
American Mineralogist, Volume 85, pages 495–508, 2000

0003-004X/00/0304–495$05.00     495

INTRODUCTION

The occurrences of natural zeolites are restricted to the low
temperature (~3–400 °C), low pressure (~0.001–3 kbar) envi-
ronments of the “zeolite facies,” which was defined as the tran-
sitional facies between diagenesis and metamorphism (Fyfe et
al. 1958; Coombs et al. 1959; Zen 1961; Hay 1978). In the
zeolite-water system, dissolution and precipitation as well as
adsorption and exchange reactions govern cation fixation. The
need to understand these processes has become even more per-
tinent because zeolites have been recognized as major compo-
nents of the tuffs at the Nevada Test Site. Zeolites (clinoptilolite,
mordenite, and analcime, in particular) are potential absorbers
for several components of high-level radioactive waste in the
proposed repository at Yucca Mountain (Nevada, U.S.A.) (e.g.,
Smyth 1982; Ogard et al. 1984; Bish 1984; Pabalan 1994; Carey
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ABSTRACT

The solubilities of Ca-exchanged clinoptilolite (Cpt-Ca) and Ca-exchanged mordenite (Mor-Ca)
have been measured in aqueous solutions between 25 and 275 °C and at saturated water vapor
pressures. Natural zeolites were cation exchanged to close to Ca end-member composition (90% for
Cpt-Ca, and 98% for Mor-Ca). The controlling dissolution reactions may be written as:

Cpt-Ca: Ca0.56(Al 1.12Si4.88O12)(3.9H2O) + 8.1H2O = 0.56Ca2+ + 1.12Al(OH)4– + 4.88Si(OH)04(aq)

Mor-Ca: Ca0.515(Al 1.03Si4.97O12)(3.1H2O) + 8.9H2O = 0.515Ca2+ + 1.03Al(OH)4– + 4.97Si(OH)04(aq)

These reactions are reversible as shown by equilibrium constants calculated for approach from un-
der- and supersaturation. The log Ksp for Cpt-Ca increases from –26.9 at 25 °C to a maximum of
–16.9 at 275 °C, whereas for Mor-Ca the equilibrium constant varies from –25.3 at 25 °C to –17.7 at
265 °C. The solubilities for both zeolites increase with increasing temperature showing a positive
enthalpy for the dissolution reaction. At lower temperatures Cpt-Ca is slightly more soluble than
Mor-Ca, which agrees with natural observations where mordenite and clinoptilolite commonly oc-
cur together spatially but mordenite is in general the higher-temperature phase. A comparison with
other exchanged clinoptilolites indicates that Cpt-Ca is more stable than the Na, K, and Mg variet-
ies. The results demonstrate that the exchanged cation has a large effect on the solubility behavior,
and that divalently exchanged varieties are less soluble than monovalent varieties. From the solubil-
ity constants, the standard Gibbs free energies of formation for hydrous Cpt-Ca and Mor-Ca at 25 °C
and 1 bar were determined to be –6387 ± 5 kJ/mol and –6275 ± 7 kJ/mol respectively. However,
compared to the hydration states and the aluminosilicate structure, the effect of the cation on the
Gibbs free energies of formation is small.

and Bish 1996; Bertetti et al. 1996; Kastenberg and Gratton
1997). However, the conditions under which such processes
occur are not well known because thermodynamic and kinetic
data for the zeolite-water system are still scarce.

In natural samples, the main cation in clinoptilolite (Cpt) is
typically Na+; however, Ca2+, K+, and Mg2+ are also present
(see untreated Cpt in Table 1). The amount of water in the crystal
structure of zeolites is one of the main factors influencing their
stability, i.e., Gibbs free energy of formation (Carey and Bish
1996, 1997; Wilkin et al. 1997; Wilkin and Barnes 1999). This
is particularly true for Ca-rich zeolites (Coombs et al. 1997,
1998), because they absorb more water than zeolites rich in
other cations (Deer et al. 1985; Armbruster 1993). In this study,
the experimental material is referred to as clinoptilolite, in ac-
cordance with the original description of the Castle Creek zeo-
lite by Mondale et al. (1988) and Sheppard (1991). In addition,
this agrees with the established criteria for distinguishing be-
tween clinoptilolite and its isostructural form heulandite (Si/
Al ratio, Ca and water content; Mason and Sand 1960; Mumpton
1960; Alietti 1972; Boles 1972; Armbruster 1993; Hey and
Bannister 1934; Valueva 1995; Table 1). In this study, 90 mol%
exchange was achieved for the Cpt-Ca, but only 80 mol% ex-
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