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Abstract. Occurrence. chemistry. crystal growth, techni-
cal applications. structure and polytypism of xonotlite
CaeSi,O17(OH)> are reviewed. Atomic coordinates of the
three simplest ordered polytypes in modified Gard nota-
tion: Ma2be (space group P2/a. a =17.032, b = 7.363,
¢=T012A. $=90.36")., Ma2b2¢ (space group A2/a.
a=17.032. h=7363. ¢=14.023, $=90.36°), and
M2a2be  (space  group Pl a=8712, bh=7.363.
c=T7012A, «=289.99 £=90.36", y=102.18") were
modeled from geometric principles based on the known
structure of the M2a2b2¢ polytype (space group Al
a=8712. b=7363, ¢=14.023. a =289.99 £ =90.36.
v = 102.18"). Unique reflection arrangements in the reci-
procal lattice. characteristic of each polytype, were defined
as criteria to identify xonotlite polytypes on X-ray single-
crystal photographs. Precession- and Weissenberg-photo-
graphs of a xonotlite from the Kalahari manganese field
(Republic of South Africa) indicated the predominance of
the (100) twinned M2a2bh2¢ polytype. followed by the
Ma2b2c¢ polytype. and very low concentrations of the
Ma2bc polytype. The M2a2b¢ polytype could not be iden-
tified which agrees with previous electron diffraction ex-
periments on xonotlites from other localities. Diffuse
streaks parallel to a™ and less intensive ones parallel to ¢*
on single-crystal photographs suggest the presence of ad-
ditional disordered polytypes.

Introduction

The chemistry of phases composed of CaO, SiO- and H-O
is very complex and a large number of compounds is
known in cement chemistry (Taylor, 1997). Due to their
composition they are called C—S—H phases. Their crystal-
linity is rather poor and the stability of various phases is
only loosely defined. Few crystal structures among the
large number of possible C—S—H compounds have been
solved. Prodan, Marinkovic, Vene, Kurbus and Boswell
(1983) give an overview of known structures within the
Ca0—-Si0>—H-0 system.

Xonotlite Cag[SigO,7}(OH)> received its name from the
type locality Tetela de Xonotla, Mexico (Rammelsberg,

* Correspondence authors (e-mail: clivia.hejny @krist.unibe.ch.
thomas.armbruster@ krist.unibe.ch)

1866). Eakleite was found to be identical with xonotlite
(Larsen, 1923). Jurupaite was discredited and represents
xonotlite with magnesium partly replacing calcium (Tay-
lor. 1954).

In nature xonotlite occurs as vein forming mineral asso-
ciated with other pure Ca-silicates as wollastonite. tober-
morite, clinotobermorite, rosenhahnite and Ca-bearing sili-
cates as pectolite, apophyllite, datolite, prehnite (Majer,
Baric. 1971). Xonotlite is often a product of Ca-metaso-
matosis and is then found at or close to a contact of cal-
cium bearing rocks with igneous rocks. Many of the nu-
merous deposits are associated with ultramafic bodies
(Majer, Baric. 1971: O'Brien. Rodgers. 1973; Kaye. 1953:
Smith. 1954). Other occurrences are in contactmeta-
morphic limestone. as at the type locality. or in hornfelsed
calc-silicate rock (Brown. 1978). Xonotlite dehydrates at
775-800 “C to wollastonite by an oriented transformation
(Dent. Taylor. 1956).

Xonotlite has also technical applications: because of its
stability at high temperature (<800 “C) it is a component
of steam cured cements (Taylor, 1997). These cements are
used for special applications such as fiber-reinforced mate-
rials of very low-density thermal insulation materials. Xo-
notlite in cementitious matrices, assessed for immobiliza-
tion of radioactive waste, absorbs Cs from hydrous
solutions (McCulioch. Angus, Crawford. Rahman. Glasser,
1985). Other applications of synthetic xonotlite comprise
friction extender in brakepads of automobiles. pigment in
paper and dye industry. thixotropic agent in paints. mor-
tars, glues. dispersing and reinforcing agent in composites.
flame retardant and drip suppressant in thermoplastics.

