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ABSTRACT

The crystal structure of a carbonate-rich can-
crinite has been refined to a conventional R index
of 2.8% in space group P6; using X-ray-diffraction
data and a model derived using a study by high-
resolution transmission electron microscopy and
detailed Fourier sections from a trial refinement.
The superstructure observed can be rationalized
solely in terms of the substitutional arrangement of
interchannel cations and anions on sites positionally
consistent with the space-group symmetry. Stack-
ing variations differing from the hexagonal

ABAB... type are shown not to exist in this

material.
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SOMMAIRE

La structure cristalline d’une cancrinite riche en
carbonate a été affinée dans le groupe spatial P6,
jusqua un résidu R de 2.8%. L’affinement est
fondé sur données de diffraction X et & la lumiére
d’une étude au microscope électronique par trans-
mission & haute résolution et de sections de Fourier
détaillées résultant d’un affinement préliminaire.
On explique la surstructure observée en fonction de
l’agencement des substitutions des cations et anions
dans les positions permises par le groupe spatial.
On montre quaucune déviation de la séquence
d’empilement hexagonal ABAB... n’existe dans
ce matériau.

(Traduit par la Rédaction)

Mots-clés: cancrinite, structure cristalline, diffrac-
tion X, microscopie électronique par transmission
a4 haute résolution, surstructure, sodalite, zéolite.

INTRODUCTION

The cancrinite group of minerals is char-
acterized by an ordered framework of (Al, Si)
O, tetrahedra. The hexagonal symmetry is the
result of the close packing of interconnected
and parallel 6-fold rings of alternating AlO,
and SiO. tetrahedra in an ABAB... type of
stacking sequence (Jarchow 1965). Many mem-
bers of the sodalite group of minerals are poly-
morphic with members of the cancrinite group.
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However, the latter have cubic symmetry due
to an ABCABC... stacking sequence. The
difference in stacking sequence gives rise to
important structural dissimilarities between the
two mineral groups.

Cancrinite has a large continuous framework
channel parallel to the axis of 6-fold rotation
(z axis), in which are located interframework
cations and anions. In sodalite this channel is
offset by the C-type stacking layer to give a
network of large cages. In addition, cancrinite
has “chains” of small cages parallel to the z
axis. These consist of framework cavities be-
tween successive A- or B-type layers (Fig. 1);
these cavities also contain cations and anions.
The difference in structure between these two
groups suggests that the cancrinite-group min-
erals are more likely to be the low-temperature
polymorphs, as the continuous channel facili-
tates diffusion, and thereby decomposition, at
elevated temperatures. In the case of the hydroxy
varieties, this has been experimentally verified
(van Peteghem & Burley 1962).

Although the frameworks of these groups of
minerals are well defined and essentially a 1:1
ratio of AlO. and SiQ. tetrahedra, the inter-
framework ions are chemically diverse and
typical of zeolitic materials. The large channels
in cancrinite are found to contain Na*, K*,
Ca?**, OH™, COs*~, SO~ or H:O and the small
cages, Na*, K*, Ca**, OH™, H,O or Cl~; the
sodalite-group cavity can contain Na*, K*, Ca®*,
OH-, SO&-, ClI- or H:0. The disorder that
results from substitution of these ionic species
for each other gives P6; symmetry. As a further
complication, vacancies on non-framework sites
are usual in both groups of minerals.

The general features of the crystal structures
of both cancrinite and sodalite are well known
(Pauling 1930). However, the detailed structure
and the origin of observed superstructures are
not clear. This work reports on some of the
results of a general study of the structure and
chemistry of these two groups of minerals.

EXPERIMENTAL

Although useful models of the crystal struc-
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Fic.1. Stereographic schematic diagram of the framework of cancrinite viewed down the z axis. The large
chanpel is defined by the “chains” of interconnected small cages paralle] to the z axis.

ture of the sodalite-group minerals have been
established (Schulz 1970), those for the can-
crinite group are less detailed (Jarchow 1965,
Nithollon & Vernotte 1955). Therefore, in the
initial stages of the present research program,
a structural refinement of a possible “end-
member” cancrinite was undertaken to define a
model that would be a useful starting point for
the refinement of chemically more complex
species. Details of the material chosen are given
in Table 1.

