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TEM AND XRD STUDY OF ANTIGORITE SUPERSTRUCTURES
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ABSTRACT

Samples of antigorite exhibiting variety in superstructures, taken from low-grade to high-grade serpentinites from southwest-
ern Japan, were studied by X-ray diffraction (XRD), selected-area electron diffraction (SAED), and high-resolution transmission
electron microscopy (HRTEM). Indexed XRD patterns indicate an A cell parameter of the supercell in the range 35.4 — 53.6 A,
and the following dimensions of the subcell: 5.407 < a < 5.466,9.238 < b < 9.262, 7.241 < ¢ < 7.279 A, 91.07 <  <91.65°. SAED
patterns show a wider range of A parameters, from 28 to 61 A (5.0 < M < 11.4, M = A/a). Antigorite with 2a40.0-42.5 A supercell
(M=17.5) is the common structure in southwestern Japan. A new method for supercell measurement by powder XRD is proposed.
M values show a linear relation with the XRD-derived parameter, A20: M = 14.26 - 2.41 A20. A sample of antigorite with A =43
Awm=3) belongs to space group Pm. Diffraction patterns (single-crystal XRD and SAED) and c-axis HRTEM images of
antigorite having M = (2r -+ 1)/2 indicate that the true periodicity of the superstructure along the X direction is 24, corresponding
to two waves, and the space lattice is C-centered.

Keywords: antigorite, XRD, SAED, HRTEM, supercell, superstructure, Japan.
SOMMAIRE

Des échantillons d’antigorite montrant une variété de surstructures, prélevés de serpentinites du sud-ouest du Japon dont le
degré de métamorphisme va de faible 2 élevé, ont été caractérisés par diffraction X, diffraction d’é&lectrons sur aire restreinte, et
par microscopie électronique par transmission 2 haute résolution. Une indexation du spectre de diffraction X mene au paramétre
A de la surstructure, dans I'intervalle 35.4 - 53.6 A, et aux parametres réticulaires suivants de Ia sous-structure: 5.407 <a < 5.466,
9.238<h<9.262,7.241 <c<7.2794,91.07 < B <91.65°. Les clichés de diffraction d’électrons révélent un intervalle plus grand
du paramatre A, entre 28 et 61 A (5.0 < M < 11.4, M= A/a). L antigorite ayant une maille de 40.0242.5 A (M =7.5) est la structure
la plus courante dans le sud-ouest du Japon. Ce travail contient la description d’une nouvelle méthode pour déterminer la
surstructure 2 partir du spectre de diffraction X obtenu sur poudre. Les valeurs de M montrent une relation linéaire avec le
paramétre A28 dérivé par diffraction X: M = 14.26 — 2.41 A20. Un échantillon d’antigorite ayant A égal 2 43 A (M = 8) répond
au groupe spatial Pm. Les spectres de diffraction sur cristaux uniques (diffraction X aussi bien que diffraction d’€lectrons) et les
images de la structure de 1’antigorite dans laquelle M = (2n + 1)/2, obtenues 2 haute résolution et montrant la périodicité le long
de ¢, prouvent que la vraie périodicité de la surstructure le long de la direction X est 24, ce qui correspond 4 deux ondes, et le
réseau est centré sur C.

(Traduit par la Rédaction)

Mors-clés: antigorite, diffraction X, diffraction d’électrons sur aire restreinte, microscopie par transmission 2 haute résolution,
surmaille, surstructure, Japon.

