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ABSTRACT

The crystal structure of tugtupite, ideally
Nas[Al2Be2siso 2.p,]C12, has been refined in space group .I4
to an R index of 0.023 for 621 observed reflections meas-
ured on an automated single-crystal four-circle X-ray
diffractometer using MoKo radiation. The framework 7
cations (T represents Al3*, Bd+, and Sia+) are fully
ordered, and this order lowers the cubic symmetry of many
sodalite-group minerals to tetragonal symmetry for tugtu-
pite, a sodalite-group mi^neral. The "sodalite" cage in tug-
tupite contains [Na0.611r" clusters. Large Si-O-Be angles
occur in this structure; smaller Si-O-Be angles occur in
helvite-group minerals, because the cages. contain
[(Mn,Fe,Zn)a.S]6 + clusters, whose large effective charge
accounts for the smaller angles. The thermal expansion for
tugtupite is modeled using the DtrS program; the expan-
sion is controlled mainly by rotatrons of the 704 tetra-
hedra, which are mainly caused by the expansion of Na-
Cl bonds and nearly constant Na-O bonds.

Keywords: tuglupite, crystal structure, thermal expansion,
sodalite group, helvite group.

SoMMAIRE

Nous avons affin6 la structure cristalline de la tuglupite,
dont la formule id6ale est Na6[Al2Be2SisO2a]C12, dans le
groupe spatral .I4 jusqu'i un residu R de 0.023 en utilisant
621 r€flexions observ€es (diffractombtre automatisd, rayon-
nement Mo,lfa). Les cations 7 de la trame (Al' * , Bez * et
Sia+) sont complbtement ordonn€s. C'est ce degrd d'ordre
qui r€duit la symdtrie cubique de plusieurs membres de la
famille de la sodalite comme la tugtupite d une symdtrie
t6tragonale. La cage typique de la sodalite contient, dans
la tugtupite, un groupement [Nan.gq3+. Les angles Si-
O-Be sont grands dans la tugtupite; ils sont plus petits dans
les mindraux du groupe de la helvite parce que le groupe-
ment [(Mn,Fe,Zn)0.516+ de la cage possbde une charge
effective plus 6levee. L'expansion thermique peut Otre repro-
duite par le logiciel DlS. L'expansion serait due surtout
h la rotation des tdtrabdres IOa, eui d€pend largement de
l'expansion des liarsons Na-Cl, la longueur des liaisons Na-
O derneurant d peu prbs constante.

(Traduit par la R6daction)

Mots-clds: tugtupite, structure cristalline, expansion ther-
mique, famille de la sodalite, famille de la helvite.
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INrnooucrtoN

Tugtupite is tetragonal and has the idealized for-
mula Nas(Al2BqSlO2)Cl2 (Dand 1966, Sdensen el
ol. l97l). The structure of tugtupite is isotypic with
that of sodalite (cubic), as is that of minerals of the
helvite group. The tugtupite framework may be
regarded as intermediate in composition between the
framework of sodalite (AloSkOdt and that of hel-
vite (Be6Si6O2/12-. The tetragonal symmetry of tug-
tupite is the result of Z-cation ordering (Zrepresents
Al3+, Bd+, and Sia+).

Dafi (L966) determined the space group /? for
tugtupite by utilizing precession and Weissenberg
photographs, and the structure w€rs refined with film
data and the isotypic relationship with the sodalite
stnrcture. Interest in tugtupite arises primarily from
the detailed structural effects that result from a fra-
mework that consists of three different T cations.
In this study, we set out to refine the structure of
tugtupite to obtain better structural parameters for
comparison with structural data for sodalite- and
helvite-group minerals (Hassan & Grundy 1983'
1984, 1985, 1989, 1991, Hassan el a/. 1985). This
comDarison leads to an evaluation of the structural
effects that arise from different 7 catidns, interstitial
cation (Na+, Mn2+, Fd+, Zrf+), and anions (cl-,
S?, OH-, H2O). An opportunity also ari$es to test
the applicability of the d-p zr bonding model to the
sodalite-group minerals (e.9., Cruickshank 1961,
Brown et al. 1969, Gibbs er ol. 1972). The thermal
expansion of tugtupite also is rationalized in terms
of its crystal structure, and the mechanism of expan-
sion is compared to that in sodalite-group minerals
(Hassan & Grundy 1984).

