Canadian Mineralogist
Vol. 27, pp. 165-172 (1989)

THE STRUCTURE OF NOSEAN, IDEALLY Nag[Al¢Sis0,,]$0,°H,0
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ABSTRACT

The average structure of nosean has been refined in space
group P43#n to an R of 0.057. The cations in AlO, and
SiO, tetrabedra (present in a ratio 1:1) are fully ordered,
but the framework oxygen atoms are positionally disordered
over two independent 24() sites. The interframework Na™*
cations are located on three independent sets of 8(¢) posi-
tions that are close to each other on the body diagonals
of the cubic structure (sites C1, C2, and C3). The sulfur
atom of the SO group is located on the 2(a) site at the
center and corners of the cube, and its oxygen atoms are
on an 8(e) site, indicating that the SO group is in one
orientation instead of two. The cages contain [NaygSO,2*
and [NaH,01*" clusters in a 1:1 ratio, and these clusters
are ordered because of net differences in charge and size
between them. This cluster ordering also gives rise to
antiphase domain boundaries (4 PBs). The space group for
each domain is P23, a subgroup of P43n. An ‘ideal’ nosean
structure, modeled in space P23, has several important
properties, among which are its uses in the rationalization
of the crystal chemistry of nosean and predictions of
domains and APBs.

Keywords: sodalite group, nosean, crystal structure,
antiphase domain boundaries, cluster ordering, hauyne,
lazurite.

SOMMAIRE

La structure moyenne de la noséane a ét¢ affinée dans
le groupe spatial P43n jusqu’a un résidu R de 0.057. Le
rapport 1:1 des cations dans les agencements tétraédriques
AlO, et SiO, implique un degré d’ordre parfait, mais les
atomes d’oxygeéne de la trame possédent un désordre de
position impliquant deux sites indépendants de multipli-
cité 24(7). Les atomes de Na des interstices de la trame occu-
pent trois positions indépendantes (C1, C2 et C3) de mul-
tiplicité 8(e), qui sont proche) les unes des autres le long
des diagonales de la structure cubique. L’atome de soufre
du groupe SO%," occupe la position 2(¢) au centre et aux
coins du cube, et les atomes d’oxygéne qui lui sont asso-
ciés occupent une position 8(e), ce qui montre que le groupe
SO?{ posséde une seule orientation et non deux. Les cages
contiennent des groupements de [Na4-SO4]2+ et de
[NaysH,01** dans un rapport de 1:1. L’agencement de ces
groupements est ordonné & cause des différences électros-
tatiques et dimensionnelles. La mise en ordre de ces grou-
pements a comme conséquence la formation de domaines
déphasés. Le groupe spatial de chaque domaine est P23,
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qui est un sous-groupe de P43n. Une structure ‘‘idéale”
de la noséane, suivant le modele du groupe spatial P23,
posséde plusieurs propriétés importantes, dont une ratio-
nalisation de la cristallochimie de la noséane, et une pré-
diction de la formation de domaines et de parois entre
domaines déphasés.

(Traduit par la Rédaction)

Mots-clés: groupe de la sodalite, noséane, structure cris-
talline, parois entre domaines déphasés, mise en ordre
des groupements atomiques, bauyne, lazurite.

INTRODUCTION

Sodalite-group minerals include sodalite, nosean,
hauyne, ‘‘hackmanite’” (a fluorescent variety of
sodalite), and lazurite (a sulfur-rich analog of
hauyne). These minerals occur almost exclusively in
alkali-rich, silica-deficient igneous rocks. Lazurite,
however, and occasionally sodalite, occur in meta-
somatized limestone. Nosean and hauyne occur typi-
cally in volcanic rocks, and sodalite and ‘‘hackman-
ite”’, in plutonic rocks. These occurrences suggest
that a relatively high temperature is required for the
incorporation of the relatively large SO% group into
the structure of sulfatic sodalites (nosean, hauyne,
and lazurite).

