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ABSTRACT

High-resolution transmission electron microscopy indi-
cates ordering of [NazCa*SO,°* and [K,Ca*OHP " clus-
ters in hauyne, ideally NagCay[AlgSig041(SOy),. Reflec-
tions of type 1hl, I = 2n+ 1, indicate that space group P43n
is an average for hauyne, and that space group P23, a
subgroup of P#3n, applies for each domain, as was found
in nosean and lazurite. Antiphase domain boundaries, aris-
ing from ordering of the clusters, occur in hauyne. In
general, diffraction patterns of sulfatic sodalite samples
show complex satellite reflections in several directions that
arise from well-defined modulations of the framework
oxygen-atom positions; in the sample of hauyne that was
studied here, however, diffuse streaked reflections instead
of satellite spots occur in directions such as <001>,
<110>, and <112>. The diffuse, streaked reflections
mark the beginning of superstructure formation. Some
parts of the crystal show superstructure fringes, and others
do not, thus indicating another type of domain structure.
The ordering of the cage clusters does not significantly
affect the positions of the framework oxygen atoms, sug-
gesting that [Na;Ca*SO,** and [K,Ca*OHJ** clusters
giveriseto similar geometrical effects. Contrary to previous
work, this study indicates an incomplete nosean-hauyne
solid-solution series.

Keywords: sodalite group, hauyne, HRTEM, cluster or-
dering, antiphase domain boundaries, nosean-hauyne
solid solution, nosean, lazurite.

SOMMAIRE

Une étude par microscopie électronique par transmission
3 haute résolution indique une mise en ordre de groupe-
ments [Na3Ca°SO4J3 *et [I<2Ca’OH]3 * dans la hau$me, de
formule idéale NagCa,[AlgSig0,41(S0,),. La présence de
réflexions de type a#i, | = 2n + 1, indique que le groupe
spatial P43x constitue une moyenne pour la haujne, et que
le groupe spatial P23, sous-groupe de P43n, régit chaque
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domaine, tout comme pour noséane et lazurite. La hauyne '
contient donc des parois entre domaines déphasés, qui sont
I’expression d’une mise en ordre des groupements. En gé-
néral, les clichés de diffraction d’échantillons de sodalite
sulfatée révélent des réflexions satellites complexes dans
plusieurs directions, qui résultent de modulations bien dé-
finies dans la position des atomes d’oxygeéne de la trame;
dans les échantillons de hau¥ne étudiés, toutefois, nous
observons des réflexions étirées diffuses plutdt que des
taches satellites lelong de <001 >, <110> et <112>. Ces
réflexions étirées diffuses témoignent d’un début de forma-
tion de surstructure. Les franges de la surstructure sont
présentes dans certaines portions d’un cristal, et absentes
dans les autres, ce qui impliquerait la présence d’une autre
sorte de structure en domaines. La mise en ordre des agen-
cements des cages n’a qu’une faible influence sur la position
des atomes d’oxygeéne de la trame, ce qui fait 3penser que les
agencements [Na;Ca*SO4>* et [K,Ca*OHI’* produisent
des effets géométriques semblables. Cette étude nous
conduit & proposer une solution solide incomplite entre
noséane et hauyne, contrairement 4 1’opinion courante.

(Traduit par la Rédaction)

Mots-clés: groupe de la sodalite, hauyne, microscopie
électronique par transmission & haute résolution, mise
en ordre des agencements, parois des domaines
déphasés, solution solide noséane-hauyme, noséane,
lazurite.

