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The crystal structure of garronite
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Istituto di Mineralogia e Petrologia, Universia di Modena, Italy

ABSTRACT

The structures of the natural zeolite garronite, NaCa, ;ALSi,(O,,- 13H,0, from Goble,
Oregon, and Fara Vicentina, Italy, have been determined and refined by X-ray powder
diffraction methods with the use of the full-profile Rietveld technique. The framework
topology has the gismondine structure type (GIS), although the topological symmetry
I4,/amd is lowered to 14m2. Cell dimensions are Goble, a = 9.9266(2), ¢ = 10.3031(3) A;
Fara Vicentina, a = 9.8712(2), ¢ = 10.2987(3) A. The space group assumed in the refine-
ments accounts for the presence in the garronite powder pattern of reflections violating
the d glide extinctions. Deviation from the maximum framework symmetry can be ex-
plained in terms of cation and H,O arrangements in the zeolitic cavities.

INTRODUCTION

The natural zeolite garronite has been previously re-
ported from a number of localities: Northern Ireland and
Iceland (Walker, 1962; Nawaz, 1982), USSR (Feoktistov
et al., 1969), France (Pongiluppi, 1976), Germany (Wa-
lenta, 1974; Hentschel, 1978), Hungary (Alberti et al.,
1982), U.S.A. (Tealdi and Tschernich, 1984), Italy (Pas-
saglia and Carnevali, personal communication), It is fre-
quently associated with gismondine, gmelinite, mesolite,
phillipsite, levyne, or other zeolites, and it is only known
in rather compact radiating aggregates (Gottardi and Gal-
li, 1985). The apparent impossibility of finding single
crystals of garronite precluded structure solution for a
long time, although analysis of the powder diffraction
pattern and earlier comparative studies on the synthetic
P zeolites (Barrer et al., 1959; Taylor and Roy, 1964)
clearly indicated that garronite shares the framework to-
pology of gismondine (Gottardi, 1979; Meier and Olson,
1987).

The ideal composition (Gottardi and Galli, 1985) cor-
responds to the chemical formula per unit cell: Na-
Ca, sAl,Si,000;5,,°13.0H,0. All characterization studies
in the literature agree in assigning a tetragonal metric to
the species, although peaks forbidden by space group
14,/amd have been observed (Gottardi and Galli, 1985,
p. 325), and a domain structure model was postulated
implying regions with Si,Al order and local monoclinic
symmetry (Gottardi and Alberti, 1974). The garronite
structure was therefore considered worth investigating by
full-profile structure analysis techniques with powder dif-
fraction data.

EXPERIMENTAL

Two specimens of garronite were selected for the pres-
ent study on the basis of their phase purity: the sample
from Goble, Oregon, U.S.A. (sample 16-10-38/gar/3 of
the Mineral Collection, Institute of Mineralogy, Univer-
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sity of Modena) is the same used by Gottardi and Galli
(1985) to obtain X-ray powder diffraction data and ther-
mal curves; the sample from a new locality, Fara Vicen-
tina, Italy, is soon to be described (Passaglia and Carne-
vali, personal communication). The results of newly
performed electron probe microanalyses were combined
with thermal analysis data to yield the following chemical
formulae: Goble, K, 4sNay 10Ca;, 7, Als 751102003200 - 14.12-
H,0; Fara Vicentina, K, sNag 0,Ca, 5,57, Al; 6391104003200
-13.79H,0. Both garronite samples therefore have slightly
higher Ca/(Na + K) and Si/Al ratios compared with the
chemical analysis of the type material from the Garron
Plateau (Walker, 1962). High-Ca and low-Na,K contents
were also found in garronite from Tardree (Northern Ire-
land, Nawaz, 1982). Based on the new analyses, it appears
that the H,O content in garronite is close to 14.0 H,O
molecules per cell and that Na-poor garronite is not un-
common.

Prior to X-ray diffraction analysis, the samples were
repeatedly hand ground in an agate mortar. The diameter
of the largest crystallites in the powder was below 15-20
um, as measured by optical microscopy. Computation of
approximate average particle size from the refined Lo-
rentzian component of the peak profile function using the
Scherrer equation (Scherrer coefficients between 1.0 and
1.5) gave values of 1.5-2.3 pm. The X-ray powder dif-
fraction data were measured on a Philips PW-1050/81
instrument in the conventional Bragg-Brentano parafo-
cusing geometry, using a flat-plate Plexiglas sample holder.
Unfiltered CuKe radiation with a diffracted-beam pyr-
olitic graphite analyzer was employed, in a step-scan mode
from 10 to 120° 20 in steps of 0.02° and 10 s counting
time for each step. The low-26 region (10-17°), containing
only one observed peak (101), was excluded during the
refinement process because in this angular range not all
the incident X-ray beam was striking the sample. The
high background level from the sample holder present in
the pattern of the Fara Vicentina garronite was caused by

