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INTRODUCTION

Analcime (or analcite) is commonly deÞ ned as feldspathoid, 
with ideal formula NaAlSi2O6·H2O, although the Commission of 
the International Mineralogical Association included analcime 
in the zeolite group (Coombs et al. 1997). Analcime occurs 
in a wide variety of geological environments and for several 
decades has been the object of a debate concerning its genetic 
conditions and origin (primary or secondary). Natural occur-
rences and experimental evidences appear to conÞ rm that both 
primary and secondary analcime exist (Roux and Hamilton 
1976; Woolley and Symes 1976; Wilkinson 1977; Luhr and 
Kyser 1989; Gianpaolo et al. 1997; Redkin and Hemley 2000; 
Prelević et al. 2004). However, whereas primary analcime has 
rarely been found (in rocks like blairmorites or minettes, Wool-
ley and Symes 1976; Wilkinson 1977; Luhr and Kyser 1989), 
many secondary analcimes has been observed as the products 
of alteration of primary magmatic minerals, like nepheline and 
leucite (Gianpaolo et al. 1997; Redkin and Hemley 2000; Prelević 
et al. 2004 and references therein). 

The crystal structure of analcime was Þ rst solved by Taylor 
(1930) by means of single-crystal X-ray diffraction in the space 
group Ia3�d. Cubic symmetry was conÞ rmed by Ferraris et al. 
(1972) and Line et al. (1996) by means of single-crystal and pow-
der diffraction respectively using a neutron source, giving new 
insight into the topological conÞ guration of the water molecules 

into the structural channels. Several studies have shown that anal-
cime can deviate from cubic symmetry (Coombs 1955; Mazzi and 
Galli 1978; Hazen and Finger 1979; Pechar 1988; Kapusta and 
Wlodyka 1997; Takaishi 1998; Yokomori and Idaka 1998). Mazzi 
and Galli (1978) reported for natural analcimes deviation from 
cubic to tetragonal and to orthorhombic symmetry on the basis 
of single-crystal X-ray diffraction data. The authors proposed 
a model to explain the deviation from the cubic symmetry: the 
crystal structure of pseudo-cubic analcime is considered to be 
made up of one �basic tetragonal structure� (with a > c), which 
is statistically oriented in three mutually orthogonal directions 
(around the [111] of the cubic lattice). Small domains of the basic 
�tetragonal a > c� structure, differently oriented, would explain 
the pseudo-cubic cell constants and the lower symmetry. Hazen 
and Finger (1979) reported a comparative study of 19 natural 
samples of analcime, based on lattice constants (measured by 
single-crystal X-ray diffraction), chemical analysis, and optical 
parameters. The authors distinguished between cubic, tetragonal, 
orthorhombic, monoclinic, and triclinic symmetry on the basis 
of the lattice parameters. Pechar (1988) reported the crystal 
structure of a natural monoclinic analcime obtained by means 
of single crystal X-ray and neutron diffraction. Takaishi (1998) 
and Yokomori and Idaka (1998) reported evidence that the ideal 
topological symmetry can be described by a trigonal lattice. 
The reason for such a wide range of symmetries is still unclear 
although, as stated by several authors (Mazzi and Galli 1978; 
Hazen and Finger 1979), different Si/Al-distributions might be 
one of the explanations. Moreover, it is still not known how the * E-mail: diego.gatta@unimi.it
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ABSTRACT

Elastic and structural behavior of a natural cubic analcime (space group: Ia3�d) from Sardinia 
(Italy) was investigated at high pressure by in situ single-crystal X-ray diffraction. A Þ rst-order phase 
transition is observed in the pressure range between 0.91(5) and 1.08(5) GPa. Unit-cell constants 
and reß ection conditions conÞ rm that the space group of the HP-polymorph is P1�. No further phase-
transition has been observed at least up to 7.14 GPa. Fitting the volume data of the cubic polymorph 
with a second-order BM-EoS we obtain: V0 = 2571.2(4) Å3, KT0 = 56(3) GPa, and K' = 4 (Þ xed). For 
the triclinic polymorph, a third-order EoS gives: V0 = 2607(9) Å3, KT0 = 19(2) GPa, and K' = 6.8(7). 
Axial bulk moduli of the triclinic polymorph, calculated with a linearized BM-EoS, are: KT0(a) = 
29(2) GPa, with K'(a) = 4.9(6) and a0 = 13.727(10) Å; KT0(b) = 20(1) GPa, with K'(b) = 5.2(5), and b0 
= 13.751(15) Å; KT0(c) = 11(1) GPa, with K'(c) = 12.6(6) and c0 = 13.822(31) Å. The elastic behavior 
of the HP-polymorph appears to be strongly anisotropic, being KT0(a):KT0(b):KT0(c) = 2.64:1.82:1.00. 
The relevant structural variations in response to the cubic → triclinic phase transition are due to tet-
rahedral tilting. The tetrahedral framework distortion gives rise to a change of the eight- and six-ring 
channels ellipticity and of the extra-framework topological conÞ guration: it appears in fact that for the 
high-pressure triclinic polymorph the coordination number of some of the Na atoms is seven (2H2O 
+ Þ ve framework O atoms) instead of six (2H2O + four framework O atoms).
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genetic conditions (P, T, X) control the different stability Þ elds 
of analcime.

The crystal structure of analcime is built up of the combina-
tion of two �secondary buildings units� (SBU): 4 and 6 SBU (four 
and six-membered rings of tetrahedra, Baerlocher et al. 2001) 
and belongs to the �ANA group� (with analcime and isotypic 
minerals such as leucite, wairakite, pollucite, hsianghualite; 
Armbruster and Gunter 2001; Baerlocher et al. 2001). Gottardi 
and Galli (1985) Þ rst deÞ ned the analcime group as �zeolites 
group with singly connected four-ring chains�. The framework 
topology of the ANA group shows the maximum symmetry (Ia3�d, 
Baerlocher et al. 2001). In cubic analcime there is a statistical 
Si/Al-distribution in the tetrahedral framework and the Na sites 
are statistically two thirds occupied (due to charge balance). 
The Na sites are six-coordinated (with four O atoms belonging 
to the tetrahedral framework and two to the water molecules) 
and extend into the framework voids. Two different systems of 
channels can be observed in the crystal structure of analcime: 
irregular channels formed by highly distorted eight-membered 
rings (8mR), and regular channels formed by six-membered 
rings (6mR) along the [111] direction of the cubic lattice. The 
lower symmetry structures show some Si/Al-ordering (Mazzi 
and Galli 1978; Pechar 1988). Similar evidence for non-cubic 
analcimes has also provided by 29Si MAS NMR studies (Kato 
and Hattori 1998; Cheng et al. 2000; Neuhoff et al. 2003 and 
references therein). 

A limited number of studies have been devoted to analcime 
under non-ambient conditions. Calorimetric and phase equilib-
rium studies of the low- and high-temperature (HT) behavior 
of analcime were investigated by Liou (1971), Kim and Burley 
(1971, 1980), Gottardi and Galli (1985), Putnis et al. (1993), Line 
(1995), Line et al. (1995), and Cruciani and Gualtieri (1999). The 
HT-structural evolution of a tetragonal analcime was studied by 
Cruciani and Gualtieri (1999) by means of in situ synchrotron 
powder diffraction up to 1064 K. At 650 K they observed a 
complete loss of water and some evidence of evolution toward 
cubic structure at HT. A low-temperature (LT) study of cubic 
analcime down to 30 K showed that no phase transition occurs 
within the T-range investigated (Line et al. 1996). Yoder and 
Weir (1960) reported that analcime undergoes a reversible phase 
transition at about 0.8 GPa on the basis of high pressure (HP) 
X-ray powder diffraction. Hazen and Finger (1979) studied the 
high-pressure (HP) behavior of two natural analcimes (tetragonal 
and orthorhombic) up to 2.5�3.0 GPa by means of single-crystal 
X-ray diffraction. Based on unit-cell discontinuities observed for 
both crystals, the authors suggested that two phase transitions 
occur, the Þ rst to monoclinic and the second to triclinic sym-
metry. No structural reÞ nement was performed. Goryainov et al. 
(1996) and Miroshnichenko and Goryainov (2000) studied the 
HP-behavior of fully hydrated and dehydrated analcimes up to 
2.5 GPa by means of Raman spectroscopy and optical micros-
copy. The authors observed two discontinuities in the HP Raman 
spectra that they considered to be phase transitions (at ∼0.8 and 
∼2.0 GPa for hydrated analcime and at ∼0.37 and ∼1.1 GPa for 
dehydrated analcime), suggesting that the transition pressures 
are higher in hydrated crystals. 