INTRODUCTION the supercell repeat-unit in antigorite, whereas “a” is

used for the subcell repeat-unit, about 5.4 A. The A

Antigorite is characterized by a large superstructure
along the [100] direction. Zussman (1954) suggested,
on the basis of X-ray and optical diffraction patterns and
images, that the superstructure is a result of a repeating
wave structure, either of the rectified or alternating type.
The alternating-wave structure was investigated by
Kunze (1956, 1958, 1961). In this paper, “A” is used for
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parameter of antigorite was shown by Aruja (1945) to
be 43.5 A, about eight times larger than the ideal, on
a specimen from Mikonui, New Zealand, studied by
X-ray rotation diagrams. The indexing of the powder
pattern of antigorite based on the unit cell (4 43.38,
b9.257,¢7.270 A, 891.40°) of Aruja (1945) was made
by Whittaker & Zussman (1956) .
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Uehara & Shirozu (1985) defined the superstructure
in terms of the number (M) of subcells (a = 5.44 A)
along X; thus M = A/a. This defines the superstructure
in terms of the number of octahedra present (two per
subcell) along X, and not the tetrahedra. The M of
Uehara & Shirozu is related to the m of Kunze by the
relation of M = (m — 1)/2. Uehara & Shirozu (1985)
showed, on the basis of X-ray- and electron-diffraction
studies, that samples of antigorite may be classified into
three structural types. In the first structure, M = n (where
n is an integer), in the second type, M = (2n + 1)/2, and
in the third type, M # n/2. The first type contains an odd
number of tetrahedra (m) and an even number of octa-
hedra (m-1) in the superstructure period A with the
space group Pm. The second type has a structure de-
rived from the first type, but different from the structure
proposed by Kunze (1961), with m = even and space
group P2/m. The model based on M = (2n + 1)/2 is ob-
tained by shifting of Kunze’s model at each wave unit
along Y by b/2. The model has a repeat period of 24
with a C-centered space lattice. The model contains an
even number of tetrahedra () and an odd number of
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octahedra (m — 1). The third structure M # n/2 is a mix-
ture of the above two structures in coherent domains,
and it is commonly found in poorly crystallized, disor-
dered material.

Some samples of antigorite (Spinnler 1985, Mellini
et al. 1987, Otten 1993) have an “offset” in selected-
area electron-diffraction patterns caused by a noncoin-
cidence of the X* vectors in the supercell and subcell.
The offsets in selected-area electron-diffraction patterns
occur because of differences in orientation between the
subcell and supercell, resulting in an average multilayer
unit-cell. The structure is analogous to an incommensu-
rate modulated structure such as in e-plagioclase.

Electron optical studies (e.g., Zussman et al. 1957,
Kunze 1961) of various specimens of antigorite showed
that the A cell length ranges from 16 to 110 A, with most
values between 33 and 44 A. These values were ob-
tained by electron diffraction or lattice images. How-
ever, X-ray-diffraction techniques were not used to
obtain supercell spacings unti! Uehara & Shirozu (1985)
showed that they could obtain accurate values for even
small variations in values of d.

FiG. 1. Distribution of serpentinites in southwestern Japan, modified after Hashimoto et al. (1970). Asterisks mark localities from
which antigorite was described in this study: 1 Nishisonogi, 2 Kyuragi, 3 Sasaguri, 4 Nomo, 5 Saganoseki, 6 Ube, 7 Deai, 8
Tari, 9 Wakasa, 10 Sekinomiya, 11 Izushi, 12 Qeyama, 13 Oshima, 14 Happo-One, 15 Higashiakaishi, 16 Kinokawa, 17
Iseshi, 18 Toba, 19 Uhu, 20 Chino, 21 Oogawara-Irisawai, 22 Kurouchi-yama, 23 Kanasaki, and 24 Kochi.



TEM AND XRD STUDY OF ANTIGORITE SUPERSTRUCTURES

This study concerns samples of antigorite from low-
to high-grade metamorphic serpentinites found in south-
western Japan, characterized by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). The
results, along with previously reported results on
antigorite from Sasaguri, Nishisonogi and Saganoseki
(Uehara & Shirozu 1985, Uehara 1987, Uehara &
Kamata 1994) are discussed. Supercell values obtained
by TEM and XRD are compared, and a new method for
the measurement of the supercell parameter is given.
HRTEM is used for a structure analysis of antigorite
with a model type of M = (2n + 1)/2 type.

MATERIALS AND EXPERIMENTAL

The distribution of serpentinite bodies in southwest-
ern Japan and sampling sites are shown in Figure 1.
Serpentinites occur in the Sangun metamorphic belt (lo-
calities 2 — 13 in Fig. 1), the Sanbagawa metamorphic
belt (5, 15 —23), the Kurosegawa belt (17, 18, 24), the
Hida belt (14) and the Nagasaki metamorphic rocks

1597

(1, 4). These metamorphic belts belong to high-pressure
intermediate type of metamorphism (Miyashiro 1961).
Later (Cretaceous) emplacement of granitic rocks also
induced thermal metamorphism of serpentines in the
Sangun belt.