Xonotlite can be synthesized hydrothermally within
few days at 200-350 °C and elevated pressure (Shirvasta-
va, Komarneni, Breval, 1991: Yanagisawa. Feng. Yamasa-
ki, 1997: Kalousek, Mitsuda, Taylor, 1977; Yanagisawa et
al.. 1997; Taylor, 1997; Stuckemeier., Dettmann, Mangold,
Schweers, 1999). Xonotlite is believed to form topotacti-
cally out of tobermorite (Kalousek et al., 1977. Taylor,
1959). The crystallinity of synthetic xonotlite is of rather
poor quality. 2’Si-NMR spectra of synthetic xonotlites
showed an additional signal which was interpreted in
terms of chain truncations whereas a corresponding signal
was not observed in spectra of natural xonotlites of high
crystallinity (Noma, Adachi, Matsuda, Yokoyama, 1998).

Several studies on both natural and synthetic xonotlites
show higher water content than assumed by the formula
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Cag[SisO7](OH)>» (Grimmer, Wieker. 1971). In 'H MAS
NMR-spectra of synthetic and natural samples (Noma ct
al.. 1998) the lines for structural CaOH and isolated SiOH
could be deconvoluted. The spectrum consisted of a sharp
and strong signal at 2.19 ppm assigned to structural CaOH
(73% for the natural sample). a shoulder at 1.86 ppm in-
terpreted as isolated SIOH (18% in the natural sample).
and a broad signal at 5.26 ppm assigned to molecular H-O
(9% in the natural sample).

In xonotlite up to 5% of Si* may be substituted by
AlI'". These synthetic Al bearing specimens have cell
parameters significantly difterent from Al free samples
(Kalousek et al.. 1977). The Ca/Si ratio is often found to
be < 1. To obtain charge balance in calcium deficient com-
positions additional protons have to be incorporated in the
structure (Kalousek et al.. 1977). Ca=~ can almost comple-
tely be substituted by Co”>~ and Ni*~ (Komarneni. Roy.
Roy. 1985) and partially be replaced by Mg> " (Shrivasta-
va. et al.. 1991). Furthermore. low concentrations of Na™.
K~. Mn-~ and Fe’™ are found in several natural xonotlite
samples (deBruiyn. Schoch. van der Westhuizen. Beukes.
1999).

The single-crystal diffraction pattern of xonotlite (Tay-
lor. 1954: Kudoh. Takéuchi. 1979) shows sharp reflec-
tions. diffuse reflections and streaks. Considering only the
sharp reflections a subcell was defined. Taking the streaks
into account. a cell with doubled b-axis results. Sharp re-
flections are found for k& = 2n. whereas the diffuse ones
and streaks are observed for Ak =2n -+ 1. The steaks run
both parallel a* and ¢*, indicating one-dimensional disor-
der in two directions (Gard, 1966: Chisholm, 1980). Short
spikes perpendicular 1o the above mentioned streaks, visi-
ble in electron diffraction images. have been interpreted in
terms of two-dimensional disorder (Dornberger-Schift.
1964).

Mamedov and Belov (1955, 1956a) were the first to
propose a structure model for xonotlite (later confirmed by
Eberhard. Hamid. Rottger, 1981). The structure consists of
calcium polyhedral layers and infinite SiO; double chains.
Based on this structure model, six polytypes. four ordered
and (wo one-dimensionally disordered, were suggested
and their corresponding reciprocal lattices were illustrated
(Gard. 1966). Furthermore. five of these polytypes were
confirmed by electron diffraction on natural samples
(Gard. 1966: Chisholm, 1980). The first complete struc-
ture determination of an ordered polytype. previously pre-
dicted by Gard (1966), has been carried out by Kudoh and
Takéuchi (1979).