Long-exposure precession photographs (Fig.
2) show a symmetry consistent with the ac-
cepted space-group P6, (Jarchow 1965). The
diffraction photographs also show a well-devel-
oped superstructure resulting in a supercell con-
sistent with a ¢ dimension eight times that of
the substructure. All observed diffraction max-
ima are sharp. Cell dimensions, determined by
least squares from 25 substructure reflections
automatically aligned on a 4-circle diffracto-
meter, are presented in Table 1 together with
other information pertaining to the collection
and refinement of X-ray data. A sphere 0.2 mm
in diameter was ground and used to collect the
intensity data. The crystal was mounted on a
Syntex P2: automatic diffractometer using gra-
phite-monochromated MoKq radiation and
operated in the #—24 scan mode. A total of 1918
reflections were collected over two asymmetric
units out to a 26 value of 65°. During the data
acquisition, standard reflections collected at
regular intervals indicated that there was de-
terioration neither in crystal quality nor crystal-
lographic alignment. The data were corrected

for spherical absorption, Lorentz, polarization
and background effects and subsequently re-
duced to structure factors. All crystallographic

TABLE 1. CRYSTAL DATA FOR CANCRINITE FROM BANCROFT,

ONTARIOT
Chemical Cell
analysist?t Contentsttt Miscellaneous
510, 34.35 St 5,98 a 12,590(3) &
Al,03 29.35 Al 6.02 [ 5.,117(1) &
Fe,03 .03 Fe .03 v 702.4(3) A3
Mg0 .01 Mg .03 Space Group P6y
z 1
Cal 8.11 Ca 1.52 Density Calc., 2.37 gm/cc

u 10.28 cn~!

Na,0 17.66 Na 5,96 Crystal Size sphere

0.2 mm. diameter

K0 L1000 X .02 Rad MoK, graphite
monochromator
Hp0% 3,02 Hy0 1,75 Total no, of I 1918
10~ .11 Non equiv, 942
|Fo| > 30 855
co, 6,60 C 1,567 Final R(obs) = 2.8
= LIF[-1Fc )/ LIFg]
cl .21 ¢l .06 Final R,(obs) = 3.1
= (W IFol-1Fc N/
|7 gl 2)1/2
H n.d. W=l
wt % 99.55

Chemical formulae used in refinement
Nag Sig Alg 0y Caj g5 1.6C0;

t specimen 68024, McMaster University collection.
From Dungannon Township, Ontario.

tt+ wet analysis, J. Muysson, McMaster University
(H,0% by Penfield gravimetric method).

ttt based on Al + S§i = 12
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F1G6. 2. Zero-level [100])-axis X-ray-diffraction photograph of cancrinite,
showing strong substructure reflections with generally much weaker super-
structure reflections in rows parallel to a* (u = 30°, CuKa radiation,

Ni filter).

calculations were made using the X-RAY76
Crystallographic System (Stewart et al. 1976).

A reflection was considered observed if its
magnitude exceeded that of three standard
deviations based on counting statistics. This
resulted in 942 unique reflections of which 855
were classified as observed. A trial refinement
of the crystal structure was made by the least-
squares method using the structure previously
determined by Nithollon & Vernotte (1955) as
the starting model. Scattering factors for neutral
atoms were taken from Doyle & Turner (1968).
The refinement converged at a conventional
R-index of ~ 7% after varying the scale,
positional parameters and anisotropic temper-
ature-parameters. The refinement was con-
strained according to the chemical formula
(Table 1). The refined structure showed satis-
factory geometry for the framework. The lengths

of both the Si-O and Al-O bonds were com-
patible with ordered alternating AlOQ, and SiO,
tetrahedra, and the temperature factors for both
Al, Si and the framework oxygen atoms showed
nothing unusual. The large channel cation was
positionally well defined and had normal tem-
perature-factors, in marked contrast to the
anion group (COs*") position, which showed
an extremely anisotropic thermal vibration with
elongation parallel to the z axis. The small-
cage cation, which lies on a special position
on the 3-fold axis, also showed large -anisotropy
parallel to the z axis, whereas the oxygen in
this cage showed a disc-shaped thermal ellip-
soid elongate perpendicular to the z axis, These
observations are in accord with those made by
Jarchow (1965) from a structure refinement of
similar material. A projection of this trial struc-
ture down [001] is shown in Figure 3.
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Fi1aG.
the symmetry elements for space group P6,.

