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ABSTRACT

Crystals of xonotlite from Heguri, Chiba Prefecture, Japan, which exhibit
relatively sharp % odd reflections have been found to be a triclinic variant
having dimensions; a 8.712(2)A, b 7.363(2) A, ¢ 14.023(4)A, «=89.99(2)°, 8=
90.36(2) °, y=102.18(2) °, and space group Al; Z=2[CasSig0:;(OH):]. The aver-
age structure which was determined using only even order reflections in &
is similar to the reported average structure. Crystal-chemical consideration
permitted to deconvolute the average structure to give the atomic arrange-
ments for the true Al structure which has been refined to R=4.0% for
observed reflections including odd order reflections in k.. The structure
consists of SigO,; double chains, each consisting of a pair of Si;Oy chains of
the wollastonite type and sheets of polyhedra about Ca’s. The structural
scheme built up of these silicate chains and polyhedral sheets is similar to
that of wollastonite though two of the three independent Ca atoms per cell
are in trigonal prisms formed by oxygen atoms. Occupancy refinement of
Ca appears to show that slight deficiency in Ca occurs only one of the three
independent Ca sites.

The xonotlite polytypism can be discussed based on a monoclinic subcell,
a, 8.516A, b, 7.363A, ¢, 7.0124, §,=90.37°, underlying the AI structure. The
polytypism may occur, unlike commonly known polytypism, in two directions,
¢ and a: the monoclinic cell may be juxtaposed on (001) either in a con-
tinuous position or with a glide &/2, and on (100) with a glide 6/4 (or —b/4).

Introduction

Xonotlite is a fibrous hydrated silicate of calcium whose chemical
composition, Ca,Sis0,;(OH),, is closely related to that of wollastonite,
CaSi0,. Upon dehydration, xonotlite is in fact transformed into
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wollastonite, the b-axis of which being parallel to the fibre axis, 5,
of xonotlite (Heller, 1951 ; Dent and Taylor, 1956).

Like wollastonite, xonotlite has a strong pseudo-translation of
b/2, reflections with %2 odd being very weak and tend to be badly
drawn out thus hindering straightforward determination of its true
crystal structure. Using % even reflections only, Mamedov and Belov
(1955) carried out structural study and proposed the structure of a
P2/a xonotlite which contains double silicate chains each having the
composition, [Sig0,,]*°". Although Gard (1966) reported, by electron-
diffraction study, several polytypic variants of xonotlite crystals, it
has since been unsuccessful to establish, by X-rays, any structure
type of xonotlite. Further structural study is therefore of substantial
need to elucidate full details of the structure, thereby providing a
basis to discuss polytypism of this mineral species. The polytypism
of xonotlite is of particular interest because its polytypic variants
may occur in such a way that they vary both a and ¢ periodicities,
whereas those of wollastonite only the periodicity of a. In the fol-
lowing we give an account of the results of our study on xonotlite
which has been carried out with the use of crystals exhibiting
relatively sharp %2 odd reflections.

Experimental

Crystals used in the present investigation came from Heguri,
Chiba Prefecture, Japan. The result of a wet chemical analysis
(Table 1) is in good agreement with the ideal chemical formula of
xonotlite, CaSiz0,,(OH),.

The crystals from this locality have a characteristics that they
exhibit relatively sharp odd-level reflections about b though overlapped
with diffuse streaks; thus they permitted us to determine the true
crystal lattice of the material. Since the crystals have the shape of
a fine needle, with b parallel to the needle, we recorded the reciprocal
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Table 1. Chemical composition.

Chemical Number of
gnalysis for cl?itl(?;;gen
(Tiba, 1974) atoms

Si0, 49.99 wt. 9, 5. 986
Fe,0, 0. 48 0. 043
MnO 0. 16 0. 016
Ca0O 46. 19 5. 926
Na,0O 0.17 0. 039
K.0 0. 02 0. 003
H,O(+) 2.95 2. 356
H,O(—) 0.10
Total 100. 06

