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INTRODUCTION

Zeolites are naturally occurring aluminosilicates which adopt 
a variety of low-density framework structures constructed from 
corner-connected (Al,SiO4)-tetrahedra (Breck 1984). The frame-
work contains windows which connect to pores and channels 
of molecular dimensions where charge-balancing cations are 
located and water molecules can be absorbed. The structure of 
natrolite, Na16Al16Si24O80·16H2O, was fi rst proposed by Pauling 
and Taylor in the early 1930s (Pauling 1930; Taylor et al. 1933). 
Its framework is composed of so-called fi brous chains of tetra-
hedra interconnected to form elliptical channels along the c-axis
(Baur et al. 1990; Meier 1960). In the parent phase, silicon and 
aluminum atoms are ordered at the framework tetrahedral (T) 
sites, and sodium cations and water molecules also adopt ordered 
arrangements along the channel. Chemical substitutions can oc-
cur 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 parameter 
of the parent orthorhombic natrolite unit cell, respectively. The 
composition and structural relationship of gonnardite and tetra-

natrolite remains controversial (Artioli and Galli 1999; Evans et 
al. 2000; Ross et al. 1992), but they have been reported to have 
the representative formula Na16–xCaxAl16+xSi24–xO80·nH2O (0.2 ≤ 
x ≤ 3.9, 16 ≤ n ≤ 25.2) with disordered Al/Si distributions at the 
framework T-sites. Paranatrolite 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). It is 
claimed to transform irreversibly to tetranatrolite upon exposure 
to the atmosphere after removal from its aqueous environment 
(Chao 1980). It is therefore believed that tetranatrolite is a de-
hydration product of paranatrolite (Evans et al. 2000). However, 
there is no direct structural evidence of a paranatrolite-tetranat-
rolite transformation nor is there a consensus on an established 
structural model for paranatrolite (Baur 1991). 

We have recently identifi ed two new phases of natrolite with 
high water contents under hydrostatic pressures ( Lee et al. 2001, 
2002). This pressure-induced hydration (PIH) of natrolite oc-
curs through the selective sorption of water molecules from the 
hydrostatic pressure transmitting fl uid and increases the zeolitic 
water contents to 24 and 32 per 80 framework O atoms at 1.0 
GPa and above 1.2 GPa, respectively, compared to 16 per 80 
framework O atoms at ambient conditions. The structure of the 
24 water phase at 1.0 GPa is reminiscent of the proposed structure 
and phase stability of paranatrolite, although it maintains the Al 
and Si framework ordering from the parent natrolite framework; 
we refer to it as an ordered paranatrolite (Lee et al. 2005, this is-
sue). We therefore believe that the hydration-dependent structural 
changes in tetranatrolite, either with temperature or pressure, * E-mail: yollee@bnl.gov
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ABSTRACT

The temperature-dependent evolution of the crystal structure of natural tetranatrolite (Mt. Saint-
Hilaire, approximate formula Na5.85Ca1.90Al9.25Si10.75O40·11H2O) was investigated using monochromatic 
synchrotron X-ray powder diffraction and Rietveld analysis. The room-temperature structural model 
reveals characteristic Al/Si and Na/Ca disordering over the framework tetrahedral and nonframework 
cation sites, respectively. Water molecules at the OW4 and OW5 sites along the elliptical channels 
surround the nonframework cations with full and partial occupancies, respectively, similar to what 
was observed in previous single crystal studies. As the temperature increases up to 300 °C, the 
partially occupied OW5 site is gradually dehydrated whereas the fully occupied OW4 site and the 
disordered Na/Ca site remain fully occupied. Upon complete dehydration of the OW5 site at 300 °C, 
another phase appears with ∼1.8% expansion and ∼6.7% reduction of the a- and c-axis parameters, 
respectively, leading to an overall volume reduction of ∼3.3%. In this new phase, the Na and Ca 
atoms migrate to occupy two closely separated sites along the channels, and 80% of the OW4 water 
is lost with the remaining water molecules occupying a site close to the previously empty OW5 site. 
The material decomposes upon full dehydration near 400 °C and becomes X-ray amorphous. The 
temperature-dependent variations of the T-O-T angles and the chain rotation angle are indicative of 
the framework relaxation occurring during the selective dehydration and subsequent cation-water 
migration phase transition. 
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may provide a basis to understand its structural relationship to 
natrolite and paranatrolite. As a fi rst step, we present here a 
detailed structural evolution of tetranatrolite as a function of 
temperature-induced dehydration and demonstrate its compara-
tive crystal chemistry to various natrolite phases observed under 
pressure and temperature. 

