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TABLE 1. MISCELLANEOUS CRYSTAL DATA FOR BEUSITE FROM YELLOWKNIFE

a 8.797(3) A
b 11.758(4)

c 6.170(2)

g 99.31(2)°

v 629.8(3) A3

Space Group P2y/c

Chenical composition: Mnj, joCag.sgFep.g2P208

Radiation MoKa
Monochromator  Graphite
Total |¥o| 927

No. of |Fo|>50 773

Final R(obs) 3.3% R=%(|Fo|~[Fc|}/%|Fo|

Final Ry(obs)  2.6% Ry=[Zw(|Fo|-|Fc|)2/sw|Fo[2]%, w=1

TABLE 2. COMPARISON OF UNIT-CELL DATA FOR BEUSITE AND GRAFTONITE

sample a(a) b(4) c(A) 8(°) v(a%)
1 8.797(3) 11.758(4) 6.170(2) 99.31(2) 629.8(3)
2 8.818(1) 11.750(1) 6.175(1) 99.35(1) 631.3(1)
3 8.78(1) 11.52(1) 6.1591) 99.42(35) 613.7(1)
4 8.788(3) 11.434(2) 6.255(1) 98.98(2) 620.8(4)
5 8.91(1) 11.5.8(1) 6.239(8) 28.9(1) 636,0(3)

1 Beusitg single-crystal data (this study), 2 beusite powder data
(Wise & erny 1990),3 beusite {(Mn, o Feg. 7oCag 20Md0. 22) (PO4) 2]
Los Aleros, San Luis, Argentina (Buribut & Arisfarain’1568) 4
synthetic beusite [(Mnz(PO4),], synthesized at 25 kbar, 600°c, 24
hrs,, (Nord & Annersten 1987),5 graftonite

[(Feg, goMng, 27Cag, 13} (PO4) 3] (Calvo 1968).

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 1710 automated diffractometer. Operating con-
ditions were as follows: graphijte-monochromatized
CuKa, radiation (A 1.54060 2\), operating voltage
40 kV, operating current 40 mA, scanning speed %°
26/min. Powder-diffraction data were calibrated
using SiO, [a 4.9145(1), ¢ 5.4061(3) A] as an inter-
nal standard, and cell dimensions were calculated
using a modified version of the CELREF program
of Appleman & Evans (1973). The unit-cell dimen-
sions of the Yellowknife beusite, particularly the b
dimension, are significantly different from those of
the Argentinian and synthetic beusite.

Intensity data for the structure refinement were
collected in the 6-28 scan mode using 96 steps with
a scan range from [26(MoKe,)-1] to [26(MoKa)
+1]° and a variable scan-rate between 4.0 and
29.3°/minute depending on the intensity of an ini-
tial 1-s count at the center of the 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 constancy of crys-
tal alignment. A total of 1072 reflections were
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measured over one asymmetric unit-out to a maxi-
mum 29 of 60°. Ten strong reflections were meas-
ured at 10° intervals of ¢ (the azimuthal angle cor-
responding to rotation of the crystal about its
diffraction vector) from 0 to 350°. 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 structure factors. Of the 927 unique
reflections, 773 were classified as observed (> 50).

Because of the homogeneity of the beusite, an
average of 5 determinations of its composition using
the electron microprobe (Wise &éemy 1990) led to
the formula, given in Table 1, that was used in the
structure refinement.

STRUCTURE REFINEMENT

Scattering curves for neutral atoms, together with
coefficients of anomalous dispersion, were taken
from Cromer & Mann (1968) and Cromer & Liber-
man (1970). The SHELXTL system of programs was
used for the computational procedures.

