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A HRTEM STUDY OF CRONSTEDTITE: DETERMINATION OF POLYTYPES
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Abstract—It is shown that polytypes or stacking sequences of cronstedtite, an Fe-bearing trioctahedral
1:1 phyllosilicate, can be determined using near-atomic high-resolution transmission electron microscopy
(HRTEM). By viewing along the [010], [310] and [310] directions (orthohexagonal indexing), the four
groups of the standard polytypes can be distinguished. Imaging along the [100], [110} and [110] directions
allows determination of the polytypes in each group. The polytypic sequences of groups A and C are
intergrown at the monolayer level in cronstedtite from Lostwithiel, England, which is a new insight if
compared with previous suggestions that layer stackings characteristic of different groups do not occur
together. The HRTEM images also revealed the relationship between the layer polarity and the morphol-
ogy of the cronstedtite crystals, where the tetrahedral sheet side points towards the top of the truncated
pyramidal shape of the crystal.
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INTRODUCTION

Polytypism is closely related to the formation and
identification of minerals. In the case of micas, it is
caused by rotation between adjacent 2:1 layers by a
multiple of 60°. The polytypism of chlorites or of 1:1
phyllosilicates is more complicated because another
variable, namely different stacking geometries at hy-
drogen bonding at the interlayer regions, also occurs.
Bailey (1969) derived theoretically 12 standard poly-
types for trioctahedral 1:1 phyllosilicates. These po-
lytypes are divided into four groups termed A, B, C
and D, which are distinguished by the shift and rota-
tion between adjacent layers; *=a/3 shifts for group A,
*+a,/3 shifts combined with 180° rotation for group B,
*b/3 or no shift for group C, *b/3 or no shift com-
bined with 180° rotation for group D, where g; and b
correspond to the lengths of the edges of hexagonal
and orthohexagonal cells, respectively. Zvyagin (1964,
1967) and Zvyagin et al. (1979) also derived the four
groups for 1:1 phyllosilicates, including 12 trioctahed-
ral and 36 dioctahedral standard—in his terminology
“homogeneous”—polytypes. An order-disorder (OD)
interpretation of 1:1 phyllosilicates was given by
Dornberger-Schiff and Durovi¢ (1975a, b); the results
were four sub-families (groups) and 12 trioctahedral
maximum-degree-of-order (MDO) polytypes identical
to those given by Bailey (1969) and Zvyagin (1964,
1967).

Disordered or heavily twinned specimens of these
phyllosilicates are common, and conventional diffrac-
tion techniques are not effective for investigating the
polytypic sequences in them. Generally, polytypes with-
in each group mix easily to form disordered stacking
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sequences because the energy difference between them
is evidently much smaller than that between different
groups. Kogure and Banfield (1998) showed that the
six groups of chlorites could be distinguished directly
in the images by near-atomic high-resolution transmis-
sion electron microscopy (HRTEM) along the [010],
[310] and [310] directions, which had scarcely been
applied in previous TEM work because very high res-
olution is required along these directions. Those authors
discovered that the geometry of the hydrogen bonding
and the slant direction of the octahedral sheets within
the interlayer regions and within the 2:1 layers can be
determined from HRTEM images with a point resolu-
tion of ~0.2 nm. They also reported that stacking se-
quences of various groups are intergrown in chlorite
packets within hydrothermally altered biotite from gran-
ite (Kogure and Banfield, 2000). This technique can
also be used to identify the polytypes in 1:1 phyllo-
silicates. However, common 1:1 phyllosilicates, e.g. ka-
olin or serpentine subgroups, are so prone to damage
by electron beam radiation that images with such a high
resolution are only recorded with great difficulty. The
curved layering in some of these minerals is also an
obstacle for such observations. In our experience, Fe-
bearing phyliosilicates were, in general, more tolerant
of beam radiation than Mg- or Al-bearing phyllosili-
cates. In the case of micas, for instance, this tolerance
decreased in the sequence: annite > phlogopite > mus-
covite. Cronstedtite is a planar trioctahedral 1:1 phyl-
losilicate containing mainly ferrous and ferric iron in
the octahedral sites and ferric iron and Si in the tetra-
hedral sites, with a generalized chemical formula of
(Fe*+,_,, Fe**)Vi(Si,_,, Fe’* )V O4(OH),, where x was
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Relation between the structure of cronstedtite-37 and its simulated contrasts in HRTEM images observed down

(a) [100] and (b) [010] (orthohexagonal indexing). The specimen thickness and defocus value for the simulation are 2.5 nm
and —42 nm (Scherzer defocus), respectively. The arrows connect equivalent sites in adjacent layers and the signs (‘0°, ‘+’,

and ‘—’) indicate the stagger directions from the underlayer.

