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Abstract—High-resolution transmission electron microscopy (HRTEM) images of two dioctahedral
micas, celadonite and cis-vacant (cv) illite, were examined in detail to understand the effects of electron
radiation on their structures during image acquisition. Celadonite, a dioctahedral mica with Fe and Mg as
major octahedral cations, originally has a trans-vacant (tv) octahedral sheet but the contrast in the high-
resolution transmission electron microscopy (HRTEM) images indicates a different cation distribution in
the sheet. Furthermore, the b angle for the 1M polytype derived from the HRTEM images is ~98.5º, which
is considerably smaller than that (~100.5º) reported for celadonite. In previous works, cation migration
from the tv to cv-like configurations and a decrease in the b angle after dehydroxylation of celadonite/
glauconite by heating were reported. The same phenomenon, dehydroxylation and subsequent cation
migration, probably occurs by electron radiation in TEM. However, the new cation-distribution models
derived from HRTEM images along the [100] and [110] directions are not in agreement. On the other hand,
the contrast in a number of HRTEM images from an illite specimen in which cv-illite is dominant is the
same as that for the tv-dioctahedral layer. This result is also interpreted as cation migration accompanied by
dehydroxylation in TEM, as reported in heated cv-illite. The increased b angle (~102.5º) from that in the
natural state (101.5º) estimated from the HRTEM images also supports this interpretation. This
phenomenon is a large obstacle to the investigation of phyllosilicates containing Al-rich cv and Mg,Fe-rich
tv 2:1 layers, using HRTEM.
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INTRODUCTION

Although the crystal structures of major minerals

have already been determined and refined, the structures

of minerals occurring as fine particles only are still not

understood completely, e.g. the cation distribution in the

octahedral sheet of some dioctahedral 2:1 phyllosili-

cates. In general, the octahedral sheet in a 2:1 layer

contains three crystallographically independent sites

(M1, M2, and M3, Ferraris and Ivaldi, 2002) which

differ in the arrangement of coordinating OH groups: the

OH groups lie across the space diagonally (‘trans’

configuration) at the M1 site whereas the OH groups

form a shared edge with a neighboring octahedron (‘cis’

configuration) at the M2 and M3 sites (these two sites

are often related to each other by a symmetry plane in

the mica structure and referred to as M2 only). The

crystal structures of muscovite, paragonite, margarite,

pyrophyllite, etc., for which sufficiently large, high-

quality crystals for single-crystal structure analyses are

available, adopt a trans-vacant (tv) octahedral sheet

where the trans-octahedron is vacant. Expecting other

fine-grained dioctahedral 2:1 phyllosilicates (e.g. illite

and dioctahedral smectite) to have a similar cation

distribution in their octahedral sheets is not unreason-

able. Mering and Oberlin (1971), however, first pro-

posed that a montmorillonite specimen adopts the

vacancy sites not at the trans-octahedra, but at the cis-

octahedra (cis-vacant: cv). Drits et al. (1984) were the

first to deduce the unit-cell parameters and atomic

coordinates for a one-layer monoclinic (1M) cv-illite

model. Those authors calculated powder X-ray diffrac-

tion (XRD) patterns for periodic 1M-cv illite, as well as

for models in which tv and cv layers are interstratified,

and formulated diffraction criteria for the identification

of these illite varieties. Tsipursky and Drits (1984)

studied numerous dioctahedral smectites and revealed a

wide variety of occupancies of the cis- and trans-

octahedral sites including cv (most montmorillonites)

and tv (nontronites, beidellites, and some montmorillo-

nites) samples, as well as those consisting of inter-

stratified cv and tv layers. Zvyagin et al. (1985) were the

first to describe a monomineral Al-rich 1M-cv mica

sample, and Reynolds (1993) demonstrated for the first

time that illite fundamental particles in mixed-layer

illite-smectite (I-S) consist either of tv or cv layers, or

both layer types are interstratified in these particles.