EXPERIMENTAL METHODS

The tetranatrolite specimen from Mt. Saint-Hilaire was provided by the 
National Museum of Natural History at the Smithsonian Institution (sample 
R18930). We use the term tetranatrolite based on the literature for specimens 
from this locality (Chao 1980; Artioli and Galli 1999; Evans et al. 2000). It is 
a white polycrystalline overgrowth on the surfaces of natrolite single crystals. 
Elemental analysis (EPMA) of one of the overgrowth fragments shows an average 
composition of Na5.85Ca1.90Al9.25Si10.75O40·xH2O. Variable-temperature synchrotron
X-ray powder diffraction data for tetranatrolite were obtained from beamline X7A 
at the National Synchrotron Light Source at Brookhaven National Laboratory. 
The powdered sample was loaded into a glass capillary of 0.3 mm diameter. The 
capillary was cut to expose both ends to air to facilitate in situ dehydration and 
was mounted on the 2nd axis of the diffractometor. A monochromatic beam was 
selected using a water-cooled channel-cut Ge(111) monochromator. A horseshoe 
shaped single-crystal heater was placed at the sample position (Brown et al. 1973). 
The temperature was increased by ca. 10 °C/min to the desired values, and a 
dwell time of ca. 30 min was used before each measurement. A gas-proportional 
position-sensitive detector (PSD), gated at the Kr-escape peak, was employed for 
high-resolution (Δd/d ≈ 10–3) powder diffraction data measurement (Smith 1991). 
The PSD was stepped in 0.25° intervals between 3° and 50° in 2θ with increasing 
counting time at higher angles, typically resulting in a 3 hr scan per temperature, 
and the capillary was spun during the measurement to provide a better powder 
averaging. The wavelength of 0.7040(1) Å, PSD channel zero, and degree per 
channel were calibrated using a CeO2 standard (SRM 674). The resulting variable 
temperature powder diffraction patterns are shown in Figure 1.

Rietveld structure refi nements were performed using the GSAS suite of 
programs (Toby 2001). The single-crystal structural model by Evans et al. (2000) 
was used as a starting model for the refi nement of the room temperature data. The 
Na and Ca occupancies at the mixed cation site were fi xed based on the elemental 
analysis results. The Si/Al ratio at the disordered framework tetrahedral sites was 
also fi xed according to the elemental analysis results. The positional refi nement 
of the O atoms for the disordered OW5 molecule at a 16e site (0.87, 0.26, 0.18) 
resulted in unrealistically close distance to the framework O atoms; the OW5 
position was later constrained to an 8d site (0.87, 0.25, 0.125). Fractional site 
occupancies of the non-framework O atoms were refi ned to model the water 
contents; the occupancy of the fully occupied OW4 site was refi ned to be slightly 

higher than 1.0 and hence was fi xed to unity. This led to a unit-cell composition of 
Na5.85Ca1.90Al9.25Si10.75O40·10.96(5)H2O for the room temperature model. The refi ned 
water content is close to that reported for the single-crystal model of Evans et al. 
(2000). A set of restrained isotropic displacement parameters was refi ned for the 
same atomic species. The room temperature structural model was subsequently 
used as a starting model for the refi nement of higher temperature data. Selected 
refi nement results for the room temperature and high temperature structural models 
are listed in Tables 1 and 2, and the temperature evolutions of the unit-cell lengths 
and volume are shown in Figures 2 and 3.