INTRODUCTION

This work is part of a broad study of complex
framework aluminosilicate minerals, the purpose of
which is to characterize the role of volatile elements
that are of petrological importance. Hauyne and
nosean commonly are considered to form a solid-
solution series mainly because they contain SO, as
a principal interframework anion and because sub-
stitution has been demonstrated in experimental
work (Van Peteghem & Burley 1963). Taylor (1967)
proposed the general formula (Nas,Cag;Kq3)
[AlSic0,41)(SO,);.» for hauyne, and (Nas_gCag 2K,
[ 4.D[ALSig041(SO);,*nH,0 for the nosean-
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hauyne series. Nosean and lazurite exhibit ordering
reflections of the form 441, I = 2n + 1, butin hauyne
such reflections were undetected using X-ray-dif-
fraction techniques (Taylor 1967, Hassan 1983, Has-
san et al. 1985, Hassan & Grundy 1989). These
studies indicate a change in space group between
nosean and hauyne (see Taylor 1967), and they raise
the question addressed here as to whether nosean and
hauyne do form a solid-solution series.

Hauyne is a framework aluminosilicate mineral in
which the TO, (T = Al, Si) tetrahedra are fully
ordered. The structure is characterized by six- and
four-fold rings of TO, tetrahedra parallel to {111}
and {100} planes, respectively. The linkage of the TO,
tetrahedra results in cubo-octahedral cages (see Fig.
1 of Hassan & Grundy 1984). The cages contain
[Na;CasSO,*+ and [K,CasOHP* clusters (Hassan
1983). Nosean cages contain [Na,SO,** and
[Na,sH,0]** clusters, and they are ordered because
of net differences in charge and size between the
clusters (Hassan & Grundy 1989, Hassan & Buseck
1987, 1989). For hauyne, such cluster ordering can-
not be predicted a priori; the establishment of the
possible existence of such ordering is, therefore,
another goal of this study.

Sulfatic sodalites such as nosean, lazurite, and
hauyne generally show complex, incommensurate
satellite spots (Saalfeld 1961, Taylor 1967, Schulz
1970, Hassan et al. 1985, Hassan & Buseck 1989). In
general, the satellite reflections occur as sharp spots
along several directions, but in the hauyne studied
here they occur as diffuse, streaked reflections that
mark the beginning of superstructure formation.
Structures of this hauyne and a similar one have been
determined (Lohn & Schulz 1968, Hassan 1983).
This material, therefore, provides an opportunity to
study a sulfatic sodalite that is not complicated by
strong satellite spots.

Here we present results on ordering of
[Na;CaeSO,*+ and [K,CasOHP** clusters in hauyne
as well as on antiphase domain boundaries (4 PBs)
arising from ordering of these clusters. The space
group for each domain is P23. Moreover, ordering
of the framework oxygen-atom positions occurs ran-
domly in parts of the hauyne crystal, as evident by
diffuse, streaked reflections along many directions.
In [110] high-resolution transmission electron
microscopy (HRTEM) images, large parts of the
crystal do not show superstructure fringes, but other
parts of the crystal do contain superstructure fringes,
thus indicating another type of domain structure.
This study also suggests the existence of an inter-
rupted nosean-hauyne series.

PREVIOUS WORK

Transmission electron microscopy (TEM) has
been used to study sulfatic sodalites showing well-
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developed satellite reflections (Morimoto 1978,
Tsuchiya & Takéuchi 1985, Hassan & Buseck 1989).
Incommensurate modulations of the framework
oxygen-atom positions give rise to complex satellite
reflections along directions such as <001>,
<110>, <112>, and <412>.

Ordering of clusters such as [Na,sSO,]** and
[Na,sH,0]** occurs in nosean. The differences in
size and net charge between these clusters give rise to
two well-defined framework oxygen-atom positions
in nosean and lazurite, but only one oxygen-atom
position exists in hauyne (Hassan 1983, Hassan et al.
1985, Hassan & Grundy 1989).

Two different types of domains occur in nosean.
One type of domain is based on positional ordering of
the framework oxygen-atom positions because parts
of the crystal are modulated and contain superstruc-
ture fringes; other parts of the crystal are not modu-
lated. The other type of domain is based on cluster
ordering, and these domains are separated by an-
tiphase boundaries. Based on reflections of the type
hhi, 1 = 2n + 1, space group P23, a subgroup of
P43, is the space group for the domains that arise
from cluster ordering in nosean and lazurite (Hassan
& Grundy 1989, Hassan & Buseck 1989).