Since then, the occurrences of the cv layer in dioctahe-

dral smectites, illites, and I-S in various geological

environments have been reported by numerous authors

(e.g. Drits et al., 1993; McCarty and Reynolds, 1995,
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2001; Reynolds and Thomson, 1993; Lee, 1996; Lanson

et al. , 1996; Zhukhlistov et al., 1996; Drits et al., 1996;

Altaner and Ylagan, 1997; Cuadros and Altaner, 1998a,

1998b; Ylagan et al., 2000; Lindgreen et al., 2000, 2002;

Sainz-Diaz et al., 2001; Drits, 2003 and references

therein; Drits et al., 2002, 2004, 2006, 2007; McCarty et

al., 2008; Emmerich et al., 2009; Wolters et al., 2009).

Details of the structures of phyllosilicates containing

the cv layers are still somewhat obscure, however. For

instance, the cv layer has only a two-fold axis of

symmetry in its structure, which results in the existence

of enantiomers. The distribution of these enantiomeric

domains in a crystal is unclear. A similar question as to

how cv and tv layers are interstratified in specimens

containing both layers is easily raised. A solution to

answer these questions must be to examine these

specimens using high-resolution transmission electron

microscopy (HRTEM) with the beam direction parallel

to the layers. As shown later, discrimination of the cv

and tv layers from HRTEM contrasts, using a conven-

tional TEM, is theoretically possible. However, no such

report of HRTEM contrasts showing the cv layer in illite

or smectite specimens in which the cv layers are

dominant has been made. Celadonite and glauconite,

dioctahedral micas with trivalent Fe and Mg as major

octahedral cations, originally have a tv octahedral sheet

but the HRTEM images indicated a different cation

distribution (Kogure et al., 2008b). The present paper

describes these results in detail and the origin of the

discrepancy between expected and actually recorded

images is discussed.

SAMPLES AND METHODS

The celadonite specimens investigated were from

Taiheizan, Akita, Japan (Kimbara and Shimoda, 1973)

and from Krivoi Rog, Ukraine (Zhukhlistov et al., 1977).

The reported formulae are:

Taiheizan:

(K0.817Na0.176)(Al0.159Fe
3+
1.066Fe

2+
0.140Mg0.666)

(Si3.721Al0.279)O10(OH)2

Krivoi Rog:

(K0.83Na0.01Ca0.04)(Al0.05Fe
3+
1.15Fe

2+
0.36Mg0.41Ti0.01)

(Si3.94Al0.06)O10(OH1.99F0.01)

Structural studies of celadonite samples reported that

they consist of tv layers (Tsipursky and Drits, 1986;

Zhukhlistov, 2005). In fact, no difference was observed

between the two specimens with respect to the results

described in the present study. The illite specimen was

that from hydrothermal alterations around uranium

deposi ts located in the Athabasca basement ,

Saskatchewan, Canada (sample 90488 in Drits et al.,

1993) with the reported formula: (K0.72Na0.01Ca0.01)

(Al1.85Mg0.15Fe0.04)(Si3.27Al0.73)O10(OH)2. The powder

XRD pattern suggested that the illite specimen is a

mixture of cv-1M and tv-1M crystallites with cv-1M

dominant. The specimen is referred to hereafter as

‘Canada illite.’

Specimens for TEM examination were prepared

following Kogure (2002). In short, the sample powder

was embedded in epoxy resin between two glass slides.