reported to be in the range of 0.5-0.8 in previous
works (Geiger et al., 1983; Smréok et al., 1994; Hybler
et al., 2000). It was found in the present investigation
that this mineral is resistant to beam damage during
HRTEM examination. Cronstedtite is also suitable for
the investigation of polytypism because it exhibits a va-
riety of polytypes except those in group B (Frondel,
1962; Steadman and Nuttall, 1963, 1964). Actually no
Group B polytype has yet been found among 1:1 phyl-
losilicates. This paper describes how to identify poly-
types in trioctahedral 1:1 phyllosilicates by HRTEM
and reports some polytypic aspects found in disordered
cronstedtite from several localities. Furthermore, the re-
lationship between the crystal structure and the mor-
phology of cronstedtite, determined by HRTEM, is also
presented.

MATERIALS AND METHODS

Materials

Cronstedtite samples from several localities were in-
vestigated for this study and two of them, from Kutna
Hora, Bohemia, Czech Republic (Smréok et al., 1994)
and from Lostwithiel, Cornwall, England (Hybler ez
al., 2000) are described in the next section. Crystals
for TEM observation were examined using X-ray pre-
cession photographs to identify polytypes or groups.
Electron probe microanalyses (EPMA) indicated that
the chemical compositions of the two samples were
identical to those reported in previous works (Smréok
et al., 1994; Hybler et al., 2000) within standard de-
viation. X-ray precession photographs showed that the
Kutnd Hora sample contained two kinds of crystals,
belonging to groups A and D, respectively; the latter
was relatively rare. They were easily distinguished by
their crystal morphologies; the group A crystals have
a truncated triangular pyramidal shape whereas the
group D crystals are usually almost columnar with a

circular or rounded-hexagonal cross-section. Analysis
of EPMA indicated no compositional difference be-
tween the two crystals types.

Methods

The specimens for TEM observation along the [kk0]
directions (parallel to the (001) plane) were prepared
by ion-milling, as described by Kogure and Murakami
(1998). The TEM observations were performed at
200 kV using a JEOL JEM-2010 microscope with a
LaB filament, a high-resolution pole-piece (nominal
point resolution of 0.20 nm), and a double-tilt speci-
men holder used to rotate the specimen by up to +20°.
All HRTEM images were recorded around thin spec-
imen areas near Scherzer defocus, which enables the
interpretation of images with dark contrast correspond-
ing to large charge potentials. Some of the experimen-
tal images recorded on films were digitized using a
CCD camera and processed by rotational filtering (Ki-
laas, 1998) implemented within Gatan Digital-
Micrograph version 2.5 (see the next section). The im-
age simulation was performed using MacTempas soft-
ware (Total Resolution Co.). The crystal parameters
reported by Steadman and Nuttall (1963) were used
for the simulation.

RESULTS AND DISCUSSION
Identification of the polytypes by HRTEM

Figure 1 shows the schematic structure and the cor-
responding contrast in simulated HRTEM images of
cronstedtite-37 observed along two principal direc-
tions. In the present study, orthohexagonal indexing
was adopted instead of hexagonal in order to maintain
a constant indexing system with polytypes whose sym-
metry is neither trigonal nor hexagonal. The three ax-
ial directions {1001, [110] and [110] are equivalent in
the trigonal or hexagonal systems, and are expressed
as [1001/[110]/[110]. Likewise, the three inter-axial di-
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Figure 2. Matrix of the simulated images of cronstedtite-17T
recorded down [010], as functions of the specimen thickness
and defocus value.

rections [010], [310] and [310] are represented as
[010}/[310)/[310]. Observations along the three direc-
tions in the two sets show the same contrast at each
1:1 unit layer because each layer individually possess-
es trigonal symmetry, P31m. In the images observed
along [100]/[110]/[110], the octahedral sheet shows a

