
Introduction

Zeolite minerals are hydrated-framework-alumosili-
cates which are receiving increasing attention because of
their applications in many industrial fields (e.g., pollution
control, petroleum production, agricultural application,
radioactive waste isolation; Mumpton, 1988; Smyth, 1982;
Vaniman & Bish, 1993).

According to Gottardi & Galli (1985) scolecite belongs
to the group of "fibrous zeolites". Its ideal chemical
composition is Ca8Al16Si24O80⋅24H2O (Alberti et al.,
1982).The structure of scolecite under room conditions was
determined by Fälth & Hansen (1979) and has been refined
by several authors, employing X-ray diffraction or neutron
diffraction techniques (Stuckenschmidt et al., 1997; Kvick
et al., 1985; Joswig et al., 1984; Smith et al., 1984). Its
structure is related to those of natrolite (Artioli et al., 1984)
and mesolite (Adiwidjaja, 1972). The framework is built
from tetrahedral chains with topological symmetry I4

–
2d

running along [100] in the Cc space group assumed in the
present work, and is characterized by an ordered Si-Al
distribution (Fig. 1). The framework shows a rotation of the
chains through an angle which is zero only in the ideal
symmetrical arrangement, with topological symmetry
I41/amd, but is about 23-24° in natural natrolite and about
35° in dehydrated natrolite (Alberti & Vezzalini, 1981,
1983). The framework encloses two systems of channels:
8-ring channels along [100] and 8-ring channels along

[001] (Fig. 1). These channels contain the extra-framework
cations and water molecules.

The difference between scolecite, natrolite and mesolite
is related to the extra-framework cation and water sites.
Natrolite has four sites in the same channels, two of them
occupied by Na and the other two occupied by water
molecules. The resultant space group is Fdd2. For the
scolecite, there is only one extra-framework cation site
(Ca), preferentially occupied by Ca, and three water
molecule sites (W1, W2 and W3). The Ca site in scolecite
is coordinated by three water molecules and four frame-
work oxygen atoms in distorted pentagonal bipyramid.

With this configuration, the resultant space group of
scolecite is Cc or the non-standard F1d1, for sake of
comparison with orthorhombic natrolite and mesolite. The
geometrical lattice and structure relations involved in the
different choices of unit cells are described by Kvick et al.
(1985) and Smith et al. (1984).

The lower symmetry of scolecite (Cc or F1d1)
compared to that of natrolite (Fdd2) is the consequence of
the distorsion related to a slight rotation of the Si tetrahedra
of the chains around the chain axis and 1 Ca site vs 2 Na
sites. Thus, the channels along [100] become elliptic in
order to accommodate the third water molecule (W2).

Because of their industrial importance, and their cation
exchange potential, the structural and thermal stability of
zeolites have been investigated extensively. There are many
single-crystal studies on thermal behaviour of this mineral
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group (Alberti & Vezzalini, 1984, and references therein;
Vezzalini et al., 1993; Alberti et al., 1994).

On the other hand, studies of the zeolite structural
behaviour under high pressure are scarce, probably due to
experimental difficulties and limits. The only single-crystal
HP-structural data available for natural zeolites is that on
heulandite by Comodi et al. (2001), who studied the effects
of pressure on the framework deformations and the
stability of extra-framework sites up to 4 GPa.

It is known that different hydrostatic pressure media
have peculiar and important effects on zeolite compress-
ibility. Hazen & Finger (1984) were the first to study the
effect of hydrostatic pressure media on the compressibility
of a synthetic zeolite 4A using ethanol, methanol, glycerol
and organo-fluorine compound. They showed that the
compressibility of this zeolite depends on the relative size
of the hydrostatic-fluid molecules compared with the struc-
tural channels in the zeolite framework. Later Belitsky et
al. (1992) studied the structural transformations induced by
pressure in natrolite and edingtonite using liquids with
various molecular dimensions as pressure-transmitting
media. Their spectroscopic and diffraction data showed
that under high water pressures, some additional H2O
molecules entered the framework channels and caused an
anisotropic swelling of the crystal and two phase transi-
tions (natrolite II, natrolite III). Bazhan et al. (1997)
confirmed the presence of phase transitions induced by
high water pressure in scolecite by Raman spectroscopy
and optical methods.

Gillet et al. (1996) studied pressure-induced amor-
phization on scolecite and mesolite by synchrotron diffrac-
tion in energy-dispersive mode and Raman spectroscopy.