189



190 ARTIOLIL: CRYSTAL STRUCTURE OF GARRONITE
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Fig. 1. Observed powder X-ray diffraction data for Goble

garronite in the range 17.0-40.0°. The reflections violating the
topological space group are indicated.

the scarcity of the material available from this specimen.
The powder was packed into the 0.2-mm-deep cavity of
the holder, and care was taken to avoid large pressure on
the material which could cause preferred orientation ef-
fects. The low packing efficiency of the Fara Vicentina
sample, combined with the small linear absorption coef-
ficient (» = 83 cm™'), might have caused errors in the
observed intensities as a result of transparency effects. The
258 reflections simulated in the pattern were treated as
Ka,,a, doublets in the fixed intensity ratio 2:1. The struc-
ture analysis and refinement procedures were performed
using the generalized structure analysis system of pro-
grams (GSAS, Larson and Von Dreele, 1990). A total of
5149 data points were used in each refinement, the peak
profiles were modeled using a pseudo-Voigt function, and
a cosine Fourier series with six (Goble) and ten (Fara
Vicentina) coefficients was used to fit the background.
Correction for preferred orientation effects was attempted
using the March model in the formulation of Dollase
(1986). For both samples, refined coeflicients relative to
the 112 and 301 preferred orientation axes were in the
range 0.98-1.03, indicating no significant preferred ori-
entation effects, and there was no improvement of the
agreement factors. The correction was therefore not ap-
plied during the last stages of the structure analysis. Final
parameters for both refinements are listed in Table 1.

STRUCTURE ANALYSIS

Preliminary analysis of the observed powder histograms
confirmed that all of the peaks could be indexed with
tetragonal cell parameters close to a = 9.9, ¢ = 10.3 A
and that some discrepancies are present with respect to
the powder pattern reported by Gottardi and Galli (1985):
the 311 reflection at 29.71° violating the I centering and
the 114 reflection at 37.14° incompatible with the d glide
in space group 14,/amd were not observed. However the
222 peak at 30.79° reported by Barrer et al. (1959) and
by Gottardi and Galli (1985) is definitely present in both
observed powder patterns and indicates the absence of

the d glide. There is only one other reflection pointing to
a symmetry lower than I4,/amd: the 320 reflection at
32.48°. This reflection was observed by Gottardi and Galli
(1985) as a very weak peak, although it had not been
reported in any of the garronite powder patterns in the
literature; it is present in both data sets, although it is
barely above background. The 320 reflection violates the
extinction conditions for body centering and indicates that
the real lattice of garronite may be primitive. It is clearly
beyond the limits of a structural refinement with powder
data to discriminate among all the theoretically possible
primitive space groups on the basis of one weak reflection.
It was therefore deemed reasonable to restrict the analysis
of the structural model to the limited number of tetragonal
space groups derivative of the topological 74,/amd space
group having a body-centered lattice and lacking the d
glides. Figure 1 shows the observed data for the Goble
garronite in the angular region 17.0-40.0° including the
reflections of interest.

Preliminary least-squares refinement of the unit-cell pa-
rameters indicated that the two specimens have very sim-
ilar ¢ parameters, whereas the a parameters are signifi-
cantly different. The garronite from Fara Vicentina has a
smaller unit-cell volume [V = 1003.51(3) A?’] than the
Goble garronite [V = 1015.25(4) A3], despite the similar
chemical content.

