (Table 1). Calculations of the quantity

dDHo
r were carried out using a similar procedure

constrained by experimental DHo
f values for the zeolites

(Table 4) and components (Table 1). The quantityP
i
niri þ

P
j
njrj

 !
was calculated using reaction coeffi-

cients for the exchangeable cations and their respective

ionic radii (Table 2). Parameter B was determined by

linear regression of dDGo
r and correspondingP

i
niri þ

P
j
njrj

 !
values with the constraint A = 0 kJ

mol�1. Parameter B* was determined similarly using the

dDHo
r and

P
i
niri þ

P
j
njrj

 !
data with A* = 0 kJ mol�1.

RESULTS

The regression procedure was used to determine B =

966�43 kJ mol�1 nm�1 (Figure 1) and B* = 684�42 kJ

mol�1 nm�1 (Figure 2). This B value for zeolites is

identical, within uncertainty limits, to that determined by

Sposito (1986) for dioctahedral smectites (B = 921�

108 kJ mol�1 nm�1). The effects on DGo
f of changes in

the coordination environment of exchangeable cations as

they are transferred from hydroxide components to

Table 3. Calibration dataset of experimental DGo
f values at 298.15 K and 1 bar.

Zeolite Composition DGo
f

(kJ mol�1)
Basis* Ref.**

Analcime Na2Al2Si4O12·2H2O �6176.4 p 1
Analcime Na1.92Al1.92Si4.08O12·2H2O �6172.2 c 2
Heulandite Ba0.065Sr0.175Na0.383Ca0.585K0.132Al2.165Si6.835O18·6H2O �9807.0 c 2
Mesolite Na0.676Ca0.657Al1.99Si3.01O10·2.647H2O �5527.3 c 2
Mordenite Ca0.578Na0.722Al1.88Si10.12O24·6.936H2O �12495.2 c 2
Natrolite Na2Al2Si3O10·2H2O �5330.7 c 2
Scolecite CaAl2Si3O10·3H2O �5612.0 c 2
Leonhardite CaAl2Si4O12·3.5H2O �6583.4 c 3
Merlinoite K2Al2Si3.88O11.76·3.38H2O �6482.8 c 3
Merlinoite K2Al2Si3.62O11.24·3.38H2O �6246.6 c 3
Merlinoite K1.6Na0.4Al2Si3.88O11.76·3.62H2O �6544.4 c 3
Merlinoite K1.82Na0.18Al2Si3.62O11.24·3.58H2O �6289.2 c 3
Merlinoite K0.38Na1.62Al2Si3.88O11.76·4.26H2O �6651.6 c 3
Merlinoite K0.38Na1.62Al2Si3.62O11.24·4.36H2O �6450.6 c 3
Yugawaralite CaAl2Si6O16·4H2O �8387.7 p 4
Heulandite CaAl2Si7O18·6H2O �9722.3 p 5
Analcime NaAlSi2O6·H2O �3089.1a s 6
Analcime Na0.85Al0.85Si2.15O6·H2O �3043.9a s 6
Na-clinoptilolite Na1.1Al1.1Si4.9O12·3.5H2O �6267.7a s 6
K-clinoptilolite K1.1Al1.1Si4.9O12·2.7H2O �6109.7a s 6
Analcime Na1.02Al1.02Si1.98O6·H2O �3090.5a s 7
Na-clinoptilolite Na2Al2Si10O24·8H2O �12717.5a s 7
Stilbite Ca1.019Na0.136K0.006Al2.18Si6.82O18·7.33H2O �10142.0 c 8

* Experimental basis : p � phase equilibrium, c � calorimetry, s � solubility.
** Reference: 1 � Helgeson et al. (1978); 2 � Johnson et al. (1992a); 3 � Donahoe et al. (1990a); 4 � Zeng and Liou
(1982); 5 � Cho et al. (1987); 6 � Wilkin and Barnes (1998); 7 � Murphy et al. (1996); 8 � Howell et al. (1990).
a Recalculated using experimental solubilities and standard partial molal Gibbs free energies of formation of aqueous reactant
and product species from JAEA TDB 990900 (Arthur et al., 1999).
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Table 4. Calibration dataset of experimental DHo
f values (kJ mol�1) at 298.15 K and 1 bar.