ExPsnttvlrNTal-

The specimen of red tugtupite used in this inves-
tigation is from Ilimaussaq, Narssaq Kommune,
South Greenland (Royal Ontario Museum #M3nn).
The chemical composition (Table l) is taken from
Dand (196O because both samples are from the same
locality; we assume that the composition of Dand
(1966) is repre$entative of our sample. Cell
parameters, determined by least-squares refinement
of fifteen high-angle reflections automatically cen-
tered on an automated four-circle single-crystal X-
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ray diffractometer, are presented in Table l, together
with other information pertaining to X-ray data col-
lection and refinement.

The intensity data were collected from a cleavage
fragment mounted on a Nicolet P3 diffractometer.

TABLE 1 . oHEMICAL @MposmoHl . cRysrlt oatn2. lt.to
INFOFMA'IION ON DATA COIIECTION FOR TlJGTUPITE

Oddo Un % Cofl @rd6rnsr Mb€lall@
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Reflections allowable in space group /4 (i,e., h -r
k + I = 2n) were collected from two octanls of
reciprocal space to a maximum 20 of 65o. A total
of l4l3 intensilies were measlued to give a data set
of 647 unique reflections, of which 621 were classed
as observed (Table l). The data were corrected for
Lorentz, polarization, background effects, and
spherical absorption (Table 1). All crystallographic
calculations were made using the XRAY76 Crystal-
lographic Programs (Stewart 1976).
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l-or' ,

Frc. l. Stereoscopic projection of the framework of tugtupite showing the "sodalite" cage and the ordering of the
Tcations. The Si and oxygen atoms are unlabeled.

a scale factor. The refinement of the structural model r-Cl 
"was constrained to the idealized chemical formula I 
-

and resulted in an R index of 3.090 (Table 1). The C
isotropic temperature-factors were converted to
anisotropic forms, and further cycles of refinement,
with variations in all the refinable parameters,
resulted in convergence to a final R index of 2.3t/0.
The occupancy and temperature factors for both Na
and Cl atoms were refined, and occupancy values
of 1.00(1) were obtained for both atoms, which agree
with the ideal chemical formula and are not signifi-
cantly different from the chemical data of Dand
(1966). A final difference-Fourier map was found
to be featureless. The interatomic distances and
isotropic temperature-factors for the atoms in the
structure show nothing unusual, and the refinement
was considered complete.

The atomic positions and isotropic temperature-
factors are given in Table 2, anisotropic temperature-
factors are listed in Table 3, and interatomic dis-
tances and angles are presented in Table 4. A copy
of the structure factors is available at a nominal
charge from Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
KIA OS2.

DIscussloN

The tugtupite structurc

The cell parameters obtained for the red tugtupite
qsed in this investigation [a = 8.640(l), c = 8.873(l)
Al ditfer from those oltained by Dand (1966) [a =
8.538(4), c : 3.817(4) Al, wlrich are well outside the
pnges in a (8.634 - 8.643 A; and c (8.867 - 8.870
A) given by Sdrensen et al. (1971). Results of the
present refinement land the data of Sdrensen el a/.
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Frc. 2. Na atom coordinations: (a) five-fold coordination
in tugtupite; (b) four-fold coordination in sodalite.
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(1971)l do not indicate that the sample used in this
study has a significantly different composition from
the sample studied by Darrd (1966), despite the
apparent differences in cell parameters. In fact, the
atomic positions axe not significantly different from
those of Dand (1966); however, significant differ-
ences occur in bond lengths because of the cell
parameters used by Dand (1960. The R index
obtained by Dand (1966) was 8.990 based on film
data, isotropic temperature-factors, and CuKc radi-
ation.

The isotropic temperature-factors obtained by
Dand (1966) are small because the crystal was pro-
bably not small enough (= 0.3 mm in diameter) for
absorption to be negligible (p : 86 cm-r, CuKa:
Dand 1966). The crystal used in this study is smaller,
and the absorption is quite low (Table l). Further-
more, the isotropic temperature-factors obtained for
tugtupite in this study (Table 2) are comparable to
those of sodalite- and helvite-group minerals (Has-
san & Grundy 1983, 1984, 1985), which suggests that
our temperature factors are realistic.