RESULTS AND DISCUSSION

The room temperature structural model for natural tetranatro-
lite is characterized by a complete disordering of Si and Al over 
the framework tetrahedral sites, leading to a tetragonal unit cell 
with space group I4–2d. The negative charge of the framework is 
compensated by Na+ and Ca2+ cations occupying the same sites 
along the channel. In contrast, natrolite shows a complete order-
ing of Si and Al in the orthorhombic space group Fdd2, and only 
sodium cations occupy a similar site along the channel. Under 
ambient conditions, tetranatrolite contains more water molecules 
(close to 22 H2O per 80 framework O atoms) than natrolite. The 
disordering of the T-site cations is believed to occur when the 
Si/Al ratio is less than 1.5 and/or under high-temperature/high 
water-pressure conditions (Paukov et al. 2002). The fact that 
natural tetranatrolite from Mt. Saint-Hilaire is observed as an 
overgrowth on natrolite crystals after dehydration of paranatrolite 
upon exposure to air suggests that their stabilities are compa-
rable. These phases may transform into each other with minor 
temperature, pressure, and humidity variations. In fact, three 
natrolite phases, natrolite (16 H2O per 80 framework O atoms), 
ordered paranatrolite (24 H2O per 80 framework O atoms), and 
superhydrated natrolite (32 H2O per 80 framework O atoms) are 
observed under increasing high water pressures up to 1.5 GPa. 
The refi ned water content of tetranatrolite at room temperature 
and pressure is 21.9(1) H2O per 80 framework O atoms (Table 1). 
This is very close to the value expected for naturally occurring 
paranatrolite and considering the reported volume reduction of 
ca. 5.5% from paranatrolite to tetranatrolite transformation, a 
signifi cantly different hydrogen-bonding system is expected in 
the channels of paranatrolite (Chao 1980). The distribution of 
water molecules along the channels of tetranatrolite is similar 
to those of natrolite and superhydrated natrolite. The OW4 site 
of tetranatrolite is fully occupied, similar to the water site of na-
trolite at ambient conditions. The partial occupancy of the OW5 
site of tetranatrolite accounts for ca. 38% extra water content 
compared to natrolite. On the other hand, a site similar to OW5 
in tetranatrolite is fully fi lled in the superhydrated natrolite, lead-
ing to a doubling of the water content compared to the parent 
natrolite (Lee et al. 2002). 

The temperature-induced dehydration of tetranatrolite at am-
bient pressure occurs by the selective removal of water molecules 
from the partially occupied OW5 site. Increasing the temperature 
up to 200 °C leads to 86% of the OW5 water being lost, whereas 
the occupancy and distribution of the other water molecules at 
the OW4 site and the Na/Ca cations remains unchanged (Fig. 3 
and Table 1). At 300 °C, the OW5 site becomes empty and the 
water content becomes the same as that of natrolite at ambient 
temperature and pressure (16 H2O per 80 framework O atoms). 
At this temperature, a new phase (phase II) appears and coexists 
with the OW5 dehydrated tetranatrolite (phase I). This new phase 

6 8 10 12 14 16 18 20

100

200

100

200

100

200

100

200

100

(600)

(242)(431)

(510)

(312)

(411)

(240)

(202)
(112)

(321)

(400)

(600)

(242)(431)
(510)

(312)(240)

(411)(202)

(112)

(321)

(400)

(211)

(310)
(220)

(101)

400 °C

300 °C

200 °C

100 °C

In
te

ns
ity

 (
co

un
ts

/m
in

/1
00

m
A

/P
SD

 c
ha

nn
el

)

2θ (°, λ = 0.7101(1)Å)

RT

(200)

(202)pII

(411)pII

(240)pII
(112)pII

(211)pI

(211)pII

(101)pI

(101)pII

(200)pII

FIGURE 1. Details of the changes in the synchrotron X-ray 
powder diffraction patterns observed for tetranatrolite as a function of 
temperature. Two tetragonal phases, partially dehydrated phase I and 
nearly fully dehydrated phase II, coexist at 300 °C, and the material 
decomposes above 400 °C.
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TABLE 1. Final refi ned atomic coordinates for tetranatrolite as a function of temperature
Temperature  Ambient 100 °C 200 °C 300 °C – phase I 300 °C – phase II