Zeolite Composition DHo
f Basis* Ref.**

Analcime Na2Al2Si4O12·2H2O �6612.3 p 1
Analcime Na1.92Al1.92Si4.08O12·2H2O �6611.6 c 2
Heulandite Ba0.065Sr0.175Na0.383Ca0.585K0.132Al2.165Si6.835O18·6H2O �10622.5 c 2
Mesolite Na0.676Ca0.657Al1.99Si3.01O10·2.647H2O �5961.2 c 2
Mordenite Ca0.578Na0.722Al1.88Si10.12O24·6.936H2O �13512.4 c 2
Natrolite Na2Al2Si3O10·2H2O �5732.7 c 2
Scolecite CaAl2Si3O10·3H2O �6063.1 c 2
Laumontite CaAl2Si4O12·4H2O �7251.0 c 3
Wairakite CaAl2Si4O12·2H2O �6646.7 c 3
Yugawaralite CaAl2Si6O16·4H2O �9051.3 c 3
Leonhardite CaAl2Si4O12·3.5H2O �7107.3 c 3,4
Ca-leonhardite CaAl2Si4O12·3.65H2O �7154.5 c 4
Na-leonhardite Na1.5K0.05Ca0.2Al2Si4O11.975·2.8H2O �6799.1 c 4
K-leonhardite Na0.05K1.05Ca0.55Al2Si3.95O12·1.3H2O �6466.6 c 4
Primary leonhardite Na0.3K0.4Ca0.65Al2Si4O12·3.5H2O �7126.9 c 4
Merlinoite K2Al2Si3.88O11.76·3.38H2O �6963.6 c 5
Merlinoite K2Al2Si3.62O11.24·3.38H2O �6720.0 c 5
Merlinoite K1.6Na0.4Al2Si3.88O11.76·3.62H2O �7038.0 c 5
Merlinoite K1.82Na0.18Al2Si3.62O11.24·3.58H2O �6774.6 c 5
Merlinoite K0.38Na1.62Al2Si3.88O11.76·4.26H2O �7182.4 c 5
Merlinoite K0.38Na1.62Al2Si3.62O11.24·4.36H2O �6976.6 c 5
Yugawaralite CaAl2Si6O16·4H2O �9036.2 p 6
Natrolite Na2Al2Si3O10·2H2O �5769.9 c 7
Tetranatrolite Na2Al2Si3O10·2H2O �5743.7 c 7
Scolecite CaAl2Si3O10·3H2O �6100.7 c 7
Mesolite Na2Ca2Al6Si9O30·8H2O �17943.9 c 7
Thomsonite NaCa2Al5Si5O20·6H2O �12464.8 c 7
Gonnardite Na0.16Ca1.95Al4Si6O20·6H2O �12198.6 c 7
Edingtonite Ba0.97K0.03Na0.04Al1.98Si3.01O9.995·4H2O �6376.0 c 7
Stilbite Ca1.019Na0.136K0.006Al2.18Si6.82O18·7.33H2O �11033.6 c 8
Heulandite CaAl2Si7O18·6H2O �10524.3 p 9
Bikitaite Li2Al2Si4O12·2H2O �6718.8 c 10
Chabazite Ca1.58K0.36Al3.34Si8.66O24.09·12.83H2O �15691.8 c 11
Chabazite Ca2.24K0.52Al4.91Si7.09O24.045·14.68H2O �16674.9 c 11
Chabazite Ca2.29K0.04Na0.04Al4.07Si7.93O24.295·13.4H2O �16281.2 c 11
Chabazite Sr0.08Ca2.8K0.06Al4.8Si7.2O24.51·12.95H2O �16529.3 c 11
Chabazite Ca2.84Al4.71Si7.29O24.485·15.16H2O �17150.4 c 11
Chabazite K3.23Al3.31Si8.69O23.96·8.9H2O �14529.4 c 11
Chabazite K3.39Al3.18Si8.82O24.105·9.88H2O �14870.3 c 11
Chabazite K4.79Al4.89Si7.11O23.95·10.63H2O �15439.4 c 11
Chabazite K5.39Al5.87Si6.13O23.76·10.71H2O �15641.3 c 11
Chabazite Li3.05K0.01Na0.13Al3.25Si8.75O23.97·11.79H2O �15379.7 c 11
Chabazite Li3.17K0.01Na0.15Al3.32Si8.68O24.005·10.88H2O �15145.2 c 11
Chabazite Sr0.17Li3.75K0.02Na0.15Al4.89Si7.11O23.685·12.52H2O �15929.2 c 11
Chabazite Li3.27K0.02Na0.62Al3.96Si8.04O23.975·12.59H2O �15868.2 c 11
Chabazite Li3.76K0.01Na0.2Al4.04Si7.96O23.965·12.7H2O �15895.1 c 11
Chabazite Li4.7K0.01Na0.24Al4.96Si7.04O23.995·14.52H2O �16608.5 c 11
Chabazite Li5.6Na0.02Al5.75Si6.25O23.935·15.17H2O �17097.6 c 11
Chabazite K0.01Na3.33Al3.31Si8.69O24.015·11.69H2O �15235.5 c 11
Chabazite K0.01Na3.95Al4Si8O23.98·12.57H2O �15717.1 c 11
Chabazite K0.02Na4.28Al3.98Si8.02O24.16·11.89H2O �15663.2 c 11
Chabazite Ca0.02K0.01Na5.51Al5.85Si6.15O23.855·16.5H2O �17130.3 c 11
Chabazite Ca1.63K0.13Na0.03Al3.23Si8.77O24.095·12.54H2O �15652.2 c 11
Clinoptilolite Ca0.53Mg0.08K0.25Na0.08Al1.61Si7.39O18·5.56H2O �10306.1 c 12
Heulandite Sr0.1Ca0.75K0.04Na0.41Al2.28Si6.75O18.001·6.11H2O �10770.4 c 12
Edingtonite Ba1.93K0.08Na0.06Al3.96Si6.03O20·7.38H2O �12583.8 c 13
Thomsonite Ca8.16Na3.52Al20Si20.12O80.22·25.36H2O �50305.8 c 13
Analcime Na0.96Al0.96Si2.04O6·H2O �3305.8 c 14
Heulandite Ba0.065Sr0.175Ca0.585K0.132Na0.383Al2.165Si6.835O18·6H2O �10594.6 c 15
Mesolite Ca0.657Na0.676Al1.99Si3.01O10·2.647H2O �5961.2 c 16
Natrolite Na2Al2Si3O10·2H2O �5732.7 c 16
Scolecite CaAl2Si3O10·3H2O �6063.1 c 16
Analcime K0.01375Na0.9825Al0.9375Si2.0478O6·H2O �3280.7 c 17

