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Abstract

Kanonaite is orthorhombic and isotypic with andalusite. The space group is Pnnm; the cell
data are a = 7.959(2) A, b = 8.047(2) A, ¢ = 5.616(1) A. Refinement of 472 independent in-
tensities yielded a distribution of manganese between a six-coordinated M(1) (Mng 4 Aly2e)
and a five-coordinated M(2) (Mny, ,,Al,5) position. Mean interatomic distances are M(1)—O
=2.003 A, M(2)-0 = 1.850 A, Si—O = 1.630 A.

The Jahn-Teller bipyramidal distortion of M(1) octahedra in kanonaite is surpassed by
very few Mn** octahedra in compounds whose structures have been refined. Si tetrahedra ap-
pear more regular in kanonaite than in andalusite and M(2) polyhedra in both structures are
about equally irregular.

Possessing analogously distorted Al(1) octahedra that share opposite short edges, andalu-
site displays features common to structures with oxygen-coordinated Mn**, and apparently
invites relatively easy substitution in the andalusite-kanonaite series. Other evidence not-
withstanding, the substitution is coupled with marked changes of intensities in the powder

pattern.

Introduction

Kanonaite (Mn}%, Fel,Al »,)Si0;, is a recently
described mineral related to andalusite by the sub-
stitution Al = Mn** (Vrana et al., 1978). The compo-
sition of the original material is not that of an end
member, the mole fraction of Mn’*AlSiO; being
0.76. But the mineral is the richest in manganese of
any of the natural or synthetic andalusite-type phases
found or grown to date.

X-ray data indicated kanonaite to be isotypic with
andalusite. Thus Mn** and Al can enter the six-
coordinated M(1) and/or the five-coordinated M(2)
position. Vrana et al. (1978) assigned all manganese
to the six-coordinated position, chiefly because the
intensities measured on precession photographs com-
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pared favorably to those calculated for the structure
of andalusite (Burnham and Buerger, 1961) with an
appropriate quantity of Mn** in octahedra; models
with manganese distributed equally between six- and
five-coordinated positions and with all manganese in
five-fold coordination had to be rejected. Octahedral
coordination of manganese was further supported by
a subnormal magnetic moment (3.15 Bohr magne-
tons per one manganese atom) not explicable in
terms of a five-fold coordination.

However, some manganese could reside in the five-
coordinated position. To check this possibility and to
study in detail the distortions of the coordination
polyhedra, a structure refinement of the type mate-
rial was essential.
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Experimental

The intensities were obtained on a Syntex P2, dif-
fractometer in the #:20 variable scan mode using
graphite-monochromatized MoKa radiation. A stan-
dard reflection was monitored after every fifty reflec-
tions to check crystal and electronic stability. Reflec-
tions were considered as observed if I > 3o(I), where
I=[S — (B, + B,)/BT,, S being the scan count, B,
and B, the background, B, the ratio of background
time to scan time, and T, the 26 scan ratio in degrees
per minute. o(I) was calculated from standard count-
ing statistics. ,

All reflections out to 26 = 60° in all eight octants
were recorded. After being corrected for Lp and ab-
sorption (empiricaily by the psi-scan technique), the
data were merged into a single octant. Thus each F
value for a general reflection is an average of eight
measurements. The merging program automatically
rejects reflections with individual F values after cor-
rection that do not agree with one another, usually
only true for the weakest reflections. It also rejects in-
dividual measurements that deviate by more than 2.5
standard deviations from the average of the other
equivalent reflections. In all, there were 4,223 actual
measurements yielding 472 independent observed
values. The few rejections made (95 out of 4,223) in-
dicate that the data set is a very good one. The merg-
ing process assumed orthorhombic symmetry estab-
lished by the precession method, but assumed no
systematic absences; the symmetry is confirmed by
the low number of rejections and no violations of
systematic absences.

Least-squares refinement of 15 reflections (26 be-
tween 39.8° and 50.4°) gave the following ortho-
rhombic cell, a = 7.959Q2)A, b = 8.047(2)A, ¢ =
5.616(1)A. Interaxial angles were within 0.03° of 90°,
with standard errors of 0.02°.

Computer programs employed include FOBS and
SORTMERGE for data reduction (University of Wis-
consin), FOUR for electron density calculations
(Weiss, unpublished), ORFLS (Busing et al., 1962) as
modified by Durovi¢ for refining the distribution of
elements competing for several positions, and pro-
grams DIST and DIFZ for interatomic distances and
bond angles and for theoretical powder patterns
(Weiss and Krajitek, 1979).