The experimental objective of the present study is 1o
identify xonotlite polytypes from single-crystal diffraction
patterns. There has been no example reported as yet where
a macroscopic xonotlite crystal was only composcd of one
polytype without additional disorder. In general, crystals
represent polytypic intergrowths with additional twinning
and disorder as cvidenced by streaking in single-crystal X-
ray or electron diffraction patterns. For a successful identi-
fication of the various ordered polytypes. their structures
must be known in order to calculate the diffraction pattern
in various crystallographic orientations. Two methods may
be applied for modeling ordered xonotlite polytypes: (1)
Derivation from strictly geometric principles, where a

structural module. derived from a known xonotlite poly-
type. is defined. This modulc is subscquently stacked to
yield various polytype structures predicted and observed
by Gard (1966). (2) Derivation by OD-theory (Dornber-
ger-Schiff, 1956, 1964). which is based on application of
special symmetry operations on a specific layer. the so
called partial symmetry operations (¢ operation). Both
methods lead to corresponding results. In this study we
have chosen the simple geometric approach because it
does not require knowledge of OD-theory. Nevertheless.
the OD-character will be discussed in a separate section.

Structure and polytypism

The basic structural features

Common to all polytypes is a polyhedral layer of one cal-
cium atom in octahedral and two calcium atoms in seven-
fold coordination (Fig. 1). The calcium atoms in sevenfold
coordination have six close neighbors in form of a trigonal
prism plus a seventh oxygen attached at one prism face.
The octahedra are edge-sharing to form an infinite chain
along the b-axis (chain A). A corresponding chain of
edge-sharing polyhedra along the b-axis is built by the
calcium atoms in sevenfold coordination (chains B and
B’). All chains are joined together by edge-sharing to form
a layer parallel (001) with a BAB’-arrangement of the
chains. Chain B and B’ are related to each other by a two-
fold axis parallel to b and a mirror plane perpendicular to
it. Thus the arrangement of only Ca-oxygen polyhedra in
xonotlite can be described in a cell with « =17.031,
b=3682, ¢c=7.012A. 5=9037" of C2n symmetry
(Kudoh. Takéuchi, 1979).

The Ca polyhedral layers are linked by [Si,0,7]-double
chains. Each |SiyOj7]-double chain (Fig. 2) consists of a
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Fig. 1. Calcium polyhedral layer in the structure of xonotlite. Chains
of calcium atoms in octahedral coordination, type A. are light gray.
Chains of calcium atoms in seven-fold coordination. type B. B'. are
dark gray. The sevenfold coordination sphere is composed of a trigo-
nal prism plus an additional seventh oxygen atom (black dots).
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Fig. 2. [Si,O,-|-"Dreier-doppelkette™ in xonotlite seen along the e-

axis (lefty and along the a-uxis (right). b vertical.

wollastonite-like pair of [Si;Og]-"Dreier-einfachketten® of
corner-linked S10; tetrahedra. This single chain has a peri-
odicity of three tetrahedra. two of them are joined to give
a [Si,O4]-pair alternating with a single tetrahedron which
connects the paired tetrahedra and is therefore labeled
bridging tetrahedron. In xonotlite two {Si;Oy]-‘Dreier-ein-
fachketten™ are joined to form a {SicO7]-'Dreier-doppel-
kette’ by sharing apical oxygen atoms of two bridging tet-
rahedra. The two single chains are related to each other by
an inversion center, a two-fold axis, and a mirror plane
perpendicular to the two-fold axis. thus the symmetry of
the double chain is 2/m.

The OH group is located at the free apices of calcium
octahedra where no bridging SiO, tetrahedra are attached.
OH stretching frequencies at 3636 cm™! indicate that the
O—H---O distance is rather long. ca 3.3 A (Kalousek,
Roy. 1957. Libowitzky. 1999). Protons associated with
SiOQ; tetrahedra (silanol groups) as derived from 'H MAS
NMR spectroscopy (Noma et al.. 1998) have not been lo-
cated in the structure so far. Surplus H>O molccules are
assumed in the centers of the eight-membered rings of the
double chains (Kudoh. Takéuchi, 1979).