* Experimental basis : p � phase equilibrium, c � calorimetry.
** Reference : 1 � Helgeson et al. (1978); 2 � Johnson et al. (1992a); 3 � Kiseleva et al. (1996a); 4 � Kiseleva et al.
(1996b); 5 � Donahoe et al. (1990b); 6 � Zeng and Liou (1982); 7 � Kiseleva et al. (1997); 8 � Howell et al. (1990);
9 � Cho et al. (1987); 10 � Mel’chakova et al. (1999); 11 � Shim et al. (1999); 12 � Petrova (1997); 13 � Kiseleva et al.
(1998); 14 � Johnson et al. (1982); 15 � Johnson et al. (1985); 16 � Johnson et al. (1983); 17 � Ogorodova et al. (1996).
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exchange sites in a silicate lattice are thus apparently

similar for zeolites and montmorillonites, and possibly

other 2:1 layer-type phyllosilicates.

The accuracy of the calibrated model was assessed by

comparing predictions of DGo
f and DHo

f values for

specific zeolite compositions with their experimental

counterparts determined in studies carried out since

1999. Differences between predicted and experimental

DGo
f values were small, averaging within ~�0.20% for

16 zeolites (Table 5). Differences between estimated and

experimental DHo
f values were also small, averaging

within ~�0.30% for 33 zeolites (Table 6).

Uncertainties in the DGo
f and DHo

f estimates were

difficult to quantify. Standard errors were strongly

correlated in the regression procedure and, therefore,

do not provide a reliable basis for quantifying the

uncertainty in estimates for minerals outside the

calibration dataset. The number of minerals in this

dataset was, moreover, relatively small compared to the

number of regression components. Given these limita-

tions, no attempt was made to refine the regression

procedure by taking into account experimental uncer-

tainties in DGo
f and DHo

f values for model components

and zeolites. A guide to the overall uncertainty

Figure 1. Plot of dDGo
r vs. (Sniri + Snjrj). The value of �B is

given by the slope of the best-fit line through the data (�966 � 43

kJ mol�1 nm�1). Uncertainty limits correspond to the 95%

confidence level. R2 = 0.9247.

Figure 2. Plot of dDHo
r vs. (Sniri + Snjrj). The value of �B* is

given by the slope of the best-fit line through the data (�684 � 42

kJ mol�1 nm�1). Uncertainty limits correspond to the 95%

confidence level. R2 = 0.8419.

Table 5. Comparison of experimental (Exp.) and estimated (Est.) DGo
f values at 298.15 K and 1 bar.

Zeolite Composition – DGo
f (kJ mol�1) – Diff.

Exp. Est. (%)**

Stilbite Ca2NaAl5Si13O36·16H2O �20696.1a �20719.5 �0.11
Stellerite Ca2Al4Si14O36·14H2O �19924.4a �19936.9 �0.06
Clinoptilolite Ca0.56Al1.12Si4.88O12·3.9H2O �6386.3b,* �6393.9 �0.12
Mordenite Ca0.515Al1.03Si4.97O12·3.1H2O �6162.7b,* �6174.7 �0.19
Clinoptilolite Na0.085K0.037Ca0.01Mg0.02Al0.182Si0.818O2·0.528H2O �1034.01c �1032.3 0.17
Clinoptilolite Ca0.084Mg0.008Al0.182Si0.818O2·0.646H2O �1064.95c �1063.4 0.14
Clinoptilolite Na0.182Al0.182Si0.818O2·0.572H2O �1044.19c �1042.1 0.20
Clinoptilolite K0.182Al0.182Si0.818O2·0.433H2O �1014.89c �1015.4 �0.04
Clinoptilolite Na0.097K0.085Al0.182Si0.818O2·0.495H2O �1027.26c �1026.7 0.05
Heulandite Ca0.86Na0.37K0.06Al2.14Si6.86O18·6.1H2O �9835.7d �9799.5 0.37
Stilbite Ca1.01Na0.12Al2.12Si6.88O18·7.27H2O �10130.9d �10079.4 0.51
Chabazite Ca1.65Na0.24K0.1Al3.79Si8.25O24·12.47H2O �14365.9e �14378.6 �0.09
Chabazite K1.96Na0.34Ca1.02Sr0.03Ba0.01Al3.96Si7.92O24·12.73H2O �14549.0e �14613.0 �0.44
Analcime Na1.05Al1.05Si1.95O6·0.975H2O �3097.96f �3105.8 �0.25
Analcime Na0.75Al0.75Si2.25O6·1.125H2O �3044.46f �3048.9 �0.15
Analcime Na1.05Al1.05Si1.95O6·0.975H2O �3097.0g �3105.8 �0.28