Taylor (1967) proposed the formula
Nag[AlSig0,,]SO,nH,0 for pure nosean and
(Nas_gKo_lcao_zDo_l)s[Alési6024](SO4)1_2'nH20 for
the nosean-hauyne series, where [ denotes vacan-
cies in the cation sites, Complete solid-solution exists
between nosean and hauyne at 600°C and 1000 bars
P(H,0) (Van Peteghem & Burley 1963); however,
a transmission electron microscopy (TEM) study
indicates that such a solid solution may be limited
(Hassan & Buseck 1989b). o

The sulfatic sodalites contain SO} groups as the
dominant interframework anion, and they exhibit
complex satellite reflections as well as diffuse streak-
ing (Taylor 1967, Schulz 1970, Hassan ef al. 1985).
The origins of these reflections are not known in
detail, but they do indicate that the structures of sul-
fatic sodalites are incommensurately modulated. For
this reason, these minerals were studied by TEM
(Morimoto 1978, Tsuchiya & Takéuchi 1985, Has-
san & Buseck 1987, 1989a,b). For hauyne, Saalfeld
(1961) suggested a supercell six times that of the sub-
cell, but Taylor (1967) showed that the superstruc-
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ture reflections in sulfatic sodalites generally do not
give rise to an integral multiple cell; their superstruc-
tures are thus incommensurate. Schulz & Saalfeld
(1965) demonstrated that the intensity of the streaked
reflections in nosean can be markedly weakened by
heat treatment. All the atomic positions in nosean
contribute to the superstructure reflections, which
are caused by the interframework cations (Schulz
1970). Positional disorder and satellite reflections
occur in lazurite (Hassan et al. 1985), and they are
similar to those in nosean. All the sulfatic sodalites
exhibit disorder of interframework ions. The frame-
work oxygen atoms are positionally disordered over
two sets of 24(j) sites in lazurite, but they occupy one
set of such sites in hauyne. Satellite reflections were
not detected in X-ray precession photographs of
hauyne (Hassan 1983), but electron diffraction does
show diffuse, streaked satellite reflections (Hassan
& Buseck 1989b).

The aluminosilicate framework of the sodalite-
group minerals has a 1:1 ratio of AlQ, and SiO,
tetrahedra that are fully ordered. This framework
structure is characterized by rings consisting of
AlO, and SiQ, tetrahedra; four-membered rings are
parallel to {100} planes, and six-membered rings are
parallel to {111} planes about the corners of the
cubic cell. The linkage of these rings gives rise to
cubo-octahedral cages that center on the corners and
the center of the cubic cell (see Fig. 1 of Hassan &
Grundy 1984). The cages can accommodate a vari-
ety of interframework cations and anions by cooper-

TABLE 1, CHEMICAL ANALYSISt, CRYSTAL DATA$} AND DATA COLLECTION

INFORMATION FOR NOSEAN
Ozide Wt. % Cell contentstit Miscellaneous
Alx03 29.63 Al 591 ap (A) 9.084(2)
Si0p 3596 Si 609 v (A3) 749.60
Fe203 0.42 Fe 0.05 Densitygale, (gem-3) 221
MgO 016 Mg 004 Crystal size (mm) 020 x 0.20
Nap0 21,94 Na 7.20 x 033
K20 106 K 0.23 B (em-1) 8.02
O 130 Ca 024 #R 0.20
H20+ 090 H0 051 Maximum 20’ 65°
S0z  6.82 S04 0.87 0ghkig 13
s 0.26 S 0.08 Total no. of intensities 1678
a 0.59 a 0.17 No. of unique reflections 328

99.04 No. of non-equiv. [Fpl > 36TR 146
0=CLS 019 Final *R¢o) 0.054
Total 98.85 Final **Ry(0) 0.049

Chemical Formula

Nay.20C20,24K0.23[AlgSi50241(S04)0,870.51H20
Wet chemical analysis no. 21 from Taylor (1967).
+Space group P43n; Z = 1; Radiation/monochromator = Mo/C; )(MoK“,) = 0.71069 A;

18p
*R = J(IFol -IFch/SIFol; *$Rw = [Ew(IFo! - Fc)2/EwlFoR2]1/2, w = 1.
ttiBased on Al + Si = 120,
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ative rotation of the AlO, and SiO, tetrahedra
through the so-called tilt angles ¢,; and ¢g;, respec-
tively, from their position in a fully expanded struc-
ture (see Fig. 2 of Hassan & Grundy 1984). The diver-
sity of interframework ions is limited by spatial and
charge requirements of the framework.