Using the atomic positions of Calvo (1968), a least-
squares refinement of all atomic positions (fully
isotropic) refined to an R index of 6.8%. Conver-
sion to anisotropic temperature-factors for all atoms
reduced the R indices to R=3.2, R, =3.7% for the
773 observed reflections. At this point in the refine-
ment, the M-site occupancies were critically exa-

TABLE. 3. ATOMIC POSITIONAL PARAMETERS FOR BEUSITE
FROM YELLOWKNIFE

Atom b3 Yy 2z *J(equiv.)
M(1) 0.9485(1) 0.12423(8) 0.8267(2) 1.10(3)
M(2) 0.71181(9) 0.07841(7) 0.3268(1) 1.31(2)
M(3) 0.3582(1) 0.19006(8) 0.1334(1) 1.13(2)
P(1) 0,0929(2) 0.1334(1) 0.3964(2) 0.84(4)
P(2) 0.5994(2) 0.0899(1) 0.8070(2) 0.84(3)
o(1) 0.0832(4) . 0.0707(3) 0.1791(6) 1.2(1)
0(2) 0.4704(4) 0.1748(3) 0.8316(6) 1.2(1)
0(3) 0.9361(4) 0.1856(3) 0.4281(5) 1.2(1)
0(4) 0.6855(4) 0.1283(3) 0.6224(6) 1.3(1)
0(s) 0.,2061(5) 0.2332(4) 0.3841(6) 1.4(1)
o(e) 0.7241(4) 0.0923(3) 0.0133(6) 1.4(1)
o(7) 0.14589(4) 0.0587(3) 0.5971(6) 1.2(1)
o(8) 0.5334(4) ~0.0316(3) 0,7634(6) 1.2¢1)

*U(equiv.)=U(equiv.) x 102,
in parentheses.

Estimated standard deviations are

TABLE 4. ANIOSTROPIC TEMPERATURE-~FACTORS FOR BEUSITE FROM

YELLOWKNIFE
Atom U1 Uz2 Uas Uz3 U13 U2
M(1) 132(6)  94(5) 102(5)  ~11(4) 9(4) -4(4)
M(2) 132(4)  187(4)  73(3) 5(3) 13(3) 37(3)
M(3) 124(4)  125(4)  89(4) 3(3) 13(3) 25(3)
P(1) 88(6) 86(6) 79(6) 8(5) 21(5)  -5(5)
P(2) 82(6) 98(6) 70(6)  ~2(5) 11.(5) 5(5)
o(1) 186(19)  113(18) 93(17) ~12(15) -1(15) 16(15)
0(2) 83(17)  163(18)  135(17)  28(14)  52(13)  31(14)
0(3) 108(17) 125(17)  140(17)  7(14) 31(24)  16(14)
0(4) 139(18)  141(17)  106(16)  3(14) 14(13)  -25(14)
0(5) 171(20)  151(21)  108(19) -23(16)  44(16) -90(18)
o(6) 105(18)  208(19)  103(17) 2(16)  -10({14)  11(i5)
o(7) 122(17)  139(18)  102(16)  30(i4)  13(13)  36(15)
0(8) 100(18)  128(19) 129(17) -24(18)  22(15)  1(14)