Mean absolute value 0.20

a Fridriksson et al. (2001); b Benning et al. (2000); c Yang et al. (2001); d Kiseleva et al. (2001a); e Ogorodova et al. (2002a);
f Neuhoff et al. (2004); g Redkin and Hemley (2000).
* recalculated using experimental solubility data and standard partial molal Gibbs free energies of formation of aqueous
reactant and product species from JAEA TDB 990900 (Arthur et al., 1999).
** Diff. = [(experimental DGo

f � estimated DGo
f )/experimental DGo

f ]6100
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associated with the estimation procedure is suggested by

the level of disagreement between predicted and

experimentally determined DGo
f and DHo

f values for

minerals not included in the calibration dataset.

Thermodynamic interpretation of model parameters A

and A*

Calorimetric investigations of the thermodynamic

properties of pure-silica polymorphs having a zeolite-

like structure (zeosils) have demonstrated that for all

such polymorphs, including structure types MEL,

MWW, IFR, ITE, AST, STT, CHA, BEA, MFI, CFI,

ISV, AFI, MTW, FAU, and FER (see Passaglia and

Sheppard, 2001), the enthalpy of transition from the

stable oxide, a-quartz, to zeosil on a per mol SiO2 basis

is small and lies within a narrow range between 2.2 to

14.4 kJ mol�1 at 298.15 K and 1 bar (Johnson et al.,

1987; Patarin et al., 1989; Petrovic et al., 1993;

Navrotsky 1997; Piccione et al., 2000; Moloy et al.,

2002). All known zeosils are thus only slightly

metastable with respect to quartz, and, although the

extent of metastability can be correlated empirically

with changes in framework density (defined as the

number of tetrahedral cations per 1000 Å3), variations in

features related to framework topology, including non-

bonded Si�Si distances, number of rings, or differences

Table 6. Comparison of experimental (Exp.) and estimated (Est.) DHo
f values at 298.15 K and 1 bar.