Polytypes explained as different stacking of
a protoxonotlite cell

Duc to the fact that the [SicO,7]-‘Dreier-doppelkette’ has
the same length as two calcium polyhedra, cach double
chain of Si10;-tetrahedra can be attached to the calcium
octahedra at two different positions (Fig. 3). This is the
reason for the appearance of the various polytypes.

To visualize and compare the polytypes, a small unit
common to both polytype structures (Mamedov, Belov,
1955, 1956a: Kudoh. Takéuchi, 1979) was introduced.
This common unit has monoclinic symmetry, it is named
‘cell of hypothetical protoxonotlite® (Kudoh, Takéuchi,
1979) and has dimensions of: «a, = 8.516, b, = 7.363,
op =T7.012 A, 3, =90.37°. Polytype structures may be ex-
plained as different arrangements of this protoxonotlite
cell. Note that this protoxonotlite cell (dotted line in
Figs. 4. 5 and 6) is not a crystallographically correct unit
cell. This is because the protoxonotlite cell does not com-
ply with the requirement of three-dimensional periodic
translation, but it is necessary that along [100] adjacent
cells are shifted by {b/4 or —b/4. Neither the calcium

b2 = 3.66 A

Fig. 3. Two possibilities of connecting a chain of SiO; tetrahedra
with a periodicity of three tetrahedra 1o« column of calcium octahe-
dra (type A) in xonotlite (top and middle) and column of calcium
octahedra with two superimposed SiQ; chains (bottom).

ribbon nor the next double chain of SiQ; tetrahedra can be
correctly placed without this & b/4 shift. In addition. along
[001] adjacent protoxonotlite cells are either juxtaposed or
shifted by b/2. Only along [010] the protoxonotlite cell is
always repeated by normal translation. According to this

Fig. 4. Difference between two reported polytypes of xonotlite in a
view along [001]. Top: xonotlite polytype as proposed by Mamedov
and Belov (1955). In a-direction adjacent protoxonotlite cells are
shifted (arrows) alternately by -+b/4 and —b/4. Bottom: xonotlite
polytype refined by Kudoh and Takéuchi (1979). In a-direction adja-
cent protoxonotlite cells are shifted (arrows) continuously by +b/4
(or —b/4). §i0y tetrahedra are patterned. calcium octahedra light gray.
calcium polyhedra in seven-fold coordination dark gray. Protoxono-
tlite cells (Kudoh and Takéuchi. 1979) have dotted lines.
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approach. the first difference between the monoclinic poly-
type (Mamedov. Belov, 1955, 1956a) and the triclinic one
{Kudoh, Takéuchi. 1979) is the repetition of protoxonotlite
cells along [100} (Fig.4). In the monoclinic structure
(Mamedov. Belov, 1955, 1956a) the protoxonotlite cells
are alternately shifted by +b/4 and —b/4, whereas in the
triclinic polytype (Kudoh. Takéuchi. 1979) they are ar-
ranged by a continuous step of +b/4 (or —b/4). A second
difference occurs parallel to thc c-axis (Fig. 5). In the
monoclinic polytype the tctrahedral double chains are jux-
taposed whereas in the triclinic polytype adjacent protoxo-
notlite cells are shifted by b/2. This structure description
already suggests that xonotlite may exhibit one-dimen-
sional disorder parallel to the a- and c-direction and hence
polytypes distinct in stacking along both directions. The
predicted disorder is confirmed by the presence of strcaks
along a™ and ¢* in single-crystal X-ray and clectron dif-
fraction patterns (Kudoh. Takéuchi. 1979: Gard. 1966:
Chisholm. 1980).

Fig. 5. Difference bctween two reported polytypes of xonotlite in a
view along (100]. Lelt: xonodite polylype as proposed by Mamedov
and Belov (1955). Protoxonotlite cells are periodically repeated paral-
lel to c¢. Right: xonotlite polytype refined by Kudoh and Takéuchi
(1979). Protoxonotlite cells are shifted by b/2. Black circles are OH-
position: color-codes as in Fig. 4. Notice that in the Mamedov and
Belov (1955) polytype. Ca octahedra with two OH groups alternate
with non-hydroxylated Ca octahedra. In contrast. in the Kudoh and
Takéuchi (1979) polytype each Ca octahedron carries one OH group.