The aim of our study is to investigate the elastic behavior and 
the HP-structural evolution of cubic analcime under hydrostatic 

regime by in situ single-crystal X-ray diffraction. Current HP-
facilities and improvements in diffractometers and detectors 
can now provide us with more accurate and precise data up to 
pressure values higher than those reached in the previous studies, 
allowing us to investigate the crystal structure of the HP-poly-
morphs, which is still unknown. A comparison between the HP 
and LT-HT behavior of analcime was also be carried out.

EXPERIMENTAL METHODS

The analcime specimen investigated in this study comes from Su Marralzu, 
Sardinia, Italy, (n. 35 of the zeolite collection of the Dipartimento di Scienze della 
Terra, Università di Perugia, Italy) and was kindly provided by Prof. R. Rinaldi. 
Part of a natural, colorless, transparent, and gem-quality single crystal of analcime 
(∼1.5 cm3) was cut into three parts to perform the optical observations, chemical 
analysis, and HP single-crystal diffraction experiments. 

In transmitting polarized light the crystal prepared as a thin section (thickness: 
30 μm) appeared free of defects, homogeneous, and absolutely isotropic. As stated 
by Mazzi and Galli (1978), non-cubic crystals of analcime are always polysyntheti-
cally twinned and show a weak, but appreciable, birefringence. 

Electron microprobe analysis in WDS was performed using a fully automated 
CAMECA SX-50 microprobe. Major and minor elements were determined at 
15 kV accelerating voltage and 10 nA beam current with a counting time of 20 
seconds. To minimize loss of water due to the electron bombardment, the crystal 
was mounted in epoxy resin and a defocused beam was used, following the same 
protocol adopted by Gatta and Boffa Ballaran (2004). The standards employed 
were: albite (Al, Si, Na), microcline (K), and anorthite (Ca). The chemical content 
(obtained by averaging 15 point analyses) is Na2O 12.620%, K2O 0.015%, CaO 
0.017%, Al2O3 21.170%, SiO2 57.960%, and H2O 8.217% (by difference) with 
a resulting chemical formula, calculated on the basis of seven oxygen atoms, of 
(Na0.887K0.001Ca0.001)(Al0.905Si2.102)O6·0.994H2O.

A single crystal (180 × 160 × 60 μm3) was used for the diffraction experiments. 
Accurate unit-cell constants were measured with the crystal in air (Table 1) with a 
Huber four-circle diffractometer (non-monochromatized MoKα radiation) using 
eight-position centering of 24 Bragg reß ections according to the procedure of King 
and Finger (1979) and Angel et al. (2000) (Table 1). The centering procedure and 
vector-least-square reÞ nement of the unit-cell constants were performed using the 
SINGLE04 software according to the protocol of Ralph and Finger (1982) and 
Angel et al. (2000). The unrestrained cell constants showed an isometric lattice 
(deviations from the constrained values were less than 2σ). Diffraction data were 
then collected with an Xcalibur-Oxford Diffraction diffractometer (Kappa geometry, 
graphite-monochromated MoKα radiation). Details of the data collection proce-
dure are reported in Table 2. No restraint, in terms of the reß ections conditions, 
was applied during the data collection. The reß ection conditions observed are in 
agreement with a Ia3

�
d space group. Only one violation was found, represented 

by the (002) reß ection, which may suggest an orthorhombic space group (Ibca 
according to Mazzi and Galli 1978). However, its intensity was only I ∼ 5σ(I). An 
empirical absorption correction was performed using the CrysAlis1.170 software 
package provided by Oxford Diffraction (2003). Intensity data were corrected for 
Lorentz-polarization effects. The crystal structure reÞ nement was performed with 
anisotropic displacement parameters in space group Ia3

�
d using the SHELX-97 

software (Sheldrick 1997), starting from the atomic coordinates of Line et al. (1996). 
The hydrogen atoms were not considered, since they could not be detected during 
the HP-experiments. Neutral atomic scattering factors of Na, Si, and O were used 
according to the International Tables for Crystallography (Wilson and Prince 1999). 
No peak larger than ± 0.35 e�/Å3 was present in the Þ nal difference-Fourier synthesis 
at the end of the reÞ nement. Details of the structural reÞ nement are reported in 
Tables 2 and 3. The tetrahedral bond distances are indicative of Si/Al-disordering 
(Table 3). A further reÞ nement performed in the Ibca space group was unsuccessful 
with an agreement index [R1(F)] 2.5 times larger than that obtained using the cubic 
structure. We can therefore infer that our analcime sample is cubic. 

A BGI diamond-anvil cell (Allan et al. 1996) was used for the HP-experiment. 
Steel T301 foil, 250 μm thick, was used as gasket. The gasket foil was pre-indented 
to a thickness of about 110 μm before drilling a hole (∼350 μm) by spark-erosion. 
The same platy crystal of analcime previously studied at ambient conditions was 
placed into the gasket hole together with some ruby chips, used for pressure cali-
bration according to Mao et al. (1986), with uncertainties in the measured pressure 
of about ∼0.05 GPa. A methanol:ethanol:water (16:3:1) mixture was used as a 
hydrostatic pressure-transmitting medium (Miletich et al. 2000). Accurate lattice 
parameters were determined at ambient temperature and at pressures ranging be-
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tween 0.0001 and 7.14(5) GPa (Table 1) using 18 Bragg reß ections and the same 
centering procedure used for the crystal in air. 

Five data collections at 0.0001 GPa (with the crystal in the DAC without 
any pressure medium), 0.91(5), 1.23(5), 2.12(5), and 5.04(5) GPa (Table 2) were 
performed using the same procedure described for the crystal in air. Integrated 
intensity data were corrected for LP and absorption effects due to the crystal and 
pressure-cell using the ABSORB5.2 computer program (Burnham 1966; Angel 
2002, 2003a,b). The Na occupancy was Þ xed to the value obtained for the crystal 
in air and was not reÞ ned. Isotropic displacement parameters were used. ReÞ ned 
atomic positions, thermal displacement parameters, and bond distances of cubic 
analcime are summarized in Table 3. For the triclinic HP-polymorph, the starting 
coordinates were generated from the cubic structure and then reÞ ned. The crystal 
structure of the triclinic polymorph was reÞ ned in the P1

�
 space group given the 

presence of a relevant number of (h + k + l) ≠ 2n reß ections violating the body-
centered lattice. Geometrical soft-restraints on the T-O and O-O bond distances of 
the tetrahedra were applied: the distances between T-O were restrained to a target 

value of 1.650 Å with an estimated standard deviation of ± 0.015 Å and the O-O 
distances were restrained to 2.660 ± 0.020 Å. Isotropic displacement parameters 
were reÞ ned by grouping all of the Si, O, and Na atoms in three distinct groups 
(Table 4). Due to the large number of structural parameters, framework and extra-
framework atoms were reÞ ned separately in a Þ rst set of cycles of reÞ nements. 
After that, both were reÞ ned together although the ratio observations/parameters 
≤3 was clearly non-ideal. These last cycles of reÞ nements gave the same atomic 
positions, bond distances and angles within the e.s.d. previously obtained. More-
over, (1) the variance-covariance matrix of the Þ nal reÞ nements showed that no 
signiÞ cant correlation between reÞ ned parameters occurred and (2) convergence 
was rapidly achieved and at the end of the reÞ nements the shifts in all parameters 
were less than their e.s.d. values. The stability of the HP-reÞ nements was basically 
improved by the geometrical soft restrains adopted, which act as if they were some 
additional experimental observations (Sheldrick 1997). ReÞ ned atomic positions 
and displacement parameters of the triclinic analcime at different pressures are 
reported in Table 4. Bond distances for framework and extra-framework polyhedra 

