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measured over one asyrnmetric unit out to a maxi-
mum 20 of 60o. Ten strong reflections were meas-
ured at l0o intervals of r/ (the azimuthal angle cor-
responding to rotation of the crystal about its
diffraction vector) from 0 to 350o. These data were
used to calculate an ellipsoidal empirical absorption-
correction. The data also were corrected for Lorentz,
polarization and background effects, averaged and
reduced to strustwe factors. Of the 927 unique
reflections, 773 were classified as observed (>5o).

Because of the homogeneity of the beusite, an
average of 5 determinations of its composition using
the electron microprobe (Wise &Cernf 1990) Ied to
the formula, grven in Table l, that was used in the
structure refinement.

Srnucrunr RSFTNEMENT

Scattering curves for neutral atoms, together with
coefficients of anomalous dispersion, were taken
from Cromer & Mann (1968) and Cromer & Liber-
man (190). The SIIELXTL system of programs was
used for the computational procedures.

Using the atomic positions of Calvo (1968), a least-
squaxes refinement of all atomic positions (fully
isotropic) refined to an R index of 6.890. Conver-
sion to anisotropic temperature-factors for all atoms
reduced the R indices to R:3.2, R*:3.7t/o for the
773 observed reflections. At this point in the refine-
ment, the M-site occupancies were critically exa-
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Table 2 compares the cell dimensions of the Yel-
lowknife beusite with those of other samples. X-ray
powder-diffraction data were obtained on a Philips
PW l7l0 automated diffractometer. Operating con-
ditions were as follows: graphlte-monochromatized
CUJ(a1 radiation O 1.52t060 A), operating voltage
40 kV, operating current 40 mA, scanning speed %o
N/min. Powder-diffraction data w^ere calibrated
using SiO, la 4.9145(1), c 5.u1061(3) Al as an inter-
nal standard, and cell dimensions were calculated
using a modified version of the CELREF progftrm
of Appleman & Evans (197 3\. The unit-cell dimen-
sions of the Yellowknife beusite, particularly the b
dimension, are siguificantly different from those of
the Argentinian and synthetic beusite.

Intensity data for the strusture refinement were
collected lnthe 0-U scan mode using 96 steps with
a scan range from [20(MorKcu,)-l] to [N@IoKa)
+ ll" and a variable scan-rate between 4.0 and
29.3o,/minute depending on tle intensity of an ini-
tial l-s count at the center ofthe scan range. Back-
grounds were measured for half the scan duration
at the beginning and end of each scan. Two stan-
dard reflections were monitored every 48 measure-
ments to check for stability and constaacy of crys-
tal alignment. A total of 1072 reflections were
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mined. Catvo (1968) suggested that Ca preferentially
occupies the M(I) site because of its larger size.
However, M6ssbauer work by Nord & Ericsson
(19S2b) showed that Ca prefers the M(l) and M(3)
sites in synthetic (Fe1-,Ca)3@O)2, which suggests
considerable disorder among cations in tle structure.
To check for such disorder in beusite, several refine-
ments of the site occupancies were carried out.

In the frst model, each site was assumed to be
completely filled with only one cation; Ca was
assigned to the M(1) site, Fe to MQ) and Mn to M(3).
This starting model thus assumed no disorder of
cations among the M sites. The occupancies were
allowed to refine unconstrained. Although the R
indices of this model converged to the same values
as the previous refinement, the model failed to
reproduce the microprobe-determined soncentra-
tions, as it led to the formula Ca1.6i@e6.esCq.1e)
(Mn .eca0.0s)@O)2. Subsequent refinements of the
unconstrained site-occupancies were attempted with
unsuccessful results.

The final model allowed only Ca-Mn disorder at
the M(l) site and a fixed occupancy of the remain-
ing sites at 1.0 (Fe,Mn). The refined site-occupancies
closely approximate the microprobedetermined con-
centrations. The model refined to finat R indices of
3.3 and R*=2.6V0. Final positional parameters are
given in Table 3. Anisotropic temperatue-faclors are
grven in Table 4, and selected interatomic distances
and angles are given in Tables 5 and 6, respectively.
Observed and calculated strustue-factors are avail-
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able from the Depository of Unpublished Data'
CISTI, National Research Council of Canada'
otrawa, ontario KlA 0s2.
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The structural relationship between graftonite and
beusite is confirmed in this study. There are three
unique cation positions in the beusite strustue: M(l)'
MQ) erlrdMf!) (FrC. 1). The eraftonite structure obvi-
ouiiy is quite flexible, as evidenced by changes in
polyhedron coordination with changes in bulk com-
position. As stated earlier, six- and seven-coordinated
itZ(t) sits have been reported. In the structure of the
Yellowknife sample, the coordination number of the
M(1) site is ambiguous. Bond-valence sums calcu-
lated for a seven-coordinated polyhedron (Table 7)
are well within expected values. However, an eight-
coordinated polyhedron, whic\includes a signifi-
cantlylongerM-O bond (2.787 L),gives an equally
acceptable bond-valence sum. Agreement between
the bbserved and calculated bondJengths (2.43
versus 2.40 A; for tne seven-coordinated polyhedra
is better, and therefore we accept a coordination of
seven as appropriate for our structure.