Identification by XRD of the serpentine species,
antigorite, lizardite and chrysotile, relied on the powder
data of Whittaker & Zussman (1956). The nomenclature
of chrysotile polytypes follows the notation of Wicks &
Whittaker (1975). Lizardite is predominant in our sam-
ples. The occurrence of antigorite is locally important in
the Sangun and Hida serpentinites (locality 2-13, 14 in
Fig. 1), whereas antigorite is the principal serpentine
mineral in the Sanbagawa and Nagasaki serpentinites.

Antigorite from Sasaguri (#3 in Fig. 1), Nishisonogi
(#1), Oeyama (#12) and Saganoseki (#5) was reported
on in Uehara & Shirozu (1985), Uehara (1987) and
Uehara & Kamata (1994). The antigorite samples in-
vestigated here were obtained mainly from Alpine-type
serpentinites of the epidote-amphibolite-facies meta-
morphic rocks of the Nomo area, Nagasaki Prefecture

FIG. 2. hkO SAED patterns of antigorite with (a) M = 7.0, (b) M = 6.5, (¢) M = 7.2, and (d)

M=114.
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(#4), the amphibolite- or greenschist-facies metamor-
phic rocks of the Bessi area, Ehime Prefecture (#15),
the greenschist-facies rocks of the Ube area, Yamaguchi
Prefecture (#6), and the prehnite—pumpellyite-facies
rocks of Yokokurayama, Kochi Prefecture (#24). Four
samples from Sasaguri (A2, A6) and Nishisonogi (N26,
N55E) also were investigated. Electron-microprobe
analyses of three specimens (A2, N26, N55E) showed con-
siderable chemical heterogeneity in Fe and Mg contents.

Powder XRD patterns were recorded with a Rigaku
RAD-IIA diffractometer using Ni-filtered CuKa radia-
tion and a standard aluminum sample holder. Slow scan-
ning at 1/16° 26/min and a chart speed of 2.5 mm/min
were used to achieve resolution of many closely spaced
peaks. Silicon powder was used as an internal standard.

Electron optical observations were made with JEOL
JEM-200B, JEM-2000FX and JEM—4000EX electron
microscopes in the HVEM laboratory of Kyushu Uni-
versity. The JEM—200B microscope, which was prima-
rily used to obtain selected-area electron-diffraction
patterns, was operated at 200 kV. A selected-area aper-
ture of 10 um diameter was used, which has a projected
diameter on the specimen of about 0.2 pum. HRTEM
images were obtained at 200 kV with the JEM-2000FX
and at 400 kV with the JEM—4000EX.

The JEOL JEM—4000EX is a top-entry electron mi-
croscope with a double-tilt sample holder capable of
25% tilts. The microscope has a structure-resolution
limit of 1.7 A, a spherical aberration coefficient of
1.0 mm, and chromatic aberration coefficient of 1.9 mm.
A 50 pm objective aperture and a 200 wm condenser
aperture were used for HRTEM imaging at 400 kV ac-
celerating voltage. The simulated images of antigorite
were calculated using the CIHRTEM computer program
(Horiuchi & Matsui 1983). More detailed information
concerning HRTEM imaging is given by Uehara (1994).

The pulverized samples were disaggregated by ul-
trasonic means and mounted on a microgrid or collo-
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FiG. 3. Histogram for supercell parameter of antigorite in south-
western Japan obtained by powder XRD.

dion film on copper specimen grids. Some antigorite
specimens were ion-thinned to investigate texture and
for crystal-structure analysis.

RESULTS AND DISCUSSION
Supercell obtained by powder XRD and SAED

The powder XRD patterns of the samples studied
were indexed following the procedures of Uehara &
Shirozu (1985). As with the earlier samples (Uehara &
Shirozu 1985, Uehara & Kamata 1994), the A param-
eter was found to be in the range 35.4 — 53.6 A, and
subcell dimensions were in the ranges a 5.407 — 5.466,
b 9.238 — 9.262, ¢ 7.241 - 7.279 A, B 91.07 — 91.65°.
These parameters (Table 1) were obtained by the least-
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FIG. 4. Powder XRD patterns of white clayey antigorite (A6) and well-crystallized rock-

forming antigorite (Al).