Obviously, the starting model is not adequate
to reveal the details of the structure beyond
those already seen by Jarchow (1965). In order
to develop a more useful model, it is necessary
to review the possible origins of the super-
structures observed in the diffraction pattern
of cancrinite specimens. The superstructures are
similar, in that they are one-dimensional in
nature and affect the z-axis repeat. The repeats,
based on the superstructure, are consistent with
integral numbers of substructure repeats and
can increase the unit cell to as much as 16 times
that of the substructure (Brown & Cesbron
1973). The intensity of the superstructure re-
flections seen on X-ray-diffraction photographs
(Fig. 2) are, in general, much weaker than
those of the substructure. However, on electron-
diffraction photographs, owing to the more
complex diffraction process, they are much
more apparent (Fig. 5) and can approach the
intensity of the substructure reflections.

Rationalization of the superstructure is based
on two models, both of which are theoretically
reasonable : 1) substitutional or positional or-
dering (or both) of interframework cations
and anions (see Foit er al. 1973), and 2)
periodic variation in the stacking sequence of
the framework giving a sequence transitional be-

3. Diagramatic projection of ‘the trial structure down [001], showing the site nomenclature and also

tween those of the cancrinite structure ABAB. ..
and the sodalite structure ABCABC... (see
Rinaldi & Wenk 1979). For the COs®> -rich
cancrinites, the first model appears to be the
most appropriate, based on experimental obser-
vations. The high-temperature work of Foit
et al. (1973) on CO -rich material showed
that on heating, the superstructure intensity
decreased with time, whereas that of the sub-
structure remained constant. On prolonged heat-
ing (Chen 1970), the position of the super-
structure reflections changed as a function of
time, indicating its potentially incommensurate
nature. The above behavior is difficult to explain
by changes in the stacking sequence, which in-
volve the reorganization of the framework.
Model 2 has been suggested for those cases
where the intensity of the superstructure ap-
proaches that of the substructure (Merlino &
Orlandi 1977a).

Afghanite is an example of a cancrinite of
this type; it has been assigned a tentative stack-
ing sequence of ABABACAC by Merlino &
Mellini (1976). Although the electron-diffrac-
tion pattern (Rinaldi & Wenk 1979) shows a
reasonably intense superstructure, however, the
X-ray-diffraction pattern (Bariand et al. 1968)
shows the extra reflections to be very much
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weaker than those of the substructure. Rinaldi
& Wenk (1979) observed lattice fringes with
the TEM for both afghanite and franzinite and,
following the proposals of Merlino & Mellini
(1976) and Merlino & Orlandi (1977a, b), in-
terpreted these in terms of differing stacking
sequences. Cancrinites, which have been asso-
ciated with model 2, are in general SO2 -rich
and COs® -poor. As yet there have been no
successful structure refinements of the proposed
polytypes; published R-indices vary from 16 to
30% (Rinaldi & Wenk 1979, Bariand et al.
1968, Barrer et al. 1970, Mazzi et al. 1981).
Foit et al. (1973) also noted that the super-
structure reflections were still observable after
the heating experiments, although greatly re-
duced in intensity. It is possible that such re-
sidual intensity could perhaps be assigned to a
type-2 model. More recently, prolonged heating
at 400°C of sacrofanite (Burragato er al. 1980)
was shown to have no effect at all on the
superstructure, which would suggest that, in
this case, it was due in total to a type-2 origin.
This material is SO, -rich with only minor
CO: and H:0 and, therefore, differs from the
CO4*"-rich cancrinites, which readily -lose CO,
and H2O on heating. In order to determine the
role of stacking variations in the cancrinite
under study, it was decided that the structure
should be imaged using high-resolution trans-
mission electron microscopy (HRTEM) so that
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any periodic variation in the stacking sequence
could be incorpororated into the structural
model.

