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ABSTRACT

Serpentine minerals are very sensitive to electron-
beam irradiation and become amorphous under
the intense beam necessary for high-resolution
imaging. Image-processing techniques of transla-
tional superposition and optical filtering resulted
in improved signal-to-noise ratio. The enhanced
microstructure images and the electron-diffraction
patterns support the following inferences: (a) The
B of clinochrysotile measured from the 202 spots
is close to the literature value of 93.3°, but fluc-
tuates by = 0.5 to 1.0° from fibre to fibre. (b)
The resolution of the silicate tetrahedra and brucite
octahedra in the unit layers of chrysotile, and of
the 180° rotation of alternate layers, provides
direct evidence of a structural difference between
clino- and orthochrysotile. (¢) Of the three proposed
models for the antigorite structure (rectified-wave,
alternating-wave and zigzag), the alternating-wave
structure is valid, even though the arc lengths of
successive half-cycles may be unequal, in some
cases extremely so. The image of the structure may
resemble a rectified-wave or zigzag structure if
the specimen is too thick or misoriented. (d)
Fault planes (001) in antigorite involve micro-
twinning. (e) Occasional isolated antigorite areas
with ¢ = 14.6 A suggest a two-layer structure.
They could, however, be due to radiation damage.

SOMMAIRE

Les minéraux de la famille des serpentines,
trés censibles & Dirradiation électronique, s’amorphi-
sent dans le faisceau intense que requiert la forma-
tion d’images a4 haute résolution. Par les techniques
de superposition translationnelle et filtrage optique,
on améliore le rapport du signal au bruit de fond.
Des images ainsi améliorées de la microstructure
ainsi que des clichés de diffraction électronique,
on tire ces conclusions: (a) L’angle 8 du clino-
chrysotile, mesuré sur taches 202, est proche de
la valeur connue de 93.3°, mais fluctue de = 0.5 3
1.0° d'une fibre & une autre, (b) Les tétraédres
silicatés et octadédres Mg(OH), sont résolus dans la
couche unitaire du chrysotile, ainsi que les rota-
tions de 180° entre couches successives, preuve
expérimentale directe d’une différence structurale
entre clino- et orthochrysotile. (¢) Des trois modéles
proposés pour la structure de IPantigorite (onde
rectifiée, alternative ou en zigzag), c’est le deuxitme
qui s’applique, bien que les longueurs d’arc de
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deux demi-cycles successifs soient parfois inégales,
méme trés inégales en certains cas. L’image struc-
turale peut simuler une onde rectifiée ou en
zigzag si 'échantillon est trop épais ou désorienté.
(d) Des plans de dislocation (001) dans l’antigorite
sont associés a4 un micromaclage. (¢) Quelques
régions isolées d’antigorite & ¢ = 14.6 indique-
raient une structure & deux couches, mais il se
peut qu’elles proviennent d’'un endommagement de
I’échantillon par la radiation.

(Traduit par la Rédaction)

INTRODUCTION

High-resolution lattice imaging has made a
significant contribution, to the structural and
chemical study of minerals, as a complementary
means to X-ray analysis, but it must be em-
phasized that this technique has its limitations:
many minerals are sensitive to the vacuum en-
vironment of the electron microscope and, more
seriously, to the electron beam. The latter is
particularly true in the case of serpentine.

The fine grain-size of the serpentine minerals
chrysotile, lizardite and antigorite makes them
suitable for electron microscopy, but little high-
resolution work has been done because of their
high sensitivity to the electron beam. They easily
become amorphous under the intense beam
necessary for high-resolution electron micro-
scopy, though antigorite seems to be a little
more resistant to the electron beam than chrys-
otile or lizardite. ‘Accordingly, electron-optics
magnification for observation and recording is
limited to low levels, and the images are neces-
sarily poor because of noise.