Uig=Uij x 104, Estimated standard deviations are in parentheses.
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TABLE 5. SELECTED I IC BOND-L (A) FOR BEUSITE FROM
YELLOWKNIFE
M(1)-O(Ll)a 2.383(3) M(2)-0(3) 2.339(3) M(3)-0(1)  2.850(4)
o(1)b 2.310(4) 0(4)  1.965(4) o(2)g 2.251(4)
0(3)  2.547(4) 0(6)  1.961(4) o(2)h 2.146(3)
o(3)c 2.330(4) O(7)£ 2.049(4) o(5)  2.261(4)
0(4)  2.458(4) o(8)£ 2.208(4) o(5)i 2.075(4)
of{6)d 2.478(4) O(8)f 2.142(4)
o(7)e 2.525(4)
<M(1)-0> 2,433 <M(2)-0>  2.108 <M(3)-0> 2.286
P(1)-0(1)  1.520(4) P(2)-0(2) 1.537(4)
0(3)3 1.551(4) o(4)  1.534(4)
o(5)" 1.549(4) o(6)d 1.540(3)
o(7)  1.528(4) o(8)  1.549(4)
<P(1)-0> 1.537 <p(2)-0> 1.540
ML M2 M3
0(L}a-0(1)b 2.957(5) 0(3)-0(4) 2.758(5) O(1)~0(5)  2.444(5)
o(1)a-0(3)c 3.410(5) 0(3)-0(6) 3.112{(5) O(1)-0(5)i 3.230(6)
o(1)a~-0(6)d 3.171(5) O(3)-0(7)f 2.960(5) O(1)-O(8)f 3.366(5}
o(1)a~0(7)e 3.722(5) ©(4)-0(6) 3.851(5} 0(2)g-0(2)h 3.556(5)
0(1)b-0(3) 3.888(5) ©0{4)-0(7)£ 3.086(5) O(2)g-0(5)i 2.631(5)
0(1)b-0(4) 3.211(§) O(4)~0(8)f 3.030(5) 0©(2)g-0(8)f 3.017(5)
0(3)-0(3)c 3.437(3) 0(6)-0(7)f 3.058(5) O(2)h-0(5) 2.632(6)
0(3)-0(4) 2.758(5) O(6)-O(8)f 2.923(5) 0{2)h-0(5)i 3.380(6)
0(3)-0(7)e 2.469(5) 0(2)h-0(8)£ 3.502(6)
o(4)-0(6)a 2.418(5) 0(5)-0(5)1 3.110(1)
0(5)~0(8)f 3.518(6)
<0-0>M(1)  3.144 <0-0>M(2)  3.097 <0-0>M(3) Z.866
)28 B2
0(1)~0(3})9 2.550(5) O0(2)-0(4) 2.517(S)
O(L)-0(5)  2.444(5) 0(2)-0(6)d 2.523(5)
0(1)-0(7) .552(5) 0(2)-0(8) 539(3)
0(3)3-0(5) 2.497(6) O(4)-0(6)d 2.418(5)
0(3)3-0(7) 2.469(5) ©0(4)-0(8)  2.541(5)
0(5)-0(7) 2.538(5) 0(6)d~0(8) 2.545(5)
<0-0>P{1) 2.508 <0-0>P(2) 2.514

mined. Calvo (1968) suggested that Ca preferentially
occupies the M(1) site because of its larger size.
However, Mossbauer work by Nord & Ericsson
(1982b) showed that Ca prefers the M(1) and M(3)
sites in synthetic (Fe,_Ca,);(PO,),, which suggests
considerable disorder among cations in the structure.
To check for such disorder in beusite, several refine-
ments of the site occupancies were carried out.

In the first model, each site was assumed to be
completely filled with only one cation; Ca was
assigned to the M(1) site, Fe to M(2) 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 concentra-
tions, as it led to the formula Ca; gy(Feg90Cag,10)
(Mnyg 4,Cag i) (PO,),. Subsequent refinements of the
unconstrained site-occupancies were attempted with
unsuccessful results.

The final model allowed only Ca-Mn disorder at
the M(1) site and a fixed occupancy of the remain-
ing sites at 1.0 (Fe,Mn). The refined site-occupancies
closely approximate the microprobe-determined con-
centrations. The model refined to final R indices of
3.3 and R,,=2.6%. Final positional parameters are
given in Table 3. Anisotropic temperature-factors are
given in Table 4, and selected interatomic distances
and angles are given in Tables 5 and 6, respectively.
Observed and calculated structure-factors are avail-
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TABLE 6. SELECTED BOND ANGLES (°) FOR BEUSITE FROM YELLOWKNIFE

M M2
0(1)a-M(1)-0(1)b 78.1(1) 0(3)~M(2)~0(4) 79.2(1)
o(1)a-M(1)~0(3)c 92.7(1) 0(3)-M(2)~0(6) 92,3(1)
0(1)a-M(1)-0(6)a 81.4(1) 0(3)-M(2)~0(7) £ 84.6(1)
0(1)a-M(1)-0(7)e 98.6(1) 0(4)-M(2)-0(7) £ 100.5(1)
0(1)b-M(1)~0(3) 106.3(1) 0(4)-M(2)-0(8) £ 92.9(1}
0(1)b-M(1) -0 (4) 84.6(1) 0(6)-M(2}-0(7) £ 99.4(1)
0(3)-M(1)~0(3)c 89.5(1) 0(6)-M(2)-0(8) £ 88.8(1)
0(3)-M(1)-0(4) 66.8(1)
0(3)}-M(1)-0(7)e 58.3(1) <0-M(2)-0> 31.1
0(3)c-4(1)-0(4) 92.0(1)
o(4)-M(1)~0(6)d 58.7(1) PL
o(4)-M(1)-0(7)e 113.2(1)