TABLE 1. Lattice parameters of analcime at diff erent pressures 
P (GPa) a (Å) b (Å) c (Å) α (°) β (°) γ  (°) V (Å3)
0.0001 13.7065(8)      2575.0(5)
0.0001* 13.6999(3) – – – – – 2571.3(4)
0.10(5) 13.6917(4) – – – – – 2566.7(5)
0.30(5) 13.6746(4) – – – – – 2557.1(5)
0.53(5) 13.6573(4) – – – – – 2547.4(5)
0.80(5) 13.6373(2) – – – – – 2536.2(3)
0.91(5) 13.6288(5) – – – – – 2531.5(6)
1.08(5) 13.5707(7) 13.5345(12) 13.5277(12) 89.688(4) 89.251(4) 90.707(3) 2484.2(3)
1.23(5) 13.5574(3) 13.5119(4) 13.5082(5) 89.600(5) 89.162(3) 90.798(4) 2474.0(1)
1.30(5) 13.5388(4) 13.4912(9) 13.4859(6) 89.532(5) 89.084(3) 90.822(5) 2462.6(2)
1.50(5) 13.5080(5) 13.4573(14) 13.4485(7) 89.507(7) 88.821(4) 90.733(4) 2443.9(3)
1.71(5) 13.4872(4) 13.4240(16) 13.4142(7) 89.546(7) 88.545(4) 90.459(6) 2427.7(3)
1.82(5) 13.4734(3) 13.4036(3) 13.3880(4) 89.587(4) 88.376(2) 90.298(4) 2416.7(1)
2.06(5) 13.4551(4) 13.3728(13) 13.3561(4) 89.630(5) 88.212(2) 90.108(5) 2402.0(3)
2.12(5) 13.4464(4) 13.3657(5) 13.3449(7) 89.691(5) 88.152(3) 90.034(4) 2397.1(2)
2.48(5) 13.4074(4) 13.3069(11) 13.2866(5) 89.768(6) 87.881(3) 89.777(5) 2368.8(2)
2.99(5) 13.3608(7) 13.2496(17) 13.2269(7) 89.863(10) 87.631(5) 89.511(10) 2339.4(4)
3.35(5) 13.3221(5) 13.2006(13) 13.1829(5) 89.946(6) 87.452(3) 89.334(7) 2315.9(3)
3.84(5) 13.2717(7) 13.1449(13) 13.1330(6) 90.034(7) 87.247(4) 89.105(7) 2288.2(3)
4.34(5) 13.2225(6) 13.0876(11) 13.0877(6) 90.108(7) 87.065(4) 88.890(8) 2261.4(3)
5.04(5) 13.1605(7) 13.0149(18) 13.0335(8) 90.178(9) 86.849(4) 88.601(9) 2228.4(4)
6.23(5) 13.0660(5) 12.8985(13) 12.9511(7) 90.352(8) 86.528(4) 88.150(7) 2177.5(3)
7.14(5) 13.0123(4) 12.8276(10) 12.8730(4) 90.567(4) 86.281(2) 87.630(5) 2142.2(2)
0.0001† 13.7034(8) – – – – – 2573.3(4)
* Data collected with the crystal in the DAC without P-medium.
† Data collected with the crystal in air after decompression.

TABLE 2. Details of data collection and refi nements of analcime at diff erent pressures 
Pressure (GPa) 0.0001 0.0001* 0.91(5) 1.23(5) 2.12(5) 5.04(5)
Crystal size (μm) 180×160×60 180×160×60 180×160×60 180×160×60 180×160×60 180×160×60
Radiation MoKα MoK MoKα MoKα MoK MoKα
Unit-cell constants:       
a (Å) 13.7237 (5)  13.7101(7)  13.6372 (6) 13.5424 (4) 13.4353(1) 13.1413(2)
b (Å)    13.5010(40) 13.3611(20) 13.0080(16)
c (Å)    13.5038(3) 13.3399(1) 13.0222(2)
α (°)    89.543(7) 89.730(3) 90.077(3)
β (°)    89.182(2) 88.124(1) 86.847(1)
γ (°)    90.748(9  89.961(3) 88.668(4)
2θ range (°) 2-60 2-60 2-60 2-60 2-60 2-60
Scan type ω ω ω ω ω ω
Scan speed (°/s) 0.05 0.05 0.05 0.05 0.05 0.05
Scan width (°) 1.20 1.20 1.20 1.20 1.20 1.20
Detector-sample 
distance (mm) 135.0 135.0 135.0 135.0 135.0 135.0
Space group Ia3–d Ia3–d Ia3–d P1– P1– P1–

Refl ections measured 2626 424 401 1203 1086 3628
Unique refl . (total) 307 144 147 913 992 1261
Unique refl . 
with Fo > 4σ(Fo) 263 81 78 702 605 779
Parameters refi ned 24 10 10 278 278 278
Rint/RFriedel 0.069    0.069    0.097 0.086 0.012 0.069
R1 (F)  0.021 0.077 0.096 0.171 0.184 0.187
GooF 0.928 1.148 0.961 1.190 1.100 0.839
Note: Rint = Σ|F2

obs – F2
obs(mean)|/Σ[F2

obs] is calculated only on the basis of Friedel pairs for the three HP-triclinic structures; R1 = Σ(|Fobs| – |Fcalc|)/Σ|Fobs|.
* Data collected with the crystal in the DAC without P-medium.
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are reported in Tables 5 and 6, respectively, which are deposited.1 Observed and 
calculated structure factors are deposited (Table 7)1 and can be obtained from the 
authors upon request.

RESULTS

Elastic behavior

The evolution of the unit-cell constants with pressure is 
shown in Figure 1. The isometric lattice is maintained at least up 
to 0.91(5) GPa. A Þ rst-order phase transition is observed in the 
pressure range between 0.91(5) and 1.08(5) GPa. The transition 
pressure was bracketed by several measurements in compres-
sion and decompression. The HP-polymorph shows a metrically 
triclinic lattice, for which the pseudo-tetragonal Mazzi�s set 
(Mazzi and Galli 1978) with a > b > c was adopted. The cubic 
→ triclinic phase transition is reversible and without any appre-
ciable hysteresis effect. Optical and diffraction observations did 
not show any phase transition-induced twinning of the crystal. In 
the P-range between 0.53(5) and 0.91(5) GPa the FWHMs of all 
Bragg reß ections measured increased by about 30%. However, 
at P ≥ 1.08(5) GPa such effect disappears and the FWHM values 
become similar to those of the low-P polymorph. The evolu-
tion of the unit-cell constants with P appears continuous up to 
7.14(5) GPa, with a being less compressible than the other two 
parameters, whereas an unusual HP-trend is observed for the α, 
β, and γ angles (Fig. 1). The α angle decreases up to 1.30-1.50 
GPa and then increases with P, the β angle decreases within the 
P range investigated but a change in slope is observed at 1.30 
GPa, γ Þ rst increases up to 1.30 GPa and then decreases. At 2.48 
GPa, the α and γ values are very close (Fig. 1, Table 1). 

The P-V data of the low-P polymorph were Þ tted with a 
second-order Birch-Murnaghan Equation-of-State (BM-EoS) 
(Birch 1947), with the EOS-FIT5.2 computer program compiled 
by Angel (2001). The elastic parameters obtained, using the 
data weighted by the uncertainties in P-V, are as follows: V0 

= 2571.2(4) Å3, KT0 = 56(3) GPa, K' = 4 (Þ xed). A third-order 
BM-EoS was instead used for the HP-polymorph, yielding the 
following values: V0 = 2607(9) Å3, KT0 = 19(2) GPa, K' = 6.8(7). 
The axial compressibility coefÞ cients were calculated in terms of 
�axial bulk moduli� with a �linearized� BM-EoS (Angel 2000), 
substituting the cube of the lattice parameter for the volume. The 
elastic parameters for the HP-polymorph obtained using a third-
order BM-EoS are: a0 = 13.727(10) Å, KT0(a) = 29(2) GPa, and 
K'(a) = 4.9(6) for a axis; b0 = 13.751(15) Å, KT0(b) = 20(1) GPa, 
and K'(b) = 5.2(5) for b; c0 = 13.822(31) Å, KT0(c) = 11(1) GPa, 
and K'(c) = 12.6(6) for c [KT0(a):KT0(b):KT0(c) = 2.64:1.82:1.00]. 
The crossover between b and c EoS at P = 4.34(5) GPa (Fig. 1) 
is due to the larger K�(c) value.