Although the present author has applied
the high-resolution lattice-imaging technique to
serpentine minerals and has obtained some re-
sults that reveal the microstructure (Yada
1967, 1971) and the growth mechanism of
chrysotile (Yada & Iishi 1974, 1977), the full
potential of recent high-resolution electron
microscopy has not yet been reached; pos-
sibilities still remain for revealing the structure
of the serpentine minerals.
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The present author has tried to reduce the
radiation damage of serpentine by cooling
the specimen and by using a high-voltage micro-
scope, but without satisfactory results. The
image-processing technique has therefore been
refined to improve the signal-to-noise ratio of
the lattice images of serpentine. The main aims
of this work are (1) to study the possibility
of seeing the atomic arrangement in the ser-
pentine unit-cell directly, (2) to illustrate the
structural differences between the polytypes of
chrysotile and (3) to discriminate among the
three proposed models for the antigorite struc-
ture.

According to a recent reappraisal of the
serpentine structures by Wicks & Whittaker
(1975), clino- and orthochrysotiles with a
5.3 A fibre axis can be regarded as polytypes.
Also, a number of possible values of B exist
as a result of different types of stacking, in
addition to the usually accepted values of
93.3° for clinochrysotile and 90° for ortho-
chrysotile. It is difficult to prove this clearly
by X-ray diffraction, because the sample con-
sists of a large number of fibres, which neces-
sarily gives a kind of mean value of 8. In
contrast to this, electron microscopy coupled
with selected-area electron diffraction may pro-
vide clearer evidence because patterns from
individual fibres that are sufficiently isolated
can be obtained, as well as experimental in-
formation about the distribution of B values.
However, such isolated fibres are rarely avail-
able, because many fibres are mounted in
bundles on the grid for electron microscopy.

If the resolution of a lattice image is suf-
ficiently high that some of the 20! planes of
chrysotile are resolved, the corresponding 20!
spots can be obtained by optical diffraction for
each fibre, even if the fibres are in bundles.
Thus, it may be possible to determine the value
of B for each fibre. Moreover, it should be
possible to make the relative positions of the
silicon—oxygen tetrahedra and the magnesium—
oxygen octahedra visible by using the image-
processing technique, which would then give in-
formation about the mode of stacking respon-
sible for the structural features, bearing on the
difference between clinochrysotile and ortho-
chrysotile. Thus, a direct demonstration of the
structures with alternate layers rotated by 180°
was one of the problems expected to be solved
in this work.

Parachrysotile, a polymorph of chrysotile
with the b axis parallel to the cylinder axis,
is usually very rare in natural chrysotile, though
it very commonly is encountered in synthetic
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chrysotile. The microstructure of parachrysotile
should be studied by high-resolution lattice
imaging because little is known about it.

A corrugated structure of antigorite, first
proposed by Onsager (1952), has been con-
sidered by several workers. Zussman (1954)
showed the existence of a curved, corrugated
sheet structure by testing trial structures using
the optical-transform method, and inferred that
a rectified-wave structure was more plausible
than the alternating-wave structure. Zussman’s
rectified-wave model was disproved by the
structure refinements of Kunze (1956, 1958);
the alternating-wave structure has been accepted,
although direct observation of the actual details
has not been achieved.

Lattice-imaging studies of antigorite are rare
because of its sensitivity to the electron beam,
but it should be possible to reveal the corrugated
structure if thin samples sectioned perpendicu-
larly to the b axis are observed using suitable
conditions to minimize beam damage. Results
of high-resolution lattice imaging on chrysotile
and antigorite, coupled with image processing,
are reported here.

EXPERIMENTAL

The instrumental conditions and specimen-
preparation techniques employed for electron
microscopy are similar to those already re-
ported (Yada 1967, 1971), except that an ob-
jective lens with a small-bore polepiece (Yada
& Kawakatsu 1976) was used for higher resolu-
tion. The angular aperture of the objective was
correspondingly increased so that some of the
20! reflections in the 2.5-1.8 A region were
resolved.