space group  I4
–

2d I4
–

2d I4
–

2d I4
–

2d I4
–

2d
wRp (%), Rp (%)   2.85, 2.14 2.81, 2.16 3.12, 2.33 3.54, 2.68
water molecules/u.c.  10.96(5) 9.48(4) 8.41(3) 8.0 1.61(8)
cell length (Å) a 13.1988(1)  13.0666(1) 12.9815(1) 12.9202(10) 13.1503(2)
 c 6.6288(1)  6.6632(1) 6.6808(1) 6.6950(9) 6.2469(1)
T1 x 0.0000 0.0000 0.0000 0.000 0.0000
4a y 0.0000 0.0000 0.0000 0.000 0.0000
 z 0.0000 0.0000 0.0000 0.000 0.0000
 Uiso 0.0080(2) 0.0083(2) 0.0119(2) 0.048(4) 0.0155(4)
T2  x 0.0550(1)  0.0560(1)  0.0564(1)  0.051(1)  0.0526(1)
16e y 0.1326(1)  0.1336(1)  0.1340(1)  0.136(1)  0.1302(1) 
 z 0.6210(1)  0.6220(1)  0.6224(1)  0.625(1)  0.6186(1) 
O1  x 0.3918(3)  0.3888(3)  0.3842(3)  0.392(2)  0.3949(5) 
8d y 0.2500  0.2500  0.2500  0.250  0.2500 
 z 0.1250  0.1250  0.1250  0.125  0.1250 
 Uiso 0.0120(5) 0.0155(4) 0.0206(5) 0.026(5) 0.0171(9)
O2  x 0.1339(2)  0.1351(2)  0.1356(2)  0.126(1)  0.1378(4) 
16e y 0.0607(2)  0.0590(2)  0.0591(2)  0.069(1)  0.0433(3) 
 z 0.4780(4)  0.4857(3)  0.4881(4)  0.476(2)  0.5635(7) 
O3  x 0.0526(2)  0.0516(2)  0.0533(2)  0.045(1)  –0.0019(4)
16e  y 0.0951(2)  0.0943(2)  0.0950(2)  0.097(1)  0.1102(3) 
 z 0.8662(3)  0.8664(3)  0.8650(4)  0.862(1)  0.8594(6) 
Na  x 0.6923(2)  0.6923(1)  0.6925(2)  0.687(2)  –0.0282(5)
8d  y 0.2500  0.2500  0.2500  0.250  0.250 
 z 0.1250  0.1250  0.1250  0.125  0.125 
 Occu. 0.731 0.731 0.731 0.731 0.731
 Uiso 0.0268(8) 0.0195(6) 0.0240(6) 0.046(8) 0.036(2)
Ca x 0.6923(2)  0.6923(1)  0.6925(2)  0.687(2)  0.026(1) 
8d y 0.2500  0.2500  0.2500  0.250  0.250 
 z 0.1250  0.1250  0.1250  0.125  0.125 
 Occu. 0.237 0.237 0.237 0.237 0.237
OW4  x 0.1277(4)  0.1287(3)  0.1258(3)  0.134(3) 
8d y 0.2500  0.2500  0.2500  0.250 
 z 0.1250  0.1250  0.1250  0.125 
 Occu. 1.0 1.0 1.0 1.0
 Uiso 0.038(1) 0.023(1) 0.027(1) 0.046(8) 
OW5  x 0.875(1)  0.895(1)  0.942(6)   0.800(3)
8d y 0.250  0.250  0.250   0.250 
 z 0.125  0.125  0.125   0.125 
 Occu. 0.370(6) 0.185(5) 0.051(4)  0.201(10)
 Uiso 0.038(1) 0.023(1) 0.027(1)  0.036(2)

Notes: E.s.d. values are in parentheses. Na and Ca occupancies were fi xed according to the elemental analysis results as well as the T-sites to contain 53.7% Si and 
46.3% Al. Site occupancy for the OW4 site was fi xed to unity; when refi ned, it becomes slightly larger than unity. Restraints were used to set the isotropic displace-
ment factors, Uiso (Å2), equal for the same atomic species (from ambient temtperature to the 200 °C models) or for the nonframework species (for the 300 °C models). 
Soft constraints were used for the framework interatomic distances for the 300 °C models (T-O = 1.677 Å and O-O = 2.739 Å). In the 300 °C models, refi ned phase 
fractions are 17% and 83% for phase I and phase II, respectively.
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FIGURE 2. Temperature dependence of the unit-cell edge lengths 
for tetranatrolite. The closed and open symbols represent phase I and 
phase II, respectively.
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shows an abrupt anisotropic framework relaxation with ∼1.8%
expansion and ∼6.7% reduction in the a- and c-axis parameters, 
respectively, leading to an overall volume reduction of ∼3.3%
(Figs. 2 and 3). Concomitant with the anisotropic framework 
relaxation, the sodium and calcium cations migrate across the 
channels and order to separate sites (Fig. 4 and Table 1); although 
the structural model of phase II proposed in Table 1 advocates 
Na/Ca ordering, it is also possible, based on electron density 
considerations, to model the two separate Na and Ca sites as 
mixed Na/Ca (0.73/0.24) cations with site occupancies of 0.63 
and 0.37, respectively. This new phase is mostly dehydrated 
and only a fraction of the former OW4 water is found occupy-
ing a site close to the previously empty OW5 site. In natrolite, 
complete dehydration occurs above 275 °C and results in the 
formation of metanatrolite, which exhibits similar cation migra-
tion and framework collapse (Baur and Joswig 1996). During 
the selective dehydration of the OW5 water below 300 °C, the 
disordered Na/Ca cation coordination number decreases from 7 
to 6, whereas upon the OW4 dehydration and cation-migration 
transition, the sodium and calcium coordination number drops 
to 5 (Table 2). 