Fig. 6. Triclinic xonotlite M2¢2b2¢ polytype in its triclinic
(Kudoh and Takéuchi. 1979) and pseudo-orthorhombic setting

(labeled F222 by Gard. 1966). In addition. the protoxonotlite .

cell. and the subcell are given.

The Gard notation of xonotlite polytypes

Gard (1966) proposed a system of nomenclature for xono-
tlite and other fibrous calcium silicates. He derived this
system in reciprocal space only by referring to a subcell!
determined from sharp reflections (also named family re-
flections) characteristic of a polytype family. The arrange-
ment of these sharp retlections in reciprocal space corre-
sponds to the periodic arrangement of Cua-oxygen
coordination polyhedra in direct space. Relating the size
of this subcell to lattice parameters of an individual poly-
type. a four-digit suffix LUVW was obtained. L is the
Bravais lattice type of the specified polytype in a setting
with the crystal axes parallel to the subcell. The numbers
UVW dcnote multiples of the subcell leading to following
cquations. In  reciprocal space: ; ¥

U ’Izllll;\vl)l'\;wu~ = A ubeell-
W ci)&)])l_\lvc = C.ybeent 1N

\E b:;;(wl)l)'pc = bluncell- direct
space:
wpe — W Cbeell-

Gard (1966) obviously used the pseudo-orthorhombic
subcell proposed by Mamedov and Belov (1935, 19536a)
for xonotlite: ¢« = 16.53, b=3.637, ¢c =7.04 A, u=f1=
y — 90° of monoclinic symmetry C12/m] (numerical val-
ucs are not provided by Gard). This cell is equivalent 10
the revised cell given by Kudoh and Takéuchi (1979) with
a=17.031. h —3.682. ¢ =7.012 A, =90.37" of C2/m
symmetry describing the arrangement of Ca coordination
polyhedra. In Gard’s notation the monoclinic polytype of
Mamedov and Belov (1955, 1956a) is named PI121.
whereas the triclinic polytype of Kudoh and Takéuchi
(1979) is named F222. It this F222 sectting is Niggli re-
duced a corresponding triclinic cell of Alspace group sym-
metry is derived (Fig. 6).

Apolvinpe = U - aubeel- bpn|_\l} pe — V- bl Cpoiy-

' SUBCELL: Also named PSEUDQCELL in older lierature (e.g.
Gard. 1966: Tayior. 1954). If a subcell is derived from sharp tamily
reflections in terms of OD-theory (Dornberger-Schift. 1956, 1964:
Merlino. 1997) it is called family cell.

PROTOXONOTLITE CELL according to Kudoh. Takéuchi
(1979): Small structural unit common to all polytypes: different poly-
types are derived by ditterent stacking of this protoxonotlite cell. A
protoxonotlite cell is not nceessarily a unit cell in conventional crys-
tallographic meaning.
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full ine: cell of triclinic xonotite (Kudoh and Takéuchi, 1979)
dashed Iine: F222 cell (Gard, 1966)
- - - dotted line: protoxonotitte cell (Kudoh and Takéuchi, 1979)
— . — - - dashed-dofted line: xonotiite subcell
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A moditied Gard notation was approved by the Interna-
tional Union of Crystallography (Guinier, Bokij, Boll-
Dornberger. Cowley. Durovi¢, Jagodzinski, Krishna, De-
Wolff. Zvyagin. Cox. Goodman. Hahn, Kuchitsu, Abra-
hams. 1984) where the first letter indicates the monoclinic
system of the subcell (M). Three lower-case letters, accom-
panied by numbers if necessary. follow the symmetry sym-
bol to indicate the periodicity along the three axes. In or-
der to distinguish the ordered and disordered polytypes, an
additional symbol « (abbreviation for disordered) is added
as a subscript to the letter involved. In the following we
use this modified Gard notation. For clarity we will some-
times additionally refer to the Gard (1966) notation given
in parentheses.