H1GH-RESOLUTION TRANSMISSION
ELECTRON MICROSCOPY

In order to see the stacking sequence, a
section containing the 6; axis is necessary; the
most useful section is parallel to (0190), i.e.,
perpendicular to [210]. Figure 4 shows a
schematic view of the framework down [210],
illustrating a hypothetical example of a stack-
ing variation ABACBA... that may be ob-
served in this projection.

The microscope used was a JEM 100B oper-
ating at 100 kV with objective aperture centred
about the incident beam of 50 yum (i.e., radius
of ~ 0.42 A™"), a 150 um condenser aperture
and a 200 to S00K magnification factor. The
specimen was prepared by ion-thinning a
single-crystal section obtained from a polished
thin section having the crystal oriented sub-
parallel to (010). Twenty-nine substructure
beams plus the included superstructure intensi-
ties were used to produce the bright-field image
shown in Figure 5. The electron-diffraction
pattern (Fig. 5) corresponding to the image
was photographed both before and after imag-
ing and was not observed to change. Note that
this pattern shows 00Ktype substructure re-

> ® > WO P W P @

Fic. 4. Hypothetical diagram of the Al/Si framework projected down
[210]. Shown is a C-type stacking fault in the regular ABAB... type

of stacking sequence.
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F16. 5. High-resolution transmission electron micrograph down the [210]. Inset at lower left is the
electron-diffraction pattern used in the imaging process. Inset at lower right is the scaled and orient-
ed representation of the calculated image. Inset at top left is a projection of the trial structure down
[210]. The rectangular boxes correspond to one substructure cell, the small edge of which is approxi-
mately 5 & in magnitude.
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flections when [ is odd; these are forbidden in
space group P6: and were not observed on the
X-ray-diffraction photograph (Fig. 2). On tilt-
ing the specimen slightly, they changed intensity
and, therefore, were interpreted as artifacts,
mainly due to multiple diffraction, with per-
haps a small part due to the superposition of a
superstructure reflection.

Also inset in Figure 5 is a projection of the
trial structure down [210], which is scaled and
oriented so as to superimpose directly on a
relevant part of the electron micrograph. The
positioning was verified by comparing a cal-
culated image with the one observed. Calcula-
tions were made using the multislice method
(Goodman & Moodie 1974, Cowley & Moodie
1957) with a program developed by O’Keefe
et al. (1978) and O’Keefe & Buseck (1979)
for the calculation of images of minerals,

Owing to the extreme instability of the sub-
stance in the electron beam, it was not possible
to experimentally obtain the usual through-focus
series of images. Instead, calculations were

/—Y

X
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4
L,

y

VIS
z

245

made for a variety of foci in addition to thick-
ness. Systematic trends emerged and it was
possible to match the observed image shown
in Figure 5 with a thickness of approximately
50 A at an underfocus of —900 A. In this image,
areas of light contrast correspond to regions of
low electrostatic potential. This calculated image
is also shown correctly scaled and oriented as
an inset in Figure 5.

Careful study of the image revealed that the
stacking sequence was of the type ABAB...,
with neither systematic deviations nor even
random stacking faults. Therefore, in this case,
a model-2 contribution to the superstructure
intensity could be eliminated completely.

REFINEMENT OF THE STRUCTURE

It has been experimentally established that
the appearance of the superstructure in this
substance is not due to alternate stacking se-
quences; furthermore, from the- trial refine-
ment, it was determined that the Al/Si frame-