The structure analysis and all the preliminary refine-
ment steps described below are for the Goble data set. A
tentative refinement in space group I4,/amd (multiplicity
of the general position 32) using one Si and two O tet-
rahedral atoms to model the framework converged rapidly
(R., = 0.35) and produced reliable peak profile and back-
ground functions for subsequent attempts. Preliminary
analysis of difference-Fourier maps clearly indicated
strongly anisotropic or split sites for framework atoms
and two extraframework sites corresponding to sites C
and A/F of Mortier (1982, p. 33). The C site was assumed
to contain H,O since it is occupied by H,O molecules in
gismondine (Artioli et al., 1986), and the A/F sites, related
by symmetry in the higher space group, were considered
to be partially occupied cation sites and labeled Ca. The
structural model was then refined in the following space
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groups with multiplicity of general position 16: I4m2,
14,22, 14,/a. Refinement in space group /4,/a was aban-
doned in the early stages because of poor convergence;
furthermore, the framework atoms in this space group are
not ordered since the tetrahedral sites are still in general
positions and cannot be divided into subsets. The T site
can be split into two subsets with multiplicity 8 in both
remaining space groups. However, space group 14m?2 al-
lows subsets only for framework O atom Ol, retaining
02 in the general position, and space group 74,22 allows
subsets for O2, maintaining multiplicity 16 for O1. Re-
finement of one Si site, three tetrahedral O sites, one cation
(Ca), and one H,O site (W1) converged rapidly to R,, =
0.20 in both space groups. Trial refinement in subsequent
cycles of isotropic and anisotropic temperature factors for
all atoms and occupancy factors for extraframework spe-
cies was made in the attempt to discriminate the best
model between the two space groups. Space group I4m?2
was judged to give the best results based on the following
observations: (1) Framework O atoms were poorly mod-
eled in space group 714,22; Ol clearly needed to be mod-
eled by an extremely anisotropic position or a split site
with partial occupancy; in the O2 position, one of the sites
still showed abnormally anisotropic behavior in spite of
the subdivision into two subsets with multiplicity §; in
space group I4m?2 the refined temperature factors were
reasonable for all three O positions, even for the O2 atom
maintaining multiplicity 16. (2) The refined occupancy
for the W1 site was very close to four atoms per cell in
both space groups, in spite of the different multiplicity;
this indicates that the eight sites present in space group
14,22 can be subdivided into two subsets of four positions,
one of which is fully occupied in I4m2. (3) Space group
I4m?2 also allows modeling of different cation and H,0O
molecules in adjacent cages; in particular, one cage with
the W1 site occupied by H,O molecules is surrounded by
four cages where the W1 site is empty.

In spite of the indications favoring space group I4m?2,
tentative refinements of the model were also attempted
in the two body-centered tetragonal subgroups with gen-
eral multiplicity 8: 74, and I4. Subsets of framework at-
oms related in space groups with higher symmetry had to
be refined in alternate cycles because of strong correla-
tions. Neither of the two attempts led to improved models
compared with the refinements in space groups with mul-
tiplicity 16, although they confirmed the need for subset
positions for Ol, the presence of the fully occupied W1
site with multiplicity 4, and the presence of site disorder
around the Ca site.

The model structure was then refined in space group
I4m?2. Refined temperature parameters were reasonable
for all framework atoms, although their behavior was
clearly anisotropic, especially for O11 and O12. After ex-
amination of the residual difference-Fourier maps, the
extraframework species were all modeled both by isotro-
pic split sites and also by anisotropic positions, except for
W1, which showed a well-defined maximum in the Fou-
rier map. Figure 2A shows, as an example, the residual
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Fig. 2. Difference-Fourier map around (A) the Ca site for the
Goble garronite; the center of the map has coordinates
(0.00,0.25,0.14), the plotted region is 6.0 A on a side, electron
density intervals of 0.08 e/A% (B) the W1 site for the Fara Vi-
centina garronite; the center of the map has coordinates
(0.00,0.00,0.12), the plotted region is 6.0 A on a side, electron
density intervals of 0.20 e/As.

electron density after removal of the Ca site from the
structure model. This position is best modeled by two
nearby cation sites (Cal, Ca2), both located on the mirror
plane. The other extraframework positions were refined
as O atoms of H,0, except for one site coordinated to five
framework O atoms, which was considered a cation site
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TaBLe 2. Refined parameters for garronite

Occu-  Multi-
Site pancy plicity x ¥ Z UA)
Goble
T1 1.0 8 0.1607(3) 0.1607(3) ' 0.039(3)
T2 1.0 8 0.3421(3) 0.1579(3) Y4 0.051(4)
o1 1.0 8 0.1746(3) 0 0.5351(5) 0.034(7)
012 1.0 8 03078(3) 0 0.2192(6) 0.032(7)
02 1.0 16 0.2922(5) 0.2488(3) 0.1244(2) 0.085(5)
Cat 0.1978) 8 0 0.352(2) 0.094(2) 0.110(6)
Ca2 0.1556) 8 O 0.238(7) 0.107(4) 0.110(6)
Na 0.10(1) 8 0 0.281(4) 0.223(4)  0.08(3)
w1 1.0 4 0 0 0.158(1)  0.117(7)
w2 0.14(2) 8 0.1052) 03952 'a 0.026(6)
W2b 0.24(2) 16 0.161(3) 0.433(3) 0.234(4) 0.026(6)
w3 0.39(2) 8 0 0.173(3) 0.981(3) 0.21(2)
Fara Vicentina
T1 1.0 8 0.1554) 0.155(4) "% 0.025(3)
T2 1.0 8 0.340(5) 0.160(4) 'a 0.018(3)
o1 1.0 8 0.15(2) 0 0.55(1) 0.029(8)
012 1.0 8 0.30(1) 0 0.23(2) 0.020(7)
02 1.0 16 0.291(6) 0.26(1) 0.127(8)  0.084(7)
Cal 026255 8 © 0.407(2) 0.080(2)  0.04(1)
Ca2 0.1746) 8 0 0.206(3) 0.086(2) 0.049(7)
w1 0.59(2) 4 0 0 0.124(1)  0.03(2)
Wib  0.19(2) 4 0 0 0.22(1) 0.14(1)
w2 059(5) 16 0.157(1) 0433(3) 0.228(2) 0.043(4)