The direct observation of individual atoms
or molecules by high-resolution structure imag-
ing is possible only in a limited set of favorable
conditions, because the structure image is very
sensitive to many factors reflecting both speci-
men and instrument (e.g., thickness, orienta-
tion, defocusing and lens aberration). Optimum
defocus (or Scherzer focus), which is expressed
as Af = VC.\ (where C; is the spherical-aber-
ration coefficient and X the wavelength of the
electron), is about 600 A on the under-focus
side in the present case. A through-focus series
of images was usually taken to obtain the op-
timum focus, although the maximum number
of such pictures was limited to two or three
because of the beam damage to the specimen.

It is known that optimum specimen-thickness
for high-resolution lattice imaging is very small,
in the order of 100 A or less for 100 kV
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electrons. The diameter of chrysotile fibres,
ranging from 250-500 A, is much thicker than
the optimum, but because of the curved cylin-
drical form of the fibre the Bragg reflection
that contributes to image formation takes place
inside a narrow portion of the fibre (Yada &
Iishi 1977). Therefore, the effective thickness
for lattice imaging is much less than the actual
fibre-thickness, which suggests the possibility
of obtaining a high-resolution structure image
from a rather thick fibre.

Antigorite embedded in methylmethacrylate
was sectioned perpendicular to the b axis using
an MT-1 Porter-Blum ultramicrotome with a
diamond knife. The thickness of the sections
produced was controlled to between 250-500 A.
Favorably oriented antigorite mounted on a thin
carbon film was selected on the fluorescent
screen with the aid of an electron-diffraction
survey.

Three types of image processing have been
proposed: translational superposition (Mark-
ham et al. 1964), optical noise-filtering
(DeRosier & Klug 1972) and computer noise-
filtering (Erickson 1974). The translational-
superposition technique is limited in that
periodicity enhancement is only one dimen-
sional, but since it is the simplest and easiest
in actual operation, it was employed for the
image processing of antigorite. The procedure
is as follows: an appropriately enlarged image
of an original negative is multiply exposed,
usually 10 times, using stroboscope light on a
photographic film moving at a constant speed
so as to synchronize the exposure cycle to the
periodicity to be enhanced. The signal-to-noise
ratio is improved by the factor \/n, where n
is the number of exposures.

The image processing of chrysotile was carried
out by the optical noise-filtering technique,

TABLE 1. LIST OF SPECIMENS STUDIED

Specimen
Number Locality Description
c-1 Coalinga, California, usa(l) Leathery sheet, mainly
clinochrysotile some-
times with a helical
cylindrical structure
c-2 Jeffrey Mine, Québec(z) Mainly clinochrysotile
C - 3°(M28002) Havelock Mine, Swaziland (2)  Mainly Povien-type
orthochrysotile
C ~ 4 (M 31388) East Broughton, Québec(z] Mainly Povlen-type
clinochrysotile
A-1 Kyongsangpuk Bo, Korea(s] a = 40 - 60 3 fram present

work

a= 34404 from present
work

A -2 (M27749) Zoblitz, Saxony, Germany(?)

{1} From Dr. Mumpton, Unfon Carbide, USA
{2) From Dr. Wicks, Roya] Ontario Museum, Toronto
{3) From Dr. Iishi, Yamaguchi University, Yamaguchi, Japan.
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which produces a two-dimensional enhance-
ment. A modified optical diffractometer LD-10
by Eiko Engineering Co. was used for the op-
tical filtering. Computer noise-filtering was not
tried.

Samples of chrysotile and antigorite studied
in this experiment are listed in Table 1.