In a non-penetrating pressure medium these zeolites
showed amorphous-phase transition at 8-9 GPa. The transi-
tions from the crystal to the amorphous phase were irre-
versible, but in some scolecite experiments during
decompression, below 7 GPa, the amorphized samples
showed a crystalline rim after removal of pressure.

Recently, Ballone et al. (2001) and Vezzalini et al.
(2001) described the structural modifications of scolecite
under high-pressure on the basis of synchrotron powder
diffraction and theoretical investigations.

All of the quoted studies on natrolite group (natrolite,
edingtonite, scolecite and mesolite) were aimed at studying
the HP-behaviour using X-ray powder diffraction but did
not report structural data. The aim of our study was to
investigate the structural evolution of scolecite under pres-
sure by using in situ X-ray single-crystal diffraction. The
information on the behaviour of scolecite under pressure is
compared with the dehydration effect of heating in natro-
lite-group zeolites.

Experimental method

The scolecite specimen came from Teigarhorn, Iceland.
The chemical composition determined with an ARL-
SEMQ microprobe (operating conditions: 15 kV, 10 nA
measured on brass, beam size 30 µm, 20 s counting time)
and the water content measured with thermogravimetric
analysis, using DUPONT 951 apparatus (in air, heating rate
10°C/min) at the “Dipartimento di Scienze della Terra” of
Modena University, yielded the following chemical
formula: Na0.01Ca7.85(Al15.68Si24.32O80)⋅24.41H2O.
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Fig. 1. Projection of scolecite structure viewed down [100] (left), showing the SBU, and viewed down [001] (right). The two channel
systems, with the "free diameters" and the extra-framework population are shown. The large spheres represent cation sites, whereas the
small spheres represent the oxygen of the water molecules.



Diffraction data were collected under room conditions
on a Philips PW 1100 four-circle diffractometer using a
graphite monochromator for MoKα radiation (λ = 0.7107
Å); ω scans with scan width 1.8° and scan speed 0.06°/s
were used.

2901 ± h k l and ± h k
–

l reflections were measured in
the θ range 3-35°. Empirical absorption correction based
on the method of North et al. (1968) was applied and data
were merged to give 1949 independent reflections (Req =
0.013). 1898 observed reflections with intensities higher
than 3σ(I) were employed for the structural refinement
(Table 1). The refinement was carried out with anisotropic
displacement parameters in space group Cc using the
SHELX-97 program (Sheldrick, 1997), starting from the
atomic coordinates of Smith et al. (1984). The final agree-
ment index was 2.01 % for 171 parameters. The neutral
atomic scattering factor values from the International
Tables for X-ray Crystallography (Ibers & Hamilton, 1974)
were used. For the channel Ca site the scattering curve of
calcium alone was used.

A Merrill-Bassett diamond anvil cell (DAC) with 1/8
carat diamond with 800 µm culet face diameter was used
for the high-pressure study. Steel Inconel 750X foil, 250
µm thick, with a 350 µm hole, was used as gasket material.
A Sm2+-BaFCl powder for pressure calibration (Comodi &
Zanazzi, 1993) and a silicon oil (dimethyl-polysiloxane) as
pressure-transmitting medium were introduced into the
DAC together with the sample. Silicon oil was chosen
because its large-sized molecules do not enter in the zeolite
framework channels and for its stability as liquid phase.
This medium was used up to P greater than 15 GPa at room
temperature by Gillet et al. (1996) on scolecite powder
samples. Anyway, particular care must be devoted in data
interpretation because, on the basis of previous experience
on the compressibility of silicates, Angel (private commu-
nication) pointed out that silicon oil could generate devia-
toric stress on the single-crystal sample, as shown by
broadening of the diffraction effects over 2.0 GPa.

Pressure was calculated by measuring the wavelength
shift of the Sm2+ line (λ = 6876 Å, at 0.0001 GPa) excited
by a 100 mW argon laser and detected by a 100 cm Jarrell-
Ash optical spectrometer. The uncertainties in the pressure
measurements were ± 0.05 GPa. A crystal of scolecite with

dimensions 120 × 150 × 80 µm was selected for use in the
diamond anvil cell.

The lattice parameters were determined at pressures
ranging between 0.0001 and 4.21 GPa (Table 2) by
applying least-squares method to the Bragg angles of 42
accurately centred reflections measured in several equiva-
lent positions on the diffractometer. The reflections were
selected between those with higher intensity in the 2θ range
between 14 and 30°.