Note: U (A) are U,, for extraframework atoms and U,, for framework
atoms in both refinements and for Cal and W1 in the Fara Vicentina
garronite. T sites were modeled by Siyes,Alyss. Thermal parameter con-
straints for the Goble garronite were U, (Cal)= U, (Ca2) and
U, (W2) = U, (W2b). Occupancy factor of W1 in the Goble garronite refined
to 1.06(2) and was reset to 1.0.

and refined as an Na atom. Occupancy parameters and
isotropic temperature factors for all extraframework at-
oms were freely refined in separate cycles, and only the
thermal factors of split sites were constrained. The cell
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content resulting from the refinement is consistent with
the chemical analysis: the refined occupancy factors of the
two close Ca sites sum to 2.82 Ca atoms per cell, compared
with 2.71 atoms from the electron microprobe analysis;
the Na site has a low occupancy of 0.80 atoms per cell, a
value higher than the total number of monovalent cations
in the cell (Na + K = 0.15), indicating that about 80% of
the scattering power of the site is due to O atoms of H,O.
Adding the H,O value estimated for the Na site to the
occupancy factors refined for the other four H,O sites, we
obtain a total of 12.73 H,O molecules per cell, to be com-
pared with 14.12 H,O molecules per formula unit result-
ing from the thermogravimetric analysis. The difference
might be caused by a slight bias in the refinement of the
occupancy factors or by the presence of weakly bonded
H,O molecules in the cavities not detectable in the resid-
ual difference-Fourier maps.

The starting model for the refinement of the Fara Vi-
centina structure used the atomic coordinates of frame-
work atoms from the final refinement of the Goble gar-
ronite. After convergence of the framework model and
refinement of background and peak profile parameters,
extraframework atom positions were located by analysis
of difference-Fourier maps. In the corresponding cage of
Fara Vicentina garronite that is occupied by W1 in Goble
garronite, there clearly appeared to be a split position
(labeled W1/W1b), the two sites having different partial
occupancies. The Ca sites were found to be very close to
the Cal and Ca2 sites in the Goble garronite. No electron
density was detected in the Na and W3 sites. Both the
W1 and Cal sites showed residual electron density out of
the mirror plane in the Fourier map and were therefore
modeled with anisotropic thermal parameters. Figure 2B

TaeLE 3. Selected bond lengths (A) and angles (°) for the Goble garronite

T1-02 x2 1.634(3) 011-T1-011
T1-011 x2 1.642(3) 011-T1-02 x2
mean 1.638 011-T1-02 x2
02-T1-02
mean
T2-012 x2 1.635(3) 012-T12-012
T2-02 x2 1.654(3) 012.T2.02 x2
mean 1.645 012-T2-02 x2
02-T2-02
mean
Cal-W2b x2 3.03(4) W1.w3
Cal-02 x2 3.094(7) W1-012 x2
Cal-Ww2 x2 3.15(2) W1-Wi1
Ca1-012 3.26(2)
Ca2-W2 x2 2.39(5) W2-W2b x2
Ca2-w1 2.43(7) W2-02 x2
Ca2-W2b x2 2.83(6) W2-w2
Ca2-02 x2 2.909(6) W2-W2b x2
Ca2-W3 x2 3.06(6) W2-011 x2
Na-O11 2.71(4) W3-W3 x2
Na-W3 2.71(5) w3-012
Na-W1 2.87(4) W3-w1
Na-02 x2 3.04(2) W3-02 x2
Na-02 x2 3.09(1)
Na-W2b x2 3.26(4)

102.2(3)
109.7(2)
113.9(2)
107.6(3)
109.5

1186.0(3)
108.0(2)
108.0(3)
106.5(3)
109.4

2.51(3)
3.118(4)
3.28(2)

T1-011-T1
T2-012-T2
T1-02-T2

152.8(6)
146.9(3)
145.9(3)