Refinement and results

The anticipated structure was checked by several
electron density sections and difference maps. Both
the precession and diffractometer intensities clearly
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showed that the structure is very close to that of an-
dalusite.

In the refinement, which was performed in space
group Pnnm, two simplifying assumptions were
made: first, all atoms were treated as neutral and cor-
responding scattering factors were used (Cromer and
Waber, 1965) and, second, only Mn and Al were as-
sumed to populate six- and five-coordinated posi-
tions. The trace of Fe was ignored. Only diffractome-
ter intensities were used, and three structural models
were tested initially: (1) all manganese in position
M(1), (2) 95% of all manganese in M(1), and (3) 60%
of all manganese in M(1). Models (1) and (3) did not
converge; what follows concerns model (2) only. The
refinement proceeded in several steps, each of which
involved a number of cycles (iterations). Generally,
the results of previous steps were not varied in the
following ones.

The first step was scaling of the data (unweighted
R, = 16.4%). Next, atomic coordinates were included
assuming the distribution of Mn between M(1) and
M(2) to be that of model (2). The corresponding R,
was 7.3% and dropped to 6.1% as Mn was allowed to
redistribute between M(1) and M(2). The inclusion
of isotropic temperature factors for cations and ani-
sotropic for oxygen produced an R, = 4.1%. In the fi-
nal step, which included anisotropic temperature fac-
tors for all atoms and in which all parameters were
varied simultaneously, R, settled down at 3.1% (un-
weighted) and 4.5% (weighted).

Final atomic coordinates and temperature factors
are summarized in Table 1, the most important inter-
atomic distances and angles in Table 2. A list of
F(obs.) and F(calc.) appears in Table 3.' Like that of
andalusite, the structure of kanonaite is composed of
three types of polyhedra with six-, five-, and four-
fold coordination, respectively. Octahedra around
the M(1) cations share opposite edges (“trans”) and
make up ribbons running parallel to [001], with the
M(1) cations on a common twofold axis, Chains
composed of alternating polyhedra around M(2) and
Si are parallel to [001] also; the polyhedra share cor-
ners with one another and with octahedra in the rib-
bons. Adjacent M(2)-Si chains are connected by an
edge common to two M(2) polyhedra. The chief
building units are illustrated in Figure 1. Being the

1'To obtain a copy of this table, order Document AM-81-158
from the Mineralogical Society of America, Business Office, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.
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Table 1. Atomic coordinates and temperature factors for kanonaite, space group Panm

Atom Mg 2,Al, 5 Mng joAly oo Si o 0 o) 0

Position ¥ M(1), e M(2), g g o(1), ¢ 0(2), ¢ 0(3), g o(4), n

Point symmetry 2 m 1

P o} —0.1252(2) *¥* 0,2494(2) 0.0743(4) 0.4243(3) 0.1042(3) 0.2430(3)
0 0.3630(2) 0.2549(2) -0.1369(4) 0.3626(3) 0.3989(3) 0.1413(3)

2 0.2429(1) o] 0 o o} o} 0.2383(3)

By 33(1) **¥ 36(1) 25(1) 39(3) 31(3) 25(3) 44(2)

Byz 25(1) 37(1) 21(1) 29(3) 38(3) 24(3) 35(2)

By 55(2) 84(3) 55(3) 68(7) 75(7) 99(7) 72(5)

Bio 5(1) -1(1) 3(1) 1(3) 1(3) 1(2) 1(2)

B13 o] o] o] o} o] 0 -6(2)

Bys o} 0 o) 0 o) 0 6(3)

Equivalent 5(%%)0.714 0.975 0.617 0.860 0.901 0.789 0.963

*Multiplicity for positions e and g is 4, h has a multiplicity of 8.

** Errors are given tn units of the last digit.

a1 : : P 4
***Coefftctents of anisotropic tempsrature factors were multiplied by 10 .

same as in andalusite, the arrangement of polyhedra
in kanonaite can be visualized from drawings in
Burnham and Buerger’s (1961) paper.

The differences between kanonaite and andalusite
are localized at the sites of the trivalent manganese.
The refined occupancies are Mn, ;,Al, 5 for M(1) and
Mn, ,Al, s for M(2), yielding a bulk composition of
Mn, Al 14, The chemically obtained composition is
Mn}tFeih,Al . The crystal X-rayed has not been
analyzed, but the data of Vrana er al. (1978) show
that chemical heterogeneity alone is an unlikely
cause of the difference; hence, simplifications made
during the refinement must have contributed. From
the results of the refinement it is apparent that when
opting for all manganese in sixfold coordination,
Vréna et al. (1978) came close to the real distribution.
In fact, the same distribution was assumed by Abs-
Wurmbach et al. (1981) who refined four structures
on the andalusite-kanonaite join (including kano-
naite), although Mossbauer spectra indicated that 10
to 15% of total iron resides in M(2).