After hardening, the glass slides were cut into laths

~1 mm thick using a diamond wheel. The laths were

thinned to ~50 mm by mechanical grinding and then

argon ion milled. The HRTEM examination was

performed at 200 kV using a JEOL JEM-2010 UHR

with a nominal point resolution of ~2.0 Å. The HRTEM

images were recorded on films or with a Gatan MSC 794

bottom-mounted CCD camera. The HRTEM images

were taken from sufficiently thin regions of the speci-

mens and by adjusting the defocus value to record the

contrast that corresponds to the projected potential of the

crystal structure (Kogure, 2002). Noisy contrast, from

amorphous materials superimposed on the crystal con-

trasts, was removed using a Wiener-filter (Marks, 1996;

Kilaas, 1998) developed by K. Ishizuka (HREM

Research, Inc.) and implemented with the Gatan

DigitalMicrograph version 3.10.0 (Kogure et al.,

2008a). In order to measure accurate angles between

two lattice fringes in HRTEM images, elliptical distor-

tion in the images caused by lens aberration was

corrected with the values for elliptical distortion

(Capitani et al., 2006) estimated from the [110]

HRTEM images of a silicon single crystal. Adobe

PhotoShop1 was used for the distortion correction of

the recorded images. The angles between crossed lattice

fringes in the images were measured using Digital

Micrograph1. The celadonite specimen was also

examined using a high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) with

a spherical aberration (Cs) corrector. The electron

microscope used was a JEOL JEM-2100F with a CEOS

GmbH hexapole Cs-corrector for the probe-forming lens,

and a Schottky-type field emission electron gun operated

at 200 kV. The beam convergence semi-angle of the

probe was 25 mrad. The detection semi-angle of the

HAADF detector was between 80 (inner) and 200 mrad

(outer). Finally, multi-slice simulation for HRTEM

contrasts was performed using MacTempas1 (Total

Resolution Co., Berkeley, California, USA). The con-

trasts were simulated using parameters for the JEM-2010

UHR electron microscope, i.e. spherical aberration

coefficient of 0.5 mm, spread of focus half width of

10 nm, beam convergence of 0.5 mrad, the objective

aperture corresponded to 7.0 nm�1, and acceleration

voltage of 200 kV.

RESULTS

HRTEM images of celadonite

An HRTEM image from a packet of layers in

Taiheizan celadonite was recorded along the [11̄0] or
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[1̄1̄0] direction ([11̄0] is assumed in the following

discussion) (Figure 1a). For geometric measurements,

the image distortion was corrected and the noisy contrast

in the image was reduced using the Wiener-filter (local

2D method, see Kogure et al., 2008a). The angle

between the (001) and (110) planes, expressed as

(001)^(110), in the image is ~82.5º. In another

HRTEM image (Figure 1b) and its Fourier transform

(Figure 1c) the stacking disorder was observed. This

disorder is presumed to be the 180º rotational twins

commonly observed in celadonite, as reported by Kogure

et al. (2008b). The measured (001)^(110) from the

image and Fourier transform varied between 81.6 and

82.6º, probably owing to the limited pixel numbers of

the digitized image. These angles should be 80.64º, if

calculated from the cell parameters determined for the

Taiheizan celadonite (Kogure et al, 2008b). These large

deviations of the measured angles cannot be attributed to

misorientation of the crystals because the images show

the HRTEM contrast of 1M micas along the exact zone

axes (Kogure, 2002). The b angle of this celadonite

(Kogure et al., 2008b) is 100.78(8)º and those reported

for other celadonite specimens (e.g. Tsipursky and Drits,

1986; Muller et al., 2000a; Zhukhlistov, 2005) are also

100.4�100.7º. With the assumption that the a*/b* ratio

i s ~
ffiffiffi
3
p

, ( 001 )^ (110 ) i s exp r e s s ed a s co s�1

(� ffiffiffi
3
p

/26cosb). Hence, the angle of 82.0º for

(001)^(110), for example, corresponds to b = 99.2º,

~1.5º smaller than reported previously.