Figure 3.
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continuous dark contrast and the tetrahedral sheet con-
sists of dark spots separated by b/2 (any layer is C-
centered in the orthohexagonal system); these dark
spots correspond to a pair of tetrahedra (Figure la)
(Banfield ef al., 1994). On the other hand, in the image
observed along [0101/[310]/[310] (Figure 1b), the oc-
tahedral sheet consists of dark oval spots, each of
which corresponds to one octahedron, and each tetra-
hedron in the tetrahedral sheet is resolved as a dark
spot separated by a/2. The displacement in the a—b
plane between adjacent layers in polytypes of groups
A and B is *a/3 (with i = 1, 2, 3, hexagonal axes),
which generates the stagger of a/6 between adjacent
layers if observed along [010}/[310)/[310] (Figure 1b).
On the other hand, in the case of groups C and D the
displacement is zero or =b/3, which generates no stag-
ger in the images observed along [0101/[310V/[310]
(see Figure 2 or the inset in Figure 3b). Next, the slant
directions of octahedra, or the orientational parity of
1:1 layers (Dornberger-Schiff and Durovig, 1975a,
1975b), can be identified by the inclination of the oval
or by the stagger direction between the dark oval of
the octahedron and the spot of the tetrahedron within
a 1:1 layer (Figure 1b). As the slant directions of the
octahedra or the orientational parities are either the
same (groups A and C) or regularly alternating (B and
D) between adjacent layers, groups A and B (or C and
D) can be distinguished. Consequently, the four groups
can be distinguished by the HRTEM images recorded
along [010}/[310)/{310], as is the case with chlorite
(Kogure and Banfield, 1998).

The polytypes within each group can be distin-
guished in the HRTEM images along [100}/[110]/
[110] as follows. The displacement of *a/3 between

(a) Observed and (b) filtered images of cronstedtite from Kutnd Hora (group D), recorded along [0101/[310V/{310].

The square in (b) indicates an orthohexagonal unit-cell of 2H, or 2H,. The inset at the bottom-right in (b) is the simulated
contrast for the group D structure at Scherzer defocus and specimen thickness of 2.5 nm.
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Table 1. Possible stagger sequences of the 12 standard poly-
types observed along [100], [100] and the four related direc-
tions (see Figure la for the definition of the characters O, +,
-). Identical sequences are given only once.

Group Polytype Stagger sequences

A 1M 000000, ++++++, ——————
2M, 0+0+0+, 0—0—0—, +—+—+—
37 0+—0+~—, 0—+0—+

B 20 000000, +—+—+—
26, 0+0+0+, 0-0—0—, ++++++,
6H 0++0——

C Ir 000000
2T et
3R Attt —————

D 2H, 000000
24, +—+—+—
6R ettt ——————

! The directions are [010] and related ones in the case of
the 2M, cell.

adjacent layers along the three directions in groups A
and B forms no stagger or a stagger of *b/6 in the
image contrast, depending upon the direction of dis-
placement. The displacement of *4/3 in groups C and
D also results in a stagger of =b/6 in the images along
[100)/[110)/[110]. If the staggers of zero, +h/6 and
—b/6 are expressed as “0”, “+”°, and ‘“—”" respec-
tively (Baronnet and Kang, 1989, see also Figure 1a),
possible sequences of these staggers for the 12 stan-
dard polytypes observed along six directions ([100]/
[110V/[110] and their reversed directions) are ex-
pressed as shown in Table 1. It is found that the same
sequence does not appear between the polytypes in the
same group. Consequently, the 12 standard polytypes
are distinguished by the two images recorded along
one axis of [010]/[310)/[310] and of [100}/[110)/[110].

Figure 2 shows simulated images of cronstedtite-17
along [010] as functions of the specimen thickness and
defocus value. Dark oval contrast corresponding to an
octahedron is distinguishable only at a specimen thick-
ness <6 nm and proper defocus. This result indicates
that a very thin specimen area, generally near the edge
of holes formed by ion-milling, must be selected for
the direct identification of polytypic sequences. Nor-
mally, ion-milling forms damaged amorphous material
at the surface of the specimen and contrast from such
amorphous layers smears the contrast from the crystal.
This is especially critical in thin areas where infor-
mative contrast can be obtained. To remove such con-
trast from the amorphous surface, a filtering process
is often necessary (Banfield and Murakami, 1998; Ko-
gure and Banfield, 1998), especially for the images
recorded along [010]/[3101/[310] because of their fine
structure.

Figures 3 and 4 represent examples of observed im-
ages. Figure 3 shows an original (Figure 3a) and a
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Figure 3, recorded along [100)/[110)/[110]. (b, ¢) Fourier
transforms of the areas (b) above and (¢) below the arrow in
(a), showing (b) two-layer and (c) one-layer periodicities.
Note that the layers are curved near the edge of the specimen
(the right side in (a), and slight arcing of 00/ spots in (b) and
(c)). This is probably due to the mismatch of the lateral di-
mension between the octahedral and tetrahedral sheets in a
1:1 layer, and weakening of interlayer hydrogen bonding.

filtered (Figure 3b) HRTEM image of cronstedtite
from Kutnd Hora (group D), recorded along [010}/
[310J/[310]. In the original image, the contrast from
the crystal is too smeared to determine the polytype.
On the other hand, alternating slant directions within
octahedral sheets and the absence of stagger between
adjacent layers are clearly identified in the thin area
(the right side) in the filtered image, as expected from
the simulated image (inset at the bottom-right in Fig-
ure 3b). Figure 4a shows an image of the same spec-
imen as in Figure 3, recorded along [100)/[110]/[110].
A stagger between adjacent layers does not exist ex-
cept at one layer in the area below the arrow, indicat-
ing the 2H, polytype according to Table 1, but the
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Figure 5.