The intensity data were collected at 1.77 and 3.38 GPa
up to θ = 35°, adopting the non-bisecting geometry
(Denner et al., 1978) and 2.6° ω scans. Intensity data were
analysed with a digital procedure (Comodi et al., 1994) and
visually inspected to eliminate errors resulting from the
overlap of diffraction effects from some parts of the
diamond cell or by shadowing from the gasket, and merged
into an independent data set. Data were corrected for pres-
sure-cell absorption with an experimental attenuation curve
(Finger & King, 1978).

The HP structures were refined with isotropic atomic
displacement parameters and the site occupancies were
fixed as under room conditions. Least-squares refinements
were made with the SHELX-97 program (Sheldrick 1997).

Details of the refinements are listed in Table 1.
Observed and calculated structure factors can be obtained
from the authors upon request (or through the E.J.M.
Editorial Office-Paris).
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Table 1. Details of data collection and refinements of scolecite.

Table 2. Lattice parameters and volumes of scolecite at different pressures.
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Results

Results under room conditions

The coordinates of the framework and extra-framework
atoms are given in Table 3. They are very close to those
found by Smith et al. (1984) for scolecite from Bombay,
India. Relevant bond lengths and geometrical parameters
related to the size of the channels are listed in Tables 4 and
5. Al and Si are fully ordered into Al1 and Al2, and Si1, Si2
and Si3 sites, with Si-O and Al-O mean distances being
1.620 and 1.746 Å respectively.

Compressibility

The variation of the lattice parameters of scolecite with
pressure (Table 2) is shown in Fig. 2, normalized to the
value corresponding to room conditions. The reduction of
lattice parameters with pressure was linear, without

evidence of phase transitions in the pressure range investi-
gated. The compressional pattern is slightly anisotropic.
Linear regressions (Fig. 2) yielded mean axial compress-
ibilities for a, b and c axes of βa = 4.4(2)·10-3,
βb = 6.1(2)·10-3, βc = 6.0(1)·10-3 GPa-1. As shown in Fig. 2,
the β angle decreased slightly with pressure.

Analysis of the strain tensor was performed using the
program STRAIN (Ohashi, 1982). Taking the lattice
parameters at various pressure, as given in Table 2, resulted
in slightly scattered orientations of the strain ellipsoid,
owing on the errors of single data. Therefore, an averaged
strain tensor was calculated between 1.0 and 4.0 GPa,
using the lattice parameter values calculated from linear
regression of P-V data. The principal axes of the strain
ellipsoid were: β1 = 6.2(2)⋅10-3, β2 = 6.1(1)⋅10-3, β3 =
3.6(4)⋅10-3 GPa-1. β2 was coincident with the b axis,
whereas β1 and β3 lie in the plane (010), β1 forming an
angle of 14 ± 5° with the c axis. In other word, the β1 - β2
plane is slightly rotated of about 14° from the pseudo-
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Table 3. Atomic fractional coordinates, and thermal displacement factors (Å2).



tetragonal plane (100) (Fig. 3). β1 and β2 have approxi-
mately equal magnitude, as it could be expected taking into
account the pseudo-tetragonal symmetry of the framework.

Volume compression data and isothermal bulk modulus
K0 were fitted to a second-order Birch-Murnaghan equa-
tion of state, setting K’ to its implied value of 4, and using
the data weighted by the uncertainties in P-V. The equation
has the form :

P = 3/2K0[(V0/V)7/3 – (V0/V)5/3]{1 + 3/4(K0’ – 4)[(V0/V)2/3 – 1]}

and was solved using a Levenberg-Marquardt algorithm
(Press et al., 1986).

When V0 and K0 were refined, the values obtained
were: V0 = 1148.75(4) Å3, very close to the value measured
under room conditions (Table 2), and K0 = 54.6(7 ) GPa.

The bulk modulus of scolecite, using a non-penetrating
pressure medium, is higher than bulk moduli of other
zeolite species, such as zeolite-4A (K0 ≅ 21GPa, Hazen &
Finger, 1984), and heulandite (K0 ≅ 27 GPa, Comodi et al.,
2001), and is similar to that of sodalite (K0 ≅ 52 GPa, Hazen
& Sharp, 1988) and marialite (K0 ≅ 57 GPa, recalculated
from Comodi et al., 1990), but is significantly smaller than
that observed in other framework silicates (e.g., in meionite
(Me68) K0 ≅ 82 GPa, recalculated from Comodi et al.,
1990; in anorthite, K0 ≅ 83 GPa, Hackwell & Angel, 1992;
in meionite (Me88), K0 ≅ 92 GPa, Hazen & Sharp, 1988).