W2b-W2b x2
W2b-02
W2b-W2
W2b-011
W2b-02
W2b-w2

2.67(3)
2.702)
2.94(4)
3.14(3)
3.29(2)

2.47(4)
2.51(3)
2.67(3)
2.70(4)
2.82(4)
3.14(3)

2.46(4)
2.46(3)
2.51(3)
2.95(2)




ARTIOLIL: CRYSTAL STRUCTURE OF GARRONITE

shows the difference-Fourier map around the W1 site. In
the cage with empty W1 sites, a well-defined position was
found for W2, corresponding to the split W2/W2b sites
in the Goble garronite refinement, and a minor peak ap-
peared at coordinates (0%20). This peak is in a special
position with high symmetry and was considered to be a
Fourier artifact. Although it could be refined as an O atom
of H,O having low occupancy (0.05) and high thermal
parameters, it was excluded from the refinement. In the
last stages of the refinement, anisotropic thermal param-
eters were used for framework atoms. The total occupancy
of extraframework atoms from the Fara Vicentina gar-
ronite refinement indicates about 3.5 Ca atoms and 12.5
H,O molecules per cell. The H,O content appears to be
underestimated with respect to the value measured from
thermal analysis, as in the case of the Goble garronite. On
the other hand, the total cation occupancy of the Cal and
Ca2 sites is much higher than indicated by the chemical
analysis, even accounting for the possibility that the Na,
K, or Sr atoms might occupy the same site. These dis-
crepancies might be caused by the lower quality of the
data for the Fara Vicentina sample with respect to the
Goble garronite. Transparency effects and strong corre-
lation among the refined coeflicients of the background
and the profile functions and the thermal factors might
significantly bias the refined structural parameters. None-
theless, in the Fara garronite the mean T-O distances
[T1-O = 1.62(8); T2-O = 1.68(8) A] are significantly dif-
ferent from those in the Goble garronite, possibly indi-
cating a partial ordering of the framework Al atoms on
the T2 site. The Si,Al partial ordering, coupled with the
increased occupancy of the W2 H,O site influencing the
T1-O11-T1 angle (139.65°), might be the cause of the
framework distortion and the origin of the difference in
cell volume observed between the two samples. Despite
the fact that such speculations have to be taken with cau-
tion because of the poor accuracy of the Fara Vicentina
data, there is little doubt that the general structure model
derived for the Goble garronite, in terms of the framework
topology, the space group assignment, and the content of
the zeolitic cavities, is in full agreement with the results
of the Fara Vicentina refinement.

Table 2 reports final positional, site occupancy, and
temperature parameters for all refined atoms; Table 3 lists
selected distances and angles for framework and cavity
atoms in the Goble garronite; and Figure 3 shows the
profiles of observed and calculated data for both refine-
ments. The following discussion of the structure geometry
is based on the results of the Goble garronite refinement.

DISCUSSION

The gismondine-type framework (GIS) is commonly
described by doubly connecting the basic crankshaft chains
composed of four-membered rings of tetrahedra like those
in the feldspar structures (see, for example, Gottardi and
Galli, 1985, p. 14). This metrically pseudocubic frame-
work topology has been reported for three natural zeolites
(amicite, Alberti and Vezzalini, 1979; gismondine, Artioli
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Fig. 3. Observed and calculated powder diffraction patterns
for the Goble (A) and Fara Vicentina (B) garronite samples. The
crosses are the observed data, and the solid line is the calculated
profile. Vertical bars mark Bragg reflection positions, and the
bottom curve is the plot of the difference between observed and
calculated profiles.

et al., 1986; and gobbinsite, McCusker et al., 1985) and
a variety of synthetic analogues (zeolite Na-P: Baerlocher
and Meier, 1972; Hansen et al., 1990; Hékansson et al.,
1990; TMA-gismondine: Baerlocher and Meier, 1970;
beryllium silicon gismondine: Ueda and Koizumi, 1972;
magnesium aluminophosphate: Pluth et al., 1989). The
gismondine-type framework is very flexible both from the
geometrical point of view, because of the possible distor-
tion of the T-O-T bridges between perpendicular crank-
shaft chains, and from the chemical point of view, because
it can easily accommodate different Si/Al ratios in the
framework tetrahedra. The Si,Al atoms can be disordered
or ordered over the tetrahedral sites, in the latter case
producing a topochemical symmetry lower than the to-
pological one (Gottardi, 1979). An ordered Si,Al distri-
bution allows a limited substitutional range for the ex-
traframework cations (Vezzalini and Oberti, 1984),
whereas framework Si,Al disorder, combined with a vari-
able Al content of the tetrahedral sites, makes it possible
to accommodate different cation species by means of small
geometrical distortions of the cavities. A consequence of
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Fig. 4. Stereo Ortep plot of possible extraframework sites in
the gismondine-type structures. The positions are referred to the
topological I4,/amd symmetry and described in Table 4.