Zeolite Composition DHo
f (kJ mol�1) – Diff. (%)* –

Exp. Est. Present
study

M&V**

Stilbite Ca2NaAl5Si13O36·16H2O �22579.71 �22545.4 0.15 �
Stellerite Ca2Al4Si14O36·14H2O �21656.21 �21661.5 �0.03 �
Clinoptilolite Na0.085K0.037Ca0.01Mg0.02Al0.182Si0.818O2·0.528H2O �1117.572 �1113.6 0.36 0.67
Clinoptilolite Ca0.084Mg0.008Al0.182Si0.818O2·0.646H2O �1153.782 �1152.3 0.13 �0.13
Clinoptilolite Na0.182Al0.182Si0.818O2·0.572H2O �1130.052 �1125.0 0.45 0.21
Clinoptilolite K0.182Al0.182Si0.818O2·0.433H2O �1094.212 �1089.6 0.43 0.44
Clinoptilolite Na0.097K0.085Al0.182Si0.818O2·0.495H2O �1109.492 �1105.0 0.41 0.28
Heulandite Ca0.86Na0.37K0.06Al2.14Si6.86O18·6.1H2O �10656.33 �10614.7 0.39 �0.23
Stilbite Ca1.01Na0.12Al2.12Si6.88O18·7.27H2O �11017.93 �10956.0 0.56 0.14
Chabazite Ca1.65Na0.24K0.1Al3.79Si8.25O24·12.47H2O �15715.74 �15695.6 0.13 0.07
Chabazite K1.96Na0.34Ca1.02Sr0.03Ba0.01Al3.96Si7.92O24·12.73H2O �15924.04 �15895.0 0.18 0.23
Stellerite Ca1.02Al2.01Si6.98O18·7.04H2O �10909.15 �10846.7 0.57 0.02
Analcime Na1.05Al1.05Si1.95O6·0.975H2O �3317.286 �3320.4 �0.10 �
Analcime Na0.75Al0.75Si2.25O6·1.125H2O �3264.296 �3269.6 �0.16 �
Analcime Na1.05Al1.05Si1.95O6·0.975H2O �3316.37 �3320.4 �0.13 �
Amichite Ca0.22K3.84Na3.88Al8.06Si7.9O32.03·9.86H2O �19906.78 �19896.3 0.05 0.35
Brewsterite Ba0.66Sr1.3K0.02Na0.06Al4Si12O32·10.1H2O �19004.39 �18704.7 1.58 0.22
Dachiardite Ca0.66Mg0.1K0.35Na2.21Al4.41Si19.67O47.99·11.8H2O �26592.910 �26467.4 0.47 0.44
Erionite Ca2.06Mg1.18K2.37Na0.47Al8.5Si27.3O72.01·26.47H2O �42872.711 �43064.7 �0.45 �0.40
Ferri-mord. Ca1.2Mg0.48K0.3Na2.52Al6.12Si29.82O72·17.34H2O �39667.812 �39451.6 0.55 0.31
Gismondite Ca0.85K0.01Na0.07Al1.98Si2.11O8.08·4.32H2O �5541.88 �5536.9 0.09 �0.36
Gmelinite Ca0.14Mg0.07K0.49Na7.67Al8.26Si15.66O48·24.4H2O �31276.913 �31324.6 �0.15 �0.14
Mord-epistil. Ca0.6K0.04Na0.26Al1.48Si4.52O12.01·3.85H2O �7027.314 �7036.6 �0.13 �0.33
Stilbite Ca1.01Na0.12Al2.12Si6.88O18.01·7.27H2O �11017.615 �10953.1 0.59 0.14
Zeolite Y Na0.2818Al0.2818Si0.71815O1.9999·1.2765H2O �1360.116 �1357.6 0.19 0.26
Zeolite A Na0.5067Al0.501Si0.4974O1.99965·1.0906H2O �1363.716 �1373.4 �0.71 �0.41
Analcime NaAlSi2O6·H2O �3303.26 �3312.0 �0.27 0.01
Analcime Na0.96Al0.96Si2.04O6·1.02H2O �3301.86 �3305.2 �0.10 0.11
Analcime Na0.95Al0.95Si2.05O6·1.025H2O �3294.16 �3303.5 �0.29 �0.09
Analcime Na1.03Al1.03Si1.97O6·0.985H2O �3314.96 �3317.0 �0.07 0.25
Analcime Na1.016Al1.016Si1.984O6·0.992H2O �3312.36 �3314.7 �0.07 0.23
Analcime Na0.946Al0.946Si2.054O6·1.027H2O �3298.76 �3302.8 �0.13 0.06
Analcime Na1.049Al1.049Si1.951O6·0.976H2O �3319.56 �3320.4 �0.03 0.33

Mean absolute value 0.30 0.25

* Diff. = [(experimental DHo
f � estimated DHo

f )/experimental DHo
f ]6100; ; ** Mathieu and Vieillard (2010); 1 Fridriksson et

al. (2001); 2 Yang et al. (2001); 3 Kiseleva et al. (2001a); 4 Ogorodova et al. (2002a); 5 Kiseleva et al. (2001b); 6 Neuhoff et
al. (2004); 7 Redkin and Hemley (2000); 8 Ogorodova et al. (2003); 9 Ogorodova et al. (2005); 10 Ogorodova et al. (2007);
11 Ogorodova et al. (2001); 12 Mel’chakova et al. (2004); 13 Ogorodova et al. (2002b); 14 Ogorodova et al. (2000); 15 Kiseleva
et al. (2001b); 16 Turner et al. (2008).
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in loop configurations, do not significantly affect the

energetics of the quartz to zeosil transition (Petrovic et

al., 1993; Piccione et al., 2000). Navrotsky (1997) noted

that the enthalpy of transition from quartz to zeosil tends

to level off with increasing molar volume, reaching a

maximum value of ~15 kJ mol�1 for zeosils of the

faujasite (FAU) structure type.

These observations are consistent with the approx-

imations A = A* = 0 kJ mol�1 adopted in the present

study. These parameters can be interpreted to represent

DGo
r and DHo

r , respectively, for the reaction:

SiO2·2H2O(am) =
1
4mSi4mO8m + 2H2O(l) (6)

where the amorphous hydrous oxide is taken to

represent model component Si(OH)4, and Si4mO8m

represents a pure-silica zeolite framework, i.e. a zeosil.

The corresponding reaction for formation of the frame-

work from a-quartz [SiO2(c)] can be derived by adding

the reaction

SiO2(c) + 2H2O(l) = SiO2:2H2O(am) (7)

to reaction 6, resulting in

SiO2(c) =
1
4mSi4mO8m (8)

Assuming the Gibbs free energy change for reaction (6)

[DGo
r,(6)] = A = 0 kJ mol�1, then DGo

r,(8) = DGo
r,(7), which

implies that all zeosils should be as metastable with

respect to a-quartz as is SiO2·2H2O(am) on a per mol

SiO2 basis. This observation is qualitatively consistent

with the experimental results noted above, indicating

that all known zeosils are only slightly metastable with

respect to quar tz . Simi lar ly , us ing DHo
f for

SiO2·2H2O(am) and H2O(l) (Table 2) and DHo
f =

�910.700 kJ mol�1 for a-quartz (Richet et al., 1982),

DHo
r,(7) was calculated to be 6.1 kJ mol�1 at 298.15 K.