RESULTS

Structure of chrysotile: measurement of B

If an isolated chrysotile fibre is mounted
horizontally on the specimen-supporting film,
that is, perpendicular to the electron beam, 8
can be measured directly as one half of the
angle subtended by the two 200 spots at the
central 000 spot in the electron-diffraction
pattern, plus 90°. However, this ideal orienta-
tion is rare, and deviations will usually cause
some change in the diffraction pattern. In
order that the influence of slight tilting of
the fibre on the diffraction spots might be
checked, a series of single fibres of clinochrys-
otile, all with regular cylindrical structures (i.e.,
no helical structures: Whittaker 1955) from
Coalinga, California, and Jeffrey mine, Québec
(Yada 1971) was examined. Each was tilted
by a few degrees, step by step, and the change
of the 20! spots was observed. As a result, it
was found that the diffraction spots on the
zero- and first-layer lines remained unchanged
in their appearance, but those on the second-
layer lines were sensitive to tilting. The 200
spots became more smeared compared to the
202 and 202 spots. This is shown in Figure 1,
where the angular readings of the tilting stage
and the angles subtended by the 200 and 202
spots are noted on each picture. For this series,
a single fibre whose axis was nearly perpendi-
cular to the axis of tilting was selected so
that the increment of the angular readings
could be regarded directly as the increment
of the tilting angles of the fibre axis. Angles
subtended by the 200 and 202 spots cor-
respond to 28-180° Figure 2 shows the de-
tailed behavior of the angles subtended by
the 200 and 202 spots plotted against the tilt-
ing angle of the fibre axis from Figure 1. The
symmetry of the curves suggests that the posi-
tion of the stage at approximately —9.5° seems
to be the horizontal position of the fibre. The
angles subtended by the 200 spots (solid lines)
are very sensitive to the slight tilting, but those
subtended by the 202 spots (dotted lines) re-
main nearly unchanged, although slightly dif-
ferent values, of about 0.5°, exist between the
angles obtained from opposite second-layer lines.
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Fic. 1. Changes of the 20/ spots in the electron-diffraction patterns from

MINERALOGIST

a single fibre when the specimen is tilted. T represents angular readings
of the tilting stage and the fibre, as the fibre axis is nearly perpendicular
to the axis of tilting (C-2). The asymmetric appearance of 20!/ spots

on the opposite layer lines is displayed.
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Fic. 2. Variations of the angles subtended by the 200 and 202 spots
in the electron-diffraction patterns of Figure 1 against the tilting
angles of the stage. The angles subtended by the 200 spots are very
sensitive to tilting, whereas those subtended by the 202 spots are
insensitive to tilting. The position of ~9.5° seems to be the approximate

horizontal state of the fibre.

A similar tendency was observed with other
clinochrysotile fibres. A g of 93.25° was ob-
tained by averaging the values on the opposite
layer lines; this is in good agreement with B8
previously reported for clinochrysotile (Whit-
taker 1956). Even if the 200 spots are smeared
out or extinct, it is possible to make a rough
estimation of 8 from the 202 spots. The meas-
urements of many fibres show that the angular
differences between opposite layer lines vary
from fibre to fibre within 0.5° to 1.0°. These
angular variations seem greater than the ac-
curacy of the measurements, though their
origin is not clear at present. Consequently,

there exists a certain variation within =-0.5°
in the g8 values from fibre to fibre.

The B values of 94.1° and 92.5°, suggested
by Wicks & Whittaker (1975) for one-layer
structures, have not yet been encountered in
fibres with a regular cylindrical structure (Whit-
taker 1955). In fibres with a helical cylindrical
structure the measurement of 8 from the posi-
tions of the 200 spots is not possible because
the effect of the two factors determining the
position of the 200 spots, the helical structure
and the tilting of the specimen, cannot be in-
dependently assessed. However, the 202 spots
appear to be less sensitive to the effects of
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Fic. 3. Three typical electron-diffraction patterns from Povlen-chrysotile
(C-2, M 28002): (a) orthochrysotile, (b) clinochrysotile and (c)

parachrysotile.

the helical structure and give fairly consistent
B values of about 93°.