The general structural features of tugtupite are
similar to those of sodalite. The framework is charac-
terized by four-membered rings in the faces of the
unit cell, and these rings are linked to form six-
membered rings about the corners of the unit cell
(Fig. l). The four-membered rings in the faces nor-
mal to the a axes have an ordered disposition of Z
atoms consisting of two Si, one Al, and one Be atom,
whereas the four-membered rings in the faces nor-
mal to the c axis consist of Si atoms only. As a result
of the linkage of the four-membered rings, all the

TABLE 5. COMPARISON OF FRAMEWORK GEOMETRY
tN soME soDAUTE€noup urnenars'
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six-membered rings have an ordered:urangement of
Z atoms consisting of one Al, one Be, and four Si
atoms; the Be and Al atoms are diametrically oppo-
site each other in the rings (Fig. l). The cages con-
tain Na and Cl atoms; the Cl atoms are at the corners
and center of the unit cell. The final low R index can
be taken to confirm the assumed full order of the
three I cations Al, Be, and Si.

The Na atom is five-fold coordinated by one Cl
and four O atoms in tugtupite (Fig. 2a), in contrast
to its four-fold coordination in sodalite (Fig. 2b).
However, the Na-Cl bond length Q.707 A) in tug-
tupite is shorter than that in sodalite Q.736 A). Ot
the four oxygen atoms bonded to sodium iqtugtu-
pite, three have a mean bond-distance (2.356 A) simi-
lar to that in sodalite (a353 A). The fourth oxygen
atom is further (2.603 A), but it is within bonding
distance in tugtupite because in sodalite^the other
oxygen atoms are much further (3.087 A).

The BeO, and AlOa tetrahedra in tugtupite are
close to bet'g regular, wit[ Be-O and Al-O distances
of 1.631 A and 1.748 A, respectively. The SiOa
tetrahedra are distorted. In the pure Si-O-Si link-
age, the Si-O dispnces are l.644A.and 1.647 A; this
{istance is 1.581A with a Be linkage, and it is 1.609
A with^an Al linkage. The mean Si-O distance is
1.620 A. Therefore, individual Si-O bond length
does vary with the other cations in the Si-O-Ilink-
age, but this effect is not observed for the mean Si-O
bond lengths (see below). The satisfactory valence-
sum calculations (Brown & Altermatt 1985) for the
cations and anions in tugtupite also confirm that the
three Z cations, Al, Be, and Si, are completely
ordered (Table 4).

Comparison of framework geometry in sodqlite-
group minerals

Tugtupite, helvite-group minerals, sodalite, and
basic (hydroxy) sodalite provide an excellent oppor-
tunity to compare structural effects that arise from
dissimilar cations (Si4*, Al3*, Bd*) on the Zsites
and very different interstitial cations (Na+, Mn2+,
Z*+,F&+) and anions (Cl-, S2-, OH-, H2O). The
pertinent bond-dislances and angles of the frame-
work are compared in Table 5.

The bond model of Brown et al. (1969) indicates
that the Si-O bond lengh is affected by the Tcation
forming the Si-O-Zlinkage. This effect is observed
for individual Si-O bonds in tugtupite (Iable 4), but
not in the other minerals (cl, helvite and sodalite,
Table 5). The mean Si-O distances for the minerals
considered in Table 5 are nearly constant despite the
fact that the Iatoms are different. The mean Al-O
bond lengths also are identical and do not vary sig-
nificantly among the minerals, as are the mean Be-
O bond lengths (Table 5). Consequently, for the
sodalite-group minerals, the mean Z-O distances are
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constant, and such distances are not affected by
different interstitial atoms or different Z cations.

Among tlte minerals considered (Iable 5), the prin-
cipal difference is in the Z-O-Zbridging angles. The
Si-O-f (Z : Si, Al) angles are nearly equal, but the
main difference occurs in the Si-O-Be angles in the
helvite-group minerals and in tugtupite (Table 5).
The value of the Z-O-f angle has been proposed
to be a qualitative measure of the degree of d-p r
bonding in the silicate framework (Cruickshank
1961, Brown et sl.1969, Gibbs er al.1972). A T-
O-Ibond angle of l8o conesponds to maximum d-p
zr interactions. Both Al and Si have 3d orbitals avail-
able for such interactions. However, Be atoms have
no available orbitals of the correct symmetry to
produce interactions of this type with the oxygen
atom coordinating it. Therefore, a small Si-O-Be
angle in helvite may be expected as a result of the
smaller contribution to the bonding of the frame-
work (Holloway et ol. 1972); however, such a large
Si-O-Be angle in tugtupite is surprising, but no sim-
ple explanation can arise from the d-p r bonding
model.