The space group P43n was used to refine the struc-
tures of ‘“‘hackmanite’’, basic (hydroxy) sodalite,
sodalite, hauyne, and lazurite (Peterson 1983, Has-
san 1983, Hassan & Grundy 1983a, 1984, Hassan et
al. 1985). However, the structure of noscan was
previously determined in space group P43m (Schulz
& Saalfeld 1965, Schulz 1970). Space group P43n
allows the AlQ, and SiQ, tetrahedra to be ordered,
and the interframework ions to be disordered; the
reverse is the case in space group P43m. The former
situation does not violate the aluminum avoidance
principle (Loewenstein 1954); the space group P43n
is assumed and used in the present structural refine-
ment (a preliminary report has been presented by
Hassan & Grundy 1983b). The purpose of this study,
besides the determination of the structure in space
group P43n, is to provide a structure that forms a
basis for understanding the complex satellite reflec-
tions.

EXPERIMENTAL

The nosean used in this study is from Laacher See,
Germany (Royal Ontario Museum no. M5279). A
different specimen from this locality was chemically
analyzed (Table 1), and we assumed that this com-
position is representative of our material.

Precession photographs show sharp substucture
reflections and satellite reflections that occur along
the <110>* and <112> * directions (Figs. la, b).
The type-s satellite reflections indicate a supercell of
6.5 X dyjo (= 6.5 X 6.423 = 41.75 A), so that the
nosean superstructure is incommensurate. Space
group P43n, which allows reflections of the form Ahl,
!l = 2n, was assumed and used in the structural
refinement. However, weak reflections of the form
hhl, 1 = 2n+ 1, which violate the space group P43n,
are present, especially in electron-diffraction patterns
(e.g., {100} reflections; see Hassan ef al. 1985, Has-
san & Buseck 1987, 1989a,b). Type-u satellite reflec-
tions occur along <100>* directions (Fig. I1c).
Moreover, the nosean structure has a strong body-
centered pseudosymmetry; the main reflections thus
can be classified into two groups: one group of strong
reflections satisfies the body-centered missing rule
(hki, h + k + I = 2n, denoted type p) and the other
group of weaker reflections does not satisfy the rule
(hkl, h + k + 1 = 2n + 1, called type p’).

The cell parameter was determined by the least-
squares method using monochromatic MoK« radi-
ation, and 15 reflections having 10°<20<35°,
automatically centered on a four-circle single-crystal
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FiG 1. Precession photographs for nosean. The unlabeled
arrows point to <110>* directions. (a) [110] zone
showing satellite reflections along <110>* (type )
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X-ray diffractometer. The cell parameter and other

information pertinent to X-ray data collection and

refinement are presented in Table 1. All reflection
intensities were measured in an octant on a Syntex
P2, diffractometer operating in the -2 scan mode,
with a 20 scan range of (Ko - 0.85°) to (Keyy +
0.85°) and variable scan rates of 3° to 29.3° min!,
depending on the intensity of a preliminary scan. The
intensities of the two standard reflections, 330 and
404, which were monitored after every 50 reflections,
did not change. The data were corrected for Lorentz,
polarization, background effects, and spherical
absorption (Table 1). Equivalent reflections were
then averaged to produce a unique data-set. All crys-
tallographic calculations were made using the
XRAY?76 Crystallographic Programs (Stewart 1976).

STRUCTURE REFINEMENT

Atomic scattering factors for neutral atoms were
taken from Cromer & Mann (1968). For the frame-
work atoms (Al, Si, and O), initial isotropic
temperature-factors were those of sodalite, and ini-
tial positional parameters were calculated using a
geometrical model for sodalite (Hassan & Grundy
1984).