the interaction between framework Si,Al order and ex-
traframework atoms is that, on the one hand, gismondine
and amicite, having complete tetrahedral order, both show
completely occupied cation positions of low multiplicity
and also display monoclinic symmetry, the lowest sym-
metry among all reported structures with the same frame-
work. On the other hand, the high-silica variety of zeolite
Na-P (Hakansson et al., 1990), showing a disordered dis-
tribution of the Al atoms on tetrahedral sites and a sta-
tistical occupancy of the Na atoms in a general position
in the cavity, exhibits the space group compatible with
the maximum topological symmetry (I4,/amd). All other
reported species with the gismondine-type framework
contain mixed extraframework cations (gobbinsite: Na,K;
garronite: Ca,Na) or disordered Si,Al distribution or both
and consequently show real or pseudo symmetries inter-
mediate between the gismondine symmetry and the to-
pological one.

In Table 4 and Figure 4, a simplified labeling scheme
of the extraframework sites in gismondine-type zeolites
allows comparison of the occupancy of the positions in
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Fig. 5. Ortep plot of the possible configuration of extraframe-
work species in the cage unit of the Goble garronite containing
the W1 O site. Ellipsoids at 30% probability level.

the different structures. To make it possible to compare
sites with different multiplicity, all positions are referred
to the topological space group, with an arbitrary distinc-
tion between the upper and lower part of the cage. Fur-
thermore sites lying in adjacent cages in a lower space
group (as in garronite and gobbinsite) have been ideally
located in the same cage unit, maintaining the distinction
between upper and lower parts of the cage. Finally, all
deviations out of the topological mirror plane have been
removed, and the sites displaced from the center of the

TaBLE 4. Comparison of extraframework positions in zeolites of the gismondine type

Du Dt

Au Cu 1 2 3 B 1 2 3 ci Al Space group Ref.

A Cc E D B H G F 1
Gismondine — wi w2 w3 Ca — —_ w6 — W5 w4 P2,/c 2
Gobbinsite — w1 Na w4 — w3 w5 w2 — — K Pmn2, 3
Amicite —_ w4 — K/W1 — w3 — Na/w2 — - — 12 4
Na-P Wi w3 — Na/W4 w2 —_ —_ Na/W4 w2 w3 w1 14./amd 5
Na-P1 —_ | v \' 1/ — [\ v l/m | — 1 6
Garronite Ca2 w1 Cai W2/W3 Na — Cal W2/W3 Na w1 Ca2 am2 7
Garronite Ca2 w1 Cai w2 — — Cal w2 —_ w1 Ca2 am2 8

Note: Cation and H,0 molecule site labels conform to those in the referenced publications. Displacements out of the topological mirror planes were
ignored. Location of the extraframework sites is as follows (see also Fig. 4): Au = center of upper sight-membered ring, Cu = center of niche formed
by the upper crankshaft chain, Du = sites facing the upper eight-membered ring, shifted from Au, Du1 = shifted only in the plane parallel to crankshafts,
Du2 = shifted toward the center of the cage, Du3 = shifted only in the direction perpendicular to crankshafts, B = center of the gismondine cage,
DI = sites facing the lower eight-membered ring, shifted from Al, DI1 = shifted only in the plane parallet to crankshafts, DI2 = shifted toward the center
of the cage, DI3 = shifted only in the direction perpendicular to crankshafts, Cl = center of niche formed by the lower crankshaft chain, Al = center of
lower eight-membered ring. References: 1 = Mortier (1982), 2 = Artioli et al. (1986), 3 = McCusker et al. (1985), 4 = Alberti and Vezzalini (1979),
5 = Hakansson et al. (1990), 6 = Baerlocher and Meier (1972), 7 = this study, Goble garronite, 8 = this study, Fara Vicentina garronite.
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eight-membered ring of tetrahedra (site D) were charac-
terized by shift vectors having components parallel (site
D1), perpendicular (site D3), or both (site D2) with respect
to the axes of the topological crankshaft chains of tetra-
hedra. For comparison, the site labels of Mortier (1982)
are also reported.