ELECTRON MICROSCOPY

The sample used in this study (Royal Ontario
Museum sample M35731, from Sacrafano, Italy)
also was used to extract a crystal for structure refine-
ment (Hassan 1983). Its composition is close to
Na, sCa;K[AlSig0,41(SO,); s(OH)s, and the.cell
parameter is 9.116(5) A. Based on the structure
analysis and composition, 75% of the cages contain
[Na;CasSO,*+ clusters, and the remaining 25% of
the cages contain [K,CasOHP ™ clusters. The latter
clusters contain a vacant cation site, so that cation-
vacancy ordering is possible. If the clusters are or-
dered, the excess [Na;CasSO,** clusters can be dis-
tributed randomly through the structure or they can
be segregated into domains. Such domains contain
one type of cluster, and they are not expected to give
riseto ordering reflections unless the SO,2~ group has
different orientations and, thus, different coordina-
tions.

Fragments of hauyne suitable for study were ob-
tained by crushing in acetone using an agate mortar
and pestle. Crystals in suspension were deposited on
holey carbon support films, and TEM data were
recorded from thin regions. Electron microscopy
was performed using JEOL 200CX and 4000EX
microscopes operated at 200 keV and 400 keV,
respectively. TEM images were recorded at a mag-
nification of less than 250,000. Hauyne did not
damage as rapidly in the 4000EX microscope as in
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FiG. 1. [001]-zone SAED pattern of hauyne. Alternating
rows of weak type-p’ reflections (arrows) occur parallel
to < 110> * directions.

the 200CX microscope because the former was
operated in the “minimum exposure” mode to mini-
mize the electron-beam irradiation.

DIFFRACTION PATTERNS

The [001]-zone selected-area electron diffraction
(SAED) patterns contain reflections of the form 44/,
I = 2n + 1)e.g., {100} reflections, denoted type p';
Fig. 1). Type-p’ reflections (general: hkl, h + k + I
= 2n + 1) are absent in space group P43#n, which
allows reflections of class ahl, I = 2n (type p;
general: hkl, h + k + | = 2n). The type-p’ reflec-
tions are related to ordering of the cage clusters and
indicate that the space group for hauyne is P23.
Diffuse reflections occur around the edges of Figure
1, but in other sulfatic sodalites these reflections
occur as sharp spots (Hassan & Buseck 1989). Type-r
reflections, which occur midway between the main
spotsalong < 110> directions (Figs. 2,3), are absent
in [001] zones (Fig. 1). The occurrence and intensities
of reflections of type r and p’ are variable; they occur
in some hauyne fragments and are absent in others
(Figs. 2, 3). Such spots cannot arise from double
diffraction.

Diffuse, streaked, type-g reflections are parallel to
< 112> directions, and they have the appearance of
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an X (Figs. 2b, c¢). The lengths of the streaks increase
(i.e., the X becomes bigger; arrows in Fig. 2c) as the
orders of the reflections increase, which is charac-
teristic of positional modulations (Smith 1974,
Buseck & Cowley 1983). Of particular importance is
the absence of satellite spots or streaking in <111>
directions. The interframework atoms are located
along these directions, so that absence of satellite
reflections indicates that the interframework atoms
are disordered along < 111> directions, as is also
the case for nosean and lazurite (Hassan & Buseck
1989).

Some [111]-zone SAED patterns contain type-r
reflections (Fig. 3). Around each main spot are
groups of six type-r reflections, and they tend to have
equal intensities (Fig. 3b). However, this equality of
intensity is not observed in all crystal fragments (Fig.
3¢). The variability of intensities and occurrences of
types p’' and r reflections in hauyne suggests a
domain structure and indicates subtle local changes
in ordering and chemistry.