Structural evolution with pressure

The HP structural behaviour of this zeolite type was
studied by comparing the three refinements carried out at
0.0001, 1.77 and 3.38 GPa. The pressure increase did not
produce relevant variations in the tetrahedral bond
distances (Table 4) as observed in most silicates in this
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Fig. 2. Unit-cell parameters, normalised to room condition value,
vs. pressure. The regression line equations are reported in the
bottom left-hand corner.

Fig. 3. Strain ellipsoid orientation and cooperative rotation mecha-
nism of SBU under pressure. The β1 -β2 plane is rotated along the
b axis by about 14° from the bc plane.

Table 4. Interatomic distances (Å) in function of pressure.
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pressure range. On the other hand, as expected for open
framework structures, the main deformation mechanism
was the polyhedral tilting that produced inter-tetrahedral
angle variations. In particular in scolecite the most relevant
structural variations were produced by cooperative rotation
of the Secondary Building Units (SBUs) along [100] (Fig.
3). The main effects were observed in the 8-membered ring
channels along [100]: the acute angles of the channel ((O3-
O5-O6)°, (O1-O2-O8)°) decreased, whereas the obtuse
angles ((O1-O2-O3)°, (O6-O5-O8)°) increased (Table 5).
The ϕ angle, defined as ϕ° = [180°-(O2-O5-O2)°]/2,
increased from 20.80(2)° at 0.0001 GPa, to 22.00(6)° at
3.38 GPa (Table 5). At the same time, the 
8-membered ring channels, parallel to a, were compressed.
The [100]-channel bulk modulus, calculated from the
volume variations of the inscribed elliptical-section cylin-
ders, was quite low: 17(2) GPa. On the contrary, the effect
of the SBUs rotation produced in the 8-membered ring
along [001] a minor deformation: the [001]-channel bulk
modulus was 50(3) GPa (Table 5).

Besides relevant decrease in the channel free volumes,
the pressure increase did not yield important variations in
the shape of the channels. We can evaluate the evolution on
the channel ellipticity by the ratio between the smaller free
diameter compared to the larger one, O5-O2(short)/O5-
O2(long) for the 8-ring channel along [100], O9-O9/O2-O2
for the 8-ring channel along [001] (Fig. 1). According to
the results shown in Table 5, it appears that the shape of the
channels along [001] did not change much with pressure,
whereas the channels along [100] increased their ellipticity.
In fact, the ratio O9-O9/O2-O2 changed from 0.982 to
0.972 with pressure increase of 3.38 GPa, corresponding to
a decrease of about 1 %, while the ratio O5-O2(short)/O5-

O2(long) decreased from 0.336 to 0.307, corresponding to
a decrease of about 8.6 %.

SBU-rotation not only produced changes in the config-
uration between building units, but also changed the size of
the SBU itself. The SBU volume, calculated considering
the SBU as a distorted polyhedron with 6 vertices formed
by the centers of the 6 nearest tetrahedra, changed from
22.17(3) Å3, under room conditions, to 21.42(4) Å3 at 3.38
GPa. Thus the SBU bulk modulus was 96(6) GPa (Table 5).
The bulk scolecite structure compression was therefore the
result of the “soft” behaviour of the channels and the more
rigid behaviour of the tetrahedral framework.

The position of the extra-framework cations (Ca site)
and water molecules (W1, W2, W3 sites) was maintained
approximately within the pressure range investigated
(Table 3). However, looking in more detail at the evolution
of the extra-framework bonding distances, a different
behaviour of the distances between Ca cations and frame-
work oxygens and Ca and water molecules appears. In fact,
under high-pressure conditions, the distances between Ca
and framework oxygens became shorter (the variations
with respect to room conditions distances are Ca-O2 -
3.7%, Ca-O3 -1.5%, Ca-O5 -5.9%, Ca-O6 ≈ 0%, see
Table 4). On the contrary the distances between Ca and
water molecules slightly decrease with pressure (Ca-W1 -
1.2%), or do not change significantly (Ca-W2 and Ca-W3).
In other words, in high pressure conditions, the Ca moves
towards the framework, in particular towards the acute
angle formed by (O3-O5-O6), where the electronic density
is lower, since the water molecules lie on the opposite side
of the channel (Fig. 1).