This value is equal to that of DHo
r,(8), assuming DHo

r,(6) =

A* = 0 kJ mol�1, and is well within the narrow range of

all known calorimetric enthalpies of transition from

a-quartz to a zeosil on a per mol SiO2 basis.

The consistency of the approximations A = A* = 0 kJ

mol�1 with calorimetric data characterizing the ener-

getics of zeosil formation from quartz suggests that the

accuracy of the polymer model can be attributed to the

fact that although the model does not account for

important features of zeolite crystallography, including

framework density and topology, the contributions of

such features to DGo
f and DHo

f are negligible compared to

contributions arising from the summation of DGo
f or DH

o
f

values for hydroxide components and contributions

arising from changes in the coordination of extra-

framework cations between the components and zeolite.

In addition to being consistent with the available

calorimetric data, the approximations A = A* = 0 kJ

mol�1 are also convenient from a practical point of view

because they obviate the need to normalize zeolite

compositions, e.g. to a fixed number of O atoms in the

unit cell.

Comparisons with alternative models

Mathieu and Vieillard (2010) developed a predictive

model for the enthalpies of formation of anhydrous

zeolites based on differences in electronegativity

between framework and extra-framework sites, and on

empirical observations relating framework density to the

DHo
f of zeosils. For a constant framework type, the DHo

f

for an anhydrous zeolite from oxide components is given

by the sum of the products of the molar fraction of an O

atom bound between any two cations multiplied by the

electronegativity difference between any two consecu-

tive cations located in extra-framework and tetrahedral

sites. Estimates of DHo
f for the corresponding hydrous

zeolites can then be determined using a complementary

model for hydration enthalpies (Vieillard and Mathieu,

2009). Mathieu and Vieillard (2010) have shown that

DHo
f values estimated using this electronegativity-based

approach are more closely consistent with calorimetric

values than those estimated using the polyhedral model

of Chermak and Rimstidt (1989).

The polymer model gives DHo
f estimates for hydrated

zeolites that are of comparable accuracy to those that can

be estimated using the models of Mathieu and Vieillard

(2010) and Vieillard and Mathieu (2009). Among all

cases where direct comparisons can be made, the mean

absolute value of errors generated by the polymer model

is 0.34% whereas that of the electronegativity-based

models is 0.25% (Table 6). A plot of these errors

suggests that they are distributed homogeneously

(Figure 3). The maximum error generated by the

polymer model (+1.6%, for brewsterite) is similar to

that of the electronegativity models (+1.5%, for pollu-

cite; Mathieu and Vieillard, 2010).

This comparable accuracy between the polymer

model and electronegativity-based models is of interest

because the two modeling approaches differ in their

treatment of zeolite crystal chemistry. The latter models

account explicitly for the effects of framework crystal-

lography on DHo
f through the use of an empirical

Figure 3. Comparison of errors (%) in DHo
f estimates (Table 6)

using the polymer model (this study) and the electronegativity-

based model of Mathieu and Vieillard (2010). Brewsterite data

not shown (Table 6).
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expression relating framework density, a function of

unit-cell volume, to the electronegativity of Si4+ and

Al3+ in tetrahedral sites of the zeolite framework relative

to the electronegativity of these cations in quartz and

corundum, respectively. In order to use these models,

lattice parameters enabling calculation of unit-cell

volumes must be known, or the volumes must them-

selves be estimated. In comparison, the effects of

differences in the crystallography of zeolite frameworks

on DHo
f are assumed to be negligible in the polymer

model compared to contributions from the summation of

DHo
f values for hydroxide components and the effects of

changes in the coordination of extra-framework cations

in the components and zeolite. The polymer model,

therefore, does not require information characterizing

the crystallographic properties of a zeolite’s framework

structure, nor separate calculations of DHo
f values for the

anhydrous zeolite and its corresponding hydration

enthalpy, and yields results that are essentially as

accurate as can be obtained using the more rigorous

electronegativity-based models.

The good agreement between estimated and experi-

mental DGo
f values obtained using the revised polymer

model (�0.2%) can be compared with results from other

studies. Mattigod and McGrail (1999) determined an

average difference of �0.28% between estimated and

experimental DGo
f values for 48 zeolites. This compar-

able accuracy between the original and revised models

results largely from the fact that model parameter B was

found to be identical in both studies within uncertainty

limits. Mattigod and McGrail (1999) applied the models

of Chermak and Rimstidt (1989) and La Iglesia and

Aznar (1986) to the experimental dataset considered in

their 1999 study and determined average differences

between estimated and experimental DGo
f values of

�0.47% and �0.40%, respectively.

DISCUSSION

Zeolites are of interest in safety assessments of

geologic repositories for nuclear wastes because they are

likely to form as reaction products of water–rock–barrier

interactions and could, therefore, play an important role

in controlling the repository’s geochemical environment.

