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aBstract

The crystal structures of natrolite and its dehydrated high-temperature phases (α1- and α2-
metanatrolite) have been determined from powder X-ray diffraction measurements as a function of 
temperature and partial pressure of water (PH2O) to characterize the phase transition behavior. The evolu-
tion of crystal structure as a function of temperature shows two different phase transitions, depending 
on the PH2O, with α1-metanatrolite occurring at elevated PH2O and α2-metanatrolite occurring at low 
PH2O. Our discovery of α2-metanatrolite implies the existence of more than one transition mechanism, 
which we correlate with the migration of Na+ ions and the rate of evolution of H2O molecules. The 
transition behavior is rationalized in terms of two cooperating mechanisms: (1) dehydration-induced 
processes, which determine the phase transition temperature; and (2) thermally induced processes, 
which determine how the framework and its extraframework cations are modified.
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introduction

Recently, many advances in our understanding of phase tran-
sitions originally developed in the fields of solid-state physics 
and chemistry have begun to have an impact in mineralogy and 
mineral physics. A tradition of studying transformation processes 
in minerals has evolved from the need to understand the physical 
and thermodynamic properties of minerals in the Earth and at its 
surface. Accordingly, this contribution involves a detailed study 
of thermally induced phase transitions in the zeolite natrolite. 
For the first time, we demonstrate that the PH2O (i.e., relative 
humidity, RH) determines not only the temperature but the 
nature of the high-temperature phase. Natrolite [orthorhombic 
Fdd2, Na16Al16Si24O80·16H2O; a = 18.2915(3) Å, b = 18.6324(3) 
Å, c = 6.5856(1) Å, V = 2244.5(1) Å3] is a common framework 
silicate containing elliptical structural channels occupied by H2O 
molecules and charge-balancing Na+ ions (Fig. 1a) that create 
a microporous structure. Various authors (e.g., van Reeuwijk 
1974; Alberti and Vezzalini 1983; Belitsky et al. 1992; Joswig 
and Baur 1995; Baur and Joswig 1996) have shown that the 
framework of natrolite is collapsible, converting to so-called 
α-metanatrolite between 250 and 400 °C, and on exposure to 
moist air α-metanatrolite readsorbs H2O and reconverts to na-
trolite (the name α-metanatrolite was first used by van Reeuwijk 
1974). Under high water pressures, natrolite can even transfer 
to an overhydrated structure similar to paranatrolite. Belitsky 
et al. (1992) suggested that “x-metanatrolite” exists as an inter-
mediate metahydration phase that appears simultaneously with 
α-metanatrolite and transforms to α-metanatrolite after further 
dehydration in vacuum, but they did not provide any structural 
model or further discussion about the nature of “x-metanatrolite.” 
Thus, the combined effects of temperature and RH on the phase 
transition have not been investigated or separated, resulting in an 
incomplete picture of the phase transition behavior in natrolite. 
We show here the results of in-situ powder X-ray diffraction 

(XRD) measurements made with thin-layer slurry mounts in 
controlled-RH environments from ~0% to ~87% RH (at 23 
°C) at ~1 bar and at ~0.15 mbar Ptotal (roughing pump vacuum) 
with stepwise heating from 23 to 400 °C. We provide the first 
illustration of how a combination of thermally induced and 
dehydration-induced mechanisms controls the phase transitions 
in natrolite. Similar mechanisms can be expected in other hydrous 
framework minerals.

WHat’s neW?
The natrolite-to-α-metanatrolite-to-natrolite phase transi-

tion is reversible and has long been considered first-order in 
character, with a discontinuous change in structure, entropy, 
and latent heat at the transition temperature. It is well known 
that reactions involving gas [H2O(g)] are influenced by the par-
tial pressure of the gas involved (e.g., the effect of CO2 partial 
pressure on CaCO3 decomposition), and this effect causes the 
reported phase transition temperatures in natrolite to vary. For 
example, the phase transition to α1-metanatrolite (previously 
known as α-metanatrolite) occurs at 175 °C at a PH2O of 1.84(1) 
µbar [controlled at 42.5(3)% RH, 23.5 °C, and ~0.15 mbar Ptotal], 
it increases to 200 °C when PH2O is 0.09(5) mbar [controlled 
at 0.36(2)% RH, 21.6 °C, 1 bar Ptotal], and it increases to 325 
°C when PH2O is 22.24(2) mbar [controlled at 87.21(8)% RH, 
21.4 °C, 1 bar Ptotal]. The high-temperature, dehydrated phase, 
α-metanatrolite has been considered monomineralic since the 
work of Rinne (1890). However, our powder XRD data show that 
under controlled PH2O conditions, different rates of dehydration 
result in two different phase transitions to two distinct high-
temperature phases. When measurements were made at 1 bar 
Ptotal and high-RH conditions (30–87% RH) with stepwise heating 
from 23 to 400 °C, only one dehydrated phase formed, namely the 
originally described phase that we call α1-metanatrolite [Figs. 1b 
and 2a and Table 1a; F112, a = 16.167(1) Å, b = 16.938(1) Å, c = 
6.4380(4) Å, γ = 89.680(2)°, V = 1764.0(2) Å3]. This phase is the 
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