Even though manganese is not the sole occupant of
M(1) octahedra, it must have been instrumental in
distorting them to elongated quasi-bipyramids, typi-
cal of the high-spin d* Jahn-Teller configuration.
This is illustrated in Figure 2 showing the relation
between mean bond length, R, and distortion, A. The
plot represents most structures with oxygen-coordi-

Table 2. Bond lengths (A units) and bond angles for kanonaite
and andalusite

>

Kanonait¢te ndalusite*

2x  M(1) - o(1) 1.850(1) ** 1.829(4)
2% M(1) - 0(2) 1.916(1) 1.892(4)
2% M{1l) - o(4) 2.242(3) 2.085(3)
2x  0(1) - o(2) 2.810(2) 96.5(1)° 2.780(1) 96.7(2)°

0(1) - o(1)’ 2.498(3) 84.9(1)° 2.476(7) 85.2(3)°

o(2) - o(2)’ 2.516(3) 82.1(1)° 2.469(7) 81.5(3)°
2% 0(1)" - o(4) 2.932(5) 91.0(2)° 2.793(s) 90.8(3)°
2% 0(1) - 0(4) 2.857(4) 88.0(2)° 2.738(s) 88.5(3)°
2x 0{2)" - 0(4) 2.992(5) 91.7(2)° 2.854(6) 91.6(3)°
2x  0(2) - 0(4) 2.931(5) 89.3(2)° 2.794(6) 89.1(3)°

H(2) ~ o(1)"’ 1.862(5) 1.816(6)

M(2) - 0(3) 1.847(3) 1.843(5)

M(2) - 0(3)’ 1.921(3) 1.886(6)
2x M(2) - 0(4) 1.806(4) 1.818(3)

of(4) - ol4)"r 2.941(4) 109.0(3)° 2.901(4) 105.9(3)°
2x 0(4) - o(3} 3.245(5) 125.3(5)° 3.265(7) 126.2(6)°
2x 0(4) - 0(3)" 2.727(2) 94.0(2)°  2.677(5) 92.5(3)°
2x  0(4) - o(1)"” 2.730(5) 96.2(3)° 2.761(5) 98.9(3)°

0(3) - 0(3)” 2.321(4) 76.0(2)° 2.247(7) 74.1(3)°

0(3) - o(1)’" 2.540(2) 86.4(2)° 2.515(7) 86.8(4)°
2x  Si - 0(4}) 1.622(4) 1.631(4)

si - o(2)"" 1.638(4) 1.635(5)

si - 0(3)"’ 1.635(2) 1.615(6)

0(4) - 0{4)*’ 2.678(3) 111.3(3)° 2.658(4) 109.1(4)°
2x  0(3)'' - 0(4) 2.702(3) 112.1(3)° 2.681(6) 111.4(5)°
2x  0(2)" - 0(4) 2.653(5) 108.9(4)° 2.703(5) 111.7(5)°

0(2)7" - 0(3)7 2.562(5) 103.0(3)° 2.514(7) 101.3(5)°

% The lengths are those of Burnham and Buerger /1961/,
slightly corrccted; angles were calculated.

®% Eprore arce given in units of the last digit and refiect
errors of atomic coordinates, wnot those of the unit cell.
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Fig. 1. A perspective drawing of the three coordination polyhedra in the structure of kanonaite.

nated Mn** refined to date. (Due to their low preci-
sion, data for hausmannite (Satomi, 1961) and flin-
kite (Moore, 1967) defy a meaningful interpretation
and are not shown.) The R of kanonaite (2.003A) is
obviously lowered by aluminum and cannot be
plotted. However, its octahedral distortion is the
third highest on record among octahedra occupied by
Mn’* alone. It has been argued (Shannon er al,
1975) that positive deviations from the trend in Fig-
ure 2 reveal the presence of some divalent manga-
nese on the position, which appears to be the case for
Mn(3) in pinakiolite (Moore and Araki, 1974). The
same might be at work for M(1) and M(2) of ortho-
pinakiolite (Takéuchi ez al., 1978) refined later. The
corresponding points (O, P in Fig. 2) were not in-
cluded in the regression. If this is a valid argument
and if it is legitimate to correct R of M(1) in kano-
naite linearly for the proportion of aluminum by us-
ing R of Al(1) in andalusite, the point plots some-

what below the regression line (R(corr.) = 2.027A),
ruling out a Mn*>* content due to a conceivable sub-
stitution of Mn**AlSiO,(OH).