Fia. 6. Fourier sections of electron density through the interframework
atom sites derived from the observed structure factors and calculated

phases.
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work was positionally well defined; the super-
structure thus must originate from substitu-
tional or positional ordering (or both) of the
non-framework ions. Large-scale Fourier maps
of electron density were prepared for the chan-
nel and cage volumes using the observed struc-
ture-factors and phase information from the
trial refinement, in order to detect details that
would lead to a better model of the structure.
The environment of the small cage was ex-
amined; the electron density on the anion site
06 (Fig. 6) was seen to be ellipsoidal in yz
sections but triangular in xy sections. This tri-
angular feature was also noted by Jarchow
(1965); his procedure of moving the atom off
the 3-fold axis and disordering it was followed.
The cation position NAl shows an electron
density distributed as an ellipsoid of rotation
about the 3-fold axis; it is elongate down this
axis, but not sufficiently extensive to warrant

TABLE 3. OCCUPANCIES, POSITIONAL AND ISOTROPIC THERMAL PARAMETERS

Framework atoms

-

atom equi- site x z B a2
nt content - L - Hequiv)

051~
tion

01 c 0 .2027(2) .4043(2) .6574(5) 1.16

02 c 0 J1131(2) .5635(2) .7281(7) 1.59

03 c 0 .0295(2) .3487(2) .0610(5} 1.14

04 c 0 .3131(2) .3666(2) .0439(5) 1.25

T c Si .3277{1} .4125(1) 3/4 54

T2 c Al .0752(1) .4125(1) .7510(3) .60

051 ¢ +38 0+.62 [} .0572 8; +1163 8; .6729(25) 2.8 cht
052 ¢ .38 0+.62 [] .0587(8) .1194(8) .9134(30) 3.4 ch
06 3 30 .6246(12),3243(42).6875{25) 6.3 cg
Cl a .38 C+.62 [1 0 0 6729(26) 2.7 ch
c2 a .38ce62[] 0 0 .9134(30) 4.3 ch
NAL b 1.00 Na 2/3 1/3 L1339(11) 3.9 cg
Mz ¢ gz I‘E§+.25 Ca .1232(1) .2490(1) .2959(3) 1.5 ch

+e

+ chemical symbol [] is vacancy.
ch located in channel.
cg located in cage.

TABLE 4. ANISOTROPICT TEMPERATURE PARAMETERS x 104

Framework atoms

atom Uy Uaz Uss Uz Ug3 Uz3
o1 113(9)  218(10) 110(8)  113(8 5(8)  17(9)
02 221{10) 115(8)  268(13) 113(8 18(12)  12(11)
03 115(9)  220(10)  93(11)  91(8 35(8 3509
04 159{10) 225(11)  91{10) 133(9 13(8 a5(9
! 65(3 78(3 sssg 39(2 2(4 3(s
12 72(3 86(3 70(3 23(3 o(a 6(8

Non-framework atoms

051 124(34) 127 333 801(86 55 293 0{38 42 39;
052 147(4 38) 1004(98 86(34 5{49 -83(49

0 144
06 982{115) 1073(156) 332(60 714(201) -49(86 -53(104)
Cl 207(60 207(60 619 161; 103(31 4 . 0
c2 112(52 112(52) 1411(348 66(26 0 0
NAL 312(10 312(10) 849(34) 156 5} 0 0
NA2 114(4) 179(5) 271(8) 94(4 ~18(5) -12(5)

3 3
t where temperature factor = exp [-231;1 j;l(uuqajh.,hj)]
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positionally disordering the atom responsible
for it in more than one position. Therefore,
this atomic position was kept identical to that
of the trial structure.

The large channel also was investigated; the
cation position approximated an isotropic dis-
tribution of density, with no indication of sys-
tematic positional disorder. However, the anion
group CO;*~ showed extreme anisotropism in
the distribution of density, with the direction of
elongation parallel to the z axis. In the xy
sections the individual atoms of the group
showed reasonably circular cross-sections of
density. In order to account for this distribu-
tion of density, the position was split into two
nonequivalent positions 1.6 A apart down the
z axis. Refinement was continued using the
modified set of atom positions and, on the
final cycle, after varying all refinable para-
meters, the structure converged with a conven-
tional R factor of 2.8%.