lattice with precession photographs about ¢ and with de Jong-
Bouman photographs about 5. The recorded weak & odd reflections
showed in the photographs an arrangement which simulates a mono-
clinic diffraction symmetry (Fig. 1). A closer examination into the
photographs, however, revealed that so far the weak reflections are
concerned their intensity distribution was not consistent with the
(010) mirror plane characteristic of the monoclinic symmetry. This
situation was readily interpreted that crystals were twinned, with
(100) as composition plane, and twofold operation about b as twin
operation; the twin individuals are triclinic, each having an A-
centered cell (Fig. 2). The dimensions of the triclinic cell were
determined based on a set of 15 reflections with %&£ even only, which
were recorded on a four-circle diffractometer (2:0.70926A); for the
calculation to refine cell dimensions, was used the Appleman’s pro-
gram (Evans et al., 1963). The cell dimensions thus obtained are
given in Table 2. The unit cell contains two formula units, Ca,Si,
0,,(OH),, giving a calculated density of 2.711g-cm™® The centro-
symmetric space group, /1, was confirmed through the subsequent
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Fig. 1. Portion of the Ist-level de Jong-Bouman photograph
of a twinned xonotlite crystal, showing sharp hll reflections
each accompanied by diffuse streaks along a*. The diagram in
the right gives the corresponding composite reciprocal net;
weighted points from the twin individuals, denoted by R and L,
are respectively indicated by solid and open circles.

*

Fig. 2. Twinned reciprocal lattice of xonotlite, showing hk0
reciprocal nets of twin individuals R and L; reciprocal points
are respectively indicated by solid and open circles. Note the
composite reciprocal points that occur at the levels of % even.
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Table 2. Comparison of crystallographic data for xonotlite.

Pseudo-cell

True-cell*
1 2 3
a 16.53A 17.029 (VA 17.031(HA 8.712(2)A
3.66 3. 676 (0) 3. 682 (1) 7.363(2)
¢ 7.04 7.005 (1) 7.012(2) 14. 023 (4)
« 90° 90° 90° 80.99(2)°
3 90° 90.33(2)° 90.37(2)° 90. 36(2) °
7 90° 90° 90° 102.18(2)°
Space group C2/m C2/m C2/m Al
A 1 1 1 2

1. Mamedov and Belov (1953).
Xonotlite from Army Street, San Francisco, California
(Kalousek et al., 1977).

3. Xonotlite from Heguri, Chiba, Japan (this work).

* The A1 cell of the Heguri specimen (this work).

structure analysis.

Although the crystals, which we so far examined, were unex-
ceptionally twinned, the composite reflections with %2 even were,
regardless the difference in volume ratio of twin individuals, con-
sistent with a monoclinic symmetry, C2/m. This fact suggests that
the distribution of 2 even reflections will have a monoclinic symmetry
due to the existence of local mirror planes like the wollastonite case
(Tto, 1950). This monoclinic cell, with b halved, is related to the true
triclinic cell in the following way:

(m 2 12 0 a
bn 1=l 0 1/2 0 b
Cm 0 0 1/2/\ ¢

where a,,, bn, ¢ are the axes of the monoclinic cell and ¢, b, ¢ those of
the true cell. When the b axis of this monoclinic cell and is doubled,
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the resulting cell has a symmetry which is consistent with P2/a
(Fig. 3). The dimensions of these cells are compared in Table 2.

m —

Fig. 3. The relationship between the A-centered triclinic
cell (shaded) and the monoclinic pseudocell with & halved (broken
lines) ; the Mamedov-Belov’s P2/a cell is indicated by light lines.
For the triclinic cell, the inversion centers at the levels, z=0
and 1/2, are indicated by small solid circles, and those at the
levels, z=1/4 and 3/4, by open circles.

For intensity collection, a twinned crystal was used which had
approximate dimensions of 0.06%0.25x0.03 mm?®. The intensities of
1110 independent reflections with % even were recorded up to sin#/2
=0.70 on a four-circle automatic diffractometer using graphite mono-
chromated MoKa radiation. In this region of reciprocal space, we
recorded 270 odd order reflections in k. After corrections for Lorentz
and polarization factors, the intensities were reduced to structure
factors. No corrections were made for absorption (p¢=2249cm™)
and extinction effect.