TEM AND XRD STUDY OF ANTIGORITE SUPERSTRUCTURES 1599

squares method. Estimated standard deviations are a
0.002 - 0.017, b 0.001 - 0.005, ¢ 0.0001 — 0.002 A,
8 0.003 — 0.03°.

SAED patterns (Fig. ? show a wider range of A
parameters, from 28 to 61 A (M 5.0 11.4, M = A/a; see
Uehara & Shirozu 1985, Uehara & Kamata 1994). The
supercell (A) is as defined above, and the distribution of
the A parameter obtained by powder XRD is given in
Figure 3. Values of A between 40.0 and 42.5 A com-
monly occur in southwestern Japan. These values are
smaller than the originally described supercell of 43 A
antigorite (Aruja 1945, Zussman 1954, Kunze 1956).

Powder XRD patterns of the samples studied show
sharp to very broad supercell (satellite) and subcell re-
flections (Fig. 4). Sample Al is well-crystallized rock-
forming antigorite, whereas A6 is poorly crystallized
clayey material. No supercell reflections are found in
the latter sample. Cell parameters of the sample could
not be obtained by powder XRD because of lack of con-
vergence in the least-squares calculation, although by
the TEM, sample A6 show clear low-order and diffuse
high-order satellite reflections. This indicates that some
samples of antigorite may contain many defects, such
as a polysomatic disorder and stacking faults. The

supercell of antigorite with these defects cannot be
measured by powder XRD.

The M values were determined using both SAED and
XRD methods. SAED gives the M parameter for each
micrograin. In contrast, XRD provides an M value de-
rived from a statistical average of all grains of a given
sample. The M values by powder XRD generally agree
with the average M values by electron diffraction, as
shown in Figure 5. The M values in this figure, except
for sample A2, were described in Uehara & Shirozu
(1985), and compiled here for comparison of XRD and
SAED. Many samples of antigorite show a large stand-
ard deviation in M value obtained by the SAED method.
Ten or more grains should be measured to get a statisti-
cal average of a given sample. Also the averaging effect
of XRD explains the smaller range of A variation com-
pared to that found by SAED or direct HRTEM imaging.

A new method for supercell measurement
using powder XRD

XRD powder data may be used to estimate average
values of M parameter. Figure 6 shows the XRD
patterns. In the 20 range between 10 to 15° (CuKa), the

TABLE 1. CELL PARAMETERS OF ANTIGORTTE SAMPLES, AS OBTAINED BY X-RAY DIFFRACTION

Antigorite samples from Nomo

P14b P26b P34 P37 P173 PI17-1 Pl P102 P17-2 P22 P13-2b P30b P20 P3

a(d) 5419 5418 5427 5416 5435 5434 5441 5438 5437 5441 5448 5448 5454 5.450
b(A) 9.242 9238 9.246 9.241 9251 9.244 9.256 9251 9.244 9.253 9.252 9.253 9.251 9.259
c(A) 7279 7269 7.264 7.272 7265 7.272 7257 7260 7272 7.259 7.259 7.264 7.265 7.253
B 91.22 91.17 91.19 91.08 9122 91.30 91.13 91.I18 91.29 9126 91.34 91.34 91.43 9127
th(As) 364.5 363.8 364.5 3639 3652 365.2 3654 365.]1 3654 3654 3658 366.1 3664 365.7
M 907 899 851 846 803 794 1775 774 769 747 740 725 7.13 7.00
AR 49.15 48.69 46.17 4581 43.63 43.18 42.19 42.08 41.83 40.63 4031 39.50 38.88 38.15
Antigorite samples from Bessi