Fourier maps were again prepared using the
F, values and the new phases. The maps now
showed two well-separated maxima for the
CO:>~ groups (Fig. 6), in accord with the
postulated positions, and three maxima for the
06 position. All other atom positions were ex-
amined for positional disorder, but none was
found, and the average structure was con-
sidered to the fully refined at this point. Table 2
lists the observed and calculated structure
factors together with their phase angles; this
table is available at nominal charge from Depos-
itory of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ontario
K1A 0S2. Final positional parameters are shown
in Table 3, and the anisotropic temperature
factors are presented in Table 4.

DESCRIPTION OF THE STRUCTURE

The general features of the structure have
been described in the introductory paragraphs;
only further details will be presented here. Im-
portant interatomic distances are shown in Table
5, and interframework angles in Table 6. The
average tetrahedral bond-lengths (Table 5), 1.612
and 1.733 A, can be assigned to Si-O and Al-O
respectively. A calculation following Baur
(1978) shows that the 1.612 A distance cor-
responds to full occupancy by Si. Therefore,
as the ratio of Al:Si is 1:1, by implication the
1.733 A distance corresponds to full occupancy
by Al. The framework is therefore fully ordered.
Bond-valence calculations (Brown & Shannon
1973) show that the bond-valence deficiency
on the framework oxygen atoms is predominant-
ly satisfied by the cations on the NA2 position,
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TABLE 5. SELECTED INTERATOMIC DISTANCES AND BOND STRENGTH (VALENCE UNITS)”

bond A Bond strength (vu) bond A Bond strength (vu)
Ti-01 1.608§3g 1.038(8) T2-01 1.728(3 .762(5
-02 1.601(4 1.057(11) =02 1.717(3 .783(5
-03 1.619(5 1.008(3 -03 1.741§3; .738(5
-04 1.621(3 1.003(7 -04 1.747(3 2727(5
Mean B Total 4, Mean 1. Total 3.
*Calculated (S1) 1.616 Expected™ 4 Expected 3
Nal-01 = 3 2.863(3 0.261(10 C1-051 x 3 1,268(9)
-Ozax 3 2.450(5 0.510(10
-OGb 2.335(23 0.208(5 C2-052 x 3 1.302(9)
~06' 2.874(15 0.086(1
Mean for [8] 2. Total 1.0
[4] 2.421 Expected 1
trigonal bipyramid octahedral
Na2-01 2,507(3) 0.154(0) Na2-01 2.507(3) .154(0)
-03 2.427(4 0.177(1 -03 2.427(4 L177(1
-04 a 2.444(3 0,172(0 ~04 2.444 3; .172(0
—051a 2.440(11) 0.173(3 ~0523 2.414(14) .182(4
-051b 2.431(21 0.176(6 -052 2.424(21 .178(6
-051 2.412(12 0.183(3 -052 2.432(12 .176(3
Mean N Mean 3
~03 2.859(3 0.088(0 ~03 2.859135 .088{0
-04 2.891(6 0.084(0 ~04 2.891(6 .084(0
Mean .55 Total 1.2 Mean 2.5 Total 1.2T
Expected 1,17 Expected 1.17
t a = above b = below

s according to Baur (1978) for site filled with Si

1+ universal curves

**  expected from site population (see Table 2)

TABLE 6. SELECTED FRAMEWORK ANGLES
tetrahedral
01-T1-02 01-T2-02 107.2(1)
-03 -03 109.1(2
-04 -04 106.0(2
02-T1-03 02-T2-03 114,7(2
-04 -04 114.6(2)
03-T1-04 03-T2-04 104.8(1
Mean Mean 109,
bridging
T1-01-T2 142,3(2)
T1-02-T2 152.8(2
T1-03-T2 132.8{2
T1-04-T2 132,9(2
Mean 42,2

which lic within the channel, with the exception
of the oxygen on the O2 position, which is too
remote and satisfied solely by the cage cation.
The calculation shows the bond-valence defi-
ciency on O2 to be 0.17 valency units (v.u.).
The NAI position is closely co-ordinated to
three O2 oxygen atoms and the oxygen at 086,
which is part of a hydrogen-bonded water mole-
cule. These hydrogen bonds are weak and,
according to Brown (1976), have a valency of
less than 0.1 v.u. As the 06....0 distance must
be greater than 3 A, this valency must be dis-
persed over five framework oxygen (3 x 02,
Ol and 0O3) that are within hydrogen-bonding
distance. The directionality of the hydrogen

bonds formed is the probable cause of the rela-
tively well-resolved positional disorder of the
O6 oxygen atom.