<0-M(1)-0> 5.0 0(1)-P(1)-0(3)3 112.3(2)
0(1)~P(1)-0(5} 105.6(2)
M3 0(1)-P(1)=0(7) 113.7(2)
0(3) §~P(1)-0(5) 107.3(2)
0(1)-4(3)-0(5) 55.7(1) 0(3)3-P(1)-0(7) 106.6(2)
0(1)-M(3)~-0(5)1 80.3(1) 0(5)~P(1)~0(7) 111.1(2)
0(1)-M(3)-0(8) £ 83,5(1)
0(2)g-M(3)~0(2)h 107.9(1) <0=P(1)~0> 109.4
0(2)g-M(3)-0(5)1 74.8(1)
0(2)g-M(3)-0(8) £ 86.7(1) P2
0(2)h-M(3)-0(5) 73.3(1)
0(2)h-M(3)-0(5)1 106.4(1) 0(2)-P(2)~0(4) 110.1(2)
0(2)h-M(3)-0(8)f 109.5(1) 0(2)-P(2)-0(6)d 1110.2(2)
0(5)-M(3)~0(5)1 21.6(1) 0(2)-P(2)-0(8) 110.7(2)
0(5)-M(3)-0(8) £ 106.2(2) 0(4)~P(2)-0(6)d 103.7(2)
0(4)-P(2)-0(8) 111.0(2)
<0-M(3) ~0> 88.7 0(6)-P(2)-0(8) 110.9(2)
<0~P(2)~0> 105.4

able from the Depository of Unpublished Data,
CISTI, National Research Council of Canada,
Ottawa, Ontario K1A 0S2.

DESCRIPTION OF THE STRUCTURE

The structural relationship between graftonite and
beusite is confirmed in this study. There are three
unique cation positions in the beusite structure: M(1),
M(2) and M(3) (Fig. 1). The graftonite structure obvi-
ously is quite flexible, as evidenced by changes in
polyhedron coordination with changes in bulk com-
position. As stated earlier, six- and seven-coordinated
M(1) sites 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, which includes a signifi-
cantly longer M-O bond (2.787 A), gives an equally
acceptable bond-valence sum. Agreement between
the observed and calculated bond-lengths (2.43
versus 2.40 A) for the seven-coordinated polyhedra
is better, and therefore we accept a coordination of

seven as appropriate for our structure.

The M(1) coordination polyhedron resembles an
irregular pentagonal bipyramid. Two bipyramids
share an edge along O(1)a and O(1)b to form M(1)
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 network of M(1) ‘‘dimers’’ that form
sheets parallel to the y-z plane (Fig. 3).

The M(2) site is five-coordinated in a distorted
square pyramid configuration. Isolated M(2) poly-
hedra share their O(3)-0(4) edge with one of the
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1b

M1 M2 M3

FiG. 1. Sketch of M(1), M(2) and M(3) coordination polyhedra for beusite. Numbers represent oxygen atoms (not shown)
for each polyhedron. Open circles represent the cation.

TABLE 7. EMPIRICAL BOND-VALENCE® SUMMATION FOR BEUSITE FROM corner-sharing P tetrahedra. The P(1) tetrahedron
YELLOWRNIFE 3
shares a corner through O(5) with a M(3) polyhe-
M(1) M(2) M(3) P(1) B2y 5 dron; the remaining three oxygen atoms are corner-
0(1) 0.302 0.076 1.320 2,055
0.357
0{2) 0.284 1.259 1.914
0.371
C(3) o0.211 0.212 1.211 1,975
0.341
0(4) 0.255 0.522 1.270 2,077
©(5) 0.277 1.218 1.943
0.448
O(6) 0.244 0.559 1.249 2.052
0(7) 0.221 0.439 1,291 1.951
o(8) 0.281 0.374 1.218 1.8823
z 1.931 2,053 1.830 5.040 4.996

*Bond valences in v.u. calculated from the curves of Brown
(1981) .