The reflections with %2 even correspond to the reflections from
the average structure having the monoclinic cell, a,, b,, ¢n, Which
is common to both individuals; each reflection is a composite of two
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reflections which may be assumed to have, to a very close approxi-
mation, the same intensity because of the local mirrors (vide infra).
Whereas the reflections with % odd, which we measured, are from
only one of the twin individuals. We therefore used for structure
refinement, different scale factors for these two different sets of
reflections. We shall come to discuss this point later.

Determination of the structure

Average structure

The structure analysis was initiated with the determination of
the monoclinic average structures having the unit cell ¢y, by, ¢n, and
space group C2/m. As a starting model, the atomic coordinates were
derived from those of the Mamedov-Belov’s structure by superim-
posing the translation, b/2, onto the structure. Regarding their
structure, we should note that they assumed j angle to be 90°, which
we measured as 90.37°. If one fails to detect, for S angle, such a
small deviation from 90°, it is in general certainly impossible to dis-
tinguish one from the other of the two distinct sets of monoclinic
axes, q, b, ¢c and o', V', ¢’ (=a, b, ), giving rise to a possibility that
hki reflections, for example, are incorrectly assigned as hk! for a
given set of axes. A comparison of the intensity distribution we
obtained and that by Mamedov and Belov (1956) did reveal that their
hkl reflections should be read as Akl for the conventional set of
monoclinic axes with obtuse 8 angle. We therefore calculated struc-
ture factors after due transformation of the following form of the

Mamedov-Belov’s atomic coordinates:

x’ -1 0 0 x” —1/4
y =l 0—-2 0 vy |- —1/4
z 0 0 1 z” 0

where, x”, v, z” and x/, y’, z’ are respectively the Mamedov-Belov’s
coordinates and the new ones.
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The result of the initial structure-factor calculation gave the
value of R=0.133. The monoclinic average structure was then refined
by least-squares using the program LINUS (Coppens and Hamilton,
1970). For the calculations, nonionized atomic scattering factors
were used which were taken from International Tables for X-ray
Crystallography (1962). An anisotropic refinement using a weighting
scheme, w=1/(¢F,)% converged to give an R=0.030 for all observed

even order reflections in k.

Deconvolution of the average structure
The atomic coordinates x/, 3/, 27 and thermal parameters jj; of
the average structure can be transformed into those referred to the

triclinic axes respectively by the following transformations:

X x’ 1/2
y |=R[ ¥ | £1/4
z -4 —1/4
and
B113131s BLBL5
B1282 82 |=R| 8153555 R,
B1382183 313%3%
where
2 0 0
R=[1/21/2 ¢
0 0 1/2/.

The set of atoms thus derived for the Al cell naturally bears exact
translation of b/2. Since however the average structure has very
low R value and there is, in the difference Fourier map, essentially
no residual peaks which suggest additional atomic locations or sig-
nificant displacements from the atomic positions, crystal-chemical
considerations readily permitted us to derive the true triclinic
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structure from the above atomic set. The structure derived
consists of silicate chains, [Si;04,1°~ and bands of polyhedra
about calcium atoms. Although the silicate chain has no longer
pseudotranslation of b/2, the polyhedral bands do have the pseudo-
translation. This structural model was then refined using all observed
reflections which include odd order reflections in k. Compared to
the intensities of % even reflections, those of & odd reflections are
less accurate owing to the overlappings of diffuse streaks along a*.
We therefore carefully examined those reflections recorded in X-ray
films and omitted obviously unreliable sixteen reflections out of 270
reflections measured. A total of 1364 (=25441110) reflections were
then used for structure refinement.

The least-squares refinement which was executed in a way similar
to that for the average-structure case converged to give K=4.0% for
the whole set of reflections; 3.0% for %k even reflections and 2195 for
k odd. Finally, we made an attempt of refining occupancy factors
at the calcium sites. This was because xonotlite tends to be Ca-
deficient (Grimmer and Wieker, 1971) though the effect is very small
for the natural specimens (Kalousek et al., 1977). Our specimen is
indeed very slightly deficient in Ca although if Mn and monovalent
cations such as Na and K are distributed at the Ca sites, the total
cation number amounts to 5984 for six available sites (Table 1). The
result of the refinement which was carried out using scattering factor
for Ca was: 0.990(3), 0.999(3) and 0.977(4) respectively at Ca(l), Ca(2)
and Ca(3) sites. The deficiency at Ca(3) would seem to be signifi-
cant; vacancies or monovalent cations, like Na, would perhaps be
located around this site. The atomic coordinates and thermal para-
meters are respectively given in Table 3. A list of observed and cal-
culated structure factors may be obtained upon request from the
Mineralogical Institute of the University of Tokyo.
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Table 3. Final atomic parameters for Al xonotlite.

