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INTRODUCTION

The structures and compositions of zeolite minerals are of 
prime importance in understanding their origin and effective-
ness as host materials in numerous environmental and industrial 
applications (Breck 1984). The natrolite mineral group occurs 
in geological environments ranging from deep marine to the 
vugs and cavities in basalts and are an important phase for ther-
modynamic modeling of the stable zeolite assemblages in the 
environments in which they occur. Unfortunately this modeling 
is complicated in most zeolitic systems. It is particularly complex 
in the case of the natrolite group because of controversy over 
their compositions, stability, and existence (or not) of distinct 
forms with different states of hydration, cation stoichiometry, 
and Si/Al ordering. The simplest system is the parent natrolite, 
Na16Al16Si24O80·16H2O, whose structure was Þ rst reported by 
Pauling and Taylor in the early 1930s (Pauling 1930; Taylor et al. 
1933). The framework of Þ brous zeolites is composed of chains 
of tetrahedra interconnected to form elliptical channels along 
the c axis (Baur et al. 1990; Meier 1960; Alberti et al. 1995). In 
natrolite, silicon and aluminum atoms in a 3:2 ratio are ordered 
and occupy different framework tetrahedral (T) sites. The sodium 
cations and water molecules also adopt ordered arrangements 
along the channel. Depending on their geological settings, chemi-
cal substitutions occur either in the natrolite framework or at the 
charge-balancing cation sites, giving rise to a variety of analog 
mineral species such as scolecite, Ca8Al16Si24O80·24H2O (Kvick 
et al. 1985), mesolite, Na5.3Ca5.3Al16Si24O80·21.3H2O (Artioli et 
al. 1986), gonnardite (Artioli and Galli 1999), and tetranatrolite 

(Evans et al. 2000). In scolecite and mesolite, the framework 
maintains an ordered Si/Al arrangement in a 3:2 ratio. However, 
different degrees of Ca-exchange for Na leads to a monoclinic 
distortion or a tripling of the b axis of the parent orthorhombic 
natrolite unit cell, respectively. The compositions and structural 
relationship between gonnardite and tetranatrolite remains con-
troversial (Artioli and Galli 1999; Evans et al. 2000; Ross et al. 
1992) but they have been reported to have the representative 
formulae Na16�xCaxAl16+xSi24�xO80·nH2O (0.2 ≤ x ≤ 3.9, 16 ≤ n ≤ 
25.2) with disordered Si/Al distributions at the framework T-sites 
and partial Ca-water substitution at the nonframework sites. Pa-
ranatrolite is another natrolite analog with a high water content, 
Na16�xCaxAl16+xSi24�xO80·nH2O or ideally, Na16Al16Si24O80·nH2O, 
n ~ 24 (Chao 1980; Ross et al. 1992). Paranatrolite is reported 
to transform to tetranatrolite upon exposure to the atmosphere 
after removal from its aqueous environment (Chao 1980). It has 
been also suggested that tetranatrolite is a dehydration product 
of paranatrolite that crystallizes within a particular temperature 
and humidity range (Evans et al. 2000). Recently, Seryotkin et 
al. (Seryotkin et al. 2004) reported the structure of paranatrolite 
using a single crystal preserved in a water-Þ lled capillary at ambi-
ent conditions. The dehydration of paranatrolite to tetranatrolite 
has been believed to be irreversible, and no evidence yet exists 
of the tetranatrolite to paranatrolite transformation. 

We have recently shown that the volume expansion of natro-
lite with an ordered Si/Al distribution at pressures above 1.0 GPa 
occurs in two steps via the selective sorption of water molecules 
from the hydrostatic pressure transmitting ß uid (Lee et al. 2001, 
2002). This pressure-induced hydration (PIH) Þ rst increases the 
crystal water content from 16 to 24 (per 80 framework O at-
oms) leading to a form of paranatrolite with an ordered Si/Al * E-mail: yongjaelee@yonsei.ac.kr
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ABSTRACT

The tetranatrolite-paranatrolite transformation has remained a key problem in understanding the 
paragenesis of zeolites in the natrolite family. It is accepted that when paranatrolite, approximate 
formula Na16�xCaxAl16+xSi24�xO80·24H2O, is removed from an aqueous environment and exposed to the 
atmosphere, it loses water and transforms to tetranatrolite, Na16�xCaxAl16+xSi24�xO80·nH2O (n ≤ 24). Here 
we show that this transformation is not only reversible, but that tetranatrolite exhibits two sequential 
pressure-induced hydrations leading Þ rst to paranatrolite and then to a superhydrated tetranatrolite 
above 0.2 and 3.0 GPa, respectively. We have previously reported similar behavior for the corre-
sponding system with an ordered Si/Al distribution, i.e., natrolite itself, however the ordered version 
of paranatrolite exists over a much smaller pressure range. The pressure-induced transformations of 
natrolite and tetranatrolite thus further supports the supposition that paranatrolite is a distinct mineral 
species, with a pressure-stability Þ eld dependent upon composition.
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