The HRTEM image of the Krivoi Rog celadonite

along the [100] direction also shows an unexpected

contrast at each 2:1 layer (Figure 2a). The image shows a

symmetrical feature with the mirror plane normal to the

b axis, indicating a monoclinic system (see Kogure,

2002, for the correspondence between the HRTEM

contrast and the structure of the 2:1 layer). In a portion

of the image (Figure 2b), three-line profiles of the

contrast on the two tetrahedral (T1 and T2) sheets and

the octahedral (O) sheet between them were measured

using DigitalMicrograph (Figure 2c). The phase of the

oscillation curve for the contrast at the O sheet is

inversed against those at the T1 and T2 sheets. This is

completely contradictory to the contrast for the tv-

dioctahedral structure of celadonite, as shown by the

simulated results for various cation distributions in the

octahedral sheet (Figure 3). The composition with

respect to octahedral cations corresponds to that reported

for Krivoi Rog celadonite and the atomic coordinates

follow those reported by Zhukhlistov (2005). The site

occupancy in Figure 3a corresponds to the tv-layer and

that in Figure 3b to the cv-layer with one of the two cis-

sites completely empty. Clearly the experimental con-

trast in Figure 2 does not match that of the tv- or cv-

layers. On the other hand, Figure 3c is the result for the

model where the M1 site is fully occupied and the M2

and M3 sites are half occupied. This occupancy explains

the experimental contrast well. Finally, Figure 3d is the

Figure 1. (a) HRTEM image from a thin crystallite of Taiheizan

celadonite, recorded along the [11̄0] direction. The angle

between the (001) and (110) planes is shown. (b) HRTEM

image of a twinned area of Taiheizan celadonite and (c) its

Fourier transform. The angle between the (001) and (110) planes

for each of twin domains is shown in both figures.
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result for the model in which the three sites are equally

occupied (one third are vacant for all site types) but the

M1 site is occupied with Fe only. In this case, the

relative amplitude of the oscillation at the O sheet

compared to those of the T sheets is weaker than in the

experimental image. In conclusion, the experimental

HRTEM contrast in Figure 2 is explained well with the

M1 site fully occupied. This result is also confirmed by

the Cs-corrected HAADF-STEM image from the same

specimen (Figure 4) in which the image contrast is

approximately proportional to Z2, the average of the

squared atomic numbers of atoms in each atomic column

(Pennycook and Jesson, 1990). Its resolution using the

Cs-corrector for the probe-forming lens reaches close to

0.1 nm (Krivanek et al., 1999). Although the original

image (Figure 4a) is too noisy, the filtered image

(Figure 4b) resolves all cation columns along the [100]

direction. In the processed image, the three octahedral

sites are separated from each other by ~0.16 nm. Among

these three sites, the contrast at the M1 site is the

brightest and those at the M2 and M3 sites are weaker, in

agreement with the results derived from the HRTEM

image in Figures 2 and 3.

The HRTEM contrast at the octahedral sheet,

recorded along the [11̄0] direction, cannot be explained,

however, with this occupancy model (Figure 5). If the

three-line profiles in a 2:1 layer are measured

(Figure 5b), the maximum of the curve at the O sheet

locates at the M2 site. The contrast is well explained by

the cation distribution in which the M2 site is fully

occupied and the M1 and M3 sites are half occupied

(Figure 5c). This disagreement of the cation occupancies

derived from [100] and [11̄0] HRTEM imaging will be

discussed below.

HRTEM images from ‘Canada illite’

The HRTEM images from several illite crystallites

are shown in Figure 6. The images in Figure 6a�d are

those viewed along the [110] direction, and those in

Figures 6e�f along the [100] direction. The images in

Figures 6c and 6d are the inversions of the original

images to make the comparison easier. At first, the

HRTEM contrasts in the 2:1 layers in all images clearly

corresponded well to the simulated contrast for the tv-

layer (Figure 6g), where the dark spot forms at the

position corresponding to the center between M2 and M3

cation columns in the O sheet. Other images (>10)

obtained through the experiment were similar. This

seems to contradict the XRD result that cv-illite is the

dominant phase in this specimen (Drits et al., 1993).

Next, the angle between the (001) and (110) planes

measured from the images (Figure 5a�d) is 79�80º.
This angle corresponds to a 1M mica cell with b =

101.5�102.5º which is considerably larger than that

(99.2º) for cv-1M illite reported by Drits et al. (1993).