B20 B28b B28c B32a BS BI3 B37 B44 B40 B49 B4l B50 B33 B2
a(A) 5.421 5424 5426 5432 5430 5443 5440 5442 5445 5449 5447 5452 5466 5.456
b(A) 9.247 9240 9.248 9.247 9248 9.250 9.252 9.256 9.255 9.254 9245 9242 9.253 9.250
c(A) 7.260 7.265 7.265 7261 7.266 7.262 7.261 7.250 7270 7.243 7.258 7.249 7.253 7.262
B 91.16 91.19 91.19 91.25 91.28 91.28 91.33 91.18 91.37 91.30 91.42 91.37 91.38 9143
V_,,,,(A’) 363.9 364.0 364.5 364.5 364.8 365.5 3654 365.1 3663 365.1 365.4 3652 366.7 3664
M 906 893 866 847 822 811 797 784 748 721 7.5 700 693 681
A(A) 49.11 48.44 46.99 46.01 44.63 44.14 4336 42.67 40.73 39.29 38.95 38.16 37.88 37.16
Antigorite samples from  Oeyama Ube Kochi Nishisonogi Sasaguri

S7* S16 8§35 N26 NSSE A2

a(A) 5.446 5.426 5.447 5.441 5.461 5.455
b (A) 9.248 9253 9.239 9.247 9256 9253
c(d) 7254 7.276 7.253 7.268 7.266 7.266
B(® 91.33 91.33 91.42 91.47 91.27 91.46
V. (A% 365.3 365.2 364.8 365.5 367.2 366.6
M 7.52 8.86 1.16 823 6.58 6.92
Ad) 40.95 48.02 38.66 44.13 3593 37.75

* Uehara & Shirozu (1985)
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F1G. 5. Comparison of M values of antigorite obtained by elec-
tron-diffraction method (Me) and powder XRD method
(MXx).

first to third-order satellite reflections (e.g., where s =
0% u/Mand u =1, 2, or 3, the order of the 4 superlattice
reflection, %) are observed near the 001 reflection. The
difference in the 20 angle between Akl : 0+ 3/M, 0, 1
(CuKa) and 001 (CuKp) reflections, A28, is caused by
the variation in the supercell A parameter, or M value,
because the ¢ and B parameters are relatively constant
over the 60 specimens (Table 1 of this study and Figure
5 of Uehara & Kamata 1994).

The A26 values for antigorite from Nishisonogi and
Sasaguri are plotted against M values in Figure 7. The
M values are found to correlate with A26 according to
the following linear equation,

M=14.26 - 241 A28 (¢))]

Its correlation factor is 0.985. Thus the M value is
easily obtained by the A28 measurement using XRD;
hereafter we refer to this as the A26 method. This equa-
tion is recalculated for use with the 001 (CuKo) reflec-
tion instead of the 001 (CuK) reflection in the case of
powder diffractometers with monochromators:

M=1142-241 A28 2)

Because of its simplicity, the technique was applied
to a regional survey of antigorite superstructure.

The frequency distribution of M values obtained for
63 specimens of antigorite from Nishisonogi using the
A20 method are shown in Figure 8. The M parameter
ranges from 6.6 to 8.9, with the maximum distribution
at M = 8.4. This value of 8.4 is considered to be repre-
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sentative of the area, which was subjected to blueschist-
facies metamorphism. The shape of the M value distri-
bution in Figure 8 shows a tail toward smaller M values.
The regional occurrence of the M parameter is plotted
in Figure 9. The variation of M as found at Nishisonogi
varies greatly, as it does in individual specimens. Thus,
the metamorphic conditions (pressure and temperature)
are relatively constant in this ultramafic body, whereas
the M values show a heterogeneous distribution both
macroscopically and microscopically. This indicates

-1/M,041

UM.01

o 3/M.01
Cukp ~2/14.0.1 e
2/M,01 3/MO1
N6C
A3
A1
1 I 1 1 ) ;
10 11 12 13 14 15

260

FiG. 6. Powder XRD patterns around 001 reflection of
antigorite (sample N6C, A3, and Al). First- to third-order
satellite reflections are observed.
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that M values do not necessarily correspond to meta-
morphic grade.

The distribution of M values is more homogeneous
in antigorite with smaller M values than in that with
larger M values, as seen in Figure 3 of Uehara & Shirozu
(1985). This suggests that equilibrium is more easily
attained in the Nishisonogi antigorite with small M
values, whereas it is not attained in antigorite with a
large M value. Alternatively, there may be a slight dif-
ference in free energy among antigorite polysomes with
larger M.