TEM IMAGES

An optical diffractogram of a [001] image (insert
in Fig. 4) indicates that the hauyne crystal was well
oriented and, in particular, the diffractogram con-
tains the 100 and 010 reflections (arrows), as in the
SAED pattern (Fig. 1). The image shows differences
in contrast along adjacent (100) and (200), and (010)
and (020) planes (Fig. 4; arrows). This contrast dif-
ference arises from ordering of [Na,CasSO,** and
[K,CasOHP** clusters. The interpretation of this
image is based on simulated images (inserts), which
are based on the following 200CX microscope
parameters: 200 keV, objective aperture 0.76 A-l,
spherical aberration coefficient 1.2 mm, defocus -
120 A, depth of focus SO A, divergence angle 0.1
millirad, and thickness 91 A. For the model in which
the clusters are ordered, the unit cells contain central
spots that are considerably darker than the white
spots at the corners of the cells. In contrast, in the
image where the clusters are disordered, all the spots
have equal intensities (Fig. 4; inserts of simulated
images). However, radiation damage can cause
varied degrees of disordering among the clusters.
This effect occurs in places of the image and is also
reflected in the SAED patterns by the loss of p'
reflections. The simulated images confirm that ra-
diation damage gives rise to disordering of clusters,
so that care is necessary in recording images showing
cluster ordering. It is difficult to obtain good
matches between experimental and calculated im-
ages for materials that suffer damage because of the
associated noise. Nevertheless, to confirm cluster
ordering in hauyne, it is sufficient to show that ad-
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FiG. 2. [110]

FIG

arrow),

3.[111]

-zone SAED patterns from different crystal fragments. Some fragments contain weak type- reflections (a;

others contain strong types p' and r reflections (b), and yet others contain type-p’ but weak type-r reflections
on alternating horizontal rows (c). The streaked X-like type-g spots occur toward the edges (b, c; arrows).

-zone SAED patterns from different crystal fragments

Arrows point along three < 110> * directions. Type-r

reflections are absent in (a), but occur in (b) (arrow), and their intensities are variable (c).
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Fi1c. 4. [001] image, optical diffractogram, and simulated images. A unit cell is outlined. The [Na3Ca-SO4]3 * and
[KzCa‘OH]3 * clusters occur at the corners and centers of the cubic cells, and their ordering is manifested as differences
in contrast along adjacent arrows, as confirmed by the simulated image based on cluster ordering (lower right). The
white patches (e.g., right-center region pointed out by arrow) indicate the result of radiation damage, which causes
disordering of the clusters; this interpretation is supported by the simulated image based on cluster disordering (upper

right).
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F1G. 5. [111] images showing A PBs: (a) dark field, (b) bright field. The arrows point out one such boundary.

jacent rows contain significant contrast differences,
whereas for cluster disordering they do not. Cluster
ordering also was observed in other sulfatic sodalites
and scapolite-group minerals (Hassan & Buseck
1988, 1989).

The ordering of [Na;CasSO,*+ and [K,Ca.
OHP+ clusters can give rise to APBs in hauyne,
similar to APBs in nosean and scapolite-group
minerals. If the cage at (0,0,0) is occupied by
[Na;CasSO,** clusters, then the (Y. %, %) cage is
occupied by [K,CasOH]*+ clusters; in the adjacent
domain the occupancy of the cages is reversed. APBs
can only be imaged by chance in the HRTEM mode;
however, conventional microscopy was used to show
APBs in hauyne by imaging with types p' and r
reflections.

Figures 5a,b show [11 1] images for the same
area of a hauyne crystal. For the dark-ficld image,
an objective aperture of 10-um radius was centered
around a type-r reflection, but it also included main
reflections (see Fig. 3b). For the bright-field image,
the aperture was centered around the incident beam,
and it included type-r reflections. Both images show
many sharp boundaries and resemble an aggregate
of euhedral grains. However, the SAED pattern is
that of a single crystal, indicating that these are
domain boundaries. Because the boundaries are
based on type-r reflections, they indicate APBs,
which is a special case of out-of-phase boundaries.