Although cv-1M illite is the dominant phase, the

specimen is the mixture of cv-1M and tv-1M, and one

may suspect that only tv-1M crystals have been selected

during the observation. For instance, during TEM

operation larger grains may have been preferred in

order to make the setting of the orientation easier, and

this might result in the preference of tv-1M crystallites.

Figure 2. (a) HRTEM image of Krivoi Rog celadonite along the

[100] direction. (b) A magnified portion of the image in (a)

showing the lines used to measure the intensity profiles of the

contrast. (c) Line intensity profiles along the two tetrahedral

sheets (T1, T2) and octahedral sheet (O) between them, as shown

in (b). The structure model of the 2:1 layer viewed along the

[100] direction is shown in (c) for comparison.
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However, as described by Drits et al. (1993), the XRD

patterns from the various grain sizes indicated no size

difference between cv-1M and tv-1M grains. Hence, the

result that no illite particle showed HRTEM contrast

corresponding to the cv-layer is probably not due to the

experimental procedure.

DISCUSSION

The HRTEM contrasts of celadonite do not corre-

spond to the tv-1M structure and all images from Canada

illite showed a contrast corresponding to the tv-1M

structure, although this specimen is supposed to contain

cv-1M illite as the dominant phase. As discussed below,

these unexpected results can be explained by the cation

migration induced by dehydroxylation in the TEM.

Dioctahedral 2:1 phyllosilicates (pyrophyllite, mus-

covite, paragonite, etc.) lose hydroxyls by heating and a

dehydroxylated structure forms topotaxially from the

original 2:1 layer (e.g. Wardle and Brindley, 1972;

Udagawa et al., 1974; Comodi and Zanazzi, 2000). For

instance, the dehydroxylation of paragonite starts from

~600ºC in air (Comodi and Zanazzi, 2000). Kogure

(2007) found that HRTEM images of paragonite are

better explained with its dehydroxylated form rather than

with the natural state, although the TEM specimen was

not heated. This phenomenon was interpreted to mean

that electron radiation in the vacuum chamber of the

TEM induces dehydroxylation of paragonite, even

though the sample is not heated in the beam up to a

temperature at which dehydroxylation proceeds in air.

On the other hand, cation migration occurs in celadonite

and cv-illite if they are dehydroxylated by heating

(Muller et al., 2000a; Drits et al., 1995). Celadonite

and glauconite (the interlayer-deficient phase of celado-

nite according to the terminology by Rieder et al., 1999)

transform from the original tv 2:1 layer to a new

dehydroxylated 2:1 layer in which the cation (mainly

Fe3+ and Mg) arrangement is cv-like (Muller at al.,

2000a). Moreover, Muller at al. (2000a) reported that

this dehydroxylation and subsequent cation migration in

celadonite and glauconite accompany the decrease in the

b angle from 101º to 99º. Hence, the unexpected

HRTEM contrast of the 2:1 layer and the decreased b

Figure 3. (left) Multi-slice simulation of the HRTEM contrast of celadonite for various occupancies at the three octahedral sites, and

(right) the line profiles of contrast at the octahedral sheet (bold) and tetrahedral sheet (thin).The occupancy in (a) corresponds to the

natural state of Krivioi Rog celadonite (trans-vacant). The thickness and defocus values for the simulation are 2.5 nm and �32 nm,

respectively.
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angle inferred from the image of celadonite (Figures 1,

2) probably correspond to the dehydroxylated form with

cation migration which was induced by electron radia-

tion. Similarly, if cv-illite is dehydroxylated by heating,

octahedral cations (Al in this case) migrate to form a tv-

like arrangement, accompanied by an increase in the b
angle (Drits et al., 1995). Muller et al. (2000b) reported

that the structure of cv-illite after dehydroxylation and

Figure 4. (a) Cs-corrected HAADF-STEM image of Krivoi Rog celadonite recorded along the [100] direction. (b) Filtered image of

that in (a), with the lines used to measure intensity profiles of contrast. (c) Line-intensity profiles along the two tetrahedral sheets

(T1, T2) with octahedral sheet (O) between them.
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cation migration by heating is identical to the dehy-

droxylated tv-illite. Hence, the reason that experimental

HRTEM images found no cv-layers is probably because

all cv- layers were transformed to a dehydroxylated form

with tv-like cation arrangement before the recording was

made.

