American Mineralogist, Volume 83, pages 590-606, 1998

Crystal structure-crystal chemistry relationships in the zeolites erionite and offretite

A. GuALTIERI,* G. ARTIOLI,2* E. PassacLia,* S. Bicl,t A. Viani,! ano J.C. HANSONS

Dipartimento di Scienze della Terra, Universita di Modena, via S. Eufemia 19, 1-41100 Modena, Italy
2Dipartimento di Scienze della Terra, Universita di Milano, via Botticelli 23, 1-20133 Milano, Italy
3Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973, U.SA.

ABSTRACT

This study clarifies the crystal structure variations and relationships in the zeolites eri-
onite and offretite. The crystal structure analyses used Rietveld analysis of X-ray powder
diffraction data, obtained both by synchrotron radiation and conventional X-ray sources,
and on diffraction patterns obtained by transmission electron microscopy. The framework
Al atoms in erionite are preferentially located in the single six-membered ring of tetrahedra
(T2 site), whereas the Si-Al distribution is essentially disordered on the tetrahedral frame-
work sitesin offretite. In both zeolites, the center of the cancrinite cage is always occupied
by K cations in similar amounts in both minerals. The erionite cage in erionite is occupied
by Ca and Na atoms distributed on four distinct cation sites. Mg ions can be present up
to 0.8 atoms per cell and are located between the Cal and Ca3 sites and very close to the
Ca2 site on the symmetry axis. In offretite, the Mg site is located on the trigonal axis of
the gmelinite cage and the Mg atoms are bonded to a variable number (five or six) of H,O
molecules, depending on the site population. The structural data and TEM analysis clearly
show that the crystal chemistry of the extraframework cations, Mg in particular, is a major
factor controlling whether erionite or offretite crystallizes, the Si-Al distribution in the

framework, and the possible stacking intergrowths of the two minerals.

INTRODUCTION

Erionite and offretite are two natural zeolites of the so-
caled ABC-6 family (Gottardi and Galli 1985) whose
members all have a topology of framework tetrahedra
based on different stacking of the 42-6-8 two-dimensional
net (Smith and Bennett 1981; Millward et a. 1985). Er-
ionite (ERI) has an average formula NaK,Ca
[Al,Si0,,]-30H,0 and is hexagonal, with space group
symmetry P6,/mmc and unit-cell parameters a =~ 13.15,
¢ = 1505 A. Offretite [OFF] has a formula KCa
Mg[AlSi ;0] -16H,0, is hexagonal with space group
symmetry P6m2, and unit-cell parameters a ~ 13.30 and
c =~ 7.60 A. The framework of both zeolites is composed
of columns of cancrinite cages (Staples and Gard 1959;
Gard and Tait 1972) connected by a double six-membered
ring of tetrahedra (hexagonal prism). The cancrinite cages
(or e-cages) are al similarly oriented in offretite whereas
they are alternatively rotated by 60° in erionite. Adjacent
columns are linked by single six-membered rings con-
necting cancrinite cages at the same level, forming the
larger cages distinctive of each topology: offretite has
gmelinite cages (or 14-hedrons) and wide channels par-
alel to the ¢ axis delimited by 12-membered rings; eri-
onite has large cages (erionite cages, or 23-hedrons) with
the larger openings formed by eight-membered rings. In
terms of six-membered rings stacking sequence aong c,
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erionite, and offretite have an -AABAAC. and an -AAB-
periodicity, respectively. The lack of six-membered rings
in the C sequence position is the reason for the larger
pores in the offretite structure.

Previous structural refinements of erionite indicate that
the cancrinite cages are occupied primarily by K, and the
erionite cages are occupied by Na, Ca, and Mg distributed
on several cation positions located on the symmetry axis
and by H,O molecules (Kawahara and Curien 1969; Gard
and Tait 1973). Cation sites may also be present near the
eight-membered ring shared by two erionite cages, and
these sites have been interpreted as being occupied by Na
and Ca atoms (Gard and Tait 1973), though a peculiar
internal exchange process between the latter cation po-
sition and the K site within the cancrinite cage has been
observed in dehydrated erionite (Schienker et a. 1977).

In offretite, the cancrinite cages are also occupied pri-
marily by K, the gmelinite cages are occupied by Mg and
H,O molecules, and the axial positions in the large chan-
nels delimited by 12-membered rings have several sites
for Na and Ca (Bennett and Gard 1967; Gard and Tait
1972). The cation position near the eight-membered rings
connecting the gmelinite cage to the main structural chan-
nel seems to be largely unoccupied, though partial oc-
cupancy by K has been observed in a dehydrated offre-
tite, as the result of internal cation exchange (Mortier et
al. 1976a). The presence of a small amount of Ca has
been observed inside the hexagona prisms (or double
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TaBLE 1. Occurrence and chemical composition
Si Mg
Locality Chemical formula* (Si + Al) (Ca + Na)
Erionite
Lady Hill Nag 1K, 24M g 05Ca4 25(Al11 03Si54.6:07,)-36.36H,0 0.69 0.01
Nizhnyaya Tunguska Nag 06K+ 6sMo.07Ca5 77 (Alg 60Size.4,0-,)-31.63H,0 0.73 0.02
Shourdo N2 15K5 6:MUo 55C a5 42 (Alg 51 Sl 56075)-28.86H,0 0.76 0.21
Araules Nay 03K, 1sMJ0 8:C85 75(Al14 48154 5,07,)-33.57H,0 0.68 0.22
Agate Beach Nay 15K, 77M0q 5,Ca, 4, (Alg 6,517 1504,)-29.82H,0 0.75 0.31
Offretite
Fitta2 Ko76MUo070Ca4 50(Als 46115 5:056)-16.72H,0 0.70 0.46
Fittal Ko.6:MJ1 0,Ca, 15(Als 41Si156,036)-16.64H,0 0.70 0.89
Mt. Semiol Ko.6sM01 06C0.67(Als 26511 51055)-16.85H,0 0.71 1.09

* Passagalia et al. (1998).

six-membered rings) of offretite (Gard and Tait 1972),
and it is interesting to note that the prisms contain no
extraframework species in erionite. However, in related
structures of the [LTL]-type, such building units are
known to contain monovalent cations or H,O molecules
(Barrer and Villiger 1969; Artioli and Kvick 1990).

The accompanying paper on the crystal chemistry of
erionite and offretite (Passaglia et a. 1998) shows that
the two zeolites have a K content always very close to
the amount required for full occupancy of the cancrinite
cage (i.e., two atoms per cell in erionite and one atom
per cell in offretite). Species discrimination is possible on
the basis of the extraframework Mg/(Ca+Na) ratio, which
is lower than 0.15 in most erionites and between 0.7-1.1
in most offretites. Previously assumed parameters for of-
fretite and erionite discrimination, such as the tetrahedral
Si/Al ratio or the optic sign of elongation (Sheppard and
Gude 1969; Wise and Tschernich 1976; Gude and Shep-
pard 1981) are shown to be misleading and have often
resulted in misidentification of mineral specimens.

A few of the studied samples show anomalous crystal
chemistry: four erionite samples were found to be Ca
poor and Mg-rich [Mg/(Ca+Na) ratio between 0.20 and
0.30] and two offretite samples are rather Ca-rich and
Mg-poor [Mg/(Ca+Na) ratio between 0.45 and 0.50]. Be-
cause erionite-offretite epitaxial intergrowths have been
described in the literature (Bennett and Grose 1978; Pas-
saglia et al. 1998), the borderline chemistry of these sam-
ples may be due to the presence of disordered offretite-
erionite stacking segquences.

The present investigation attempts to: (1) characterize
in detail the crystal structure of a few erionite and offre-
tite samples with “‘ideal”’ chemical composition; and (2)
define the nature of afew chemically anomalous samples,
which lie between the offretite and erionite fields in the
Mg-(Ca+Na)-K diagram. The present investigation util-
izes the results of the recent work of Alberti et al. (1996)
and Alberti et a. (1997), presenting detailed models of
the offretite and erionite structures on the basis of single-
crystal diffraction data.

Five erionite and three offretite samples were selected
for study by Rietveld refinement using X-ray powder dif-
fraction data. Transmission electron microscopy (TEM)

studies were also carried out on several erionite and of-
fretite crystals to investigate stacking disorder at a local
level.