Positional parameters

Atom x ¥ z B (AZ)
Ca(l) 0.5046 (4) 0. 0016 (5) 0. 2523(3) 0.59
Ca(2) 0.1335(1) 0.1645(2) 0.1684(1) 0.84
Ca(3) 0.1385(1) 0.6537(1) 0.1707 (1) 0.59
Si(l) 0.2118(2) 0.2170(2) 0. 8841 (1) 0.52
Si(2) 0.2118(1) 0. 6389 (2) 0. 8843 (1) 0.52
Si(3) 0.3182(1) 0. 9547 (2) 0. 0281 (1) 0.49
o) 1/2 0 0 1.65
0(2) 0.2190(4) 0.4303(5) 0.9211(2) 1.21
0(3) 0.3512(4) 0.7179(5) 0. 8096 (2) 0.97
O 0.3434(4) 0. 2059 (5) 0. 8087 (2) 0. 96
05) 0.2297(4) 0.1116(5) 0. 9860 (2) 1.00
0(6) 0.2294 (4) 0.7538(5) 0. 9858(2) 1.07
O (7) 0. 0424 (4) 0.6382(5) 0.8326(2) 0.92
0(8) 0. 0463 (4) 0.1339(5) 0.8370(2) 0.94
0(9) 0. 2988 (4) 0. 9506 (5) 0.13%0(2) 0.49
0(10) (=0H) 0.2977(4) 0.4481(5) 0.1347(3) 1.32
Anisotropic temperature factors (x10%)

Atom Su Se2 Bss Pra P13 Bas
Ca(l) 13(1) 25(1) 11(0) 2(1) —3(0) —1(D)
Ca(2) 28(1) 30(2) 14(0) 11(D) 3(1) 5(1)
Ca(3) 20(1) 22(2) 10(0) 71 0(1) 1)
Si{l) 22(2) 15(2) 8(1) 4(2) 0(1) 4(1)
Si(2) 19(2) 17(2) 8(1) 5(2) 0(D) 0(l)
Si(3) 13(2) 21(2) 8(1) 3(2) 1) —-1(1)
o(1) 32(7) 90(12) 27(3) 8(8) 6(4) —3(5)
02 61(6) 42(7) 14(2) 20(5) -3(2) -1(3)
0(3) 32(5) 41(7) 14(2) 9(5) 7(2) 0(3)
O @) 32(5) 39(7) 14 (2) 2(b) 0(2) 4(3)
0®5) 41(5) 48(7) 12(2) 21(5) 0(2) 4(3)
0(6) 45(5) 47(7) 11(2) 3(5) 2(2) —4(3)
07 15 (4) 40(7) 19(2) 7(5) —13(2) —2(3)
o®) 31(5) 56(7) 9(2) 2(5) 7(2) 4(3)
(OXC)] 28(4) 24 (6) 2 2(4) —4(2) 1(2)
0(10) 25(5) 69(8) 23(2) 10(5) —2(2) —-3(3)

(=0H)




Y. Kupod and Y. TakEuUcHI 359

The evaluation of final atomic parameters

From the final atomic coordinates we calculated the deviation of
each atomic pair from the local-mirror symmetry (Table 4). Although
the average deviation is larger than that of wollastonite (Ito et al.,
1969 ; Yamanaka ef al., 1977), the deviations of most of the pairs are
in the order of standard errors except the following three pairs:
Ca(2), Ca(3); 0(3), Od); O, O(8); the mean deviation for these three
pairs being 0.06A. Because of such deviations from local mirror
symmetry, the pair reflections for each composite reflections with &
even in fact have not exactly the same intensity. A comparison of
the observed sets of pair intensities however has revealed that the
differences are less than 2¢0(F?*). Therefore the major source of errors
in the final atomic parameters is in the measured intensities of the

Table 4. Deviations of atom pairs
from local mirror symmetry.