A full-matrix least-squares method was used to
refine the atomic coodinates and isotropic
temperature-factors of the framework atoms using
unit weights and a variable overall scale-factor. The
Al and Si atoms had unusually large temperature-
factors, but they were of similar magnitude. The oxy-
gen atom on a 24(f) position did not refine, and a
difference Fourier map showed that its electron den-
sity was elongate; this site, therefore, was divided
between two 24() positions, with equal occupancy
factors. Both of these sites, O1 and 02, were refined,
and their temperature factors were found to be iden-
tical (Table 2). )

The interframework atom positions were examined
through electron-density sections and least-squares
refinements. The positional coordinate of a single
interframework cation 8(e) position, similar to that
in sodalite, did not refine, and its isotropic
temperature-factor was found to be unusually large.
The interframework cations were finally allocated
to three 8(e) positions that are close to each other.
The coordinates of these cation sites within a cage
(C1, C2, and C3) and their occupancy factors are
given in Table 2.

and <112>* (type g) directions; type-r reflections occur
midway between main spots, along < 110>* directions;
(b) [111] zone showing type-s satellite reflections along
< 110>* directions; and (¢) [001] zone showing strong
type-p reflections, weaker reflections of the class 0kl
k+1=2n+1(=typep’, e.g., {210}), and type-u
satellite reflections along < 100> * directions. g = 20°;
MoK radiation, and Zr filter.
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TABLE 2. ATOMIC POSITIONAL PARAMETERS, OCCUPANCY FACTORS, AND ISOTROPIC
THERMAL PARAMETERS (A2x 103), WITH ¢.5.4.s IN PARENTHESES

Atom Site Occupany x y z Uiso

Al 6(d) 1.0 1/4 0 12 31+

Si 6(e) 1.0 1/4 172 0 28+

o) 24(i) 0.5 0.137(3) 0.146(3) 0.544(2) 39(3)
[0/2 24(i) 0.5 0.153(3) 0.160(3) 0.457(2) 35(3)
Cl 8(e) 0.21(2) 0.303(2) 0.303 0.303 21(5)
Q 8(e) 0.34(3) 0.674(1) 0.674 0.674 46(7)
3 8(e) 0.46(1) 0.733(1) 0.733 0.733 29(3)
03 8(e) 0.12 0.470(3) 0470 0.470 24(16)
s 2(a) 0.49(2) 0 [ 0 161(15)
o4 8(e) 0.49 0.405(3) 0405 0.405 131(17)

*Up2 = U3s; U12 = U13 = U23 = 0; Al: U1 = 39(5), U22 = 26(3); Si: U11 = 20(3),
U23 = 32()

A difference Fourier map, calculated with the S
atom removed from the structure, shows that this
atom is indeed on the 2(a) site (Fig. 2a), in contrast
to what is found in hauyne, where it is displaced to
an 8(e) site. The O, oxygen atoms of the SO
group refined to an 8(e) position (x, x, x), where x
= 0.4352, and its isotropic temperature-factor was
found to be larger than that of the S atom. An 04
position at x = 0.40 would give a reasonable S-O
bond distance of about 1.5 .&; the site therefore was
divided between two 8(e) positions, O3 and O4. The
occupancy factor of the O4 site was constrained to
equal that of the S site, and that for O3 was set at
0.12, on the assumption that O3 represents one oxy-
gen atom of the H,O molecule per cell; the chemi-
cal analysis of Taylor (1967) showed about 0.5 H,0
per cell. A Fourier map calculated with the O4 oxy-
gen atom removed from the structural model showed
the corresponding electron-density peak at x = 0.40,
and a smaller electron-density peak on a related 8(e)
site (x = 0.60, Fig. 2b). These peaks occur at the
corners of a cube with edges of 1.82 A. A similar
Fourier map, calculated with O3 (x = 0.46) removed
from the model, also indicates small electron-density
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peaks on a related 8(e) position (x = 0.54; Fig. 2c).
In Figures 2b and 2¢, the smaller peaks are residual
electron density from the O3 and O4 positions below
the plane of the map, because a final difference Fou-
rier map was found to be featureless. One O3 posi-
tion can be occupied per cage, so in a unit cell, one
cage contains an H,O molecule and the other cage
contains an SO group. Thus the ideal formula for
nosean is Nag[AlSiz0,,S0,H,0.