Significant peak broadening was observed at P higher
than 3.8 GPa. At 4.4 GPa, the peak disappearance hindered
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Table 5. Relevant structural parameters in scolecite at different pressures.



a suitable determination of the lattice parameters. The
evolution of the diffraction pattern during decompression
showed a partial recovery of the intensity of reflections.
Refinement of the structure under room conditions with the
sample in air after decompression was still possible, though
the intensities measured where about two thirds lower than
those of the natural sample. Results showed little difference
from the initial values of the lattice parameters and struc-
tural geometry (Tables 3-4-5).

The peak broadening could be due to the occurrence of
a severe mechanical stress induced by the non hydro-
staticity of the silicon oil (Angel, private communication).
This hypothesis seems supported by the structure recovery
after release of the elastic strain. Another explication could
be found assuming that, starting from about 4 GPa, the
onset of amorphization was occurring. In effect Ballone et
al. (2001) and Vezzalini et al. (2001) found irreversible
amorphization after application of higher pressure, on the
basis of synchrotron powder diffraction data. Complete
amorphization at 8-9 GPa was observed for scolecite by
Gillet et al. (1996).

Discussion and conclusions

Following Comodi et al.’s (2001) study of heulandite,
scolecite represents the second example of natural zeolite
studied under pressure using single-crystal X-ray diffrac-
tion.

The topological tetragonal symmetry of the framework
controls the cooperative rotation of SBUs, explaining the
similar compressibility observed for b and c parameters, in
comparison with that of the a parameter which shows, as
expected, smaller compressibility. The two most compress-
ible directions are oriented along the diagonals of the [100]
channel system (Fig. 3), the directions along which the
electron density is lower. The deformation mechanism
observed in this study confirms the results of ab-initio
molecular dynamics simulations by Ballone et al. (2001)
regarding the structural modifications of scolecite under
high-pressure: the mean deformative behaviour is the coop-
erative rotation of SBUs, leading to a reduction of the
channel section.

By comparing the structural deformations induced in
scolecite by high pressure, with those induced by high
temperature, it is seen that the former are less dramatic.
This can be explained by taking into account that an
increase in temperature produces dehydration, with partial
loss of the water molecules, and rearrangement of the
framework and of the extraframework content, leading to
phase transitions. The effects of the dehydration processes
were shown by the studies of Adiwidjaja (1972) and of
Ståhl & Hanson (1994) by real-time synchrotron powder
diffraction. Alberti & Vezzalini (1983) studied the HT
behaviour of natrolite showing how the crystal structure,
which was stable under room conditions, was modified
through heating-induced dehydration. They proposed a real
structure of dehydrated phase at 350-500°C, called
"metanatrolite", different from the structure models
proposed by Peacor (1973) and Van Reeuwijk (1972,

1974). The significant change in the framework of dehy-
drated natrolite is related to the rotation of the tetrahedral
chains around their long axis; the a direction for Cc space
group. The most evident modification, involving the
extraframework cations, is the shift of their positions near
to those occupied by water molecules, producing differ-
ences in the coordination number of the Na atoms.

On the contrary, in our study the extraframework
content remained unchanged with the pressure increase:
both cations and water molecules maintained almost the
same position and the same occupancy, and no phase tran-
sitions were observed in the pressure range investigated.

The analysis of the structural deformations under pres-
sure allows us to hypothesize the mechanism of structural
decay towards amorphization observed below 10 GPa by
Gillet et al. (1996). The cooperative rotation of SBUs
causes relevant changes in the T-O-T angles between adja-
cent tetrahedra. The smallest T-O-T angle, Al2-O5-Si2, is
133.4° under room conditions, and becomes 129.4° at 3.38
GPa (Table 5), differing significantly from the average
value of 140° found for a large number of silicates with T-
O-T bonds (Liebau, 1961; Brown & Gibbs, 1970) and the
theoretical value of 131° estimated by Tossell & Gibbs
(1978) on the basis of molecular-orbital calculations on
model systems of tetrahedral chains. A further increase of
pressure, would bring the two adjacent tetrahedra progres-
sively together, with an increase of potential energy, gener-
ating possible instability in the framework structure.
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