In garronite, adjacent cages have a different content of
extraframework species. The main difference is related to
the presence of the fully occupied W1 site. In one cage,
both W1 sites above and below the 4m2 special position
at the center of the cavity (W1-W1 distance 3.28 A) are
energetically stabilized by simultaneous coordination to
the Ca2 and Na cation sites and by H bridges to the O12
framework O atoms (W1-O12 = 3.12 A) and from the
W3 O atom (W1-W3 = 2.51 A). The possible configu-
ration in the gismondine cage unit containing W1 is shown
in Figure 5. The Na site is displaced from the center of
the framework eight-membered ring, and it is bonded to
five framework O atoms and several H,O sites. Although
this position is partially occupied by a very low Na con-
tent, the distances to the framework atoms (Na-Ol1 =
2.71, Na-O2 = 3.04,3.09 A) and to the H,0 in the same
cavity (Na-W3 = 2.71, Na-W1 = 2.87 A) and in the ad-
jacent cavity (Na-W2b = 3.26 A) are quite compatible
with an H-bonded H,O molecule in the same site, acting
as a H-bond donor for the framework O atoms (02, O11)
and as an H-bond acceptor from W1, W2b, and W3. The
minimum Na-Na distance is 3.12 A; therefore, both Na
sites in the same cage could theoretically be occupied by
Na or H,O at the same time. This situation is similar to
the arrangement found for the K and W1 sites in amicite.
Obviously the short distances from the Na site to the other
cation positions around the center of the same eight-mem-
bered ring (Na-Cal = 1.51, Na-Ca2 = 1.27 A) preclude
simultaneous occupation of the Ca and Na sites, and the
same is true for the two Ca positions (Cal-Ca2 = 1.14
A). However, the Ca2 sites, which are very close to the
center of the other two eight-membered rings of the same
cage, might be partially filled and are bonded to two frame-
work O atoms (Ca2-02 = 2.91 A) and five H,O sites (Ca2-
W2 =12.39,Ca2-W1 =243, Ca2-W3=3.06 A). Following
the label scheme in Table 4, when site D,3 is occupied by
Na or H,0, then sites 4, and D,1 are empty, site D,2 is
occupied by H,O W3, and site 4, might be occupied by
Ca2, with sites D,1 and D,3 empty and site D,2 occupied
by H,O W2 (or W2b) in the next cage.

The other cage unit present in the structures does not
show any residual electron density around the position
corresponding to the W1 site that is in the center of the
niche formed by the crankshaft chain. In this cage, the
only extraframework species are in the Cal and W2,W2b
positions. Occupancy of the Cal site is incompatible with
simultaneous occupancy of Ca2 and Na sites positioned
opposite the same eight-membered ring. The cation in
this position is weakly bonded to three framework O at-
oms (Cal-O2 = 3.09, Cal-O12 = 3.25 A) and to two O
atoms of H,0O molecules (either W2 at 3.15 A or W2b at
3.03 A). The alternative W2 and W2b sites are occupied
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Fig. 6. Ortep plot of the possible configuration of extraframe-
work species in the cage unit of the Goble garronite lacking the
W1 site. Ellipsoids at 30% probability. Alternative site W2b close
to the H,O site W2 is not shown for clarity.

by an O atom of H,O firmly bonded to two framework
O atoms (W2-0O2 = 2.70, W2b-02 = 2.51 A). H bonds
with other W2, W2b sites that are possibly occupied at the
same time (W2-W2b = 2.67, W2-W2 = 2.94, W2b-W2b
= 2.47 A) and weak interactions with the Cal cation site
might explain the geometry of this split position, which
could be modeled equally well by one extremely aniso-
tropic O atom of H,O. Figure 6 shows the possible ar-
rangements in the cages where the W1 site is unoccupied.

ACKNOWLEDGMENTS

Financial support is acknowledged from Italian Consiglio Nazionale
delle Ricerche and Ministero dell’Universita e della Ricerca Scientifica e
Tecnologica. Computing time was made available from the Centro di
Calcolo dell’Universita di Modena. E. Passaglia and R. Carnevali made
the garronite sample from Fara Vicentina available for this study. G.
Vezzalini performed the electron microprobe and thermogravimetric anal-
yses. A. Alberti, D.L. Bish, S. Merlino, J.C. Post, R. Rinaldi, and an
anonymous referee reviewed the manuscript and are gratefully acknowl-
edged for their suggestions.

REFERENCES CITED

Alberti, A., and Vezzalini, G. (1979) The crystal structure of amicite, a
zeolite. Acta Crystallographica, B35, 2866—2869.

Alberti, A., Vezzalini, G., and Pécsi-Donath, E. (1982) Some unusual
zeolites from Hungary. Acta Geologica Academiae Scientiarum Hun-
garicae, 25, 237-246.

Artioli, G., Rinaldi, R., Kvick, A., and Smith, J.V. (1986) Neutron dif-
fraction structure refinement of the zeolite gismondine at 15 K. Zeolites,
6, 361-366.