SAMPLES

We examined two erionite samples having close to
“ideal composition” from Lady Hill Quarry, Northern
Ireland (courtesy of H. Foy; sample no. 4 in Passaglia et
a. 1998), and from Nizhnyaya Tunguska, Russia (cited
as Tunguska from now on; Belitsky and Bukin 1968;
sample no. 13 in Passaglia et a. 1998); three chemically
anomalous erionite samples from Shourdo, Russia (Ba-
tiashvili and Gvakhariya 1968; no. 12 in Passaglia et al.
1998), from Agate Beach, Oregon (Wise and Tschernich
1976; no. 5 in Passaglia et al. 1998), and from Araules,
Ht. Loire, France (Pongiluppi 1976; no. 19 in Passaglia
et a. 1998); two offretite samples having an amost *‘ide-
al composition” from Mt. Semiol, France (Passaglia and
Tagliavini 1994; no. 9 in Passaglia et al. 1998), and from
Fitta, Italy (Passaglia et a. 1996; sample Fittal: No. 11
in Passaglia et a. 1998); and one chemically anomalous
offretite sample from Fitta (sample Fitta2; no. 12 in Pas-
saglia et a. 1998).

Table 1 reports the occurrence and the mean chemical
analysis of the samples (examined in detail Passaglia et
al. 1998). A ternary Mg-K-(Ca+Na) diagram (Fig. 1)
shows the composition of the extraframework cations; the
observed compositional fields of erionites and offretites
are shown for comparison.

EXPERIMENTAL METHODS

Powder diffraction data were collected with synchro-
tron radiation for all samples except the Agate Beach and
Araules erionites. Samples were hand ground in an agate
mortar, loaded in a 0.3 mm diameter glass capillary, and
packed using mechanical vibrations. The capillary was
set on a standard goniometer head for data collection. A
spinning motor allowed rotation of the capillary in par-
alel-beam transmission Debye-Scherrer geometry. The
diffraction data were collected on beam-line X7B at the
National Synchrotron Light Source, Brookhaven National
Laboratory, U.S.A. The optics of the beam-line are de-
scribed in detail by Hastings et al. (1983). The beam-line
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Ficure 1. Ternary Mg-K-(Ca+Na) diagram showing the
chemical content of the extraframework cation in the samples
under investigation and the observed fields of erionite and offre-
tite (modified after Passaglia et al. 1998). Open squares = offre-
tite (1 = Mt. Semiol; 2 = Fittal; 3 = Fittd2). Open circles =
erionite (1 = Shourdo; 2 = Tunguska; 3 = Lady Hill; 4 = Agate
Beach; 5 = Araules).

is equipped with a four-circle Huber diffractometer; the
detector used for the data collection is aflat Imaging Plate
(IP: Amemiija 1990). Standard LaB, (NIST SRM 660)
was used for independent calibration of the experimental
wavelength (0.9358 A) in a specially developed routine
that also allows the calibration of the zero-shift position
of the plate, the sample-detector distance, and the tilt an-
gle of the flat IP (Norby 1997; Gualtieri et a. 1996). The
horizontal and vertical beam sizes were 1.0 and 0.3 mm,
respectively. The exposure time of each diffraction image
was 10 min; the data were collected in the angular range
3-60 °20 up to sine/x = 0.53 A-1. The virtua image
stored in the plate was recovered and digitized using the
Fuji BAS2000 laser scanner. Conversion from pixels to
26 was accomplished using the parameters (sample-de-
tector distance, zero shift, and tilt angle of the IP) deter-
mined from the refinement of standard LaB, peak posi-
tions. The low-26 region (3-8°) was excluded during the
refinement because of partial shadowing of the Bragg
peaks in that region by the direct beam stop, resulting in
anomalous intensities.

The erionite powders from the Agate Beach and Ar-
aules specimens were mounted on a flat aluminum holder
and diffraction data were collected using conventional
Bragg-Brentano (BB) parafocusing geometry. CuKa ra-
diation was selected using a diffracted-beam pyrolitic
graphite monochromator. The data were collected in the
angular range 5-140° 20, using steps of 0.02°, and 20 s
counting time for each step. The low-26 region (10-17°)
was excluded from the refinement because the beam in
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this angular range was larger than the 2.0 cm long sam-
ple, causing anomalous loss of intensity (Matulis and
Taylor 1992; Fischer 1996). Long counting times were
employed for these samples, and diffraction peaks from
the auminum sample holder are present in the powder
patterns because the available amount of powder was in-
sufficient to fill it. The quality of these diffraction datais
much lower than that of the data collected with synchro-
tron radiation, essentially they were used for comparison
among samples.

TEM was carried out using a Philips 400T instrument
operating at 100 kV and equipped with a Gatan cold stage
using liquid nitrogen. Specimens were weakly hand
ground in an agate mortar, suspended in ethanol, and de-
posited on a coated amorphous carbon film supported on
a 200-mesh Cu grid. Great care was employed to mini-
mize the effects of beam damage on the zeolite, because
erionite and offretite are extremely sensitive to the elec-
tron beam and rapidly destroyed on irradiation. Selected-
area electron diffraction (SAED) patterns were collected
at —170 °C to slow sample degradation under the electron
beam. All SAED patterns were collected with an aperture
of ~0.5 um in diameter.

REFINEMENT AND STRUCTURE ANALYSIS

All synchrotron and conventional X-ray powder data
sets were analyzed by the Rietveld method using the
GSAS software system (Larson and Von Dreele 1997).
The structure factors were calculated using the formal
scattering factors for neutral atoms. Starting atomic co-
ordinates for the structure models of erionite and offretite
were taken from Gard and Tait (1973) and Alberti et al.
(1996), respectively.

The background profile was successfully fitted with a
Chebyshev polynomial function with a variable number
of coefficients: 2024 for the IP data sets, and 12 for the
BB data sets. The diffraction peak profiles were modeled
using a pseudo-Voigt function; two Gaussian and two
Lorentzian coefficients were refined. Initially the unit-cell
parameters, the phase fraction were also refined. The later
stages were devoted to the refinement of the atomic co-
ordinates, the atomic site occupancies for extraframework
positions, and the isotropic atomic displacement param-
eters. Soft constraints on tetrahedral bond lengths were
imposed and used as additional observationsin the earlier
stages of the refinement procedure. The weight of the
constraints was progressively reduced to zero in the later
stages. Difference Fourier maps were repeatedly calcu-
lated from the refined model and were useful for the lo-
cation of residual electron density corresponding to ex-
traframework cations or H,O molecules. Interpretation of
the residual density maxima was based on chemical
knowledge and the coordination geometry of the site, dis-
cussed in detail below.

The total number of simultaneously refined parameters,
the number of observations, and the agreement indices
for the final least-squares cycles are reported in Table 2.
Figure 2 shows the observed (crosses), calculated (con-



GUALTIERI ET AL.: STRUCTURE-CHEMISTRY IN ERIONITE AND OFFRETITE

TABLE 2. Statistics on the Rietveld refinements

No. of
No. of  re-
No. of Bragg fined Re-
data reflec- param- duced
Sample points tions eters e Rwp* R(F3)T
Erionite
Lady Hill 5129 683 95 7.1 0.032 0.094
Shourdo 5129 678 95 4.6 0.028 0.092
Tunguska 5129 718 91 2.4 0.026 0.062
Araules 6100 1801 87 11.2 0.170 0.334
Agate Beach 6100 1818 87 8.7 0.093 0.150
Offretite
Mt. Semiol 5499 397 91 3.9 0.018 0.090
Fittal 5499 391 91 5.2 0.025 0.096
Fitta2 5499 406 87 25 0.014 0.082

*Rup = BW(Fops— Foa) SW(Fy00)]
TRE =2 |F G FallX |F 3l

tinuous line), and difference curves (bottom line) of the
IP patterns; Figure 3 shows analogous profiles for the BB
patterns.

The Lorentzian coefficients of the pseudo-Voigt peak
function refined for the Araules erionite (Lorentzian
FWHM at 260 = 20° is 0.22°) are anomalously large com-
pared with the corresponding coefficients of other erionite
samples (Lorentzian FWHM at 26 = 20°: Agate Beach =
0.08°; Lady Hill = 0.07°; Tunguska = 0.09°; Shourdo =
0.06°). This difference indicates substantial sample broad-
ening effects, possibly due to structural disorder or mi-
crostrain linked to stacking defects. The nature of the dis-
order is discussed below on the basis of the TEM data.
Because of the broad peaks and the structural complexi-
ties, the least-squares refinement of the Araules erionite
structure did not converge, even with highly weighted
soft or hard geometrical and chemica constraints. The
best fit, shown in Figure 3a, was obtained using the struc-
ture model derived from the refinement of the Agate
Beach erionite and by imposing large weights on the soft
tetrahedral bond distance constraints. The refined struc-
ture model is clearly unreliable in terms of the resulting
interatomic distances and of the poor fit between ob-
served and calculated diffraction patterns (Fig. 3a, Table
2). Thefailure of the structure refinement is related to the
high density of stacking defects present in the Araules
erionite.