Figure 3 shows typical electron-diffraction
patterns of orthochrysotile, clinochrysotile and
parachrysotile from cylindrical single fibres in
a sample from Havelock mine, Swaziland (M
28002). This sample has been considered to be
mainly Povlen-type orthochrysotile (Middleton
& Whittaker 1976), but actually three kinds
of chrysotile occur together. A similar phe-
nomenon was observed in the sample of Povlen-
type clinochrysotile (M 31388) from East
Broughton, Québec (Middleton & Whittaker
1976). The ratio of the components naturally
depends on the sample. Electron-diffraction
patterns suggest that mixing within one fibre
is rarely encountered. In Figure 3(b), the
asymmetric appearance of the 20/ and —20/
spots, as discussed above, is clearly seen on
the opposite layer lines.

Figure 4 is a lattice image of a single fibre
corresponding to Figure 3(a), which is typical
of orthochrysotile with a regular cylindrical
structure, We can see a fringe-profile modula-
tion with a 14.6 A spacing on the right-hand
wall, as indicated by black bars and by the
corresponding diffraction spots in its optical-
diffraction pattern. A very weak 14.6 A reflec-
tion also occurs on the electron-diffraction pat-
tern. The appearance of this modulation strong-
ly depends on the objective focusing and the
thickness of the fibre, and is rarely produced
by thin fibres. It is possible to obtain a 14.6 A
reflection on an electron-diffraction pattern by
using a very small field-limiting aperture, and
by attaining optimum exposure of a fibre that
shows the 14.6 A fringe-profile modulation.
The 14.6 A reflections and fringe-profile modu-

lations have not only been observed from
orthochrysotile but also from clinochrysotile,
though they are both very rare and faint. How-
ever, the nature of the natural chrysotile struc-
ture is such that reflections with ! odd are not
produced. A double-diffraction effect that pro-
duces a forbidden reflection is a possible in-
terpretation. In the case of orthochrysotile, for

Fic. 4. A lattice image of a single fibre of ortho-
chrysotile and its optical-diffraction pattern, show-

ing 14.6 A periodicity.
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FiG. 5. A lattice image (3), enlarged lattice images (A & B) and the

corresponding optical-diffraction patterns (A & B) of clinochrysotile

from Coalinga, California (C-1).

instance, . the interaction between two primary
reflection, such as 200 and 201, may give rise
to the 001 reflection by double diffraction.
This is consistent with the fact that the modula-
tion is only observed from rather thick fibres.
Whatever the explanation for the 14.6 A spac-
ing, it does not provide evidence for the two-
layer structure of natural chrysotile determined
by Whittaker (1953, 1956).

Direct observation of the chrysotile structure

It was found that higher orders of 00/ and
20! reflections, such as 004, 006 and 202, 204
were resolved on optical-diffraction patterns
of lattice images of chrysotile. Although image
contrast corresponding to these reflections is
very faint on the pictures, it can be improved
greatly by suppressing the intensity of the 000
reflection through the process of optical filter-
ing.

Figure 5 shows high-resolution images of
chrysotile from Coalinga, California, and the
corresponding optical-diffraction patterns. Both
fibres A and B are clinochrysotile, but A has
a regular cylindrical structure and B has a
helical structure. The average @ values from

the 202 and 202 spots are 93.1° for A and 93.4°
for B. The considerably larger angles subtended
by the 200 spots in B seem to be due to the
helical nature of the structure.