The calculated and observed structure-factors for
the reflections 110 and 220 show large disagreement.
(A copy of the table of structure factors is available
at nominal charge from the Depository of Unpub-
lished Data, CISTI, National Research Council of
Canada, Ottawa, Ontario K1A 0S2). The measured
intensity for these reflections seemed reasonable, but
they could be affected by extinction. These reflec-
tions were temporarily removed, and the refinement
continued.

The isotropic temperature-factors for Al and Si
atoms were converted to the anisotropic form, and
subsequently the allowable positional and tempera-
ture coordinates of all the sites were refined simul-
taneously. The refinement converged to an R factor
of 0.057 and an R, of 0.049. Using this refined set
of structural parameters and including the reflections
110 and 220, an R factor of 0.068 and an R, of
0.062 were obtained. The final structural parameters
are listed in Tables 2 and 3.

DiscussION

Average structure of nosean

The present work shows that the sulfur atom is

X=Y= 034

a X=y=0.68 b

F1G 2. Difference Fourier maps: (a) (001) section, calculated with the S atom removed from the model, indicating that
the S atom is on the 2(g) position (z = 0.50; R = 0,086); (b) (001) section through an 8(e) site (z = 0.40; R =
0.070) showing the location of the O4 atom of the SOF” group; (c) (001) section calculated with the O3 site removed
from the structural model (z = 0.46; R = 0.063). In (b) and (c), the two larger peaks, with coordinates (x, x, x),
where x = 0.40 and 0.46, correspond to oxygen atoms of the SO group and the H,0O molecule, respectively, whereas
the two smaller peaks at x = 0.60 and x = 0.54 indicate small amounts of electron density that are residuals of
the O4 and O3 ‘sites below the plane of the map. Contour interval is 1 e/A3in (a) and 0.2 e/A3in (b) and (c). The

(x, ») coordinates are the same in all the plots.
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on a 2(g) position, as was found in a lazurite, but
not in hauyne, where it is on a 8(e) site. The oxygen
atoms of the SO group occupy only one set of 8(¢)
positions, as lazurite and hauyne. Schulz (1970)
reported for nosean an SO group, which occupies
two orientations that are rotated 90° with respect to
one another, as was found in a lazurite specimen (see
Hassan ef al. 1985).

The occupancy factor for the S site indicates that
[Na,SO,* clusters make up 50% of the structure,
and the remaining 50% of the cages presumably con-
tain [NagsH,O1** clusters. These results give an
ideal formula of Nag[Al;Sic0,,]S0,+H,O for
nosean, which does not disagree significantly from
the chemical formula (Table 1) or with the present
structural refinement. The [Na,SO,J*" and
[NayH,O1*" clusters are present in a 1:1 ratio, and
their net charge and size differences could lead to
cluster ordering, as confirmed by HRTEM imaging
(Hassan & Buseck 1987, 1989a).

The Na atoms can be assigned to the nearby Cl1,
C2, C3 positions by considering their coordinations.
The C1 and C2 sites are close to either the S or 04
oxygen atom of the SOF group (Table 3b), so that
occupancy of either Cl or C2 site excludes the SOF
group from that cage. The C3 site forms a reasona-
ble bond-distance to the O4 oxygen atom, and it is
quite remote from the S atom (Table 3b). Therefore,
the 04 oxygen atoms of an SO group are coordi-
nated to Na atoms on the C3 sites that are in adja-
cent cages. The SO group occupies 50% of the
cages, so that the occupancy factor of the C3 site
should be 0.50, as confirmed by the refinement. The
50% occupancy of the C3 sites forces the SOF
group to be in one orientation.