ResuLTs

Tables 3 and 4 give results from the structure refine-
ments. Discussion of the relationship between unit-cell
parameters and chemical composition is thoroughly treat-
ed in Passaglia et al. (1998). Detailed descriptions of the
structures follow.

Erionite: Framework features

Two crystallographically independent tetrahedral sites
are present: One forms the double six-membered ring and
the base of the cancrinite cage (T1), and the other forms
the single six-membered ring and the base of the erionite
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cage (T2). Erionite from Lady Hill with a high content
of 11.03 Al atoms per cell has mean (T1-O) and (T2-O)
distances of 1.61 and 1.67 A, respectively, (difference
(T1-0)—(T2-O) = —0.06 A) with a clear indication that
Al is partitioned in the single six-membered ring. The
other three erionite samples with lower Al contents (Table
1) show much smaller differences between the mean (T-
O) distances of the two tetrahedral sites ((T1-O)—(T2-O)
about —0.01 A). All differences are negative, consistent
with the substantial partitioning of Al into T2 found in
the Lady Hill erionite. Although a difference with abso-
lute value of 0.01 between the mean (T-O) distances of
the two sites appears to be too small to be significant, the
calculated site occupancy factors of Al in the tetrahedra
using the algorithm of Alberti and Gottardi (1988), which
takes into account the mean (T-O) distances, the T-O-T
angles, and the observed dependence of the Si-O distance
on the Si-O-Si angles (according to the Hill and Gibbs
1979 relationship) is striking. The results are shown in
Table 5 and appear to disprove the earlier conclusions that
Al in erionite is disordered on the tetrahedral framework
sites (Kawahara and Curien 1969; Gard and Tait 1973).
The total framework Al content calculated from the em-
pirica algorithm is very close to that obtained from the
chemical analyses (Table 5), supporting the reliability of
the procedure and the consistency of the results of the
structural refinements.

Erionite: Extraframework positions

The cancrinite cage is occupied by K in al refined
samples, in agreement with Gard and Tait (1973). K is
bonded to six framework O atoms (O2) in atrigonal pris-
matic coordination (Fig. 4). The K site in the center of
the cancrite cage is fully occupied in the Lady Hill and
Shourdo erionites, and it is partially occupied in the Ag-
ate Beach and Tunguska erionites (87 and 85% occupan-
cy factors, respectively), in good agreement with the
chemical analyses (Table 1).

Several cation positions are present in the erionite cage,
mostly located at different z/c height along the symmetry
axis. The three sites at %, %, and z (with z = 0.60, 0.40,
and 0.20, respectively), were refined using the Ca scat-
tering factor and labeled Cal, Ca2, and Ca3. As shown
in Figure 5, Ca3 is located near the center of the erionite
cage, Ca2 is near the center of the upper half of the cav-
ity, and Cal is close to the center of the single six-mem-
bered ring shared by two adjacent erionite cages, forming
the base of the cavity. One additional cation site was lo-
cated at (%,0,0) near the eight-membered ring opening of
the cage and labeled Ca4. The Cal and Ca2 sites present
substantial scattering density in al refined erionites,
whereas Ca3 and Ca4 are generally occupied at the 15%
level or less. Another site located on the symmetry axis
a (z = 0.10) was interpreted as the Mg site because it is
appreciably occupied in the Shourdo and Agate Beach
erionites, which have larger concentrations of Mg atoms
(Table 1), whereas no electron density in this position is
present in the difference-Fourier maps of the Lady Hill
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Ficure 2. Observed (crosses), calculated (continuous line), and difference curve (bottom line) resulting from the Rietveld
refinements based on the synchrotron powder patterns: (a) erionite from Shourdo. (b) offretite from Mt. Semiol.
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Ficure 3. Observed (crosses), calculated (continuous line), and difference curve (bottom line) resulting from the Rietveld
refinements based on the conventional powder patterns: (a) erionite from Araules; (b) erionite from Agate beach. The regions
excluded from the refinement in pattern 3a contain the Al diffraction pesks from the sample holder.
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TaBLE 3A. Data for erionites
Site Occupancy Multiplicity x (A) v (A) z(A) Uiso (A)
Agate Beach [a = 13.289(1) ¢ = 15.079(2)]
T1 1 24 —0.0005(5) 0.2332(4) 0.1015(6) 0.031(4)
T2 1 12 0.0897(6) 0.4249(4) 0.25 0.046(4)
o1 1 24 0.0175(7) 0.3305(8) 0.1752(4) 0.057(3)
02 1 12 0.0915(4) 0.1830(5) 0.1176(8) 0.064(5)
03 1 12 0.1101(6) 0.2202(6) 0.6371(7) 0.062(7)
04 1 12 0.2693(6) 0 0 0.019(5)
05 1 6 0.2329(6) 0.4658(6) 0.25 0.088(7)
06 1 6 0.0365(5) 0.5182(5) 0.25 0.052(5)
Cal 0.30(3) 4 0.3333 0.6667 0.1137(8) 0.085(5)
ca2 0.22(1) 4 0.3333 0.6667 0.9047(5) 0.079(3)
Ca3 0.16(2) 4 0.6667 0.3333 0.177(2) 0.020(4)
Mg 0.20(4) 4 0.6667 0.3333 0.049(3) 0.018(5)
K 0.87(3) 2 0 0 0.25 0.017(1)
w1 0.33(2) 12 0.245(3) 0.490(3) 0.106(2) 0.162(5)
W2b 0.86(5) 12 0.2658(9) 0.5316(9) 0.7009(8) 0.135(4)
w3 0.90(2) 12 0.422(1) 0.844(1) 0.897(3) 0.107(6)
W3b 0.30(2) 12 0.469(1) —-0.602(2) 0.073(1) 0.107(6)
W3c 0.24(2) 12 0.441(2) 0.882(2) 0.789(4) 0.107(6)
Lady Hill [a = 13.339(1) ¢ = 15.112(1)]
T1 1 24 0.0012(6) 0.2308(4) 0.1058(4) 0.027(3)
T2 1 12 0.0871(5) 0.4190(6) 0.25 0.015(5)
o1 1 24 0.0295(5) 0.3443(7) 0.1584(6) 0.044(2)
02 1 12 0.0991(5) 0.1982(6) 0.1285(7) 0.052(4)
03 1 12 0.1266(7) 0.2532(2) 0.6284(4) 0.044(2)
04 1 12 0.2645(5) 0 0 0.051(3)
05 1 6 0.2314(1) 0.4628(5) 0.25 0.033(2)
06 1 6 0.1105(3) 0.5552(6) 0.25 0.035(6)
cal 0.40(2) 4 0.3333 0.6667 0.118(2) 0.091(4)
Ca2 0.47(2) 4 0.3333 0.6667 0.942(1) 0.082(1)
Ca3 0.07(2) 4 0.6667 0.3333 0.221(2) 0.041(7)
Ca4 0.04(1) 6 0.5 0 0 0.091(4)
K 1 2 0 0 0.25 0.051(3)
w1 0.39(4) 12 0.2705(9) 0.5410(8) —0.060(2) 0.067(3)
Wib 0.46(7) 12 0.2439(9) 0.4878(8) 0.0154(8) 0.067(3)
w2 0.31(4) 6 0.2050(8) 0.4100(9) 0.75 0.048(3)
W2b 0.29(5) 12 0.254(2) 0.508(5) 0.691(4) 0.048(3)
w3 0.62(5) 12 0.4414(7) 0.8828(7) 0.9141(7) 0.047(4)
W3b 0.38(6) 12 0.470(1) —0.060(1) 0.027(2) 0.047(4)
W3c 0.18(4) 12 0.4205(9) 0.8410(8) 0.6586(8) 0.047(4)
Shourdo [a = 13.264(1) ¢ = 15.067(1)]
T1 1 24 0.0006(5) 0.2329(3) 0.1052(4) 0.036(2)
T2 1 12 0.0926(3) 0.4226(7) 0.25 0.031(5)
o1 1 24 0.0251(7) 0.3473(6) 0.1609(5) 0.045(3)
02 1 12 0.0973(5) 0.1946(6) 0.1261(7) 0.019(5)
03 1 12 0.1263(6) 0.2526(6) 0.6320(7) 0.024(4)
04 1 12 0.2680(5) 0 0 0.038(5)
05 1 6 0.2310(6) 0.4620(6) 0.25 0.043(7)
06 1 6 0.0970(3) 0.5485(3) 0.25 0.070(6)
Cal 0.15(1) 4 0.3333 0.6667 0.104(2) 0.077(5)
ca2 0.12(1) 4 0.3333 0.6667 0.887(1) 0.069(3)
Ca3 0.13(1) 6 0.6667 0.3333 0.2010(9) 0.032(6)
Ca4 0.14(2) 4 0.5 0 0 0.065(3)
Mg 0.13(4) 4 0.6667 0.3333 0.0730(4) 0.103(2)
K 1 2 0 0 0.25 0.038(4)
w1 0.29(5) 12 0.266(1) 0.532(1) 0.008(1) 0.086(3)
w2 0.36(6) 12 0.235(2) 0.470(2) 0.718(3) 0.128(4)
W2b 0.18(4) 12 0.260(2) 0.522(2) 0.694(3) 0.128(4)
w3 0.61(3) 12 0.431(1) 0.862(1) 0.903(2) 0.138(3)
Ww3b 0.22(5) 12 0.462(1) —0.074(2) 0.029(1) 0.138(3)
W3c 0.14(7) 12 0.465(1) 0.930(1) 0.779(2) 0.138(3)
Tunguska [a = 13.304(1) ¢ = 15.078(2)]
T1 1 24 0.0030(2) 0.2332(2) 0.1057(1) 0.036(4)
T2 1 12 0.0945(3) 0.4227(4) 0.25 0.028(2)
o1 1 24 0.0223(3) 0.3453(2) 0.1616(5) 0.026(1)
02 1 12 0.0952(2) 0.1904(3) 0.1255(4) 0.042(6)
03 1 12 0.1259(3) 0.2518(3) 0.6383(5) 0.058(2)
04 1 12 0.2661(4) 0 0 0.040(2)
05 1 6 0.2284(7) 0.4568(7) 0.25 0.051(2)
06 1 6 0.0722(2) 0.5361(2) 0.25 0.061(5)
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TABLE 3A—Continued
Site Occupancy Multiplicity x (A) y(A) z (A Uiso (A)
cal 0.16(2) 4 0.3333 0.6667 0.113(2) 0.026(4)
ca2 0.55(3) 4 0.3333 0.6667 0.9263(9) 0.072(2)
Ca3 0.13(1) 6 0.6667 0.3333 0.219(2) 0.033(5)
Cad 0.04(1) 4 05 0 0 0.095(2)
K 0.85(2) 2 0 0 0.25 0.039(3)
wi 0.39(5) 12 0.2476(9) 0.4952(9) 0.020(1) 0.128(1)
w2 0.24(4) 6 0.242(1) 0.484(1) 0.75 0.149(3)
W2b 0.46(5) 12 0.238(1) 0.476(1) 0.678(1) 0.149(3)
w3 0.74(7) 12 0.4337(9) 0.8674(9) 0.882(1) 0.128(5)
W3b 0.33(6) 12 0.534(2) 0.069(2) 0.004(1) 0.128(5)
W3c 0.19(4) 12 0.421(1) 0.842(1) 0.711(2) 0.128(5)