The silicate and “brucite” layers constituting
the serpentine structure contain the frameworks
of silicon and magnesium cations in them, and
their scattering powers for the electron beam
are nearly comparable. One third of the 7.3 A
layer is occupied by silicon cations and one
third by magnesium cations. The remaining
third is not occupied. Therefore, every 7.3 A
fringe should have fine-contrast details con-
sisting of three parts along the c¢ direction,
under an appropriate focus condition. In Fig-
ure 5, the white contrast in every 7.3 A fringe,
indicated by arrows, occupies about one third
of the 7.3 A width, so that these narrow white
parts are thought to correspond to the cation-

free regions in every chrysotile layer. This con-

trast relationship may be reversed depending on
the focusing condition. Figure 6 shows the
processed image of fibre A by optical filtering.
As the cation-free regions in every layer look
bright in this case, the silicon and magnesium
sites show dark contrast. The scattering power.
of oxygen and hydroxyl is so low that their
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contribution to the image contrast is thought
to be negligible in a first approximation.

Figure 7 shows high-resolution images of
fibres from the Havelock mine (M 28002);
the optical-diffraction pattern (c) indicates that
this fibre is typical orthochrysotile. In the
processed image (d), it is evident that one third
of every 7.3 A layer is occupied by a dark
fringe representing the cation-free region, so
that fringe contrast is reversed from the case
in Figure 6; two thirds are occupied by bright
fringes representing the sites of the silicon and
magnesium cations. Also, two types of layer
with different structures are stacked regularly,
in contrast to the case of clinochrysotile; there-
fore, it seems that the 180°-rotated layers of
orthochrysotile are directly observed.

These two kinds of processed image were
compared with the electron-density maps of
clino- and orthochrysotile by Whittaker (1953)
(Fig. 8) at the same magnification and with
the same sense of contrast. Fairly good agree-
ment can be seen between the maps and the
observed structures, though detailed analysis of
displacements from ideal positions in the stack-
ing along the a and c directions is a matter

FIG. 6.

F1g. 7. Lattice images (a an b), the corresponding optical-diffraction
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attice iae, processed by optical-filter-
ing technique, corresponding to fibre A of Figure
5.

pattern (¢) and the processed image by optical filtering (d) of ortho-

chrysotile (C-3, M 28002). -
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Fic. 8. A comparison between the Fourier projections by Whittaker

(1953) and the observed structures of clino- and orthochrysotile.

for future investigation. Results obtained from
a similar experiment for parachrysotile will be
reported elsewhere.

Microstructure of antigorite

As the main cleavage-plane of antigorite is
(001), all previous electron-microscope observa-
tions have been made from the direction nearly
perpendicular to (001), except for the accidental
case of randomly oriented, irregularly fractured
fragments. If a specimen lying on (001) is
tilted about the a axis, 020 spots of the electron-
diffraction pattern are split, as seen in (a)
to (c) of Figure 9, where tilting angles of
the stages are indicated on the electron-dif-
fraction patterns. The 020 (4.6 A) fringes from
such a tilted specimen have a wavy appearance,
.as shown in Figure 9 (d), where the correspond-

F16. 9. Changes in the electron-diffraction patterns
of antigorite, originally in 001 orientation, tilted
around the @ axis by the angles indicated (a, b
and c). The lattice image of the tilted sample
(d) with the corresponding optical-diffraction
pattern (e) showing a wavy structure perpendic-
ular to the b axis (A—1).

ing optical-diffraction pattern (e) is given; the
value of the tilting angle, although large, is
unknown. The wavy appearance can be regarded
as a reflection of the corrugated structure of
antigorite, but direct evidence or detailed in-
formation on the inversions in the structure has
not been obtained.

From the observation of thin-sectioned anti-

Fig. 10. A through-focus series of lattice images
of sectioned antigorite (A~1). The inversion of
fringe contrast is seen from (a) to (c).
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gorite, single grains, whose dimensions are
usually about 0.02-0.2 microns in the ¢ direction
and up to several microns in the e direction,
are not always bounded by definite low-index
planes such as (001) and (100) but by higher
order (h0l) planes. They sometimes show fault
planes such as microtwin planes on (001), as
well as extra half-planes due to dislocations.
As mentioned above, the appearance of the
lattice image is expected to be very sensitive
to specimen orientation and thickness and to
the focusing of the objective. Figure 10 shows
a through-focal series of a thin section of
antigorite from Korea (A-1). This series was
taken at rather low magnification with great