Axial and volume Þ nite strain (fe = [(V0/V)2/3 � 1]/2, Angel 
2000) vs. normalized stress (Fe = P/[3f(1 + 2f)5/2], Angel 2000) 
of the triclinic polymorph were calculated using the V0, a0, b0, 
and c0 values obtained from the BM-EoS. The fe-Fe plots are 
shown in Figure 2. The weighted linear regressions through the 
data points give: Fe(0) = 19.2(2) GPa and K' = 6.5(2) for the 
unit-cell volume, Fea(0) = 28.8(4) GPa and K'(a) = 5.3(5) for a, 
Feb(0) = 18.9(5) GPa and K'(b) = 5.6(3) for b, Fec(0) = 11.4(3) 
GPa and K'(c) = 11.9(3) for c. Axial- and volume-normalized 
stress values extrapolated at ambient conditions [Fe(0), Fea(0), 
Feb(0), Fec(0)] and the bulk modulus pressure derivatives [K', 
K'(a), K'(b), K'(c)], calculated on the basis of the slopes, are 
in agreement with the elastic parameters previously calculated 
with BM-EoS. 

At P = 8.20(5) GPa, the gasket hole collapsed and the crystal 
of analcime was broken by the diamonds. A small fragment of 
the crystal (60 × 50 × 40 μm) was recovered from the DAC and 
the unit-cell constants were measured at ambient conditions, 
showing a metrically cubic lattice (with deviation from the cubic 
symmetry less than 2.5σ). The reß ection conditions agreed with 
the Ia3�d space group.

Structural evolution with pressure

The HP-crystal structure evolution of analcime was studied 
on the basis of six structural reÞ nements at different pressures 
(Table 2), three for the low-P cubic and three for the HP-tri-
clinic polymorph. The framework site positions obtained from 
reÞ nement of the data collected with the crystal in air are in 
excellent agreement with those reported by Line et al. (1996) 

TABLE 3. Refi ned atomic positions, site occupancy, thermal displacement parameters (Å2), and bond distances for low-P cubic analcime
Site x y z Site Uiso/Ueq Bond distances  (Å)
(Wyckoff  pos.)    occupancy 
Na (24c) 0.125  0 0.25  0.570(6) 0.036(1) Na-W (×2) 2.4260
 0.125 0 0.25   0.570 0.0374(6)  2.4236
 0.125  0 0.25   0.570 0.0351(7)  2.4107
Si/Al (48g) –0.125  0.16224(3) –0.08776(3)    1.00 0.0119(2)  
 –0.125  0.1616(3) –0.0884(3)    1.00 0.012(1) Na-O (×4) 2.507(1)
 –0.125   0.1617(3)  –0.0882(3)    1.00 0.012(1)  2.487(8)
O (96h) –0.1160(1) 0.14526(9) 0.03049(8) 1.00 0.0332(5)  2.468(11)
 –0.1148(7)   0.1459(6)   0.0306(6)   1.00 0.025(3)  
 –0.1149(7)   0.1461(8)   0.0314(6)    1.00 0.035(3) Si-O (×4) 1.644(1)
W (16b) 0.125  0.125  0.125    1.08(1) 0.092(3)  1.646(9)
 0.125   0.125  0.125    1.08 0.091(10)  1.631(9)
 0.125   0.125   0.125   1.08 0.098(13)  
Note: For each site, the values from top to bottom correspond to the refi nement at 0.0001 GPa (in air), 0.0001 GPa (with crystal in the DAC), and 0.91(5) GPa. For 
the refi nement at 0.0001 (with the crystal in the DAC) and at 0.91(5) GPa the isotropic thermal parameters, Uiso, are reported, whereas for the refi nement with the 
crystal in air Ueq are shown. 

1 Deposit item AM-06-013, Tables 5, 6, and 7.  Deposit items are 
available two ways: For a paper copy contact the Business OfÞ ce 
of the Mineralogical Society of America (see inside front cover of 
recent issue) for price information. For an electronic copy visit the 
MSA web site at http://www.minsocam.org, go to the American 
Mineralogist Contents, Þ nd the table of contents for the speciÞ c 
volume/issue wanted, and then click on the deposit link there. 
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FIGURE 1. Variation as a function of P of the unit-cell constants 
of analcime and axial and volume EoS-Þ ts for cubic (dotted line) and 
triclinic polymorphs (solid line). For cubic analcime, the un-restrained 
cell-constants are plotted. The e.s.d. values are slightly smaller than the 
size of the symbols. 

for a synthetic cubic analcime. The fraction of sodium at the 
Na site was reÞ ned, resulting in a value slightly lower than the 
theoretical two thirds, and the reÞ ned fraction of oxygen at the 
W site showed full occupancy (Table 3), in agreement with the 
chemical analysis. A further structure reÞ nement was performed 
under ambient conditions with the crystal in the DAC. The Na and 
W occupancies were Þ xed to the values obtained for the crystal 
in air. Only very small differences can be observed in the atomic 
positions and thermal displacement parameters with respect to 
those obtained for the crystal in air (Table 3). At 0.91(5) GPa, the 
crystal structure is still cubic: no evidence of violation (in terms 
of reß ection conditions) of the Ia3�d space group was observed. 
As expected, bond distances and thermal parameters are slightly 
smaller than those obtained at ambient conditions (Table 3). 

The crystal structures of the HP triclinic polymorph were 
reÞ ned at 1.23(5), 2.12(5), and 5.04(5) GPa in the P1� space 
group. The structural modiÞ cation due to the cubic → triclinic 
phase transition can be deduced from Figures 3a�3b. Tetrahedral 
bond distances and angles show a Si/Al-statistical distribution 
up to the maximum pressure achieved and a strong deforma-
tion mechanism of the Na-polyhedra in response to the applied 
pressure (Table 5). 

The main deformation mechanism of the tetrahedral frame-
work consists of polyhedral tilting. To describe the mechanism 

which acts on the tetrahedral framework, we analyzed the P-
induced evolution of the six-membered rings lying along the 
[111] direction of the cubic structure (Si6-Si17-Si2-Si5-Si18-Si1, 
6mR, 6 SBU, Fig. 4), and the distorted eight-membered ring 
(Si14-Si20-Si7-Si12-Si23-Si16-Si18-Si1, 8mR) connected to the 
small four-membered ring (Si9-Si14-Si1-Si6, 4mR, 4 SBU, Fig. 
5). Before the cubic → triclinic phase transition, the 6mR along 
[111] is a perfect hexagonal ring, with a T-O-T angle of about 
143.4° at 0.91(5) GPa (Table 8). At 1.23(5) GPa, the 6mR shows 
two different strongly deformed conÞ gurations (overlapped in 
Fig. 3b and deÞ ned as {1} and {2} in Fig. 4), with the T-O-T 
angles between 128° and 139° for conÞ guration {1} and between 
135° and 155° for conÞ guration {2} (Table 8). In addition, the 
elliptic shape of the two conÞ gurations is differently oriented 
(Fig. 4). To quantify the evolution of the 6mR ring, the ellipticity 
ratios (ε[6mR-1] = 0.5·[(O1-O1) + (O33-O34)]/[(O18-O17)] for {1}, 
ε[6mR-2] = 0.5·[(O29-O29) + (O48-O48)]/[(O13-O13)] for {2}) 
were calculated (Fig. 4, Table 8). Both 6mR conÞ gurations show 
an increase in ellipticity with P, but conÞ guration {2} deforms 
more in response to the applied pressure than conÞ guration {1} 
(Table 8). The 8mR ring shows a strong deformation in response 
to the applied pressure. For example, between 1.23(5) and 
5.04(5) GPa, the Si16-O26-Si18 and Si20-O4-Si7 angles show 
an increase of 7% and a decrease of 15%, respectively (Fig. 5, 
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TABLE 4. Refi ned atomic positions and displacement parameters (Å2) of high-P triclinic analcime. Standard deviations are in parenthesis
P (GPa)  1.23(5)    2.12(5)    5.04(5)  
 x y z Uiso x Y z Uiso x y z Uiso