The T-O-T angles in sodalite-type materials are
probably controlled mainly by the interstitial ions.
The greater the effective charge of the cage clusters,
the smaller the I-O-Z angle. The cage clusters in
sodalite and tugtupite are [Naa.Cl]3+ and basic
(hydroxy) sodalite contains [Na4.OH.H2O]3'
clusters. These clusters all have the same net charge
(3 + valence units). However, in the helvite-group
minerals, the [(Mn, Fe, Zn)o.S]6+ clusters are highly
charged and have smaller sizes; thus their effective
charge is much stronger than in the other minerals.
Therefore, the [(Mn, Fe, Zn)0.$]6+ clusters strongiy
attract the oxygen atoms in the Si-O-Be linkages and
give rise to small Si-O-Be angles in helvite-group
minerals compared to Si-O-Z angles in the other
minerals, in particular, the Si-O-Be angles in tug-
tupite (Table 5).

Thermal expansion of tugtupite

Henderson & Taylor (lW1) obtained data on ther-
mal expansion of a red tugtupite from Kvanefjeld,
Iftmaussaq, Greenland over the range of 20 to 905'C.
These data indicate smooth variations in response
to thermal expansion. The expansion is anisotropic,
being greater along the a axes than along the c axis,
as indicated by the decrease in c/a ratio with increas-
ing temperature. A combination of tilting of the
IOo tetrahedra, the presence of three types of Z
atoms, and the distortion of the SiO4 tetrahedra
does not allow unambiguous interpretation of the
thermal expansion of tugtupite and its anisotropy in
terms of the crystal structure (Henderson & Taylor
1977).

In this paper the thermal expansion of tugtupite

is modeled using the DZS structure-modeling pro-
eram (Villiger & Meier 1969) and thermal expansion
data of Henderson & Taylor (1977). The high-
temperature structure modeling assumes that the
structures would adjust to a rise in temperature by
rotation of ?Oa tetrahedral units as in sodalite
(Hassan & Grundy 1984), Cell parameters at the var-
ious temperatures were fixed to the values obtained
experimentally by Henderson & Taylor (1977), and
the structures were fitted to these parameters. As in
sodalite, the Na-O distances are expected to change
little, and the geometry of the ZOo tetrahedra is
expected to remain relatively constant. The starting
positional coordinates are taken from this work; the
coordinates for the Na site are adjusted so that the
three shorter Na-O distances are identical to those
in sodalite. Structurei were calculated at various tem-
peratures in the range of 20 to 905oC, but here the
structural parameters are given only for the struc-
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tures at 20 and 905oC (Table 6). Unit weights in the
DIS refinement were found to be appropriate. The
20oC modeled structure is almost identical to the
measured structure in this paper, except for a slight
shift in the Na-site position Qable 6). With increase
in temperature, the ZOo geometry remains nearly
constant, and three Na-O distances also are cons-
tant, but the Na-O2*,Slistance becomes plogressively
shorter, from 2.596 Aat2}oCto2.487 A at 905"C
as the 5-fold coordinated Na site becomes more regu-
lar (Table 7). Major changes occur in the bridging
angles, which increase as the tetrahedra rotate with
thermal expansion, and also tbe length of the Na;
Cl bond increases from2.707 Ax20'C to 3.088 A
at 905oC (Table 7). The latter value is identical to
that modeled for sodalite at 905oC (Hassan &
Grundy 1984). Therefore, the mechanism of ther-
mal expansion of the tugtupite structure involves the
expansion of the Na-Cl bond lengths, which forces
the Na atoms toward the center of the six-membered
rings. Because the Na-O bond lengths are nearly
constant, this mechanism causes the tetrahedra to
rotate. An analogous mechanism of thermal expan-
sion operates in the sodalite-group minerals (Has-
san & Grundy 1984).
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