M(1) polyhedra, and the O(6) with a similar M(1)
polyhedron translated one unit-cell along the z axis.
Unlike what was found in previous studies, the
M(3) cation in the Yellowknife beusite is six-
coordinated, and the polyhedron resembles a dis-
torted trigonal prism. The M{(3) polyhedra share
edges along O(2) and O(5) to form chains that run
parallel to the z axis (Fig. 2b). These chains are not
linked to the M{(1) polyhedra, but share the O(8)
corner with isolated M(2) polyhedra (Fig. 2c).
Two unique P positions exist in beusite; the P is
coordinated by four oxygen atoms to form two
POj- tetrahedral groups. The two tetrahedra are
fairly regular, with average bond-lengths of 1.537
A for P(1) and 1.540 A for P(2). Average O-P-O
bond angles [109.4° for P(1) and P(2)] agree well  FiG. 2. (a) The M(1) dimer with shared edge O(1)a-O(1)b.
with previously reported values for graftonite (Table (b) The M(3) chain with shared O(2)-O(5) edges. (c) The
8). The M cation polyhedra are interconnected by MQ@3) chain with isolated corner-sharing M(2) polyhedra.




CRYSTAL STRUCTURE OF Ca-RICH BEUSITE

145

F1G. 3. Projection of the beusite structure down [100]. (a) Note the corner-shared M(1) dimers that form a sheet pa.ral}el
to the y-z plane. Symbols: dotted pattern M(1) site, crosses P(1) site. (b) The M(2)-M(3) structural nFtwork of beusite
projected down [100]. Symbols: stippled M(2) site, small dots M(3) site, densely stippled P(2) site.

linked to the M(1) polyhedra. Three corners of the
P(2) tetrahedron are linked to three different M{(2)
polyhedra, whereas the remaining oxygen, O(2), is
shared with the M(3) polyhedron (Fig. 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 significantly
longer metal-oxygen distances for the M(1) site
reported by Calvo and also observed here, compared
to the M(1) sites of synthetic graftonite-beusite of
Kostiner & Rea (1974) and Nord & Ericsson (1982a).
This difference seems to reflect the preferential
occupancy of this site by the larger cations, Ca and,
to a lesser extent, Mn. The mean M(1) metal-oxygen
distances are statistically identical for beusite and
Calvo’s graftonite, despite the compositional differ-
ences between the two minerals.

At first glance, it secems that at least for Mn-
dominant specimens, Ca occupies only M(1), con-
trary to the findings of Nord & Ericsson (1982b).
However, more structural work, currently in
progress, is needed on other members of the
graftonite-beusite series in order to adequately
characterize the distribution of cations in the series.

Close examination of the M(1) site interatomic dis-

TABLE 8, MEAN INTERATOMIC DISTANCES (A) AND ANGLES () FOR
GRAFTONITE AND BEUSITE

) ) 3) (4)

M(1)-0 2.231(4) 2.37(7) 2.43(2) 2.433(4)
M(2)-0 2.134(4) 2.00(5) 2.14(2) 2.104(4)
M(3)-0 2.101(4) 2.03(9) 2.16(2) 2.287(4)
(1) 1.534(4) 1.61(6) 1.55(2) 1.536(4)
P(2) 1.535(4) 1.62(6) 1.55(2) 1.540(4)
0~P(1)-0 109.5(2) 109 (1) 110(1) 109.4(2)
0-P(2)-0 109.4(2) 109 (2) 110(1) 109.4(2)

Bulk composition and source: 1 Fe3(POs)y (Kostiner & Rea 1974),
2 (Feq,soMng.50) 3 (POg)p (Nord & Ericason 1982),
3 (Feg.aoMno.27CR0,13)3(P0g)2 {Calvo 1868), 4 this study.

tances shows a plausible explanation for the larger
b dimension in the Yellowknife beusite. The M{(1)
pentagonal bipyramid contains five oxygen atoms
[O(1), O(3), O(4), O(6) and O(7)] that nearly lie in
an equatorial plane. The O(1)b and O(3)c oxygen
atoms are apical, and nearly parallel the y axis. In
Calvo’s graftonite, the M(1)-O(1’) and M(1)-O@3’)
bond distances are 2.228 and 2.246 A, respectively.
In comparison, the analogous bond-distances for
beusite [M(1)-O(1)b and M(1)-O(3)c] are 2.310 and
2.330 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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consequence of occupancy of M(1) by a larger cation,
distends the M{(1) polyhedra along y axis, thereby
resulting in the larger » dimension.
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