(a) Low-magnification bright-field image of cronstedtite from Lostwithiel, observed slightly away from [010]/

[310]/[310]. (b) Selected diffraction pattern from the area in (a). The diffraction spots of group A (indicated by the arrowheads)

appear alongside those of group C.

stagger of ‘—+—+—+" is observed in the area above
the arrow, indicating 2H,. As the diffraction spots of
2H, are superimposed on those of 2/,, identification
of the former polytype within the latter is virtually
impossible by using conventional diffraction tech-
niques. It is also noticed that the layers in Figure 4a
are curved near the edge of the crystal (the right side),
with the octahedral sheets outward. This is the same
direction of curvature as is observed in chrysotile,
which is caused by the misfit between octahedral and
tetrahedral sheets. Hydrogen bonding between layers
that suppresses bending of the layer is probably de-
stroyed by electron beam radiation during observation
or by ion bombardment during ion milling. The weak
crossed lattice fringes are observed within the amor-
phous area near the edge of Figure 4a. Their spacing
of 0.25 nm and crossing by 70° can be attributed to
wiistite which was probably formed by electron beam
radiation, since it has been reported that such metal
oxides with the rock-salt structure were formed at the
edge of TEM specimens by electron beam radiation
(e.g. Banfield er al., 1991; Kogure et al., 1999).

Intergrowth of layer sequences belonging to different
groups

Although it was recognized in previous work (e.g.
Smrcok et al., 1994) that polytypic disorder in cronsted-
tite is common, the simultaneous occurrence of different
groups within the same crystal has not been reported.

Steadman (1964) stated that such stacking does not oc-
cur. However, our HRTEM investigation of the cronsted-
tite specimen from Lostwithiel revealed that it does
(XRO). Most specimens from Lostwithiel were identified
on the basis of X-ray diffraction as more or less ordered
group C crystals. One of them, which was very well
ordered, was used for the refinement of the structure of
the 17 polytype (Hybler et al., 2000). On the other hand,
heavily disordered crystals revealed in the X-ray work
were used for TEM observation. Figure 5a shows a
bright-field image at low magnification, recorded close
to but slightly away from the [010)/[310)/[310] orienta-
tion. It was reported that inhomogeneous stacking se-
quences can be distinguished by the distinctive image
contrast observed in such diffraction conditions (Ilijima
and Buseck, 1978; Kogure and Nespolo, 1999a, b; Ko-
gure and Banfield, 2000). The contrast in Figure 5a sug-
gests that the crystal contains layers belonging to differ-
ent stacking groups. Figure 5b shows the selected area
electron diffraction pattern corresponding to Figure 5a
but the zone axis was oriented exactly parallel to [010]/
[310)/[310]. In addition to the diffraction spots indicative
of group C, weak spots identified as group A are ob-
served as indicated by the arrowheads. Diffuse streaks
along ¢* (accompanying reflections 20/ and 40/, but not
60/) also suggest that the domains of groups A and C
are intimately intergrown.

Figure 6 shows a filtered HRTEM image at a neigh-
boring area in the same specimen. It can be seen that the
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Figure 6. HRTEM image of the specimen in Figure 5, ob-
served along [010)/[310]/[310]. Layers marked with ‘+’ are
staggered by a/6 from the underlayer, showing the stacking
sequence in group A, whereas the rest showing no stagger, is
assigned to group C.

directions of the octahedral slant are the same for all
layers, indicating that the stacking sequence of group B
or D is not present, but the staggers between adjacent
layers are disordered. The layers marked with ‘+° are
staggered by a/6 from the underlayer whereas the other
layers are not staggered. As described above, the se-
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Figure 7. Two HRTEM images of the same area but re-
corded along two directions separated by 30°. One chlorite
unit layer is identified at the bottom of the figures, which is
used to identify the same layer in the two images (see text).