It should be noted that there are interesting analo-
gies between kanonaite and other phases with Mn**,
The ribbon-like arrangement of frans-edge-sharing
octahedra whose longest bonds are perpendicular to
the axis of the ribbon dominates the structures of
groutite (Dent Glasser and Ingram, 1968), manganite
(Dachs, 1963), and pinakiolite (Moore and Araki,
1974), and it is present in orthopinakiolite (Takéuchi
et al., 1978) and hausmannite (Satomi, 1961). The
same holds for bermanite except that it is a pair of
shorter bonds that are perpendicular to the ribbon
(Kampf and Moore, 1976). Admittedly, three of the
six neighboring oxygens in groutite and manganite
belong to OH groups, thus imposing another kind of
influence on the octahedra. Also, the complex edge
sharing in orthopinakiolite and hausmannite con-
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Fig. 2. A plot of mean Mn>*-O distance (R) vs. octahedral distortion (A). The data used by Shannon et al. (1975) were supplemented
with data for a-Mn,0; (Geller, 1971), braunite (de Villiers, 1975; Moore and Araki, 1976), bermanite (Kampf and Moore, 1976),
orthopinakiolite (Takéuchi et al., 1978), and CMs-X1 (Moore and Araki, 1979); average esd’s were omitted. Three points (open circles, see
text) were left out when calculating the regression line R = 7.0495 + 1.9965. Arrows mark distortions of M(1) octahedra in kanonaite (K)

0.009

and andalusite (A).

strains the ribbon geometry. If this argument is as fa-
vorable as it appears to be, however, it is little won-
der that andalusite, which has the same arrangement
of aluminum-occupied M(1) octahedra, readily al-
lows substitution of Mn**. The substitution of Mn**
is further facilitated owing to a distortion of M(1) oc-
tahedra resembling the Jahn-Teller effect even in
Mn-free specimens, although aluminum does not

have ‘the electron configuration to produce a true
Jahn-Teller effect. In fact, the distortion A for M(1)
occupied by aluminum alone is larger than that mea-
sured in a number of octahedra around trivalent
manganese (Fig. 2).

Effective coordination numbers and mean effective
ionic radii (Hoppe, 1979) were calculated to compare
coordination in kanonaite and andalusite (Table 4).
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Table 4. Mean fictive ionic radii and effective coordination
numbers for kanonaite and andalusite

Effective coordination
number 1ECoN s

Mean fictive ionic

lMerIR (R) *

Atom Starting
ionic

radius (R) HadLUS

Kanonaite Andalusite Kanonaite Andalusite
M{1} o0.53 0.56 0.52 4.6 5.3
M(2) 0.48 0.47 0.47 4.9 5.0
Si 0.26 0.26 0.25 4,0 4.0
o(1) 1.40 - - 181 g2 11.9
0(2) 1.40 - - 11.0 11.5
0(3) 1l.40 - - 7.7 6.8
o(4) 1.40 = - 11.9 12.7
% 1

MEFIR values for oxygen atoms were not calculated.

X lECON values include all surrounding atoms.

The effective coordination numbers for M(1) and
M(2) in kanonaite are lower than those in andalusite
and equal for tetrahedra in both structures. The
'"ECoN for M(1) in kanonaite is even lower than for
M(2), pointing to a severe distortion of M(1) octa-
hedra. Inasmuch as the ECoN values reflect just the
scatter of bond lengths between the central atom and
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the surrounding ones, we also considered the relative
scatter of oxygen—oxygen bond lengths. In kanonaite
the oxygen-oxygen bond lengths are less uniform for
M(1), but more uniform for M(2) and markedly
more so for Si, than their counterparts in andalusite.
Considering all aspects, the M(1) polyhedra are more
distorted in kanonaite than in andalusite, but kano-
naite’s tetrahedra are more regular. The M(2) poly-
hedra are about equally irregular in both structures.

The substitution of Mn** in andalusite is coupled
with a pronounced change in optical data (Vrana et
al., 1978) and cell parameters (Abs-Wurmbach ef al,,
1981). The large differences between scattering fac-
tors for aluminum and manganese predict significant
changes of the intensities of many reflections in pow-
der patterns (Fig. 3), which may thus serve as a rela-
tively simple check for the substitution.
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Fig. 3. Diffractometer patterns of andalusite and kanonaite calculated with the DIFZ program. Monochromatic copper Ka, radiation
(28), intensities normalized to 100. Only the main Akl indices are shown, for complete indexing see Borg and Smith (1969) and Vréna et

al. (1978).
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