196

Baerlocher, C., and Meier, W.M. (1970) Synthese und kristallstruktur von
tetramethylammonium-gismondin. Helvetica Chimica Acta, 53, 1285~
1293 (in German).

(1972) The crystal structure of synthetic zeolite Na-P1, an isotype
of gismondine. Zeitschrift fiir Kristallographie, 135, 339-354.

Barrer, R.M., Bultitude, F.W., and Kerr, 1.S. (1959) Some properties of,
and a structural scheme for, the harmotome zeolites. Journal of the
Chemical Society, 1521-1528.

Dollase, W.A. (1986) Correction of intensities for preferred orientation in
powder diffractometry: Application of the March model. Journal of
Applied Crystallography, 19, 267-272.

Feoktistov, G.D., Ushchapovskaya, Z.F., and Lakhno, T.A. (1969) A find
of garronite in the USSR. Doklady Akademii Nauk SSSR, 188, 670-
672 (in Russian).

Gottardi, G. (1979) Topologic symmetry and real symmetry in framework
silicates. Tschermaks Mineralogische und Petrographische Mitteilung-
en, 26, 39-50.

Gottardi, G., and Alberti, A. (1974) Domain structure in garronite: A
hypothesis. Mineralogical Magazine, 39, 898-899.

Gottardi, G., and Galli, E. (1985) Natural zeolites, 409 p. Springer-Verlag,
Berlin.

Hakansson, U, Filth, L., and Hansen, S. (1990) Structure of a high-silica
variety of zeolite Na-P. Acta Crystallographica, C46, 1363-1364.

Hansen, S., Hakansson, U., and Filth, L. (1990) Structure of synthetic
zeolite Na-P2. Acta Crystallographica, C46, 1361-1362.

Hentschel, G. (1978) Einige funde ungewdhnlicher minerale aus quartiiren
vulkanvorkommen der Eifel. Mainzer Geowissenschaften Mitteilungen,
7, 151-154 (in German).

Larson, A.C., and Von Dreele, R.B. (1990) GSAS, generalized structure
analysis system. Los Alamos National Laboratory, document LAUR
86-748.

McCusker, L., Baerlocher, C., and Nawaz, R. (1985) Rietveld refinement
of the crystal structure of the new zeolite mineral gobbinsite. Zeitschrift
fiir Kristallographie, 171, 281-289.

ARTIOLIL: CRYSTAL STRUCTURE OF GARRONITE

Meier, W.M., and Olson, D.H. (1987) Atlas of zeolite structure types.
Second revised edition. Butterworths, Guildford, England.

Mortier, W.J. (1982) Compilation of extra framework sites in zeolites.
Butterworths, Guildford, England.

Nawaz, R. (1982) A chemical classification scheme for the gismondine
group zeolites. Irish Naturalists Journal, 20, 480-483.

Pluth, J.J., Smith, J.V., and Bennett, J.M. (1989) Magnesium alumino-
phosphate with encapsulated di-n-propylamine: Gismondine structure,
charge-coupling between framework Mg and ammonium ion, and mo-
lecular disorder. Journal of the American Chemical Society, 111, 1692-
1698.

Pongiluppi, D. (1976) Offretite, garronite and other zeolites from Central
Massif, France. Bulletin de la Société Frangaise de Minéralogie et de
Cristallographie, 99, 322-327.

Taylor, A.M., and Roy, R. (1964) Zeolite studies IV: Na-P zeolites and
the ion-exchanged derivatives of tetragonal Na-P. American Mineral-
ogist, 49, 656—682.

Tealdi, E., and Tschernich, R.W. (1984) Zeoliti nell’America del Nord
Ovest. Seconda parte. Rivista Mineralogica Italiana, 4, 113-125 (in
Ttalian).

Ueda, S., and Koizumi, M. (1972) Synthesis of beryllosilicate with gis-
mondine structure. Nature, 238, 139.

Vezzalini, G., and Oberti, R. (1984) The crystal chemistry of gismondine:
The non-existence of K-rich gismondine. Bulletin de Minéralogie, 107,
805-812.

Walenta, K. (1974) Zeolithparagenesen aus dem Melilith-Nephelinit des
Hoéwenegg im Hegau. AufschluB, 25, 613-626 (in German).

Walker, G.P.L. (1962) Garronite, a new zeolite, from Ireland and Iceland.
Mineralogical Magazine, 33, 173-186.

MANUSCRIPT RECEIVED MARCH 25, 1991
MANUSCRIPT ACCEPTED AUGUST 18, 1991