and Tunguska erionites, which are aimost Mg-free. The
cation assignment of sites Cal and Ca2 is in agreement
with previous interpretations (Gard and Tait 1973),
whereas the assignments of the Ca3 and Mg sites are
reversed. Support for the present interpretation is given
by the match between the overall cation content resulting
from the chemical analysis (Table 1) and that recal culated
from the refined site population factors. The refined cat-
ion contents are: Lady Hill = Mg,Ca,,; Shourdo =
Mg,sCa,,; Tunguska = Mg,Ca,,; Agate Beach =
Mg,sCa,,. The corresponding cation contents from chem-
ical analyses, considering the total scattering power of
(Ca+Na) as Ca atoms, are: Lady Hill = Mg,Ca,,; Shour-
do = Mg,Ca, Tunguska = Mg,Ca,,; Agate Beach =
Mg,sCa,.. The agreement is excellent, given the analyti-
cal uncertainties of the chemical analysis (Passaglia et al.
1998) and the complexity of the erionite Rietveld refine-
ments. Several smaller maxima in the difference-Fourier
maps were refined as H,O molecule positions. Some of
these low-occupancy sites could actually be occupied by
a small amount of cations, especially Na atoms or, as in
the Lady Hill erionite, by the K atoms in excess of 2.0
atoms per cell that cannot be accommodated in the can-
crinite cage. Three main H,O molecule positions were
located (W1, W2, W3); in most cases they were treated
as split atom sites with mutually exclusive occupancy
(i.e., W1-W1b, W2-W2b, W3-W3b, or W3c).

The following discussion of the geometry of the cation
sites is based on the refinement of the Lady Hill erionite,
athough it applies to the results of the refinements of the
other erionite samples, unless specifically noted.

Cal is surrounded by three H,O molecules (W1 or
W1b) with bond distances in the range 2.03-2.58 A in
the different erionite samples. This position corresponds
to the position H,0O(8) refined by Gard and Tait (1973).
The closest framework O atoms are three O5 atoms at
distances in the range 3.08-3.21 A. In the Lady Hill er-
ionite, W1 has an alternative W1b site also connected to
the Ca2 site (Ca2-W1b distance 2.34 A). The W1b po-
sition is empty in the other samples, which contain less
H,O than the Lady Hill erionite. The H,O molecule W1
site can be occupied only when the Ca2 and W1b sites
are empty, given the very short Ca2-W1 (1.45 A) and
W1-W1b (1.29 A) distances.

Ca2 is surrounded by nine H,O molecule positions:

three W1 or W1ib sites at distances in the range 2.32—
2.34 A; three W3 (or W3c) sites at distances in the range
2.03-2.77 A [corresponding to the H,O(9) position of
Gard and Tait 1973]; and three W2 (or W2b) sites at
distances in the range 2.06-2.75 A (corresponding to the
H,O(7) position of Gard and Tait 1973). The coordination
number is six in the Agate Beach erionite, wherein W1
is rather distant from Ca2 (Ca2-W1 distance is 3.6 A).

Ca3 is surrounded by several H,O molecule posmons
three W2 sites at distances in the range 2.26-2,29 A; six
W2b sites at distances in the range 2.24-2.70 A and six
W3, W3b, or W3c sites at distances in the range 2.24—
2.99 A. Some W2b sites are closer (Ca3-W2b distances
in the range 1.59-1.87 A), but these sites are empty when
Ca3 is occupied. Several W1 positions are also within
bonding distance in the range 2.43-2.83 A. However, the
short H,0-H,0 contacts (for example the short W1-W2b
= 2.01 A and W2-W2b = 1.45 A distances) and the low-
site occupancy levels indicate that the average coordina
tion number of the Ca3 cation is six, and the H,O mol-
ecules present at any time depend on the occupancy of
the adjacent cation sites. W2b interacts by means of weak
hydrogen bonds with the framework O1 atom (distances
in the range 3.02-3.44 A).

Although W2 is normally located at the intersection of
the mirror plane perpendicular to [001] at z = 0.75 and
the mirror plane perpendicular to [010] at y = O, the
Shourdo erionite refinement resulted in abnormally high-
atomic displacement parameters for this site. A split-atom
model was therefore adopted, with the H,O molecule lo-
cated off the mirror plane perpendicular to [001]. The two
resulting positions are, of course, mutually exclusive.

The Ca4 site, with a low occupancy factor, is bonded
to two H,Q molecules (Cad-W3 distances in the range
1.87-2.33 A) and to two framewqrk O atoms (Ca4-O4
distances in the range 3.07-3.14 A) Ca4 and W3b are
not simultaneously occupied given the very short intersite
distance. Ca4 is empty in the Agate Beach sample.