The disordered aluminosilicate framework responds to the ob-
served temperature-driven chemical changes and rearrangements 
of the channel contents (Fig. 5). The chain-bridging T-O1-T angle 
exhibits a gradual decrease during the selective dehydration of the 
OW5 water and relaxation upon the full loss of water from the 
OW5 site (Tables 1 and 2). Another useful measure to estimate 
the degree of the natrolite framework collapse from its ideal 
geometry is the rotation angle of the fi brous chain, ψ, which 
is the mean of the angles between the sides of the quadrilateral 
around the T5O10 (T = Al, Si) tetrahedral building unit projected 

TABLE 2.  Selected interatomic distances (Å) and angles (˚) for tetra-
natrolite as a function of temperature

 Ambient 100 °C 200 °C 300 °C  300 °C 
    – phase I – phase II

T1-O3 1.686(3) ×4 1.662(2) ×4  1.677(2) ×4  1.662(6) ×4  1.695(4) ×4 
T2-O1 1.702(2)  1.684(2)  1.693(2)  1.655(8)  1.720(4) 
T2-O2 1.698(3)  1.686(3)  1.676(3)  1.638(9)  1.637(5) 
T2-O2 1.662(3)  1.665(3)  1.670(3)  1.687(13)  1.701(5) 
T2-O3 1.699(2)  1.709(2)  1.699(2)  1.666(9)  1.687(4) 
Av. T-O* 1.690(1) 1.686(1) 1.685(1) 1.662(5) 1.686(2)
T2-O1-T2 131.2(2) 129.3(2)  125.7(2)  126.7(15)  132.7(4) 
T2-O2-T2 136.6(2)  138.2(2)  138.5(2)  140.3(15)  128.2(4) 
T1-O3-T2 136.7(2)  138.3(2)  137.9(2)  140.4(7)  126.1(3) 
Na-O1 2.613(3) ×2 2.576(2) ×2  2.526(3) ×2  2.61(1) ×2 
Na-O2 2.415(3) ×2  2.415(3) ×2  2.404(3) ×2  2.32(2) ×2  2.450(5) ×2 
Na-O3     2.501(4) ×2 
Na-OW4 2.436(3) ×2  2.420(3) ×2  2.438(3) ×2  2.39(2) ×2 
Na-OW5 2.41(1) 2.65(2)    2.26(4) 
Ca-O2     2.607(6) ×2 
Ca-O3     2.504(5) ×2 
Ca-OW5     2.97(4) 
Na-Ca†     0.72(2) 
OW4-O3 2.848(3) ×2 2.851(2) ×2  2.820(3) ×2  2.88(2) ×2 
OW5-O1 2.995(6) ×2  3.11(1) ×2    2.55(1) ×2 
OW5-O2 3.161(4) ×2 3.057(4) ×2  2.981(3) ×2  
OW5-O3 2.637(3) ×2 2.598(2) ×2 2.60(2) ×2 
    3.03(4) ×2 
OW4-OW5 2.84(1) ×2 2.98(1) ×2  2.39(8) 
  3.06(2)

Note: E.s.d. values are in parentheses. 
* Standard deviations are computed using 

=
=

1 2

1

1 2

n i
i

n /

† Simultaneous occupancy excluded.

FIGURE 4. Temperature evolution of structural models of 
tetranatrolite. The empty circles represent water molecules throughout; 
(a-d) fi lled circles are used for the mixed Na/Ca site; (e) light and dark 
circles represent sodium and calcium cations, respectively. The hollow 
tetrahedra illustrate a disordered distribution of Si/Al atoms at the 
framework T-sites. The dotted lines defi ne the unit cell. 
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on the plane perpendicular to the channel (Baur et al. 1990). A 
larger value of ψ corresponds to a less elliptical channel. The 
ψ value also shows a gradual decrease followed by a relaxation 
upon the full loss of the OW5 water (Fig. 5). This demonstrates 
that the channels become more elliptical during removal of the 
OW5 water and resume circularity upon its full removal. The 
ψ angle, however, does not show any noticeable changes upon 
the OW4 water dehydration and during the cation-migration 
phase transition. Instead, the T-O3-T angle, which connects the 
T5O10 tetrahedral building unit along the chain, shows an abrupt 
decrease with loss of the OW4 water and the cation-migration 
transition (Fig. 5). We speculate that in the OW4 dehydrated 
model at 300 °C (phase II), the anisotropic expansion of the a
parameter compensates for the required changes in the ψ angles
on the plane perpendicular to the channels whereas the contrac-
tion of the c parameter is manifested by the decreasing T-O3-T 
angle along the chain axis. High-pressure studies of tetranatrolite 
are underway to investigate a possible overhydration effect and 
associated structural changes.
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