. .
Fic. 11. An example of image processing by
translational superposition for part of Figure
10(b). The exposure cycle coincides with the
periodicity of the image in (b), but in (a) it is
undershifted and in (c) overshifted. An alter-
nating-wave structure is seen in (b), but the
arc length of each half-cycle is not equal (A~1).
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care to avoid appreciable damage. Slight focal
changes from (a) to (c) reverse the fringe con-
trast from (a) to (b), and again from (b) to (c).
Although there are features common to all three
images, the details of the fringe structure are
quite difficult to distinguish because of the
background noise and the damage effects, which
are particularly noticeable in (c).

Figure 11 is a result of image processing, by
translational superposition, from part of Fig-
ure 10(b). The periodicity to be enhanced
coincides with the exposure cycle in (b), where-
as (a) and (c) correspond to under- and over-
shift. It is seen that (b) shows a very clear,
inversely corrugated structure and a 8 of ap-
proximately 91.5°, which is very close to the
value of 91.6° given by Kunze (1956), but
the arc lengths of each half-cycle are not equal,
as indicated by the black bars.

Figure 12 shows another example of cor-
rugated structure where the half-cycles are
nearly equal in length and 8 is approximately
91.3°. The optical-diffraction pattern (c) is
from the processed image of (b).

Thus it can be claimed that the alternating-
wave structure has been experimentally proven

Fic. 12. An example of the alternating-wave struc-
ture of antigorite where the arc length of each
half-cycle is nearly equal; (a) original image,
(b) processed image, (c) optical-diffraction pat-
tern from (b), where the pattern is positioned
at right angles with respect to the image (b).
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F1G. 13. Images of (a) an apparent rectified-wave
structure and (b) an apparent zigzag structure,
produced by misoriented alternating-wave struc-
tures.

valid, but careful consideration must be given
to the possible existence of other structures.
Thus, pictures that might suggest other types
of structure were looked for. Examples are
shown in Figure 13, where (a) resembles the
rectified-wave structure and (b) the zigzag struc-
ture. After careful consideration, however, it

F1G. 14. A series illustrating thmnm. due to radiation damage ~(VAV—1).> »
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was found that these are not real structures, but
effects produced partly by deviation of specimen
orientation from the ideal [010] orientation,
and partly ‘by too thick a specimen.

If the specimen is very thin, the condition
for Bragg diffraction is achieved and the image
of the structure is expected to be close to the
true structure even in the case of a slight
deviation from the ideal orientation. This was
proved in an actual case where the crystalline
part of the specimen became thinner and
thinner due to the electron-beam damage. Al-
though damage to antigorite is serious and
generally unfavorable, it always occurs from
the outside of the crystal towards the inside,
as in the case of chrysotile. Thinning of the
crystalline part as well as reduction in its width
are thus realized.

Figure 14 shows the damage effect in anti-
gorite, where the effective thickness is greatly
reduced from (a) to (d). Figure 15 shows
the corresponding structure-images from the
framed parts of Figure 14. The inversely cor-
rugated structure is not clear in (a) and (b)
but becomes very clear in (c¢) and (d). In
this series a focal effect is involved because
the objective focus was changed slightly from
(a) to (c). However, it can be proved that
the effect of the thickmess is much more im-
portant than the focal effect if the specimen
orientation deviates slightly from the ideal. An
example is shown in Figure 16, in which the
thickness is increased in a wedge from the
upper right to the lower left as indicated by
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Fic. 15. Imagesvprocessed by translational superposition corresponding to
A to D of Figure 14. The inversely corrugated structure becomes clear

with thinning.