quences of layers with no stagger are identified as group
C and with a stagger of a/6 as group A. Hence, it is
concluded that the two groups are finely intergrown at
the monolayer level in this specimen. The diffuse streaks
in Figure 5b might be diagnostic of such intergrowth
below the coherent size of diffracting domains, i.e. up to
the monolayer level. Complete determination of the dis-
placement between layers is possible by two HRTEM
images from the same area along different directions
(Kogure and Nespolo, 1999a, b). In this case, a marker
(planar defects, microcleavage, efc.) is necessary to de-
termine the correspondence of the same layer in the two
images. It was found during our observations that one
chlorite unit structure (a 2:1 layer plus an interlayer hy-
droxide sheet) was embedded in a disordered region of
the specimen. Figure 7 shows HRTEM images along two
directions separated by 30° (these directions are ex-
pressed tentatively as [100] and [310]), including the
chlorite unit structure as a marker. Although the speci-
men is too thick to identify the direction of octahedral
slant in the image along [310], the stagger between layers
can be determined by the bright spots, which correspond
to the channels between the octahedral and tetrahedral
sheets, within a unit layer (Figure 1b). The layer dis-
placements are derived from the two stagger directions
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(a) Optical micrograph of the cronstedtite crystal from Kutnd Hora (group A), showing a truncated triangular

pyramidal shape. (b,c) X-ray precession photograph (b) of the kkl or hk1 reciprocal plane (the unit-cell of 37 is adopted)
from the crystal in (a) with the crystal orientation as shown in (c). The precession photograph was taken with unfiltered
Mo-K radiation. (d) Corresponding crystal structure to the morphology (c), determined by HRTEM images and the precession
photograph in (b). The atomic parameters for cronstedtite-37 by Smrcok et al. (1994) were used for the drawing.

for each layer (Figure 7). In conclusion, all kinds of dis-
placements in groups A and C exist in this small area.
Bailey (1988) discussed the relative stacking stabilities
of the four groups in 1:1 phyllosilicates and suggested
that the relative stability is in the order D>C>A>B. The
present result suggests that the energy difference between
groups A and C may not be so large or this specimen
was formed under considerable disequilibrium.

The relationship between the crystal structure and
morphology

Our HRTEM investigations turned out to be useful for
determining the relationship between crystal structure
and morphology. The 1:1 phyllosilicate structure is not
centrosymmetric, and the direction of the polarity cannot
be determined by routine diffraction techniques. Fig-
ure 8a shows a photograph of a crystal of cronstedtite-
3T from Kutnd Hora (group A), exhibiting a truncated
triangular pyramidal shape. This crystal morphology was
also reported in lizardite (17) in previous works (Mellini,
1982; Mellini and Zanazzi, 1987). An X-ray precession
photograph of the skl or skl reciprocal plane (the unit-
cell of the 3T polytype (P3)), is adopted) from the crystal
in Figure 8a is shown in Figure 8b. Figure 8¢ illustrates

the crystal orientation; the basal plane (0001) was per-
pendicular to the incident X-ray beam and one corner of
the triangular basis plane pointed sideways, when the
precession photograph was recorded. The calculation of
diffraction intensities suggests that the strongest reflec-
tion as indicated by the arrowhead in Figure 8b is 111
(or its equivalents) if the reciprocal plane is hkl, or 111
if it is hk1. However, routine diffraction techniques can-
not determine these alternatives because of Friedel’s law.

A plate was taken from the crystal in Figure 8a by
cleaving, and a cross-section specimen for TEM obser-
vation was prepared, distinguishing the top and bottom
of the plate. The HRTEM images similar to those in
previous figures indicated that the top of the pyramid
corresponds to the tetrahedral side or the —z direction,
and the bottom to the octahedral side or the +z in the
cronstedtite structure. This result indicates that the recip-
rocal plane in Figure 8b is kki. In conclusion, the cor-
respondence between the crystal morphology and struc-
ture is determined as shown in Figure 8c and 8d. The
structure in Figure 8d was drawn using the atomic pa-
rameters for cronstedtite-37, refined by Smréok et al.
(1994). The tetrahedral sheet in cronstedtite —37 has a
positive ditrigonalization angle (Franzini type A; Fran-



Vol. 49, No. 4, 2001

zini, 1969). The triangle of the (001) surface is antipar-
allel to the ditrigons formed by the basal oxygen atoms
of the ditrigonalized tetrahedral sheets as well as to the
triangular faces of octahedra adjacent to them (Figure
8d). Because the volume investigated by TEM was very
limited (a few tens of micrometers along c*), the exis-
tence of large twinned domains might lead to false con-
clusions. More investigations on this topic are expected
in future, probably using other techniques in addition to
HRTEM, e.g. scanning probe microscopy.
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