Characterizing the thermodynamic properties of these

minerals is difficult, however, because their composi-

tions tend to be variable within limits depending on the

environment in which they form (Passaglia and

Sheppard, 2001). The effects of this compositional

variability on equilibrium properties such as the

solubility can be evaluated using solid-solution models

(Neuhoff et al., 2004; Fridriksson et al., 2001), but such

models are not available for most zeolites.

An alternative approach is to approximate a zeolite’s

thermochemical behavior in terms of one or more fixed

stoichiometric compositions that are considered to be

representative or bounding with respect to certain types

of geochemical environments in which zeolites are

typically found (Chipera and Apps, 2001; Savage et

al., 2007). This approach was evaluated by using the

polymer model to estimate DGo
f and DHo

f values for

zeolites in natural systems, including saline alkaline

lakes and volcaniclastic rocks subjected to the effects of

low-temperature diagenesis, which are believed to be

similar in certain respects to environments that could

evolve in a HLW repository.

The waters in alkaline lakes tend to be highly alkaline

with extremely high concentrations of Na+ and K+ (often

exceeding 100,000 ppm; Jones et al., 1967) and low

concentrations of Ca2+ due to high evaporation rates,

leading to the precipitation of Ca sulfates and carbo-

nates. Such solutions are compositionally similar to

relatively young alkaline cement porewaters in which

(mNa+ + mK+) > mCa2+ (Pfingsten and Shiotsuki, 1998).

Volcaniclastic rocks found in alkaline lake environments

alter to a mixture of zeolites, montmorillonites, feld-

spars, illites, and amorphous silica. Representative

compositions for these zeolites, including clinoptilolite,

phillipsite, chabazite, erionite, and analcime, have

already been defined by Chipera and Apps (2001)

(Table 7). Nominal idealized compositions were also

considered in the present study for several calcic

zeolites, including epistilbite, scolecite, stilbite, wair-

akite, and yugawaralite, which could form in a HLW

repository by reactions involving older cementitious

leachates that are relatively depleted in Na+ and K+ and

enriched in Ca2+ (Pfingsten and Shiotsuki, 1998).

Diagenetic environments include those associated

with the alteration of siliceous rocks by initially dilute,

near-neutral meteoric waters, such as the altered

sequences of tuffs and lavas at Yucca Mountain,

Nevada. Chipera and Apps (2001) defined representative

compositions for these diagenetic zeolites, which

include clinoptilolite, heulandite, laumontite, mordenite,

analcime, chabazite, erionite, and phillipsite (Table 7).

Assuming these compositional constraints exemplify

plausible ranges in the chemistry of zeolites that could

form in a HLW repository, the polymer model was used

to estimate corresponding DGo
f and DHo

f values. Results

indicated that in instances where direct comparisons can

be made between zeolites having different compositions

but with an equivalent amount of O and H2O per formula

unit (i.e. for chabazites, clinoptilolites, erionites, and

phillipsites), differences in the DGo
f estimates can be as

large as several hundred kJ mol�1 and can generate

corresponding differences of up to ~7 log units in

calculated K values for the respective dissolution

reactions (Table 7). This observation is consistent with

conclusions drawn from previous studies indicating that

results from geochemical models of evolving conditions

in a HLW repository can vary significantly depending on

the compositions and thermochemical properties

assumed for zeolites and other reaction products (Oda

et al., 2004).
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Uncertainties in thermodynamic properties that are

attributable to the variable chemistry of zeolites can be

considered in relation to uncertainties associated with

techniques used to estimate these properties. Although

the latter uncertainties are difficult to quantify for

reasons discussed above, differences determined in the

present study between experimentally determined DGo
f

values and their estimated counterparts averaged about

�0.2%. If this is taken as a first approximation of the

total uncertainty in estimated values, zeolites with DGo
f

values of ~40,000 kJ mol�1 would have associated

uncertainties of ~�80 kJ mol�1. Such uncertainty is of

similar order to differences in DGo
f resulting from the

bounding compositions assumed for chabazites, clinop-

t i lol i tes , er ionites , and phil l ipsi tes (Table 7).

Uncertainties related to both the inherent compositional

variability of these minerals and empirical methods used

to estimate their thermochemical properties can thus be

substantial and should be considered when modeling the

evolution of the geochemical environment in a HLW

repository.

When estimated properties for minerals are included

in a thermodynamic database, a single empirical model

should ideally be adopted in order to avoid ambiguities

that can arise if multiple models are used instead in

conjunction with thermodynamic properties for model

components that may not be internally consistent

(Chipera and Apps, 2001; Savage et al., 2007). A case

in point is illustrated in Figure 4, where DGo
f values for

several zeolites estimated using the polymer model are

compared with corresponding values estimated by

Chipera and Apps (2001) using the polyhedral model

of Chermak and Rimstidt (1989). As can be seen,

estimates using the polyhedral model are consistently

more negative (by ~100 kJ mol�1 on average) than those

obtained using the polymer model, which indicates that

the former model tends to systematically over predict

zeolite stabilities compared to the latter. Such tenden-

cies, or biases, may be a source of ambiguity in

interpretations of the relative stabilities of zeolites if

Table 7. Representative compositions for zeolites in alkaline-lake (‘‘_a’’) and diagenetic (‘‘_d’’) systems (Chipera and Apps,
2001), and corresponding thermodynamic properties at 298.15 K and 1 bar estimated using the polymer model.