Fic. 16. An illustration of the effect of thickness on the image of the
alternating-wave structure. The black arrow indicates the increase in
thickness. The inversely corrugated structure is seen in the thin part
but not in the thicker part (A-2).

an arrow in the processed image (c). The
orientation deviates slightly from the ideal
[010], as suggested by the asymmetry of the
electron-diffraction pattern (a). In (c) the
image of the thinnest part, in the upper right
corrier, shows the typical inversely corrugated
structure, but it seems to change gradually
with increasing thickness to an apparent
periodically inverted structure.

Areas showing features of a two-layer struc-
ture, that is, a repetition of a 14.6 A periodicity,
were rarely found along the [001] direction of
the sectioned antigorite, but Figure 17 is an
example of a corrugated two-layer structure.

Figure 18 is another example of a two-layer
structure where A and B were obtained from
adjacent but different grains. A and B in the
lower images, processed with the repetition of
14.6 A, show more clearly the two-layer and
one-layer character of the structures. In gen-
eral, the area of the two-layer structure is very
localized and seems to become noticeable after
irradiation by the electron beam.

CONCLUSIONS

The position of the 200 spots of clinochry-
sotile on electron-diffraction patterns or op-
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Fic. 17. Two-layer structure of antigorite (—l).
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tical-diffraction patterns of the lattice images
is very sensitive to slight tilting of the fibre
with respect to the electron beam; thus it is
difficult to measure 8 from the 200 spots. The
position of the 202 spots is not greatly affected
by slight tilting and gives a more dependable
measurement of g8 (93.3°), similar to the
previously determined value. However, it is
not possible to determine the 8 values definitely
because of a variation of =0.5 to 1.0° between
the values obtained on opposite second-layer
lines on the same diffraction pattern and from
diffraction patterns of different fibres. This
asymmetric arrangement of 20! and 20! spots
may have been observed before by some
workers but there seems to be no report of it.
No possible explanation of this phenomenon
exists at present. The other possible values of
B suggested by Wicks & Whittaker (1975),
94.1° and 92.5° for one-layer structures, have
not been demonstrated in this work with fibres
having a regular cylindrical structure.

The relative arrangement of silica tetrahedra
and brucite octahedra can be revealed by op-
tical filtering of high-resolution structure images
in which some 20! spots (e.g., 202, 203, 204)
in addition to the 00/ series were resolved. As
a result, a two-layer structure with 180° rota-
tion between layers was observed in ortho-

Fig. 18. Two-layer structure of antigorite (A~1). The lower images A

and B are from different grains; the images are processed with 14.6 A
repetition.
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chrysotile, and a two-layer structure with no
rotations in clinochrysotile. Consequently, we
can say that the stacking difference between
clino- and orthochrysotile as previously pre-
dicted has been demonstrated directly. Detailed
analysis of the present results will be reported
elsewhere. There is a possibility that other
stacking varieties may be observed in future
by high-resolution structure imaging.

Thin sections of antigorite were observed
along the b axis by lattice imaging coupled
with the image-processing technique, and it was
found that the alternating-wave structure of
antigorite proposed by Kunze (1956, 1958)
was clearly demonstrated in its cross-section,
provided that the specimen was thin enough
and its orientation was close to the ideal [010]
orientation. The radiation damage of the elec-
tron beam, which is unfavorable in general,
can be utilized for further thinning of sectioned
antigorite to produce the correct thickness that
will yield images of the true structure. If the
specimen orientation deviates considerably from
the ideal [010] orientation, images of rectified-
wave or zigzag structures are produced, but
these do not represent real structures. These
images are produced by the alternating-wave
structure because of its unfavorable orientation.

By processing the high-resolution image of
antigorite by an optical-filtering technique, it
is expected that structural details in the anti-
gorite unit-cell will be revealed in the near
future, as has been done in the case of chrys-
otile.

A two-layer structure of antigorite, with
14.6 A repetition. is rarelv encountered but
seems to become noticeable after electron-beam
irradiation. Whether it is a naturally occurring
structure or an artifact produced by radiation
damage cannot be determined at this time.
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