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INTRODUCTION

Zeolites occur in a wide variety of low P and T environ-
ments and collectively form one of the largest groups of rock-
forming minerals (e.g., Gottardi and Galli 1985). Structural and
chemical diversity among natural zeolites are likely related to
highly variable formation conditions; however, the principal
controls on zeolite formation have been deduced primarily from
field studies and synthesis studies, which are often carried out
at conditions that bear little resemblance to those expected dur-
ing natural zeolite formation. Field studies have indicated sev-
eral factors that could govern the formation of specific
authigenic zeolites: source material, pH, alkalinity, fluid com-
position, temperature, and pressure (e.g., Coombs et al. 1959;
Iijima and Hay 1968; Sheppard and Gude 1969; Boles and
Coombs 1975; Surdam 1977; McCulloh et al. 1981). However,
there are few experimental studies that systematically explore the
effects of these parameters on the kinetics of zeolite reactions.

The stability relations of clinoptilolite and analcime are key
factors in modeling long-term changes in the physical and
chemical properties of zeolite-rich rocks around Yucca Moun-
tain, (Nevada), the proposed repository for high-level nuclear
wastes (e.g., Bowers and Burns 1990; Carey and Bish 1996;
Chipera and Bish 1997). Significant progress has been made
toward understanding the overall effects of temperature and
fluid composition on the stability and hydration behavior of
clinoptilolite, but comparatively few studies deal specifically
with the kinetics of clinoptilolite breakdown and analcime for-
mation. Hay (1966) and Iijima and Hay (1968) suggested that
clinoptilolite and mordenite are precursors to analcime based
on the spatial and temporal distribution of these zeolites in sa-
line-lake deposits. The reaction of clinoptilolite to analcime is
typical of prograde zeolite reactions, in that the transformation
results in a decrease in the molar volume of these solids and a
decrease in the hydration state of the produced zeolite relative
to that in the reactant (e.g., Coombs et al. 1959; Barrer 1982).
The formation of analcime is also of interest because it is a
characteristic mineral in low-grade metamorphism (Coombs
et al. 1959; Zen 1961).

 Boles (1971) synthesized analcime from precursor heulan-
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ABSTRACT

The kinetics and mechanism of analcime formation from precursor Na-clinoptilolite (Cpt-Na)
and Na-mordenite (Mor-Na) were investigated from 125–225 °C, pressures up to 34.5 MPa, and pH
= 9.2–10.7. By using batch and flow-through experimental methodologies, compositions of solids
and solutions were monitored to track reaction progress, determine rates of analcime nucleation and
growth, and evaluate the rate dependency of these processes on aqueous supersaturation. Analcime
formation proceeds via a clinoptilolite (or mordenite) dissolution→analcime nucleation→analcime
growth sequence. Synthetic analcime crystals are similar in morphology (trapezohedron to cubic
trapezohedron) and composition (Si/Al = 2.1–2.7) to sedimentary analcimes formed during the low-
grade alteration of crustal rocks, evidence that the experimental reaction mechanism is similar to
that in natural environments.

Rates of analcime nucleation were approximated by evaluating the time-dependence of the size
and number of particles and range between 109.80 and 1011.88 per h per cm3 at 150° and 225 °C,
respectively. The nucleation rate is a function of temperature and degree of supersaturation: ln rate =
56.76 – 15978.9/T + 2.99 × 10–4⋅∆Gr, where ∆Gr is the free energy change of analcime precipitation
and T is temperature in Kelvins. This rate equation is consistent with an apparent activation energy
of analcime nucleation (Ea,n) of 132.8 ± 8.3 kJ/mol. Although conditions were thermodynamically
favorable for analcime formation at 125 °C, nucleation was not detected after 144 hours. These data
suggest that diagenetic timing of the clinoptilolite to analcime transformation is principally con-
trolled by kinetics rather than by thermodynamic equilibrium.

Rates of analcime growth were estimated by measuring particle size distributions. Average growth
rates ranged from 0.15 µm/h at 150 °C to 0.396 µm/h at 225 °C, and are consistent with an apparent
activation energy of analcime growth (Ea,g) of 77.1 ± 9.4 kJ/mol. These nucleation and growth pa-
rameters are combined to successfully model the evolution of analcime particle size distributions.
The experimental methods developed in this study demonstrate the use of hydrothermal flow-through
methods in the study of zeolite transformations.
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