The explanation for the origin of cation migration by

dehydroxylation in celadonite/glauconite and cv-illite

was described by Muller et al. (2000a) and Drits et al.

(1995). Dehydroxylation of the 2:1 layer by the reaction

2(OH) ? H2O + Or results in five-fold coordination for

the former cis-sites and six-fold coordination for the

former trans-site. This five-fold coordination includes a

short distance between cations and residual oxygen (Or)

because the height of Or is at the same level as the

cations. To increase this distance, the lateral dimension

of the O sheet would need to expand. However, this

expansion is limited due to the upper and lower T sheets

in the 2:1 layer. In the case of celadonite/glauconite in

particular, no margin to expand the O sheet exists

because the T sheets are already fully stretched with the

ditrigonal rotation angle close to zero (Tsipursky and

Drits, 1986; Zhukhlistov, 2005). Consequently, to

release this unstable five-fold coordination with a short

(Mg, Fe3+)�Or distance, the O sheet is reorganized with

migration of some of the cations from the former cis-

sites to the former trans-site. Moreover, the Or are

located with equal probability in either of the sites

previously occupied by OH groups, forming shared

edges and providing 5-fold coordination for migrated

cations (Muller et al., 2000a). On the other hand,

dehydroxylation of cv-illite results in the formation of

deformed former trans-octahedra (Drits et al., 1995). In

the octahedron, the Al�Or distance is so long that Or is

strongly undersaturated with respect to positive charge.

This undersaturation may be partly compensated by the

movement of Al toward Or, but the structure is still

unstable because complete equalization of the saturation

at the anions is not expected with minor movement of

the atomic positions (Drits et al., 1995). Thus, applica-

tion of thermal energy or electron radiation should

promote the migration of Al at the former trans-site to

the former cv-site, which results in the same structure as

a dehydroxylated tv-dioctahedral layer.

From these results, recording of the HRTEM images

of celadonite and cv-illite in their natural state would

appear to be very difficult. One possible solution is to

minimize electron dose in the recording process of the

images. However, a certain amount of electron dose is

inevitable for HRTEM recording, which includes setting

of the crystal orientation using selected-area electron

diffraction (SAED), focus adjustment, and recording on

films or CCD cameras. One might expect that at least the

recording of diffraction patterns instead of HRTEM

images should be possible. Kogure (2007) reported

gradual changes in SAED patterns of paragonite during

electron radiation, which probably indicated the progress

of dehydroxylation. However, in his experimental work

on paragonite, a large single crystal was used and a fresh

area without beam radiation could be selected after

Figure 5. (a) HRTEM image of Krivoi Rog celadonite recorded

along the [11̄0] direction. (b) Line-intensity profiles along the

T1, T2, and O sheets in (a). (c) Multislice simulation of the

HRTEM contrast of celadonite along the [11̄0] direction for

cation occupancies shown in the figure. The thickness and

defocus values for the simulation are 2.5 nm and �32 nm,

respectively.
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setting the crystal orientation. In the present samples, the

sizes of the celadonite and illite crystals were so small

that the electrons were considerably radiated over the

entire crystal during orientation setting before recording

the SAED patterns. Another possible solution is to

reduce the rate of dehydroxylation. For instance, an

environmental cell in TEM to keep H2O fugacity to a

certain level may prevent or delay the dehydroxylation

(Kohyama et al., 1978). However, such an instrument

degrades the resolution of imaging or inhibits the two-

axis tilting of specimens.