The position for Mg was located only in the Shourdo
and Agate Beach samples, because of their appreciable
Mg content. The Mg site is lgcated between the Cal and
Ca3 sites (at 2.66 and 1.92 A, respectively), very close
to the Ca2 site (at 0.6 A). The short Ca-Mg distances
prevent simultaneous occupation of the Mg and the Ca2,
Ca3, and Ca4 cation sites. In the Shourdo erionite, the
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TaBLE 3B. Data for offretites
Site Occupancy Multiplicity x (&) v (A) z (A Uiso (A)
Fittal [a = 13.390(2) ¢ = 7.598(1)]
Tl 1 12 —0.0014(5) 0.2321(4) 0.2087(2) 0.039(3)
T2 1 6 0.0884(3) 0.4231(5) 0.5 0.020(5)
o1 1 12 0.0260(6) 0.3494(5) 0.3160(6) 0.020(5)
02 1 6 0.0962(4) 0.9037(4) 0.2500(3) 0.028(4)
03 1 6 0.8734(5) 0.1265(5) 0.2926(4) 0.066(4)
04 1 6 0.0052(4) 0.2644(5) 0 0.022(5)
05 1 3 0.2331(5) 0.7668(5) 0.5 0.026(2)
06 1 3 0.4602(3) 0.5397(3) 0.5 0.037(4)
cal 0.40(6) 2 0.6667 0.3333 0.4021(7) 0.042(4)
ca2 0.36(2) 2 0.6667 0.3333 0.2664(9) 0.048(5)
K 0.96(2) 1 0 0 0.5 0.051(5)
Mg 0.97(1) 1 0.3333 0.6667 0 0.043(3)
wi 1 2 0.3333 0.6667 0.2335(8) 0.120(4)
w2 0.81(4) 3 0.2432(7) 0.7568(7) 0 0.063(4)
w3 0.26(7) 6 0.1350(5) 0.5104(6) 0 0.060(5)
w4 0.85(4) 3 0.7663(9) 0.2337(9) 0.5 0.056(5)
w5 1 6 ~0.4325(8) 0.4325(8) 0.1682(4) 0.062(6)
we 0.32(2) 3 ~0.2539(9) 0.2539(9) 0 0.060(6)
Fitta2 [a = 13.308(3) ¢ = 7.597(2)]
Tl 1 12 0.0006(4) 0.2317(6) 0.2048(5) 0.039(4)
T2 1 6 0.0921(5) 0.4227(6) 0.5 0.026(2)
o1 1 12 0.0208(5) 0.3479(3) 0.3173(5) 0.020(6)
02 1 6 0.0957(4) 0.9043(4) 0.2686(3) 0.091(6)
03 1 6 0.8761(5) 0.1239(5) 0.2900(4) 0.089(4)
04 1 6 0.0019(4) 0.2691(6) 0 0.049(3)
05 1 3 0.2287(5) 0.7713(5) 0.5 0.067(5)
06 1 3 0.457(1) 0.543(1) 0.5 0.019(5)
Cal 0.43(2) 2 0.6667 0.3333 0.3876(6) 0.041(4)
ca2 0.32(4) 2 0.6667 0.3333 0.2438(7) 0.033(3)
K 0.89(3) 1 0 0 0.5 0.018(4)
Mg 0.86(2) 1 0.3333 0.6667 0 0.030(6)
wi 1 2 0.3333 0.6667 0.2335(8) 0.120(5)
w2 0.65(4) 3 0.2424(8) 0.7576(8) 0 0.020(5)
w3 0.55(7) 6 0.1129(5) 0.4602(6) 0 0.039(5)
w4 0.94(4) 3 0.7564(7) 0.2436(7) 0.5 0.044(6)
w5 1 6 —0.4363(6) 0.4363(6) 0.1603(8) 0.13(1)
Mt. Semiol [a = 13.293(2) ¢ = 7.608(1)

Tl 1 12 —0.0004(4) 0.2308(2) 0.2067(4) 0.028(3)
T2 1 6 0.0919(3) 0.4210(5) 0.5 0.030(3)
o1 1 12 0.0267(4) 0.3476(2) 0.3188(5) 0.030(5)
02 1 6 0.0942(4) 0.9056(3) 0.2340(1) 0.016(2)
03 1 6 0.8849(3) 0.1151(3) 0.2807(6) 0.026(2)
04 1 6 0.0093(3) 0.2722(4) 0 0.032(7)
05 1 3 0.2271(3) 0.7729(3) 0.5 0.010(5)
06 1 3 0.4545(7) 0.5455(7) 05 0.051(5)
Cal 0.43(3) 2 0.6667 0.3333 0.353(4) 0.067(3)
ca2 0.27(3) 2 0.6667 0.3333 0.245(5) 0.052(3)
K 1 1 0 0 05 0.040(2)
Mg 1 1 0.3333 0.6667 0 0.026(5)
wi 1 2 0.3333 0.6667 0.2587(9) 0.043(4)
w2 0.80(4) 3 0.2437(8) 0.7563(7) 0 0.041(6)
w3 0.30(5) 6 0.1740(8) 0.4957(9) 0 0.060(4)
w4 1 3 0.7579(7) 0.2421(7) 0.5 0.058(4)
w5 0.35(3) 6 —0.4357(8) 0.4357(8) 0.1713(2) 0.042(6)
W5b 0.37(3) 6 —0.4820(7) 0.4820(7) 0.1231(5) 0.042(5)

Mg cation is surrounded by six H,Q molecules (three W1
a 1.91 A and three W3 at 2.28 A) in a distorted octa-
hedral environment (Fig. 6). In the Agate Beach erionite,
the Mg cation has a similar environment with W2b at
2.76 A and W3 at 2.19 A.

The total number of refined H,O molecules is 29.7,
21.6, and 26.8 for the Lady Hill, Shourdo, and Tunguska
samples, respectively. The values are all underestimated
with respect to the number of H,O molecules obtained
from the TG analyses (Passaglia et al. 1998). It is likely
that the undetected H,O molecules are disordered in the

erionite cages, since no refinable density maxima were
found in the residual difference-Fourier maps. The num-
ber of H,O molecules resulting from the Agate Beach
refinement is 31.6, in good agreement with the TG
analyses.

Concerning the framework-extraframework cation in-
teractions, the ordering of Al in the T2 site can be nicely
explained by taking into account the Ca bonding with the
framework O atoms. Cal is bonded to three H,O mole-
cules in the W1 or W1b sites, and to three framework O
atoms (O5). As the cation population of the Cal site in-
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TaBLE 4A. Selected bond lengths (A) and bond angles (°) for
erionite
Agate Beach
T1-01 1.629(2) T2-01X2 1.600(1)
T1-02 1.677(1) T2-05 1.697(2)
T1-03 1.644(2) T2-06 1.706(3)
T1-04 1.602(3)
mean T1-O 1.638(3) mean T2-O 1.650(2)
T1-01-T2 153.5(3)
T1-02-T1 136.1(2)
T1-03-T1 140.2(4)
T1-04-T1 145.4(5)
T2-05-T2 147.8(3)
T2-06-T2 137.9(6)
Cal-O5%3 3.09(2) K-02x6 2.90(2)
Cal-W1x3 2.03(1)
Cal-Mg 2.45(2) Mg-W2bx3 2.76(3)
Mg-W3x3 2.19(4)
Ca2-W2bx3 2.22(2)
Ca2-W3x3 2.04(2) W2b-W2b 1.48(3)
Ca2-W3cx3 3.03(1) W2b-W3x2 2.17(2)
Ca2-Ca3 1.23(3) W2b-W3cx2 2.17(1)
Ca2-Mg 0.690(3)
W3-W2bx2 2.17(2)
Ca3-W2bx3 1.59(3) W3-W3bx2 1.39(3)
Ca3-W2bx3 2.40(2) W3-W3c 1.68(2)
Ca3-W3x3 2.32(3)
Ca3-W3cx3 2.53(2) W3b-W3b 1.76(2)
Ca3-W3cx3 2.99(1)
Ca3-Mg 1.93(7) W3c-06 1.87(5)
Ca3-Ca3 2.20(2) W3c-W3c 1.17(3)
Lady Hill
T1-01 1.580(2) T2-01x2 1.652(3)
T1-02 1.606(2) T2-05 1.709(3)
T1-03 1.608(1) T2-06 1.683(4)
T1-04 1.663(2)
mean T1-O 1.614(2) mean T2-O 1.674(4)
T1-01-T2 144.6(3)
T1-02-T1 142.9(4)
T1-03-T1 148.3(5)
T1-04-T1 148.0(4)
T2-05-T2 145.6(6)
T2-06-T2 161.5(4)
Cal-O5x3 3.08(2) Ca4-04x2 3.14(1)
Cal-Wi1x3 3.06(2) Ca4-W3x2 1.87(3)
Cal-Wlbx3 2.58(2) Ca4-W3bx2 0.80(3)
Cal-Ca2 2.66(5) Ca4-W3cx2 3.02(2)
Ca2-W1x3 1.45(2) K-02x6 3.00(9)
Ca2-W1lbx3 2.34(1)
Ca2-W2bx3 2.71(6) W1-W1b 1.29(3)
Ca2-W3x3 2.53(4) W1-W2b 2.01(6)
Ca2-W3cx3 2.52(1)
Caz2-Ca4 2.47(3) W2-W2bx2 1.45(6)
Ca3-W1x3 2.83(1) W2b-W2b 1.78(1)
Ca3-W2x3 2.99(1) W2b-W3cXx2 1.98(2)
Ca3-W2bx3 1.87(3)
Ca3-W2bx3 2.24(2) W3-W3b 1.82(3)
Ca3-W3cx3 2.24(1) W3-W3c 1.20(5)
Ca3-W3cx3 2.71(2)
W3b-W3b 1.61(6)
W3c-W3c 1.20(3)
Shourdo
T1-01 1.619(2) T2-01x2 1.644(2)
T1-02 1.628(2) T2-05 1.638(3)
T1-03 1.608(3) T2-06 1.641(2)
T1-04 1.653(3)
mean T1-O 1.629(3) mean T2-O 1.641(3)
T1-01-T2 141.7(2)
T1-02-T1 141.2(4)
T1-03-T1 146.3(4)
T1-04-T1 146.9(3)
T2-05-T2 147.8(5)
T2-06-T2 176.4(4)