HRTEM images

Previously, HRTEM images of antigorite obtained
along [001] were not investigated, because the 3 to 4 A
point-to-point resolution gives 4.6 A fringes (corre-
sponding to 020 and 110 reflections). Thus there is no
atomic-scale structural information (Uehara 1994).
However, the JEM—4000EX HRTEM used here has a
better than 2 A point-to-point resolution. Unfortunately,
a through-focus series of images could not be recorded
owing to rapid damage to the sample by the electron
beam. Some HRTEM images of antigorite and serpen-
tinite were shown in Uehara (1994).

The images of antigorite (A1) obtained down [001]
are divided into two types (Fig. 10). The first type shows
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continuous (200) and discontinuous (130) fringes hav-
ing a spacing of 2.5 A. The offsets in the (130) fringe
occur at arrows (Fig. 10a) at 35 A separation. The
supercell periodicity corresponds to M = 6.5. The sec-
ond type shows (110) and (020) fringes of 4.6 A spac-
ing and similar offsets in the (110) fringe at 35 A
separation (Fig. 10b). The difference between the two
types is related to the focus condition and thickness,
which are shown in simulated images (see below).

To interpret these images, HRTEM images were
calculated using the computer program CIHRTEM of
Horiuchi & Matsui (1983). Calculations were made for
different thicknesses of the crystal, 36.4, 72.8, 145.6,
and 291.2 A, with defocus values from —200 to 1000 A.
Selected results of the simulated HRTEM image of
antigorite with M = 8.0 are shown in Figure 11.

The simulated images show that the offsets in the
pattern of (110) and (130) fringes are found at 8-ring
reversals and not at 6-ring reversals. In calculated
through-focus images, such offsets are seen under a
wide range of defocus conditions and sample thickness.
In [001] HRTEM images, 6- and 8-ring reversal mod-
ules are clearly distinguishable. The HRTEM images of
antigorite having M = 6.5 show ordering of 6- and 8-
ring reversal modules along the supercell (Fig. 10b).
This indicates that the type of supercell with M =
(2n + 1)/2 requires doubling the A value, as formed in a

Fic. 10. HRTEM image of antigorite sample A1 viewed along [001], obtained with a JEM—4000EX instrument. Arrows indicate
the 8-ring reversal. (a) Strong (130) and (200) fringes are observed (110) fringe shows offset at 8-ring reversal. (b) Strong
(110) and (020) fringes are observed; (110) fringe shows at 8-ring reversal. Black dots correspond to 8-membered ring. C-
centered lattice is also shown.
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TABLE 2. ATOMIC PARAMETERS OF ANTIGORITE, USING HRTEM IMAGE CALCULATIONS

0.031 0.000 0.519
0.031 0.333 0.519
0.094 0.167 0.548
0.094 0.500 0.548
0.156 0.000 0.571

Si
Si
Si
Si
Si

0.057 0.167 0.139
0.117 0.333 0.164
0.177 0.167 0.180
0.237 0.333 0.187
0.299 0.167 0.189

0.070
0.196
0.324
0.451
0.867

0.156 0.333 0.571
0.219 0.167 0.583
0.219 0.500 0.583
0.282 0.000 0.583
0.282 0.333 0.583

Si
Si
Si
Si
Si

0.358 0.333 0.185
0.418 0.167 0.164
0.477 0.333 0.123
0.523 0.167 0.878
0.582 0.333 0.836

0.613
0.740
0.007
0.133
0.260

0.344 0.167 0.575
0.344 0.500 0.575
0.407 0.000 0.563
0.407 0.333 0.563
0.468 0.167 0.533

Si
Si
Si
St
Si

0.642 0.167 0.815
0.701 0.333 0.811
0.763 0.167 0.813
0.823 0.333 0.820
0.883 0.167 0.836

0.388
0.804
0.549
0.676
0.930

0.468 0.500 0.533
0.532 0.000 0.481
0.532 0.333 0.481
0.594 0.167 0.452
0.594 0.500 0.452

Si
Si
OH
OH
OH

0.943 0.333 0.861
0.999 0.333 0.089
0.117 0.000 0.391
0.240 0.000 0.414
0.362 0.000 0.399

0.070
0.196
0.324
0.451
0.867

0.656 0.000 0.429
0.656 0.333 0.429
0.718 0.167 0417
0.718 0.500 0.417
0.781 0.000 0.417