Conversely, the present results are valuable as direct

evidence for the cation migration in the 2:1 layer by its

dehydroxylation. This idea was presented previously

(e.g. Drits et al., 1995) but was derived only from the

change of cell parameters and intensity profiles in

powder XRD patterns. The observed cation migration

in TEM confirms the theoretical consideration for the

origin of cation migration accompanying dehydroxyla-

tion. However, as described above, careful analyses of

the HRTEM contrasts revealed structural features that

are not explained by the results of the heating experi-

ments. Figures 2�4 suggest that the new cation

arrangement in celadonite from the [100] imaging is

the fully occupied M1 site and the half-occupied M2 and

M3 sites, consistent with the distribution of octahedral

cations in the averaged cv unit cell of the dehydroxylated

celadonite determined by Muller et al. (2000a). Those

authors assumed, however, that the actual cv-like layer is

not centro-symmetric, that ‘‘left-handed’’ and ‘‘right-
handed’’ fragments can form, and that either the M2 or

M3 site is always vacant in each fragment. If the size of

the fragments is small, the two fragments may be

averaged in a wider range, which results in the half

occupancy for M2 and M3 sites. On the contrary, if this

structure model is realized, the HRTEM contrast at a

very thin region of the specimen may show the contrast

without the mirror plane normal to the b axis, as shown

in Figure 3b. However, such contrast is not observed in

the thin regions in Figure 2. This result may indicate that

the size of the fragments is very small, probably on the

order of a few unit cells, or such fragments actually may

not exist in the present specimen.

On the other hand, the HRTEM contrast along the

[11̄0] direction cannot be explained by the cation

distribution with the M1 site fully occupied. One may

try to find a more complex cation distribution to explain

this disagreement, but the HRTEM images also indicate

that the configuration of the two T sheets in the 2:1 layer

is preserved as in the natural state. Hence, the

assumption that the arrangement of the cation sites

between the two T sheets is close to that in the natural

state, where the sites are hexagonally arranged, seems

reasonable. With this assumption, no cation distribution

can be found which reproduces the two HRTEM

contrasts simultaneously. An explanation for the dis-

agreement is that cation distribution is actually different

depending on whether the crystals are tilted with either

the [100] or the [11̄0] direction parallel to the electron

beam. One should keep in mind that the crystal observed

by TEM is not representative of the bulk but rather of a

sample processed to a thin foil; dehydroxylation and

Figure 6. (a�f) Several HRTEM images from Canada illite recorded along the (a�d) [110] and (e, f) [100] directions. In (a�d), the
measured angle between the (001) and (11̄0) planes is shown. The inset at the top-right in each figure is a magnified portion of the

figure to show the detailed contrast of the image. (g) Simulated HRTEM contrast of cv and tv-1M illite along the [110] and [100]

directions. The thickness and defocus values for the simulation are 2.5 nm and �42 nm, respectively.
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subsequent cation migration do occur in such a

processed specimen. Crystals observable along the

[100] direction are thin along [100] whereas those

observable along the [11̄0] are thin along [11̄0], with a

thickness of <10 nm which is almost the limit to obtain

such HRTEM images with no contrast reversal, as shown

here. In other words, the two crystals have different

morphologies and suspecting that the way of cation

migration by dehydroxylation is different depending on

such morphologies may not be unreasonable.

CONCLUSIONS

Unexpected contrasts at the octahedral sheet in the

HRTEM images from celadonite and cv-illite are ascribed

to cation migration after dehydroxylation which is

induced by electron radiation in TEM. This phenomenon

makes HRTEM recording of these minerals in the natural

state extremely difficult. The investigation of phyllosili-

cates that contain cv 2:1 layers by HRTEM in particular

will be difficult without some new technique for TEM. In

contrast, the present results support the previous works

which suggested the cation migration in dehydroxylated

celadonite and cv-illite by heating.
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