TABLE 4A—Continued

Cal-W1x3 2.18(3) Ca4-04x2 3.07(1)
Cal-W3bx3 3.18(3) Ca4-W3x2 2.14(4)
Cal-Mg 2.66(4) Ca4-W3bx2 0.96(2)
Cal-O5x3 3.21(2)
K-02X6 2.913(6)
Ca2-W1x3 2.32(5)
Ca2-W2x3 2.75(1) Mg-W1x3 1.91(3)
Ca2-W2bx3 2.06(1) Mg-W2bx3 2.47(1)
Ca2-W3x3 2.26(4) Mg-W3x3 2.28(4)
Ca2-Ca3 1.32(6)
Ca2-Mg 0.60(6) W2-W2 0.95(1)
W2-W2b 1.44(1)
Ca3-W2x3 2.26(5) W2-W2b 0.68(8)
Ca3-W2x3 2.56(3)
Ca3-W2bx3 1.67(3) W2b-W2b 1.68(1)
Ca3-W2bx3 2.29(2) W3-W3b 2.03(5)
Ca3-W3x3 2.74(6) W3-W3c 2.03(1)
Ca3-Mg 1.92(1)
Ca3-Ca3 1.47(1)
W3b-W3b 1.92(6)
W3c-W3c 0.86(6)
W3c-06 1.96(6)
Tunguska
T1-01 1.618(2) T2-01X2 1.664(2)
T1-02 1.612(2) T2-05 1.602(2)
T1-03 1.665(3) T2-06 1.677(3)
T1-04 1.658(1)
mean T1-O 1.639(2) mean T2-O 1.652(3)
T1-01-T2 139.7(2)
T1-02-T1 138.1(1)
T1-03-T1 141.3(3)
T1-04-T1 149.1(3)
T2-05-T2 151.4(4)
T2-06-T2 162.3(3)
Cal-O5x3 3.17(2) Ca4-04x2 3.11(1)
Cal-W1x3 2.41(2) Ca4-W3x2 2.33(2)
Cal-Ca3 2.81(3) Ca4-W3bx2 0.79(2)
Ca2-W2x3 2.14(1) K-O2x6 2.898(9)
Ca2-W2bx3 2.27(2)
Ca2-W2bx3 2.67(2) W2-W2b 1.07(3)
Ca2-W3x3 2.77(2) W2-W3c 2.14(2)
Ca2-W3cx3 2.03(1)
Ca2-W3cx3 2.28(2) W2b-W2b 2.14(3)
Ca2-Ca3 3.11(1) W2b-W3cx2 2.16(5)
Ca3-W1x3 2.43(1) W3-W3b 1.85(8)
Ca3-W2bx3 2.70(2) W3-W3c 1.44(4)
Ca3-W3x3 2.40(3)
Ca3-W3cx3 2.90(2) W3b-W3b 1.59(6)
W3c-W3c 1.17(3)

creases (from 0.15 in Shourdo to 0.40 in Lady Hill), the
Cal-Q5 distance decreases (from 3.21 A in Shourdo to
3.08 A in Lady Hill). Because the increase in the popu-
lation of Cal shortens the Cal-O5 distances, the adjacent
T2 sites are preferentially occupied by Al in place of Si,
to compensate for the charge saturation of the O5 atoms.
Ca3, which is also bonded to a few O4 atoms, which in
turn are connected to T1 atoms, shows a very low pop-
ulation in al our refinements and thus it has a very minor
influence on the Si-Al distribution.

Offretite: Framework features

Two crystallographically independent tetrahedral sites
were refined: T1 forming the double six-membered rings,
and T2 forming the single six-membered rings. The Mt.
Semiol sample has a mean (T1-O) distance of 1.638 A
and a mean (T2-O) distance of 1.650 A._In the Fittal
sample, the mean (T1-O) distance is 1.650 A and the (T2-
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TABLE 5. Calculated Al content of the tetrahedral sites in

offretites erionite
Fittal Total
T1-01 1.632(2) T2-01x2 1.670(1) Eg/al All%

- | (J calcu-
o3 1223%3 To0 1:258% Locality [A(T-0)  Al(T1)% AI(T2)% EPMA* lated
T1-04 1.633(2) -
mean T1-0 LE50)  mean 120 L6861 Shiotrdo Doi2y 177 05 236 20s
Ezggi ijé:g% Tunguska 0.013(1) 246 355 266 282
T1-03-T1 132.4(5) Agate Beach 0.012(1) 17.0 34.5 24.7 22.8
T1-04-T1 152.1(2) Note: The procedure of Alberti and Gottandi (1988) was used.
T2-05-T2 146.6(5) * Passaglia et al. (1998).

T2-06-T2 177.7(5)
Cal-W4x3 2.41(3) K-02X6 2.92(2)
Cal-W5x3 2.89(2) K-03x6 3.31(3)
cat-cal Lot Mg-WLx2 2.003) Mortier et al. (1976a, 1976b) and confirmed by Alberti
Cal-Ca2 2.51(2) Mg-W2x3 2.07(3) et a. (1996). These results disagree with the model of
CarWaX3 2902 Mg-W3x6 2.408) ordering of Al in the T1 site by Gard and Tait (1972).
sz:wsx 3 2j40§2§ W2-W3X2 1.62(3) Although the observed A(T—O)l va ues are smal I, thg pres-
Ca2-W6x3 2.72(4) ent results may suggest that if Si,Al ordering exists in
W3-W3 1.51(4) offretite, then Al is preferentially partitioned in the T2
Fitta2 site rather than in T1. Furthermore, the consistent trend
Ezgé ig%g; gzgéxz 12228 of Al content with A(T-O) (Fig. 7) indicates that a de-
T1-03 1:687(1) T2-06 1:642(2) crease in total Al content of the structure is related to an
T1-04 1.631(1) increase in partitioning of Al into the T2 site.
mean T1-O 1.664(2) mean T2-O 1.666(2)
T1-01-T2 138.4(2) . i
T1.02.T1 132.7(2) Offretite: Extraframework positions
E—gi—% ﬁg-g(g) The K cations are found exclusively in the cancrinite
12-05.T2 151j7§5; cage where they are bound to six framework O atoms in
T2-06-T2 174.9(4) trigonal prismatic coordination. The refined site occupan-
carwaxs 5328 foaxe gg;g; cy factors are in good agreement with the chemical anal-
Cal-Cal 1.70(4) ' yses, even though a systematic dight overestimation of
Cal-Ca2 1.09(3) Mg-W1x2 2.07(2) the K content from the refinement with respect to the
Cal-Ca2 28009 mgwgig g:gﬁg; analytical value was observed. The K site was refined as
Ca2-W4x3 2.84(3) fully occupied in the Mt. Semiol offretite with a K-O(2)
Caz-Wsx3 2.45(1) wgngz 1-253(‘31) distance of 2.96 A. The refinement of Fittal sample
vt Sem |- 519 showed a refined population of 0.96 (analytical 0.91) and
. Semio
T1-01 1.645(2) T2-01x2 1.660(2)
T1-02 1.629(1) T2-05 1.623(3)
T1-03 1.631(2) T2-06 1.660(1)
T1-04 1.650(2)
mean T1-O 1.638(1) mean T2-O 1.650(1)
T1-01-T2 142.0(3)
T1-02-T1 142.1(5)
T1-03-T1 139.6(3)
T1-04-T1 144.8(2)
T2-05-T2 152.8(3)
T2-06-T2 179.0(6)
Cal-W4x3 2.38(1) Mg-W1x2 1.96(1)
Cal-W5x3 2.73(2) Mg-W2x3 2.06(2)
Cal-Cal 2.23(6) Mg-W3x6 2.20(1)
Cal-Ca2 0.82(2)
W2-W3x2 0.98(2)
Ca2-W4x3 2.86(2)
Ca2-W5x3 2.42(2) W3-W3 1.96(2)
W5-W5hb
K-02%6 2.96(2) W5b-W5b 1.12(3)
K-03x6 3.12(1) 1.87(4)

