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ABSTRACT
The origin and stability of paranatrolite (approximate formula Na16–xCaxAl16+xSi24–xO80·24H2O), a
naturally occurring zeolite with the natrolite topology, has long been debated, with its detailed structure
unknown. When taken from an aqueous environment and exposed to the atmosphere, paranatrolite
is reported to irreversibly lose water and transform to gonnardite/tetranatrolite, Na16–xCaxAl16+xSi24–x
O80·nH2O. Since the latter has a disordered Al/Si distribution over the framework tetrahedral sites, it is
believed the same is true for paranatrolite. Natrolite itself (Na16Al16Si24O80·16H2O) has Al/Si ordering,
and as recently shown, undergoes a reversible volume expansion (~2.5%) due to pressure-induced
hydration (PIH) above 1.2 GPa to a superhydrated phase (Na16Al16Si24O80·32H2O). During this process,
an intermediate phase with an even larger volume expansion of ~7.0% has been detected in a narrow
pressure range near 1.0 GPa. We report here that this intermediate phase has a unit-cell compatible
with the one reported for paranatrolite at ambient conditions with the same 24 water molecules per
formula unit and propose that it is paranatrolite with an ordered Al/Si distribution. An unusual watersodium chain is observed in the ordered paranatrolite structure: a sevenfold coordination of sodium
cations provided by alternating two water bridges along the expanded elliptical channels. The density
of the ordered paranatrolite is lower than those of the 16 and 32 water phases, with its channel openings far more circular than in the low- and high-pressure analogs. The atomistic details of the ordered
paranatrolite provide a structural model for the naturally occurring paranatrolite and a complete understanding of this intriguing pressure-volume-hydration mechanism in natrolite, demonstrating the
unique role of pressure in controlling the chemistry of microporous materials.

INTRODUCTION
Zeolites are naturally occurring aluminosilicate minerals
that adopt a variety of low-density framework structures made
up of corner-connected (Al,SiO4)-tetrahedra (Breck 1984). The
framework contains windows that connect to pores and channels of molecular dimensions where charge-balancing cations
and water molecules are located. The structure of the zeolite
natrolite, Na16Al16Si24O80·16H2O, was Þrst proposed by Pauling
and Taylor in the early 1930s (Pauling 1930; Taylor 1934). Its
framework is composed of so-called Þbrous chains of tetrahedra interconnected to generate elliptical channels along c-axis
(Baur et al. 1990; Meier 1960). In the parent phase, silicon and
aluminum atoms are ordered in framework tetrahedral (T) sites,
and sodium cations and water molecules also adopt ordered arrangements along the channel. Chemical substitutions can occur both in the natrolite framework and 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
Al/Si arrangement, but different degrees of Ca-exchange for Na
leads to a monoclinic distortion or a tripling of the b-axis param* E-mail: yollee@bnl.gov
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eter of the parent orthorhombic natrolite unit cell, respectively.
The composition and structural relationship of gonnardite and
tetranatrolite is still controversial (Artioli and Galli 1999; Evans
et al. 2000; Ross et al. 1992) but they have been reported to have
a representative formulae of Na16–xCaxAl16+xSi24–xO80·nH2O (0.2 ≤
x ≤ 3.9, 16 ≤ n ≤ 25.2) and disordered Al/Si distributions at the
framework T-sites. Paranatrolite is another natrolite analog with
a high water content (Na16–xCaxAl16+xSi24–xO80·24H2O or ideally,
Na16Al16Si24O80·24H2O). It is claimed to transform irreversibly to
tetranatrolite upon exposure to the atmosphere after removal from
an aqueous environment (Chao 1980). It is therefore assumed
that paranatrolite also has a disordered distribution of Al/Si over
its framework T-sites (Chao 1980; Evans et al. 2000), and it is
generally agreed that paranatrolite should not be considered as
just a higher hydrate of natrolite (Evans et al. 2000). However,
the only structural model for paranatrolite (Pechar 1988) has an
ordered Al/Si distribution and was disputed by Baur (1991), who
objected to the inappropriate conditions of the crystallographic
measurement (no controlled humidity) as well as internal inconsistencies of the reported structural parameters. Belitsky et al.
(1992) also observed that what they called natrolite II, which
has unit-cell parameters similar to those of paranatrolite, forms
reversibly from an ordered natrolite (natrolite I) at high water
pressures. They speculated that natrolite II is an “overhydrated”
analog of natrolite with a structure similar to that of paranatrolite (Belitsky et al. 1992). Subsequently, Paukov et al. (2002)