The occupancy factors indicate that the C2 site is
occupied more frequently than the C1 site (Table 2),
because the C2 site is within bonding distance of
three O3 positions, whereas the C1 site is within
bonding distance of only one such position (Table
3b). Therefore, the occupancy factors of the C1 and
C2 sites should be 0.125 and 0.375, respectively.
Although the refinement confirms the value for the
C1 site-occupancy factor, the value for the C2 site
is slightly higher (Table 2). The C1, C2 and O3 sites
are within a cage. If this cage is at the center of the
unit cell, then the Na atoms on the C3 sites are also
within this cage, but they are bonded to the SO}
groups in cages centered on the corners of the unit
cell.

The temperature factors for Al and Si (i.e., T)
atoms are identical and similar to those in lazurite,
but they are approximately three times larger than
those found in sodalite and hauyne, thus suggesting
possible positional disorder for these atoms. The
framework oxygen atoms occupy two sets of 24())
positions with equal frequency, and their thermal
parameters are of similar magnitude (Table 2). The
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TABLE 3a, INTERATOMIC DISTANCES (3), TABLE %, IMPORTANT CATION-OXYGEN DISTANCES
ANGLES (%3, AND VALENCE SUMS, (3) AND VALENCE SUMS (va.), WITH esd.’s IN
‘WITH e.5.d.’s IN PARENTHESES PARENTHESES

A104 S04 Atoms Na

701 4x L7238  1613) |CLO1 3x  246(2)  3x03x0162

0101 4x 2798  2.62(8) 01 3x 301()  3x05x0052

2x  2.84(8)  2.64(4) 02 3x 244(3) 3x03x016

Moan 2.19 2.63 02 3x  3.042) 3x05x009

OLT-01  4x  111(1) 110(1y 03 1x 262 Ix

2x  1071) 109(1) 0.262 v
Mean 109.7 109.7 04 1x 1.59
s 1 3.09(1

0 4x  L713) 1633 * »

0202 4ax 282(4)  238(8) |c201 3x  264(3)  3x05x0.109

2x  294(4)  2744) 01 3x 3382  3x05x0027

Mean 2.86 2.63 “02 3z 2.73(3) 3 x 05 x 0.091

02T-02  4x  105(1) 108(1) .02 3% 284(3)  3x05x0073

2x L&D 120(2) 03 3x  2.62(2) 1x
Mean 109.3 110 0.863v.0.
04 3 2.65(2)
fo1] Jes g7 R 2.748
5i-01-Al 12123(1) i
» 301 3x  2352)  3x05x0207

S8i-02-A1 147(2) 01 3x 3062  3x035x0048

AV5§'°‘ "g% 02 3x  23%2)  3x05x019%

Si-Al 3.212(0) P2 3x 21 3x08x 0.087

N 04 1x 2701 1x 0096

5-04 4x L3K1) s 1 42001 0.894v.0.

04804  6x  109.59) x -

Bond-valence sums for Al md Si: Bond-valence sums for O1: o

Al = 4x0.5x(0.770+0.791) = 3.12 vau From A et S 2 o 201 v

St = 420.55(1024+0.971) = 3.99 v.u. Py t ol 002 o 193 v

From C3 + 0.207 + 0.048 = 2.05 v.u,
Bond-valence sums for O2:

From Al end Si  0.791 + 0571

From C1 + 0.169 + 0.049 = 1.98 v.u.
From C2 + 0.091 + 0073 = 1.93 v.u,
From C3 + 0.190 + 0.087 = 2.04 v.u,

T-cation bond lengths and valence sums to the frame-
work oxygen atoms are indicative of complete order-
ing of the Al and Si atoms (Table 3a).

The atomic coordinates of the O1 and O2 oxygen
atoms and equation (7) of the geometrical sodalite
model of Hassan & Grundy (1984) can be used to
estimate cell edges and the sizes of the two possible
cages in nosean, The O1 coordinates give a cell edge
of about 8.94 A, and that for O2 is about 9.20 A;
the resulting mean cell edge, 9507 , is close to that
found experimentally, 9.084 A. Therefore, the O2
oxygen atoms may be associated with the cage con-
taining the larger [NaeSO," clusters, and the O1
oxygen atoms may be associated with the cage con-
taining the smaller [Na,H,O1** clusters.