O) distance is 1.666 A. In the Fitta2 sample, mean (T1-
0O) and (T2-0) distances are 1.664 and 1.666 A, respec-
tively. The difference values (Fig. 7) are al very small
and agree with the model of a disordered distribution of
Si,Al in the tetrahedral sites of offretite as proposed by

Ficure 4. ORTEP plot of the cancrinite cage in erionite
showing the interaction of K with the framework O atoms O2
(x6) and O3 (x6).
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(01

Si1

Ficure 5. ORTEP plot of the erionite cage showing the po-
sitions of the extraframework cations. H,O molecules are not
shown for the sake of clarity.

Ficure 6. ORTEP plot of the coordination environment of
Mg in the erionite cage showing the interactions with the H,O
molecules W1 and W3. The Ca2 site is shown although the Mg
and Ca2 sites cannot be simultaneously occupied. The W2 and
W2b H,O molecule sites also cannot be simultaneously occupied.
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Ficure 7. Total Al content (Al atoms per cell) vs. (T1-
0O)—(T2-0) difference values in offretites.

-.012

the K-O(2) distance of 2.92 A. The cancrinite cage is not
fully occupied in Fitta2 as well (0.89, analytical 0.79) and
the K-O(2) distances are 2.82 A.

The Mg site is on the trigona axis in the gmelinite
cage (Fig. 8) and is coordinated to a variable number of
H,O molecules depending on its occupancy factor. Alberti
et al. (1996) observed that Mg is coordinated by six H,O
molecules in a more or less regular octahedral geometry
for a sample with 1.1 Mg atoms per unit cell, resulting
from “two fully occupied H,O sites placed, above and
below, on the same axis (W7), and to four H,O, which
lie on a plane paralel to (0001) at the same height as
Mg. Two symmetrically independent H,O sites have been
found on this plane: W8, with multiplicity three and W9,
with multiplicity six.” The proposed model involves si-

Ficure 8. ORTEP plot of the gmelinite cage centered by Mg
in offretite. H,O molecules are not shown for clarity.
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multaneous occupancy of only four out of the nine in-
plane H,O sites, implying two possible configurations:
three W9 and one W8 sites or two W9 and two W8 sites.
Gard and Tait (1972) also refined W7, W8, and W9 sites
in their sasmple (having 0.7 Mg atoms per cell) but they

STRUCTURE-CHEMISTRY IN ERIONITE AND OFFRETITE

Ficure 9. ORTEP plots of the Mg coordination environment
in offretite. (a) offretite Mt. Semiol. Mg is bonded to two W1 at
196A three W2 at 206A and six W3 a 2.20 A (W2-W3 =
0.98 A: W3-W3 = 1.96 A) in an octahedral environment very
similar to the one reported by Alberti et a. (1996); (b) Fittal
W3 is at a greater distance (Mg—W3 = 2.40 A) in an interme-
diate situation between the one described by Alberti et al. (1996)
and the one proposed by Gard and Tait (1972) where Mg is
bonded to two W1 (2 atoms per cell) at 2.00 A, three W2 at 2.07
A (2.4 atoms per cell), and six W3 (1.5 atoms per cell) at 2.40
A (W2-W3 = 1.62 A; W3-W3 = 151 A); (c) Fitta2 Mg co-
ordination is close to the model proposed by Gard and Tait
(1972), and Mg is bonded to two W1 (2 atoms per cell) at 2.07
A, three W2 (2.8 atoms per cell) at 2.09 A, and six W3 at 2.84
A (W2-W3 = 158 A). Mg is in a distorted fivefold
coordination.

-

suggested a different bonding model in which Mg has a
distorted fivefold coordination of three W8 and two W7.
We refined the W1, W2, and W3 positions (W7, W8, and
W9, respectively, of Gard and Tait 1972) for al samples.
The offretite from Mt. Semiol (with a composition close
to that refined by Alberti et al. 1996): 1.1 Mg atoms per
cell both from chemical analysis and from site-population
refinement, the Mg cation is bonded to two W1 at 1.96
A, three W2 at 2.06 A, and Six W3 at 2.20 A (W2-w3
= 0.98 A; W3-W3 = 1.96 A) in an octahedral environ-
ment very similar to that reported by Alberti et al. (1996).
We refined a population of 2.4 atoms per cell for W8 and
1.8 atoms per cell for W9, showing that a (0001) in-plane
configuration of two W8 + 2W9 H,O molecules is more
likely (Fig. 98). In the Fittadl offretite, where the analyt-
ical Mg is ~1.0 atoms per cell (the refined value is 0.97
atoms per cell), we observed that the Mg-Wa3 distance is
substantially longer (2.40 A). The coordination geometry
(Fig. 9b) can be described as intermediate between that
described by Alberti et al. (1996) and the geometry pro-
posed by Gard and Tait (1972) where the sixfold coor-
dination of Mg is obtained by bonding to two W1 sites
(2 atoms per cell) at 2.00 A, three W2 sites at 2.07 A
(2.4 atoms per cell), and six W3 sites (1.5 atoms per cell)
at 240 A (W2-W3 = 1.62 A; W3-W3 = 1.5 A). The Mg
coordination in the offretite from Fitta2 (having 0.7 Mg
atoms per cell vs. arefined population of 0.86 Mg atoms
per cell) (Fig. 9c) closely resembles the model proposed
by Gard and Tait (1972). Here, Mg is bonded to two W1
(2 atoms per cell) at 2.07 A, 3 W2 (2.8 atoms per cell)
at 2.09 A, and six W3 at 2.84 A (W2-W3 = 158 A).
The Mg cation is now in a distorted fivefold coordination.
Thus, the Mg content controls the number of coordinated
H,O molecules: The lower the site population, the lower
the number of coordinated H,O molecules.

Concerning the Ca atoms, two independent Cal and
Ca2 sites were refined based on the results of the refine-
ment by Alberti et a. (1996), implying that the Ca atoms
are found at the center of the wide channel, at different
heights along the trigonal axis (Fig. 10). No site was
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Ficure 10. ORTEP plot of the coordination environment of
Cal and Ca2 atoms in offretite. H,O molecules are not reported
for clarity.

found in the cavity of the double six-membered ring as
reported by Gard and Tait (1972). All refinements show
a refined Ca population higher than that resulting from
the chemical analysis. The same result was found by Al-
berti et al. (1996), as they reported a refined population
of 1.32 Ca atoms per cell, whereas the vaue from the
chemical analysis is 1.07 Ca atoms per cell. In the re-
finement of the offretite from Mt. Semiol for example,
the Ca content calculated from the refinement is 1.40 Ca
atoms per cell vs. 0.97 Ca atoms per cell resulting from
the electron microprobe anaysis. We believe this differ-
ence may be due to cation migration during the analysis
(also indicated by a large positive balance error E =
5.6%), although it is possible that some H,O is also pres-
ent in the site. The refinement results are: Mt. Semiol =
Mg, Ca,,; Fittal = Mg, Cas; Fitta2 = Mg,,Ca,; and
the corresponding chemical analyses are: Mt. Semiol =
Mg, .Ca Fittal = Mg, Ca ,; Fitta2 = Mg,-Cays.

Cal is surrounded by three W4 H,O molecules (Cal-
W4 distance in the range 2.23-2.41 A) and three W5
molecules (Cal-W5 distance in the range 2.73-2.93 A)
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in sixfold coordination. Because the Cal-Ca2 distances
are short (0.82-1.09 A) the two sites cannot be simulta-
neously occupied. Ca2 is again in an octahedral environ-
ment asit is surrounded by three W4 molecules (distances
of 2.84-2.90 A) and three W5 (distances of 2.40-2.45
A). Ca2 in Fittal i also weakly coordinated to three W6
molecules at 2.72 A, possibly with ninefold coordination.
According to Alberti et a. (1996), the Cal—-Ca2 distances
for al our samples and the partial occupancy of the two
sites could be explained by non-simultaneous occupancy
of the cation sites.