The M(l\ coordination polyhedron resembles an
irrecular pentagonal bipyramid. Two bipyramids
share an edge along O(l)a and O(l)b to form M(l)
pairs or "dimers" (Fig. 2). These "dimers" are
corner-shared through O(3) with four similar
"dimers" related by a c-glide operation. This geom-
etry results in a nstwork of M(l) "dimers" that form
sheets parallel to the y-z plane (Fig. 3).

T:he MQ) site is five-coordinated in a distorted
square pyramid configuration. Isolated MQ) poly'
hedra share their O(3)-O(4) edge with one of the
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tr n2 t3
Ftc. l. Ske&h of M(l), MQ) and M(3) coordination polyhedra for bzusite. Numbers represenl oxygen atoms (not shown)

for each polyhedron. Open circles represent the cation.

TABU ?. rerRrcA! BoND-vAENcEr sm[rox roR Bgusrrn rRolt
EMNXNITE

u (3 )

corner-sharing P tetrahedra. The P(l) tetrahedron
shares a corner through O(5) with a M(3) polyhe-
dron; the remaining three oxygen atoms are corner-

FIc. 2. (a) The M(l) dimer with shared edge O(l)a-O(l)D.
(b) The M(3) chain with shared O(2)-O(5) edge. (c) The
M(3) chain with isolated corn€r-sharing M(2) polyhedra.
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M(1) polyhedra, and the O(O wirh I similsr i[(t)
polyhedron translated oue unit-cell along the e axis.

Unlike what was found in previous studies, the
M(3) ation in the Yellowknife beusite is six-
coorrlinated, and the polyhedron resembles a dis-
torted trigonal prism. The M(3) polyhedra share
edges along O(2) and O(5) to form chains tlat run
paralel to the s axis (Fig. 2b). These shains are not
linked to the M(l) polyhedra, but share the O(8)
corner with isolated MQ) polyhedra (Fig. 2c).

Two nnique P positions exist in beusite; tle p is
coordinated by four oxygen atoms to form two
POI- tetrahedral groups. The two tetrahedra are
fairly regular, with avgrage bond-lengths of 1.537
A for P(l) and 1.540 A for P(2). Average O-p-O
bond angles 1109.4" for P(l) and P(2)l agree well
with previously reported values for graftonite (Iable
8). The M eation polyhedra are interconnested by

o
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b

c
l-l

Frc. 3. Projection of the beusite structure down [@]. (a) Note tle corner-shared M(l) dimers ttrat form a sheet^parallel

to the /-e plane. Symbols: dotted pattern M(l) site, crosses P(1) site. O) The M(2)-M(3) strucalral network of beusite

projected down [iOO]. Symtots: stippled MQ) site, small dots M(3) site, densely stippled P(2) site.

b

ba

( 2 )( 1 )

linked to the M(l) polyhedra. Three corners of the
P(2) tetrahedron are linked to three differefi MQ)
polyhedra, whereas fts rc6aining oxygen, O(2), is
shared with the MQ) poMedron (Ftg. 3).

Our structural data compare favorably with those
of Calvo (1968). Mean interatomic distances and
angles from this and previous studies are summarized
in Table 8. Of particular interest are the sienificantly
longer metal-orygen distances for tle M(1) site
reported by Calvo and also observed here, compared
to the M(l) sites of synthetic graftonite-beusite of
Kostiner & Rea (194) and Nord & Ericsson (1982a).
This difference seems to reflect the preferential
occupancy of this site by the larger cations, Ca and,
to alesser extent, Mn. ThemeanM(l) metal-orygen
distances are statistically identical for beusite and
Calvo's graftonite, despite the compositional differ-
ences betweeu the two minerals.

At first glance, it seems that at least for Mn-
deminsnl specimens, Ca occupies only M(l), con-
trary to the findings of Nord & Ericsson (1982b).
However, more structural work, currently in
progress, is needed on otler members of the
graftonite-beusite series in order to adequately
characterize the distribution of cations in the series.

Close examination of theM(l) site interatomic dis-
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tances shows a plausible explanation for the larger
b dimension in-the Yellowknife beusite. The M(l)
pentagonal bipyramid contains five oxygen atoms

ioirjiotO, cii4, o(O and o(7)l that nearlv lie in
an equatorial plane. The O(l)b aud O(3)c ox.ygen
atonri are apical, and nearly parallel the y axis' In
Calvo's graftonite, the M(l)-O(l ' 

) apd M(l)-O(3 ')

bond distances are2.228 and2.?.46 A, respectively'
In comparison, tle analogous bond-distances for
beusitQ iM(l)-O(l)b and M(l)-O(3)cl are 2.310 and
2330 A, respectively. Thus, the axial bond-distances
in the Yellowknife beusite are significantly longer
than in Calvo's graftonite. This longer distance, a
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consequ€nce of occupancy of M(1) by a larger cation,
distends the M(l) polyhedra along y axis, thereby
resulting in the larger b dimension.
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