The sodalite framework is in a partly collapsed
state as a result of cooperative rotation (angles ¢O,
and ¢0, in Table 3a) of the TO, tetrahedra from a
fully expanded state (see Fig. 2 of Hassan & Grundy
1984). From the fully expanded state, the TO, tetra-
hedra can be rotated in either a positive or negative
sense. In nosean, the O1 oxygen atom of the TO,
tetrahedra is associated with a negative rotation that
has a magnitude about twice that of the correspond-
ing O2 tetrahedra, which are rotated in a positive
sense (Table 3a). Nosean structures consisting of O1
and O2 oxygen atoms are shown in Figures 3a and
3b, respectively. The four-membered rings in Figure
3a are contracted with respect to those based on the
framework O2 positions (Fig. 3b). Similar contrac-
tions are present in [110] and [111] projections. In
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particular, six-membered rings that are parallel to
the {111} planes are pointing in opposite directions
(cf. Figs. 3a with 3b).

Model structure for ‘ideai’ nosean

A model structure for ‘ideal’ nosean, based on
the space group P23 and the formula
Nag[AlSig0,,]80,H,0, was extracted from the
average structure that was determined in space group
P43n. This model structure was further developed
using the DLS modeling program of Villiger & Meier
(1969), and representative bond-lengths taken from
the sodalite structure (Hassan & Grundy 1984). The
model structure was manipulated in order to
minimize the deviation from electrostatic neutrality,
as calculated from the bond-valence equations of
Brown & Shannon (1973). During this process, the
geometry of the SiO, and AlO, tetrahedra of the
experimental sodalite structure was maintained as

TABLE 4. POSITIONAL PARAMETERS FOR TDEAL' NOSEAN BASED ON SPACE GROUP
P23 AND FORMULA Nag[AlgSig0241504. 0.0 - 1.0 Hz0*

Atom  Site Occupancy x b4 z

Al 6(g) 1.0 Al 174 [} 172
Si 6(h) 10 St 1/4 172 0

01 12(8) 100 0.1471 0.4467 0.1366
o 12G) 100 0.3373 0.3479 0.9638
C 4e) 10 Na 0.1683 0.1683 0.1683
G 4e) 1.0 -Na 0.7354 0.7354 0.7354
(o] 4(e) 025 O 0.4700 0.4700 0.4700
s 1(a) 108 0 0 0

04 4(c) 00 0.9023 0.9023 0.9023

Optional sites for wbsﬁtuﬂon of Ca andfor K
1 4(e) 0-10 Kt 0.3020 0.3020 0.3020
0- 0.25 Cat
*Atoms C1, C2, and C3 have the same as the ob d

1C2 occupancy reduced by the same amount.

TABLE 5. CATION-SITE BOND DISTANCES AND
VALENCE BOND STRENGTHS (v.u.) FOR IDEAL'

NOSEAN WITH A CELL EDGE OF 8.89 A

Na in C2
C1-01 3x 2.526 0.425
-02 3x 2.880 0.163
-04 3x 2.554 0.394
: 0.984 vau
Na in C3
C3-01 3x 3.029 0.109
-02 3x 2.281 0.824
-04 1x 2.599 0.116
1.050 v.u.
Cain C1
C1-01 3x 2417 0.889
02 3x 3.085 0.146
-03 1x 2.620 L.000%
0.894 v.u.

FOH- assumed, so bond length is
probably different from that shown.
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closely as possible, thereby forcing only the rotation
of these tetrahedra. The derived positional
parameters are given in Table 4, and representative
bond-lengths, and their bond valence and cell edge
are given in Table 5. This P23 model structure for
nosean is shown in Figure 3¢, for comparison with
the average structure (Figs. 3a, b).

The ‘ideal’ nosean structure has a completely
ordered aluminosilicate framework, two symmetry-
independent cages, and two interframework cation
positions, similar to the C2 and C3 positions of the
average structure (note that these cation positions
are four-fold equivalent in space group P23). The
model structure can be modified further by includ-
ing a third cation position, similar to the C1 posi-
tion of the average structure, which facilitates the
incorporation of the higher-charged Ca2* ions and
the larger K™ ions into the structure. In the case of
Ca’* ions, an equivalent amount of H,0O must be
replaced by OH™ for charge balance, whereas in the
case of K™ ions, the C1 position is displaced toward
the center of the [H,O]-bearing cage to give more
realistic K-O distances.