Concerning the H,O molecules, the five refined posi-
tions (W1-W5) match those found by Alberti et al.
(1996) and labeled O,,,~O,.;- The refined number of H,O
molecules in the Mt. Semiol offretite is 13.6. A new site
was refined on the same plane of W5 and was labeled
W5', whereas the O, site of Alberti et a. (1996) was
found to be empty. The value is underestimated with re-
spect to the H,O content resulting from the TG (Passaglia
et a. 1998). Asin erionite, it is likely that the undetected
molecules are disordered in the structure: No refinable
density maxima were found in the difference-Fourier
maps. Offretite from Fittal has a total number of H,O
molecules of 15.80. The O,,, site of Alberti et a. (1996)
was also refined. The sample from Fitta2 has a total num-
ber of refined H,O molecules of 16.16. The W6 site was
not found in this sample. The values agree with the ex-
pected H,O molecules calculated from the TG (Passaglia
et al. 1998).

TEM results

Selected-area electron diffraction (SAED) patterns of
the erionites from Shourdo, Tunguska, Agate Beach, and
Araules, and offretites from Mt. Semiol and Fitta2 were
collected to detect and characterize possible structural
disorder. Samples of erionite from Lady Hill and offretite
from Fittal were excluded from the investigation because
they represent “ideal’” stoichiometry, and thus are un-
likely to contain defects and disorder. This assumption is
supported by the results of the Rietveld refinement.

Crystals were oriented using the double tilt of the sam-
ple stage such that the reciprocal lattice planes containing
the c* axis were displayed. This orientation is used to
distinguish between the two structures because the ¢ axis
is doubled in erionite and permits evaluation of the pres-
ence of planar defects in the stacking sequences of inter-
growths (Kerr et al. 1970; Bennett and Grose 1978). The
cancrinite cages in Mg-rich erionites may to a certain
extent be rotated 60° counterclockwise to generate offre-
tite sequences. The many collected SAED patterns of er-
ionite crystals from Shourdo, Tunguska, and Agate Beach
consistently displayed sharp diffraction spots. Examples
are reported in Figure 11. Offretite can occur in erionite
as individual microcrystals (i.e., a few large offretite do-
mains. Kokotailo et a. 1972) or asisolated stacking faults
(i.e., many small offretite domains: Kerr et a. 1970; Ben-
nett and Grose 1978). The first effect alters the diffraction
intensities at a macroscopic level, and it is easily detect-
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Ficure 11. SAED patterns: (a) [2110] zone axis, erionite
from Shourdo; (b) [0110] zone axis, erionite from Tunguska; (c)
[0110] zone axis, erionite from Agate Beach; (d) [2110] zone
axis, erionite from Araules; (e) [2110] zone axis, offretite from
Mt. Semiol; (f) [0110] zone axis, offretite from Fittal.

able in the X-ray diffraction patterns (Passaglia et al.
1998). The second effect is more easily seen by electron
diffraction, because if the density of stacking faults is
substantial, then an appreciable broadened or streaked in-
tensity appears at the position of the odd | reflections,
which are sharp in pure unfaulted erionite. The absence
of diffuse intensity or streaks paralel to the [0001] di-
rection indicates that the crystal contains no faults in the
stacking sequence. Diffraction spots 000l with | = 2n +
1 in the [000I]* rows of al erionite samples apparently
break the conditions imposed by the systematic absences
for that space group, but this is a physical effect due to
multiple diffraction effects from a thick section of the
specimen under the beam.

Figure 11d is a representative SAED pattern of the er-
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ionite crystals from Araules. Diffraction spots with | odd
that belong to the [1011] and [101l] reciprocal lattice rows
are streaked in the direction parallel to c* indicating that
highly defective erionite-offretite stacking sequence oc-
curs. Disorder affects domains as long as ~300 erionite
unit cells. SAED patterns of offretite samples (Figs. 11e
and 11f) show well-defined spots and total absence of
intensity at the odd | reflections, indicating an ideal un-
faulted sequence.

Discussion

From crystal chemical study (Passagliaet al. 1998), the
erionite structure accommodates a wider range of chem-
ical variability, in terms of Si/Al ratio and extraframe-
work cation content, than does offretite. The crysta
chemical role of Mg is crucial, as the value of about 0.8
Mg atoms per cell (based on 72 framework O atoms) is
the upper limit found in erionite minerals, whereas all
offretites investigated have Mg contents from 1.4 to 2.0
Mg atoms per cell (also based on 72 framework O atoms
for comparison). We can formulate a structural interpre-
tation of the crystal-chemical role of Mg, based on the
structural models obtained in the present investigation. In
erionite, the largest channels are the eight-membered
rings shared by two erionite cages. The average chemical
content of two adjacent cages must be the same, and Ca
Mg repulsion, which is the basis of the extraframework
cation distribution among the possible sites, limits the
possible Mg locations in the cage. The large-radius Ca
cation is the prevalent species in erionite, and it is more
flexible than Mg in fulfilling the charge balance with the
framework, because it can easily bond to framework O
atoms and H,O molecules in distorted sixfold, sevenfold,
or higher coordination. The Mg ion seldom has a coor-
dination different than octahedral, and given its small ra
dius cannot form bonds with framework O atoms. No
Mg-framework oxygen bonds are known in natural or
synthetic zeolites. Therefore the erionite structure is lim-
ited in its ability to accommodate Mg. In offretite, the
extraframework cations find extra space for geometrical
arrangement in the large open channels delimited by the
12-membered rings of tetrahedra. The octahedrally co-
ordinated Mg cations fit nicely in the gmelinite cage, and
a substantial amount of Ca cations needed for framework
charge compensation can be hosted in the open channels.

Thus, the ability of offretite to host a large amount of
Mg is related to the presence of more than one type of
large opening and therefore to the wider range of extra-
framework sites available. This model implies that the
extraframework cations exert subtle control on the crys-
tallization process by analogy with the model of the crys-
tallization process in synthetic erionites and offretites,
wherein the type and ratio of available cations controls
the zeolite species crystallizing and the Si/Al ratio in the
products (Lillerud and Raeder 1986).

This qualitative interpretation can also explain the seg-
regation of Al in the erionite T2 tetrahedral sites. Charge
compensation for the erionite T1 sites can only be derived



GUALTIERI ET AL.: STRUCTURE-CHEMISTRY IN ERIONITE AND OFFRETITE

from cations hosted in the hexagonal prisms (which are
empty), or from the cancrinite cage (containing only
monovalent K cations). On the other hand, the T2 sites
are charge compensated by the divalent cations in the
erionite cage, and of course a better charge balance can
be reached if Al is preferentially hosted in these sites. In
offretite, not only can the divalent cations in the gmelinite
cage compensate for Al on the T2 sites, and the mono-
valent cations in the cancrinite cage can compensate for
Al on the T1 sites, but the cations in the large channels
also contribute to charge compensation on both the T1
and T2 sites, allowing unrestricted distribution of Al on
tetrahedral framework sites.

The results of the structural study support the crystal-
chemical model proposed for the interpretation of the
chemical data (Passaglia et al. 1998), that is, in the struc-
ture of erionite Mg can be hosted in the large erionite
cage up to 0.8 Mg atoms per cell. Higher Mg contents
are incompatible with the required amount of Ca cations
in the erionite cavities, and the offretite-type structure is
stabilized, possibly with the formation of erionite-offretite
defect sequences.

Erionite-offretite intergrowths are probably much less
common that previously thought in natural samples and
seem to be restricted to samples at the high-Mg limit of
the erionite field, as indicated by our TEM investigation.
Although it is beyond the scope of this paper, mixed-
phase samples may possibly be identified by X-ray pow-
der diffraction from intensity ratios of the Bragg peaks.
In this respect, the Rietveld method is of a straightfor-
ward and sophisticated technique for phase identification
and quantification. The presence of structural disorder
may result in a troublesome refinement, as shown in the
case of the Araules erionite. An alternative and perhaps
more appropriate technique for the characterization of
structures with a high density of planar faults is the use
of the interference function between structural layers. The
program DiffaX (Treacy et a. 1991) can be successfully
utilized for such calculations, as it has been recently
shown by Treacy et al. (1996) aso in the erionite-offretite
case.
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