Both the population refinement and the bond-
valence sum show the NAI1 site to be fully
occupied by Na®. It is unlikely that this struc-
tural position will ever be systematically de-
fective, owing to O2 charge requirements, un-
less there is a corresponding increase in the
Si/Al ratio of the framework. Furthermore,
owing to the unresolved positional disorder of
the NAI and O6 sites parallel to the z axis,
the cage cations and anions will not contribute
to the one-dimensional superstructure of this
cancrinite. .

The configuration of the interchannel cation
NA2 and anion groups positionally conforms
to space group P6; symmetry. However, as
there is only one cation position, the refinement
must show this site to be completely disordered
with respect to Na, Ca and vacancies.

Both the site-population refinement (Table 3)
and bond-valence sums (Table 5) confirm the
chemistry (Table 1) of the NA2 site. The COs*~
groups lic on two nonequivalent 2-fold posi-
tions; the population refinement shows these
to be equally occupied by 0.4 of a CO*~ group.
Because of the close proximity of the positions,
only one can be occupied at any one time
and, therefore, the maximum possible occupancy
for total disorder would be 0.5 groups per site.
Bond-valence calculations (Table 5) about the
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cation site NA2 show that the two possible co-
ordinations of NA2 (depending on which COs*~
position is occupied; see Fig. 7) are electrostati-
cally equivalent. However, the refinement does
show a slightly larger temperature-factor for
the CO,*~ group associated with octahedral co-
ordination, which could, in turn, be interpreted
as a slightly higher occupancy due to a correla-
tion that exists between these two parameters.
However, as both Na and Ca are usually ir-
regularly co-ordinated, a preference is not ex-
pected in this case. The substantial temperature-
factor component parallel to the z axis for the
CO,* is probably due, in part, to a more subtle
positional disorder, depending on the type of
cation (Na or Ca) or vacancy that it is co-
ordinating. However, there is no marked aniso-
tropy of the NA2 site, indicating that the frame-
work tends to be insensitive to the type of cation
or vacancy on this site. Chemical variation on
the NA2 site is accommodated solely by the

THE CANADIAN MINERALOGIST

positioning of the anion groups within the chan-
nel.

ORIGIN OF THE SUPERSTRUCTURE

According to the space-group symmetry, the
chemical formula shows that there is a defi-
ciency in each NA2 cation site of 0.08 ions and
a deficiency of double that in the COs*~ group.
Therefore, the substitutions that must be con-
sidered are Na e Ca<2 vacancy for the NA2
position and CO,~< vacancy for the channel-
anion positions. Superstructures might easily
arise from ordering of such vacancies. As
previously discussed, it scems unlikely that the
cage environment contributes significantly to
the superstructure, However, owing to the va-
riety of orientations possible for the water mole-
cule, it is conceivable that these can indirectly
stabilize certain vacancies in the large channel
by providing extra charge to the O1 framework

Fic. 7. Stereographic drawing in the vicinity of the NA2 cation site showing the position of framework
and CO.2 -gronp oxygen atoms co-ordinating this site for the two arrangements of the CO;*-

groups,



CRYSTAL STRUCTURE OF A CARBONATE-RICH CANCRINITE

249

S 4
R o 512 10.24 1536 2048 2560 3072 35.84 4096 supstructure
| | r 1 I 1 | period
noxoxo;:oxoaouo:oxo:o:o::ouoxouoxo] superstructure
period

o  vacant CO3 plane

% full CO3 plane

e full Ca2* plane

o full Ne* plane

F16. 8. Ordering pattern used for the generation of the calculated superstructure, the intensities of which

are compared with those observed in Table 7.

oxygen when required through hydrogen bond-
ing. By far the most important contribution to
the superstructure is from the arrangement of
the interchannel cations, anions and vacancies.