Assuming an ideal ratio of [SO,]- to [H,O]-
bearing cages of 1.0, then predictions can be made
concerning the limits of solid solutions among
Ca?*, OH and K" ions in the structure. In a struc-
ture without vacant cation sites, the formula con-
taining the maximum Ca is Na,;Ca[AlSizOy]
SO,OH, as there is room for one OH™ in a cage in
the place of water. The corresponding formula for
maximum K content is NaK,[AlSi;0,,]SO+H,0,
as only the [H,O]-bearing cage has room for K+
ions.

Using the nosean model structure, the chemical
composition shown by the chemical analysis (Table
1) can be rationalized by first allocating the Ca?*
and K* ions to the C1 site. Enough Na* jons are
then placed in the C3 site to satisfy the amount
of SO present, and the remaining Na™ ions are
assigned to the C2 site. As the two positions are close
to each other, the sum of C1 and C2 must be less
than or equal to 1.0. The derived nosean formula
(Table 6) is consistent with the electron density
observed from the structure refinement.

The nosean model structure has important proper-
ties. Firstly, it shows a possible structure for the
nosean chemical composition in space group P23
and, secondly, it is a subset of the experimentally
determined structure in space group P43n. Further-
more, if the model structure is translated by the #-
glide of space group P43#n and the structural units
are superimposed, the topology of the experimen-
tally determined structure is produced (see Fig. 3).
This result implies that the crystal used for the struc-
ture determination consists of domains of P23-type
nosean separated by antiphase domain boundaries
(APBs). Such a crystal could form at a high tem-



THE STRUCTURE OF NOSEAN

C

171

F1G 3. Stereoscopic c-axis projection of the upper half of the structure of nosean.
(a) Framework tetrahedra based on the O1 experimental oxygen-atom positions,
and (b) framework tetrahedra based on the O2 experimental oxygen-atom posi-
tions. In (a) and (b), the O1 and O2 tetrahedra can be described as rotations, in
opposite directions, from a more symmetrical uncollapsed structure to these partly
collapsed structures. (¢) Framework tetrahedra based on the ‘ideal’ nosean model

structure in space group P23.

perature if the clusters of [Na,S0,]** and
[Na,H,OF* were randomly distributed over the
cages and conformed with space group P43n. On
cooling, an ordering process could be initiated and
driven by the differing spatial requirements of the
clusters, and by the need to satisfy local charge-
balance. Domains of ordered P23 nosean could easily
nucleate in different parts of the crystal because the

TABLE 6. DISTRIBUTION OF NON-FRAMEWORK ATOMS OF NOSEAN SAMPLE
M5279 BASED ON THE IDEALIZED NOSEAN F23 STRUCTURE AND CHEMICAL
ANALYSIS

Cl  06Ca+06K

(o] 0.82 Na Derived Formula

C3 098 Na Na7,2Ca0.24K0.24[Al6Sis0241(S04)0.98(0OR)g.24
03 0.06 OH

S 098 8

04 0980
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aluminosilicate framework remains intact, and only
a trivial rotation of the individual tetrahedra of the
framework is needed for the ordering to proceed.
Where the different parts of the crystal meet each
other, and if the ordered regions are not in phase,
then APBs would form and give rise to distinct
domains. All such domains in the crystal are sam-
pled by the X-ray-diffraction method; the structure
determined from these data is an average structure.
Moreover, chemical variations from the ‘ideal’ com-
position would result in a variety of clusters, so that
the situation can be complicated further.

Positional ordering of the framework oxygen
atoms on their two symmetry-independent positions
can modulate the periodicities and give rise to incom-
mensurate superstructures, and thus, the observed
satellite-reflections on single-crystal X-ray-diffraction
patterns (Fig. 1). A more detailed explanation of the
origin of the satellite reflections and APBs is the sub-
ject of a HRTEM study by Hassan & Buseck (1987,
1989a,b).
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