Si1   0.628(2) 0.654(4) 0.895(1) 0.0023(8) 0.629(2) 0.641(5) 0.903(2) 0.002(1) 0.632(2) 0.636(3) 0.904(1) 0.002(1)
Si2 0.876(1) 0.839(4) 0.583(1) 0.0023 0.877(2) 0.844(5) 0.577(2) 0.002 0.876(2) 0.847(4) 0.575(1) 0.002
Si3 0.849(2) 0.685(4) 0.097(2) 0.0023 0.854(2) 0.667(4) 0.101(2) 0.002 0.839(2) 0.691(4) 0.107(2) 0.002
Si4 0.625(2) 0.845(4) 0.402(1) 0.0023 0.640(2) 0.824(5) 0.385(2) 0.002 0.640(2) 0.831(4) 0.378(2) 0.002
Si5 0.889(2) 0.634(4) 0.668(2) 0.0023 0.883(2) 0.634(4) 0.663(2) 0.002 0.878(2) 0.626(4) 0.672(2) 0.002
Si6 0.607(1) 0.869(4) 0.834(2) 0.0023 0.612(2) 0.860(4) 0.815(2) 0.002 0.624(2) 0.837(3) 0.811(2) 0.002
Si7 0.580(2) 0.619(4) 0.352(1) 0.0023 0.574(2) 0.598(4) 0.348(2) 0.002 0.574(2) 0.599(4) 0.356(2) 0.002
Si8 0.915(2) 0.894(4) 0.177(1) 0.0023 0.906(2) 0.899(4) 0.163(2) 0.002 0.907(2) 0.907(4) 0.153(2) 0.002
Si9 0.621(2) 0.157(4) 1.088(2) 0.0023 0.605(2) 0.143(5) 1.082(2) 0.002 0.602(2) 0.149(4) 1.088(1) 0.002
Si10 1.104(2) 0.643(4) 0.584(2) 0.0023 1.112(2) 0.652(6) 0.604(2) 0.002 1.112(2) 0.622(5) 0.606(2) 0.002
Si11 0.880(2) 0.175(5) 0.905(2) 0.0023 0.886(2) 0.164(5) 0.919(2) 0.002 0.883(2) 0.171(4) 0.926(2) 0.002
Si12 0.629(2) 0.336(3) 0.575(1) 0.0023 0.636(2) 0.333(4) 0.579(2) 0.002 0.637(2) 0.317(4) 0.578(2) 0.002
Si13 0.084(2) 0.860(4) 0.669(1) 0.0023 0.072(2) 0.863(5) 0.659(2) 0.002 0.079(2) 0.864(4) 0.642(1) 0.002
Si14 0.586(2) 0.373(3) 1.149(1) 0.0023 0.594(2) 0.370(4) 1.157(2) 0.002 0.579(2) 0.360(3) 1.166(2) 0.002
Si15 0.418(2) 0.875(3) 1.343(2) 0.0023 0.426(2) 0.881(4) 1.335(2) 0.002 0.434(1) 0.881(3) 1.319(1) 0.002
Si16 0.938(2) 0.392(4) 0.837(2) 0.0023 0.951(2) 0.379(4) 0.820(2) 0.002 0.959(2) 0.382(3) 0.808(1) 0.002
Si17 0.672(2) 0.909(4) 0.612(2) 0.0023 0.666(2) 0.908(5) 0.607(2) 0.002 0.642(2) 0.903(4) 0.599(2) 0.002
Si18 0.851(2) 0.595(4) 0.882(2) 0.0023 0.853(2) 0.584(5) 0.886(2) 0.002 0.841(2) 0.586(4) 0.891(2) 0.002
Si19 0.851(2) 0.922(5) 0.377(2) 0.0023 0.859(2) 0.918(5) 0.368(2) 0.002 0.863(2) 0.918(4) 0.368(2) 0.002
Si20 0.629(2) 0.608(4) 1.114(2) 0.0023 0.628(2) 0.594(5) 1.121(2) 0.002 0.622(2) 0.582(4) 1.129(2) 0.002
Si21 0.681(2) 0.421(4) 0.356(2) 0.0023 0.682(2) 0.391(5) 0.362(2) 0.002 0.681(2) 0.387(4) 0.365(2) 0.002
Si22 0.817(2) 1.098(4) 1.123(2) 0.0023 0.818(2) 1.099(6) 1.148(2) 0.002 0.807(2) 1.137(5) 1.157(2) 0.002
Si23 0.823(2) 0.416(5) 0.634(2) 0.0023 0.831(2) 0.420(5) 0.621(2) 0.002 0.829(2) 0.416(5) 0.624(2) 0.002
Si24 0.339(2) 0.909(5) 1.134(2) 0.0023 0.319(2) 0.926(5) 1.141(2) 0.002 0.312(2) 0.939(4) 1.134(2) 0.002
O1   0.625(4) 0.849(6) 0.713(3) 0.006(1) 0.615(5) 0.837(7) 0.697(3) 0.005(1) 0.629(4) 0.818(6) 0.687(3) 0.004(1)
O2 0.894(4) 0.659(6) 0.789(2) 0.006 0.885(5) 0.649(7) 0.784(3) 0.005 0.894(4) 0.658(6) 0.795(3) 0.004
O3 0.926(4) 0.881(7) 0.298(2) 0.006 0.930(4) 0.872(7) 0.280(3) 0.005 0.938(3) 0.885(7) 0.270(3) 0.004
O4 0.582(4) 0.626(7) 1.229(2) 0.006 0.555(4) 0.602(9) 1.226(3) 0.005 0.546(3) 0.596(7) 1.235(2) 0.004
O5 0.369(4) 0.634(7) 0.738(3) 0.006 0.368(4) 0.664(7) 0.732(3) 0.005 0.374(4) 0.671(6) 0.724(3) 0.004
O6 0.887(4) 0.151(7) 1.213(3) 0.006 0.894(4) 0.147(8) 1.222(3) 0.005 0.897(4) 0.165(7) 1.236(3) 0.004
O7 1.107(4) 0.626(8) 0.277(3) 0.006 1.094(4) 0.620(8) 0.292(3) 0.005 1.083(3) 0.633(7) 0.309(3) 0.004
O8 0.416(4) 0.868(7) 1.219(2) 0.006 0.398(4) 0.871(7) 1.215(3) 0.005 0.387(3) 0.871(6) 1.207(2) 0.004
O9 0.608(4) 0.859(7) 0.525(3) 0.006 0.625(5) 0.848(8) 0.505(3) 0.005 0.606(4) 0.859(7) 0.492(3) 0.004
O10 0.863(4) 0.667(6) 0.978(3) 0.006 0.888(5) 0.644(7) 0.986(3) 0.005 0.882(4) 0.652(7) 0.992(3) 0.004
O11 0.894(4) 0.854(7) 0.466(3) 0.006 0.925(4) 0.881(8) 0.468(3) 0.005 0.912(3) 0.835(6) 0.449(3) 0.004
O12 0.586(3) 0.643(7) 1.007(2) 0.006 0.593(4) 0.656(7) 1.021(3) 0.005 0.572(3) 0.624(7) 1.023(3) 0.004
O13 0.347(4) 0.646(6) 0.544(3) 0.006 0.328(4) 0.682(6) 0.538(3) 0.005 0.314(3) 0.696(5) 0.542(3) 0.004
O14 0.856(4) 0.154(7) 1.022(3) 0.006 0.856(4) 0.160(8) 1.042(3) 0.005 0.840(4) 0.191(7) 1.044(3) 0.004
O15 1.120(4) 0.612(8) 0.469(3) 0.006 1.112(4) 0.612(8) 0.484(4) 0.005 1.130(4) 0.568(7) 0.494(3) 0.004