DISCUSSION

The SAED patterns (Figs. 1, 2, 3) show type-p’
reflections, indicating that space group P43# is not
appropriate for hauyne. The SAED patterns also
contain streaked reflections along directions such as
<100>, <110>, and <112>. HRTEM [110] im-
ages locally contain superstructure fringes that indi-
cate a domain structure. The HRTEM image (Fig. 4)
indicates ordering of [Na;CasSO,** and
[K,CasOHP** clusters, implying that the cages
centered at (0,0,0) and (¥, %, %) are not chemical-
ly equivalent. These results suggest that space group
P23, a subgroup of P43n, is appropriate for each
domain in hauyne. However, the occurrence of
APBs indicates that the average structure of hauyne
is represented by space group P43x.

The interframework cations and the oxygen atoms
of the SO,2-and OH- groups are positioned along the
body diagonals in hauyne. However, the SAED pat-
terns do not show satellite reflections or streaking
along <111> directions, indicating that the inter-
framework atoms are disordered along such direc-
tions.

Evidence indicating that the diffuse reflections in
hauyne are related to positional ordering of the
framework oxygen-atom positions is provided by
X-ray structure refinements (Hassan 1983, Hassan et
al. 1985, Hassan & Grundy 1989). All sulfatic
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sodalites show similar types of disorder of inter-
framework ions. In hauyne, the framework oxygen
atoms are on one set of positions, but in nosean and
lazurite they are on two sets of well-defined posi-
tions. These dual oxygen-atom positions permit
positional ordering. Sharp satellite reflections occur
innosean and lazurite, but only diffuse streaks occur
in SAED patterns of hauyne. The diffuse streaks in
hauyne suggest inclusions of “nosean-like” com-
ponents where the oxygen atoms occupy dual posi-
tions that allow for positional modulations.

In nosean, the ordering of the [Na,»SO,1?* and
[Na,»H,01** clusters, which is enhanced by net dif-
ferences in their charge and size, affects the oxygen
atoms in a different manner and accounts for the two
well-resolved framework oxygen-atom positions. In
hauyne, the [Na;CaeSO,I** and [K,CasOHP+*
clusters behave similarly to each other and give rise
to framework oxygen atoms on one position instead
of two.

It is of interest to speculate on the nosean-hauyne
series in view of the present results. Ordering of
[Na,sSO,** and [Na,H,0]** clusters occurs in
nosean, and ordering of [Na;CasSO,** and
[K,CasOHJ** clusters occurs in hauyne. To form a
complete nosean-hauyne series, all four clusters
must be miscible. The net differences in charge be-
tween the clusters indicate that complete miscibility
isnot possible and suggest that nosean clusters would
be separated from hauyne clusters in a single crystal,
even though the framework is continuous. Such a
separation is suggested by the results given in this
paper, and a similar interrupted series was observed
in the scapolite-group minerals (Hassan & Buseck
1988b).

CONCLUSIONS

The SAED patterns of hauyne suggest that the
framework oxygen-atom positions are randomly or-
dered, as indicated by diffuse, streaked reflections in
many directions. Absence of satellite reflections
along <111> directions indicates that the inter-
framework atoms are disordered along such direc-
tions. Ordering of [Na;Ca-SO,*"and [K,Cas.
OHJP** clusters is indicated in [001] images, but this
ordering does not significantly affect the framework
oxygen-atom positions. The ordering of clusters
gives rise to APBs, and the space group for each
domain is P23. The local occurrence of superstruc-
ture fringes indicates domains based on framework
oxygen-atom positional ordering. The variability of
intensities and occurrences of types p’ and r reflec-
tions in hauyne indicate subtle changes in ordering
and chemistry in different crystal fragments. Finally,
our results suggest an interrrupted nosean-hauyne
solid-solution series.
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