0.482 0.000 0.348
0.578 0.000 0.615
0.699 0.000 0.590
0.821 0.000 0.593
0.944 0.000 0.630

0.613
0.740
0.007
0.133
0.260

0.781 0.333 0.417
0.844 0.167 0.425
0.844 0.500 0.425
0.906 0.000 0.438
0.906 0.333 0.438

0.995 0.000 0.328
0.056 0.500 0.370
0.179 0.500 0.408
0.301 0.500 0.410
0.422 0.500 0.385

0.388
0.804
0.549
0.676
0.930

0.969 0.167 0.467
0.969 0.500 0.467

0.518 0.500 0.652
0.639 0.500 0.601
0.760 0.500 0.586
0.883 0.500 0.609

0.000 0.714 O 0.179 0.167 0408 O 0.885 0.000 0.909
00000750 O 0.0560.167 0.370 O 0.943 0.500 0.945
0.000 0743 O 0518 0.1670.652 O 0.058 0.000 0.048
00000693 O 0.82103330593 O 0.117 0.500 0.078
0.000 0267 O  0.578 0.333 0.615 O 0.175 0.0600 0.096
0.000 0271 O 0944 0333 0.630 O 0.238 0.500 0.104
0.000 0250 O 0.1170.333 0391 O 0.297 0.000 0.109
0.167 0.667 O 099503330328 O 0.356 0.500 0.100
0.1670.733 O  0.699 0.333 0.590 O 0.414 0.000 0.076
0.1670.750 O  0.883 0.167 0.609 O 0.472 0.500 0.035
0.167 0729 O 03620333 0.399 O 0.529 0.000 0.970
0.167 0250 O 0301 0.167 0.410 O 0.588 0.500 0.936
0.167 0307 O 048203330348 O 0.647 0.000 0.910
0.167 0259 O 02400333 0414 O 0.708 0.500 0.900
0.167 0.286 O  0.760 0.167 0.586 O 0.768 0.000 0.893
03330714 O 0.6390.167 0.601 O 0.827 0.500 0.893
03330750 O 04220167 0385 O 0.000 0.500 0.000
0.333 0.741 O 0.088 0.250 0.064
0.333 0.693 O 0.147 0.250 0.090
0.333 0.267 O 0.208 0.250 0.100
0.333 0.271 O 0.268 0.250 0.107
0.333 0.250 O 0.327 0.250 0.107
0.500 0.667 O 0.385 0.250 0.091
0.500 0.733 O 0.443 0.250 0.055
0.500 0.750 O 0.500 0.250 0.000
0.500 0.729 O 0.558 0.250 0.952
0.500 0.250 O 0.617 0.250 0.923
0.500 0.307 O 0.678 0.250 0.904
0.500 0.259 O 0.738 0.250 0.896
0.500 0.286 O 0.797 0.250 0.891

O 0.856 0.250 0.900

O 0.914 0.250 0.924

O 0.972 0.250 0.965

O 0.029 0.250 0.030

A=433A,b=923 A c=727A, B=91.6°, space group Prm.

C-cell lattice. Most calculated [001] images of antigorite
exhibit dots with higher contrast, corresponding to the
positions of Si atom [J.e., black dots in Fig. 11(2)], or to
the positions of Si and inner OH [i.e., white dots in
Fig. 11(3)]. The white dots in the experimental image
(Fig. 10a) correspond to the Si and inner OH atomic
positions. Although calculated images could not be
compared to a through-focus series, the data presented
here strongly suggest the exitence of the C-cell model
as proposed by Uehara & Shirozu (1985).

The [001] HRTEM image of sample A5 resembles
that of sample A1, but there are differences in detail;
the (200) fringe is relatively sharp, and (130) fringe is
diffuse. This pattern implies a stacking fault along the

b-axis parallel to the projected plane. Such defects are
shown in images viewed down [010] and [100].

An additional type of antigorite superstructure was
observed by TEM. This new structure is a one-layer
structure with a larger B, equal to 95°, which corre-
sponds to a layer shift along the X axis of —0.64 A
(Uehara 1995). Therefore, different kinds of structural
distortions exist in antigorite. Details of the HRTEM
results will be presented elsewhere (Uehara, in prep.).
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