O16 0.391(4) 0.883(7) 1.026(3) 0.006 0.368(4) 0.909(8) 1.026(3) 0.005 0.357(4) 0.909(6) 1.019(3) 0.004
O17 0.726(3) 0.583(6) 0.884(4) 0.006 0.730(3) 0.571(6) 0.901(4) 0.005 0.724(2) 0.553(5) 0.891(4) 0.004
O18 0.787(3) 0.908(6) 0.631(4) 0.006 0.784(3) 0.914(7) 0.619(4) 0.005 0.770(3) 0.917(6) 0.587(4) 0.004
O19 0.745(3) 0.628(7) 1.131(4) 0.006 0.740(3) 0.638(8) 1.135(4) 0.005 0.732(3) 0.637(7) 1.145(4) 0.004
O20 0.733(3) 0.887(7) 0.359(4) 0.006 0.739(3) 0.888(7) 0.343(4) 0.005 0.750(3) 0.877(7) 0.335(4) 0.004
O21 0.707(3) 0.109(7) 1.155(3) 0.006 0.695(3) 0.116(9) 1.162(4) 0.005 0.685(3) 0.138(7) 1.179(3) 0.004
O22 1.196(3) 0.584(7) 0.644(3) 0.006 1.195(3) 0.595(8) 0.661(5) 0.005 1.201(3) 0.587(8) 0.672(4) 0.004
O23 0.778(3) 0.122(7) 0.863(3) 0.006 0.794(4) 0.124(8) 0.860(4) 0.005 0.803(3) 0.105(7) 0.867(4) 0.004
O24 0.713(3) 0.362(7) 0.660(3) 0.006 0.724(4) 0.368(8) 0.654(4) 0.005 0.723(3) 0.358(7) 0.652(3) 0.004
O25 0.361(4) 0.974(4) 1.380(4) 0.006 0.378(4) 0.981(4) 1.388(5) 0.005 0.402(4) 0.988(4) 1.380(4) 0.004
O26 0.882(4) 0.479(4) 0.897(4) 0.006 0.904(4) 0.473(5) 0.890(4) 0.005 0.925(3) 0.489(4) 0.871(4) 0.004
O27 0.859(4) 1.043(4) 0.389(4) 0.006 0.865(5) 1.039(5) 0.379(5) 0.005 0.853(4) 1.040(4) 0.402(4) 0.004
O28 0.621(4) 0.482(4) 1.097(4) 0.006 0.640(5) 0.472(5) 1.105(5) 0.005 0.642(4) 0.459(4) 1.120(4) 0.004
O29 0.656(4) 0.534(4) 0.389(4) 0.006 0.640(4) 0.503(5) 0.382(5) 0.005 0.642(4) 0.504(4) 0.399(4) 0.004
O30 0.857(4) 0.986(4) 0.132(3) 0.006 0.838(4) 0.984(5) 0.117(5) 0.005 0.837(4) 1.011(4) 0.142(4) 0.004
O31 0.815(4) 0.539(5) 0.635(4) 0.006 0.824(4) 0.538(5) 0.626(4) 0.005 0.804(4) 0.532(4) 0.669(4) 0.004
O32 0.665(4) 0.968(4) 0.872(4) 0.006 0.686(4) 0.952(5) 0.847(4) 0.005 0.694(4) 0.938(4) 0.836(4) 0.004
O33 0.839(4) 0.726(4) 0.608(4) 0.006 0.839(5) 0.727(5) 0.595(4) 0.005 0.848(4) 0.733(4) 0.617(4) 0.004
O34 0.659(4) 0.772(4) 0.883(4) 0.006 0.654(5) 0.763(5) 0.882(4) 0.005 0.673(4) 0.754(4) 0.893(4) 0.004
O35 0.622(4) 0.725(4) 0.395(3) 0.006 0.643(4) 0.702(5) 0.365(4) 0.005 0.645(4) 0.704(4) 0.364(4) 0.004
O36 0.858(4) 0.798(4) 0.134(4) 0.006 0.870(5) 0.791(4) 0.111(4) 0.005 0.841(4) 0.816(4) 0.105(4) 0.004
O37 1.123(4) 0.763(4) 0.606(4) 0.006 1.114(5) 0.771(5) 0.590(5) 0.005 1.093(4) 0.749(4) 0.591(4) 0.004
O38 0.620(4) 0.279(4) 1.079(4) 0.006 0.606(5) 0.268(5) 1.085(5) 0.005 0.597(4) 0.277(4) 1.066(3) 0.004
O39 0.591(4) 0.221(4) 0.583(3) 0.006 0.621(4) 0.212(4) 0.599(4) 0.005 0.626(4) 0.195(4) 0.601(3) 0.004
O40 0.884(4) 0.296(5) 0.897(4) 0.006 0.918(4) 0.279(5) 0.887(4) 0.005 0.914(4) 0.286(5) 0.881(4) 0.004
O41 0.532(3) 0.624(7) 0.826(3) 0.006 0.528(3) 0.611(8) 0.845(4) 0.005 0.544(2) 0.614(7) 0.824(3) 0.004
O42 0.963(3) 0.872(7) 0.662(3) 0.006 0.952(3) 0.865(9) 0.672(3) 0.005 0.962(3) 0.905(6) 0.642(3) 0.004
O43 1.062(3) 0.381(6) 0.846(3) 0.006 1.071(3) 0.394(7) 0.822(4) 0.005 1.081(3) 0.345(7) 0.805(3) 0.004
O44 0.536(2) 0.908(5) 0.359(3) 0.006 0.550(2) 0.884(7) 0.329(4) 0.005 0.561(2) 0.885(7) 0.298(3) 0.004
O45 0.484(2) 0.877(7) 0.853(3) 0.006 0.505(3) 0.893(7) 0.870(4) 0.005 0.503(3) 0.875(6) 0.848(4) 0.004
O46 0.997(3) 0.604(7) 0.628(4) 0.006 1.005(3) 0.602(8) 0.646(4) 0.005 0.994(3) 0.575(6) 0.645(4) 0.004
O47 1.031(3) 0.888(7) 0.138(3) 0.006 1.018(3) 0.911(7) 0.108(4) 0.005 1.015(3) 0.907(7) 0.080(4) 0.004
O48 0.532(3) 0.405(5) 0.604(3) 0.006 0.534(3) 0.403(7) 0.584(4) 0.005 0.532(3) 0.383(6) 0.576(4) 0.004
W1  0.603(7) 0.650(14) 0.607(6) 0.047(4) 0.586(8) 0.585(21) 0.607(9) 0.04(2) 0.590(7) 0.582(14) 0.616(7) 0.04(1)
W2 1.099(7) 1.079(14) 0.119(6) 0.047 1.099(8) 1.107(20) 0.113(10) 0.04 1.089(7) 1.121(15) 0.099(7) 0.04
Note: For all of the Si, O, and W sites the occupancy was fi xed at 1/1, whereas the Na sites were fi xed at 0.570 (see text and Table 3).
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Table 8). The 4mR SBU connected to the 8mR is also deformed 
under HP (Table 8). The ellipticity ratio, here deÞ ned as ε4mR = 
[O45-O41]/[O38-O34], is 0.92 at 1.23(5) GPa, 1.08 at 2.12(5) 
GPa, and 0.96 at 5.04(5) GPa.