The period of the superstructure along z is
40.94 A; from the results of the chemical anal-
ysis (Table 1), the channel contains approxi-
mately 32 Na*, 12 Ca®* and 13 CO#" per
supercell. The stoichiometric composition should
be 48 (Na* + Ca’") and 16 COs*~ groups
(32 positions half-occupied). Therefore, the
nature of the superstructure is controlled by
3 to 4 COs* -group omissions with subsequent
rearrangement of cations and vacancies on the
NA2 position.

In order to generate a likely pattern from
the great number of possibilities, assumptions
were made so that the problem could be con-
verted to a one-dimensional calculation. This
would make a computer simulation of all the
superstructure intensity-patterns feasible. If we
choose to match only 00l-type reflections, we
are concerned only with an arrangement of
points of differing weight of electron density
along the z axis, these are in known positions.
In order to simplify the problem still further
we can consider only four types of points cor-
responding to 3Ca, 3Na, 3CO; or 3 vacancies,
for neutral atoms points of weight 60, 33, 30, 0,
respectively. Using the superperiodic spacing
(40.94 A), the known positions of the points,
and X-ray and electron scattering factors for
neutral atoms (Doyle & Turner 1968), we can
calculate the intensities of the 00! reflections
using the standard structure-factor -equations.
After correcting for Lorentz and polarization
effects, these calculated intensities can be com-
pared directly with the observed patterns of
intensity.

As we know the number of points involved
and with the assumption that they are only of
the types described above, a computer program

was written to generate all possible combina-
tions. The best match in pattern is shown
diagrammatically in Figure 8 and the corre-
sponding match in intensity in Table 7. The
comparison is done only on a semiquantative
basis; a closer fit could perhaps be attained by
allowing weights to vary and then optimizing
the difference between observed and calculated
intensities, perhaps by the least-squares method.
However, owing to the difficulty of measuring
enough of these weak superstructure-reflections
to obtain good statistical integrity, it was not

TABLE 7. OBSERVED AND CALCULATED SUPERSTRUCTURE INTENSITIES (002)1'

X-ray diffraction

observed

Electron diffractiontt

calculated observed calculated

2
1 hidden by
2 incident
3 hidden beam scatter
4 by

5 incident 100 100
6 beam 20 20
7 scatter 1
8 SUBSTRUCTURE (EXTINCT) present 4
9 3
10 5 6
11 15 9
12 0
13 100 100 20 17
14 50 65 5 8
15 19 2
6 ———— SUBSTRUCTURE

17  hidden 2
18 by white 5 4
19 radiation 5 3
20 streak 0
21 5 2
22 6 5 1
23 0 0
24 SUBSTRUCTURE {EXTINCT) 2
25 0 0
26 4 1 0
27 10 14 1 0
28 0 0
29 20 28 5 2
30 18 0
31 6 0
32— SUBSTRUCTURE

1t % index base on super-period of 40,94 A,

tt visually estimated from photographs taken for varying lengths of
exposure only semi-quantitative. Blanks in table correspond to
ungbserved intensity values. Dynamical aspects of electron
diffraction not considered,
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possible to do this with this substance. Even so,
the fit is sufficiently good to show that a rep-
resentative superstructure can be generated solely
from the ordering of interchannel ions.

CONCLUSIONS

We conclude from this work that a useful
model has been developed to investigate can-
crinite-type structures and, by association, cer-
tain aspects of the structure of the sodalite
group of minerals. The absence of stacking se-
quences different from the type ABAB... has
been experimentally established and, therefore,
in this case, precludes their role in the genera-
tion of the observed superstructure. The posi-
tions and intensities of the superstructure re-
flections can be adequately relationalized by
substitutional disorder on atom sites that are
positionally defined by the P6; symmetry, A
possible arrangement for Na*, Ca**, COs*~ and
vacancy over the available sites according to the
results of the chemical analysis has been estab-
lished through computer simulation of the 00!
superstructure intensities and semiquantitative
comparison with the observed pattern. However,
a more rigorous approach using modulation
theory may be more fruitful for explaining the
superstructures of more complex cancrinite-type
materials.
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