Atom pair distance*
Ca(l)-Ca (1) 0.003(3)A
Ca(2)-Ca(3) 0.053(3)
Si(1)-Si@2) 0.003(2)
Si(3)-Si(3%) 0.002(2)
0(2)-0(2%) 0. 004 (5)
0@3)-04) 0. 068 (5)
0(5)-0(6) 0. 006 (5)
0(7)-0(8) 0.070(5)
0(©)-09") 0. 007 (5)
0(10)-0(10" 0.010(5)
mean 0.023

* The distance between one of the pair atoms,
which are approximately related to each other
by a local mirror plane, and the true image
of the other due to the mirror operation.
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odd-order reflections in % rather than the assumption that the sets
of pair intensities have each identical values.

Discussion

General features of the structure

The structure of the triclinic variant of xonotlite is in principle
similar to that of the monoclinic structure as proposed by Mamedov
and Belov (1956). Among three independent Ca’s per cell, Ca(l) is
octahedrally surrounded by six oxygen atoms. The octahedra share
edges, like those in wollastonite (Prewitt and Buerger, 1963), to form
infinite chain along 4. In contrast to the octahedral coordination
about Ca(l), each of the other calcium atoms, Ca(2) and Ca(3), is
coordinated by six oxygen atoms in the form of a trigonal prism
with prismatical edges parallel to a plane perpendicular to b. Each
of these calcium atoms has an additional oxygen atom respectively
at a distance of 2750A (Ca(2)-O(5) and 2.769A (Ca(3)-O(6)), thus
making the coordination in fact sevenfold. The polyhedra about
Ca(2) and Ca(3), likewise, form, sharing edges, an infinite chain along
b. These two kinds of chains are joined together, by sharing edges,
to form a continuous sheet paraliel to (001) (Fig. 4). The sheet and
adjacent similar ones are joined together by silicate chains to form
bulk of the structure (Fig. 5). The silicate chains, having a com-
position of Si,0,, consists of two Si,0, chains, each of which is of
the wollastonite type.

To show the relationship between the present structure and the
structure given by Mamedov and Belov (1955), it is convenient to
look upon the Al structure as a juxtaposition of certain monoclinic
cells. Noting the existence of the monoclinic average structure, we
can readily visualize such a monoclinic cell underlying the Al cell
(Fig. 6). As will be observed in Fig. 6 the cell will have the follow-
ing dimensions: a,=8516, 5,=7.363, ¢,=7.012, 5,=90.37°. By analogy
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Fig. 4. The projection, onto (001), of the xonotlite structure
in the slab bounded at —0.33=£z=0.20. The thermal ellipsoids
are drawn with the program ORTEP (Johnson, 1965). The Si-O
bonds are shown by heavy lines.

of the wollastonite case (Ito, 1950), the hypothetical structure based
on this cell will be called ‘protoxonotlite’ or p-xonotlite. In the AT
structure, the cells of p-Xonotlite are so juxtaposed on (100) withYa
glide b/4 (or —b/4) that the gliding occurs stepwise in the direction
of a (Fig. 7a), and on (001) with glide 5/2 that the gliding occurs
alternately in the c-direction (Fig. 8b). Note that, in general, the



362 Polytypism of xonotlite: (I) Structure of an Al polytype

Fig. 5. The structure of xonotlite projected down the b axis, showing
continuous sheets parallel to (001) (shaded) of Ca polyhedra. Large
open circles represent calcium atoms.

juxtaposition of cells on (001) does not necessarily require the gliding
of 6/2; the cells may be placed in a continuous position. While,
juxtapositions of cells on (100) necessarily require a gliding 5/4 (or
—b/4) to form crystal-chemically acceptable structure. The Mamedov-
Belov’s structure corresponds to the case in which the above gliding
of b/4 (or —b/4) occurs not stepwise but alternately in the direction
of a so that every other cells remain in position (Fig. 7b), and the
glidings of cells, by b/2, do not occur in the direction of ¢ (Fig. 8a).
Polytypic variants of xonotlite structure can be derived based on
these modes in relative arrangement of one to another cells of