In the cubic structure, the Na sites are six-coordinated (four O 

atoms belonging to the tetrahedral framework and 2 water mol-
ecules, Table 3). At P above the cubic → triclinic phase transition, 
the topological conÞ guration of the extra-framework content ap-
pears to change. At 1.23(5) GPa, the structural reÞ nement shows 
that eight Na sites have a coordination number CN = 6 and four 

FIGURE 2. Plot of the axial and volume Þ nite strain (fe ) vs. the normalized stress (Fe) for triclinic analcime, calculated using the a0, b0, c0, and 
V0 values obtained from the third-order BM-EoS (see text). The e.s.d. values were calculated according to Heinz and Jeanloz (1984). The weighted 
linear regressions through the data points are shown.

TABLE 4.—Continued.
P (GPa)  1.23(5)    2.12(5)    5.04(5)  
 x y z Uiso x Y z Uiso x y z Uiso

W3 0.867(6) 0.637(15) 0.369(6) 0.047 0.893(8) 0.623(19) 0.388(7) 0.04 0.911(6) 0.605(16) 0.402(6) 0.04
W4 0.606(6) 0.880(14) 1.109(6) 0.047 0.617(8) 0.872(18) 1.087(2) 0.04 0.614(7) 0.860(16) 1.081(7) 0.04
W5 0.385(7) 0.921(14) 0.637(6) 0.047 0.379(9) 0.913(17) 0.634(9) 0.04 0.393(7) 0.909(15) 0.635(6) 0.04
W6 0.874(6) 0.359(14) 1.134(6) 0.047 0.884(9) 0.395(19) 1.131(9) 0.04 0.889(7) 0.406(16) 1.116(7) 0.04
W7 1.158(7) 0.843(15) 0.357(7) 0.047 1.162(9) 0.843(22) 0.365(9) 0.04 1.159(7) 0.856(16) 0.373(7) 0.04
W8 0.654(7) 0.380(16) 0.861(7) 0.047 0.655(9) 0.366(22) 0.863(9) 0.04 0.658(7) 0.334(14) 0.861(7) 0.04
Na1  0.631(5) 0.499(13) 0.729(5) 0.047 0.550(6) 0.488(14) 0.717(6) 0.04 0.582(5) 0.453(9) 0.755(5) 0.04
Na2 1.145(5) 0.965(11) 0.274(5) 0.047 1.123(6) 0.978(13) 0.256(6) 0.04 1.134(6) 1.007(12) 0.245(5) 0.04
Na3 0.864(5) 0.484(12) 0.229(5) 0.047 0.855(6) 0.502(11) 0.238(6) 0.04 0.906(5) 0.504(9) 0.215(5) 0.04
Na4 0.588(5) 0.991(12) 1.213(5) 0.047 0.579(5) 0.966(11) 1.222(5) 0.04 0.653(5) 0.985(9) 1.196(5) 0.04
Na5 0.735(7) 0.625(16) 0.495(6) 0.047 0.750(8) 0.634(21) 0.498(8) 0.04 0.750(7) 0.627(17) 0.504(7) 0.04
Na6 0.767(6) 0.849(15) 0.997(6) 0.047 0.768(9) 0.861(21) 1.002(8) 0.04 0.759(7) 0.875(17) 0.998(7) 0.04
Na7 0.263(7) 0.860(16) 0.501(6) 0.047 0.266(9) 0.892(24) 0.504(9) 0.04 0.267(7) 0.867(17) 0.500(7) 0.04
Na8 0.763(7) 0.353(16) 1.002(6) 0.047 0.768(9) 0.345(24) 0.998(9) 0.04 0.766(7) 0.384(17) 0.997(7) 0.04
Na9 0.483(6) 0.771(14) 0.618(6) 0.047 0.496(7) 0.764(18) 0.621(8) 0.04 0.496(6) 0.746(15) 0.605(6) 0.04
Na10 0.996(6) 0.258(14) 1.121(6) 0.047 0.991(7) 0.268(17) 1.111(8) 0.04 0.983(6) 0.269(15) 1.113(7) 0.04
Na11 1.017(6) 0.742(14) 0.384(6) 0.047 1.030(9) 0.769(18) 0.396(9) 0.04 1.037(6) 0.745(15) 0.389(6) 0.04
Na12 0.492(7) 0.754(15) 1.118(6) 0.047 0.476(9) 0.736(18) 1.117(9) 0.04 0.475(6) 0.737(14) 1.096(6) 0.04
Note: For all of the Si, O, and W sites the occupancy was fi xed at 1/1, whereas the Na sites were fi xed at 0.570 (see text and Table 3).
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Na sites have a CN = 7 
(Table 6). At 2.12(5) GPa 
six Na sites show CN = 6 
and six Na sites CN = 7 
(Table 6). At 5.04(5) GPa, 
four Na sites show CN = 
6, seven Na sites CN = 
7, and one Na site CN 
= 8 (Table 6). Although 
the atomic positions of 
the extra-framework cat-
ions should be considered 
simply the �most prob-
able� site positions, due to 
the reÞ nement procedure 
adopted, the structural 
changes of the topological 
conÞ guration of the extra-
framework content appear 
to be consistent. On the 
basis of the Þ nal difference-Fourier map of the HP-reÞ nements, 
we can exclude any P-induced over-hydration effect through the 
selective sorption of water molecules from the hydrous P-ß uid 
used in this experiment. In addition, the P-induced over-hydra-
tion effects observed for other microporous materials give rise 
to a Þ rst-order phase-transition with increase of the unit-cell 
volume (Lee et al. 2002a, b, 2004a). Such a behavior is not 
observed for analcime. 

DISCUSSION AND CONCLUSIONS

Analcime is the Þ rst open framework silicate, belonging to 
the ANA group (Armbruster and Gunter 2001; Baerlocher et al. 
2001) investigated up to 7.14(5) GPa. Only one phase transition 
from cubic to triclinic symmetry was observed. No evidence of 
an intermediate monoclinic phase, like that suggested by Hazen 
and Finger (1979), has been found. In fact, above 1.08(5) GPa 
all angles deviate signiÞ cantly from 90°. Although we observed 
a change in the behavior of the angles with P at about 1.3-1.5 
GPa, this is smooth and does not give rise to any appreciable dis-
continuity in the axial and volume behavior like those suggested 
by Hazen and Finger (1979) (Fig. 1, Table 1). A non-monotonic 
trend of the angle values with P has been observed for other 
framework silicates without implying any phase transition (Al-
lan and Angel 1997; Tribaudino et al. 1999; Benusa et al. 2005). 
On the basis of the structural reÞ nements, we can conÞ rm that 
the cubic to triclinic phase transition is displacive in character 

FIGURE 3. Structural 
modiÞ cation induced by the 
first order phase transition 
from cubic (top) to triclinic 
(bottom) analcime, (a) viewed 
along [100] and (b) along the 
cubic [111]. For the extra-
framework content, the large 
spheres represent the Na sites, 
whereas the small spheres 
represent the W sites.

FIGURE 4. Structural modiÞ cation induced by the Þ rst order phase 
transition from cubic to triclinic analcime on 6mR along the cubic [111] 
direction. Before the phase transition, 6mR is a perfect hexagonal ring 
(above). After the phase transition, the 6mR ring shows two different 
strongly deformed conÞ gurations: {1} and {2} (below). ConÞ guration 
{2} lies on the inversion center. 
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and it is basically driven by tetrahedral tilting, as assumed by 
Hazen and Finger (1979). The triclinic polymorph shows a bulk 
modulus which is three times smaller than that of the low-P cubic 
polymorph. An increase in compressibility of the HP polymorph 
with respect to the low-P one has already been observed for 
sheet silicates (Welch et al. 2004) and carbonates (Merrill and 
Bassett 1972, 1975; Singh and Kennedy 1974; Martinez et al. 
1996; Smyth and Ahrens 1997; Redfern 2000; Holl et al. 2000). 

However, to our knowledge, the bulk modulus value obtained 
for triclinic analcime is the lowest reported in the literature for 
natural open-framework silicates.

The structural reÞ nements performed at HP enable us to 
understand the reason for the elastic anisotropy of the triclinic 
polymorph and the main deformation mechanisms of framework 
and extra-framework content. The distorted 6mR ring (lying 
along the cubic [111] direction), shows two differently oriented 
conÞ gurations, {1} and {2}, which increase their ellipticity with 
P (Fig. 4). However, conÞ guration {2} becomes more elliptic in 
response to the applied pressure than conÞ guration {1} (Fig. 4, 
Table 8). This effect gives rise to lower compressibility along a 
than along b or c axis [i.e., KT0(a) higher than KT0(b) or KT0(c)]. 
In addition, the non-monotonic behavior observed for the α, β, 
and γ angles with P (Fig. 1, Table 1), can be explained to a Þ rst 
approximation by the change in the evolution of several struc-
tural parameters of the framework. For example, if we consider 
conÞ guration {2}, the structural reÞ nements at P > 1.23(5) GPa 
show that the Si7-O29-Si21 angle Þ rst increases [+10% between 
1.23(5) and 2.12(5) GPa] and then decreases [�7% between 
2.23(5) and 5.04(5) GPa, Table 8] with P. Several T-O-T angles 
show such an oscillatory behavior: all four angles belonging 
to the 4mR SBU, one belonging to 8mR, and four belonging 
to 6mR {1} (Table 8). In addition, the kink of the connected 
4mR SBU and 8mR (Fig. 5, Table 8) also shows an oscillatory 
behavior. In fact, the O45-O41-O48 angle Þ rst decreases [� 4% 
between 1.23(5) and 2.12(5) GPa] and then increases with P [+ 
2% between 2.23(5) and 5.04(5) GPa, Table 8]. This suggests 
that there is a change in the compressional mechanism of the 
triclinic structure, probably at P ∼ 1.3 GPa, where the change in 
the angles evolution is visible (Fig. 1).