Zeolite Composition DGo
f

(kJ mol�1)
DHo

f

(kJ mol�1)
log Ka

Analcime NaAlSi2O6·H2O �3096.3 �3312.0 5.5
Analcimeb Na10.2Al10.2Si25.8O72·12H2O �36600.8 �39181.6 40.3
Chabazite_a K0.9Na4.9Ca0.8Al7.4Si28.6O72·36H2O �41492.3 �45240.0 �3.6
Chabazite_d K2Na3.7Ca1.2Al8.1Si27.9O72·36H2O �41761.4 �45510.2 3.1
Clinoptilolite_a K2.3Na1.7Ca1.4Al6.8Si29.2O72·26H2O �39007.1 �42265.8 �16.7
Clinoptilolite_d K0.8Na0.4Ca2.8Al6.8Si29.2O72·26H2O �39010.2 �42319.3 �15.5
Epistilbite CaAl2Si6O16·5H2O �8643.8 �9354.8 3.4
Erionite_a K2.8Na3.4Ca0.8Al7.8Si28.2O72·30H2O �40257.7 �43695.0 �2.4
Erionite_d K3Na1.2Ca2Al8.2Si27.8O72·30H2O �40434.8 �43901.1 0.7
Heulandite_d K0.4NaCa3.3Al8Si28O72·26H2O �39385.9 �42716.3 1.8
Laumontite_d K0.6Na0.6Ca5.4Al12Si24O72·24H2O �40233.3 �43532.0 55.3
Mordenite_d K0.9Na2.1Ca1.5Al6Si30O72·22H2O �37767.6 �40845.7 �25.0
Phillipsite_a K2.8Na3.2Ca0.8Al7.6Si24.4O64·24H2O �35371.8 �38299.0 6.5
Phillipsite_d K1.2Na1.4Ca2.4Al7.4Si24.6O64·24H2O �35317.7 �38300.4 4.7
Scolecite CaAl2Si3O10·3H2O �5618.6 �6068.9 12.2
Stilbite NaCa2Al5Si13O36·14H2O �20245.2 �21973.7 15.2
Wairakite CaAl2Si4O12·2H2O �6231.7 �6687.7 9.3
Yugawaralite CaAl2Si6O16·4H2O �8406.6 �9068.6 3.4

a For the balanced dissolution reaction written in terms of H+, Na+, K+, Ca2+, Al3+, H4SiO4 [as SiO2(aq)], and H2O(l), and
calculated using SUPCRT (Johnson et al., 1992b), DGo

f for the zeolites indicated, and thermodynamic properties for aqueous
species from JAEA TDB 990900 (Arthur et al., 1999).
b Applicable to both alkaline-lake and diagenetic environments (Chipera and Apps, 2001).

Figure 4. Plot of DGo
f estimated using the polymer model

(abscissa) vs. the difference between these estimates and those

obtained by Chipera and Apps (2001) using the polyhedral model

of Chermak and Rimstidt (1989) (ordinate) for analcime,

chabazite_a, chabazite_d, clinoptilolite_a, clinoptilolite_d,

erionite_a, erionite_d, heulandite, laumontite, mordenite, phil-

lipsite_a, and phillipsite_d (Table 7).
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the respective DGo
f values were, for example, estimated

using either the polyhedral or polymer model indis-

criminately rather than just one of these models in a

consistent fashion. Similar difficulties can be anticipated

if DGo
f values for a group of minerals (e.g. smectites)

were estimated using a technique that may not be

compatible with that used for another group (e.g.

zeolites).

CONCLUSIONS

Reliable interpretations of the relative thermochemi-

cal stabilities of zeolites and closely associated phases

can be made if the interpretations are supported by an

accurate and internally consistent set of standard

thermodynamic properties for all relevant minerals,

aqueous species, gases, and reactions. The present

study developed a revised polymer model that can be

used to estimate DGo
f and DHo

f values for zeolites, and

strengthened the conceptual basis of the original model

by evaluating experimental and thermodynamic con-

straints on adjustable model parameters. Model accuracy

was determined to be comparable to, or better than, that

of alternative models. A distinct advantage of the

polymer approach is that it can be applied to zeolites,

clay minerals, and possibly other minerals in the CASH

system using a common set of calorimetrically deter-

mined thermodynamic properties for model components.

This affords the development of an internally consistent

set of estimated DGo
f and DHo

f values for these minerals,

which in the absence of relevant experimental data can

serve as a basis for interpreting their relative thermo-

chemical stabilities as a function of temperature and

aqueous ionic activities and activity ratios.
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