Four simplest ordered polytypes

As already mentioned in the description of the xonotlite
structure variable stacking occurs in two directions. In a-
direction adjacent protoxonotlite cells are shifted either by
+b/4 or —b/4 leading to the two possibilities of either
continuous shift by +b/4 (or —b/4) or alternating shift by
—b/4 and —b/4. In c-dircction adjacent protoxonotlite
cells are either juxtaposed or shifted by -+b/2. Combining

% M2a2b2c
ﬁy CX
I8 g 0ign b

Fig. 7. Arrangement of protoxonotlite cells and double chains of
SiOy tetrahedra in the four ordered xonotlite polytypes projected par-
allel ¢. b vertical. a horizontal. Labeling of the polytypes according
to the modified Gard nomenclature (Guinier et al. 1984).

the different stacking mechanisms in both dircctions, the
following four simplest ordered polytypes result (Fig. 7).
The term ’simplest polytypes’ means. that more sophisti-
cated combinations, such as (+b/4, +~b/4. —b/4) or (+b/4.
+b/4. -b/4. —b/4) .. .. for along a adjacent protoxonotlite
cells or combinations as (no shift. shift of b/2) or (shift of
b/2. shift of b/2, no shift) . ... for along ¢ adjacent proto-
xonotlite cells are not considered.

M2a2bc (C221): continuous shift of protoxonotlite cells
by +b/4 for stacking in a-direction and juxtaposed cells
along [001].

M2a2b2c¢ (F222): continuous shift of protoxonotlite
cells by +b/4 for stacking in a-dircction and shift of +b/2
for stacking in c-direction. This arrangement leads to the
triclinic polytype as refined by Kudoh and Takéuchi
(1979).

Ma2bc (P121): alternate shift of protoxonotlite cells by
+b/4 and —b/4 for stacking in a-direction and juxtaposed
cells along [001]. This arrangement leads to the monocli-
nic polytype as proposed by Mamedov and Belov (1955,
19564).

Ma2b2c¢ (A122): alternate shift of protoxonotlite cells
by +b/4 and —b/4 for stacking in a-direction and shift by
+b/2 for stacking in c-direction.

For M2a2bc¢ and M2a2b2¢ a continuous shift of proto-
xonotlite cells by —b/4 for stacking in a-dircction is just
as possible as the shift by +b/4 introduced above. Do-
mains with only —b/4 and domains with only +b/4 shifts
are in a twin relationship. The composition planc between
the two twin components is (100) and a two-fold rotation
about b is the twin operation. If both twin sectors are evi-
dent on diffraction photographs we will call these poly-
types M2a2bc-twin and M2a2b2c¢-twin.

Disordered polytypes

Gard (1966) originally proposed the two disordered poly-
types P x 21 and A ~x 22 which become in the modified
notation Ma,2bc and Ma,2b2¢. Notice that in direct space
these disordered polytypes are closely related to M2a2bc-
twin and M2a2b2c-twin with the difference that in the dis-
ordered polytypes the domains are so small that in the
diffraction pattern streaks are observed parallel 10 a®
Gard (1966) did not observe streaking parallel to ¢® but
such strcaks were recorded by Chisholm (1988). Thus, the
Gard system may be cxtended by additional polytypes
Ma2bc,; and M2a2bc,. In direct space these polytypes de-
scribe disorder where protoxonotlite cells are either juxta-
posed along [001] or shifted by b/2. Even disorder in two
directions may be expected which would lead to the
Ma2bc, polytype.

Modeling and identification of polytypes

Modeling of the four simplest ordered polytypes

One of the aims of this study was to model the structures
and diffraction patterns of the four simplest ordered poly-
types and to find an easy way to distinguish them. The
protoxonotlite cell (Kudoh, Takéuchi, 1979) 15 a very good