The HP-structural reÞ nements also show variation of the 
T-O-T angles of the 4mR SBU: the four T-O-T angles show 
an oscillatory behavior with P and at 5.04(5) GPa two of them 
(Si9-O38-Si14 and Si1-O34-Si6) decrease to values close to 
120° (Table 8). The fact that this small SBU is not completely 
rigid with P has also been found using HP-Raman spectroscopy 

TABLE 8.  Selected structural parameters of cubic and triclinic anal-
cime at diff erent pressures 

P (GPa) 0.0001 0.0001* 0.91(5) 1.23(5) 2.12(5) 5.04(5)
six-ring {1}      
O-O 5.171(3) 5.161(8) 5.140(10)   
 O1-O2    5.46(4) 4.59(6) 4.32(8)
 O33-O34    4.51(5) 4.53(6) 4.17(6)
 O17-O18    5.59(6) 5.94(7) 6.20(9)
ε (6mR-1) 1 1 1 0.81 0.77 0.68
Si-O-Si 144.79(9) 143.7(6) 143.4(7)   
 Si6-O1-Si17    138.6(31) 125.9(35) 127.0(37)
 Si17-O18-Si2    131.7(36) 133.4(38) 140.3(41)
 Si2-O33-Si5    132.6(33) 132.2(29) 151.6(45)
 Si5-O2-Si18    128.2(26) 137.5(35) 120.0(27)
 Si18-O17-Si1    138.7(42) 139.1(33) 121.3(31)
 Si1-O34-Si6    138.5(37) 139.9(40) 121.7(33)

six-ring {2}      
O-O 5.171(3) 5.161(8) 5.140(10)   
 O13-O13    5.89(3) 6.76(5) 7.04(6)
 O29-O29    5.22(4) 4.82(4) 4.45(4)
 O48-O48    3.91(2) 3.57(4) 3.74(5)
ε (6mR-2) 1 1 1 0.77 0.62 0.58
Si-O-Si 144.79(9) 143.7(6) 143.4(7)   
 Si21-O13-Si12 (×2)    154.8(41) 135.3(28) 126.6(31)
 Si12-O48-Si7 (×2)    134.1(33) 135.9(35) 140.5(43)
 Si7-O29-Si21 (×2)    135.5(34) 150.1(47) 139.6(35)

four-ring SBU      
O-O 3.772(2) 3.801(7) 3.784(9)   
 O41-O45    3.51(2) 3.80(3) 3.44(5)
 O34-O38    3.81(3) 3.53(5) 3.58(6)
ε (4mR) 1 1 1 0.92 1.08 0.96
Si-O-Si 144.79(9) 143.7(6) 143.4(7)   
 Si9-O38-Si14    137.8(28) 145.7(42) 119.8(28)
 Si14-O41-Si1    130.3(35) 143.2(38) 130.2(35)
 Si1-O34-Si6    138.5(39) 139.9(35) 121.7(38)
 Si6-O45-Si9    156.4(41) 147.2(40) 148.8(47)

eight-ring      
O-O (B-C, A-I) 6.913(3) 6.906(8) 6.872(11)   
 O4-O7    6.47(4) 6.23(6) 6.12(6)
 O26-O28    6.84(6) 7.35(8) 7.46(8)
O-O (D-E, F-H) 4.290(2) 4.248(6) 4.225(8)   
 O17-O24    4.27(3) 4.28(5) 4.01(6)
 O41-O48    4.23(4) 4.46(3) 4.42(5)
O-O (C-I) 6.618(3) 6.599(9) 6.556(10)   
 O26-O4    6.67(5) 6.49(5) 6.53(7)
Si-O-Si 144.79(9) 143.7(6) 143.4(7)   
 Si14-O28-Si20    144.9(42) 136.7(35) 132.9(37)
 Si20-O4-Si7    155.6(35) 135.0(38) 129.8(26)
 Si7-O48-Si12    134.1(29) 135.9(37) 140.4(44)
 Si12-O24-Si23    123.2(28) 127.3(29) 130.4(32)
 Si23-O7-Si16    146.4(34) 153.5(46) 137.4(36)
 Si16-O26-Si18    139.9(40) 144.3(40)  149.2(45)
 Si18-O17-Si1    138.6(31) 138.9(37) 121.3(27)
Si-Si 7.917(3) 7.891(8) 7.853(9)   
 Si20-Si16    7.70(6) 7.80(8) 7.64(7)
O-O 11.132(5) 11.124(10) 11.086(13)   
 O19-O43    10.94(8) 10.90(9) 10.66(11)
O-O-O (G-H-F) 136.2(1) 136.2(4) 136.2(5)   
 O45-O41-O48    139.5(36) 133.7(30) 136.4(41)
* Data collected with the crystal in the DAC without P-medium
Notes: ε(6mR-1) = 0.5·[(O1-O1) + (O33-O34)]/[(O18-O17)], ε(6mR-2) = 0.5·[(O29-
O29) + (O48-O48)]/[(O13-O13)], ε(4mR) = [O45-O41]/[O38-O34] (see text and Fig. 
4 and 5); e.s.d. values of ε(6mR-1), ε(6mR-2), and ε(4mR) are less than 0.02

FIGURE 5. Topological conÞ guration of the distorted 8mR ring (Si14-
Si20-Si7-Si12-Si23-Si16-Si18-Si1, in triclinic analcime) connected to 
the 4mR ring (Si9-Si14-Si1-Si6, 4 SBU).
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(Miroshnichenko and Goryainov 2000).
Some T-O-T angles have values close to the critical value of 

120 ± 3° at 5.04(5) GPa (Table 8). Similar values were reported for 
other open framework silicates under extreme conditions. Gibbs et 
al. (2000) calculated the theoretical elastic and structural behavior 
of coesite (KT0 = 87.3 GPa, K' = 4.5) up to ∼17.4 GPa. At this P 
value, with VP-VP0 = �13.4%, the authors obtained one Si-O-Si 
angle of ∼124°. A similar value (Si-O-Si ∼ 123°) was calculated 
for low-quartz (KT0 = 34.8 GPa, K' = 4.9) at 18.7 GPa (Gibbs et 
al. 1999). Considering that for analcime V5.04-VP0 = �13.3%, we 
could prudently infer that the reÞ ned T-O-T values at 5.04(5) GPa 
reß ect the structural assets of other less compressible framework 
silicates at higher pressures. However, synthetic lithium feldspar 
(LiAlSi3O8) shows one T-O-T angle of about 124.9° at ambient 
conditions (Baur et al. 1996). In addition, Benusa et al. (2005) 
recently reported HP structural data for low-albite with one 
T-O-T angle of 119.4(4)° at 6.49 GPa that decreases down to 
113.7(3)° at 9.43 GPa (implying a T-T distance < 2.8 Å). Such 
results demonstrate the extreme ß exibility of Si/Al-framework 
silicates under different P-T-X conditions, as emphasized by Baur 
et al. (1996), Ross (2000), and Gatta et al. (2003). On this basis, 
we cannot exclude that for the HP triclinic form of analcime the 
extra-framework content plays an important role, concurring to 
stabilize an energetically favorable topological conÞ guration with 
critically low T-O-T angle values.

As expected, the strong P-induced deformation of the Si/Al-
framework into the triclinic structure gives rise to a reduction of 
the free volume of the voids. As a consequence, the topological 
conÞ guration of the extra-framework content changes: the reÞ ned 
positions of the Na sites show an increase in coordination number 
with P (Table 6). 

The effect of pressure on the structural evolution of analcime 
appears to be more dramatic than that of temperature. In fact, at 
LT cubic analcime is stable at least down to 30 K and shows only 
a slight deformation of the crystal structure, with the T-O-T angle 
staying almost constant (∼145°) down to the lowest T achieved 
(Line at al. 1996). At HT, tetragonal analcime shows a complete 
loss of water at 650 K (Cruciani and Gualtieri 1999). The tetrago-
nal lattice is maintained and no phase transition is observed at least 
up to about 1000 K, where some evidence of evolution toward 
the cubic structure is reported. Despite the change of the topo-
logical conÞ guration of the extra-framework content (due to the 
dehydration process), the lowest T-O-T angle observed is ∼132° 
at 921 K, showing that the general aspect of the Si/Al-framework 
is well preserved. Analcime shows, therefore, a different behavior 
with respect to the other open framework silicates with zeolitic 
structures previously studied both at HT and HP. In fact, for the 
latter the effects of P are less dramatic than those induced by T 
(Comodi et al. 2001, 2002, 2003; Gatta and Wells 2004; Gatta et 
al. 2003, 2004a, b, 2005; Lee et al. 2002a, b, 2004a, b). 
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