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Abstract

In this study it is shown that the stacking sequences in
long-period mica polytypes (including a rare example of
a mixed-rotation polytype, with a 36-layer long periodi-
city) can be unambiguously determined using atomic
resolution images recorded down two zone axes
separated by 30� (e.g. [100] and [31Å0]) at the same area.
Uniformity of these stacking sequences in a large area is
further con®rmed by the correspondence between
computed and observed Periodic Intensity Distributions
(PIDs) in electron diffraction patterns. The appearance
of long-period polytypes containing layers with different
orientation parity may be explained by the coalescence
of two small crystals during crystal growth.

1. Introduction

Polytypism of mica has been extensively investigated to
reveal mica structure, stability ®elds and the formation
mechanism. It is well known that polytypism of mica
originates from the stacking of a 2:1 or T±O±T (Tetra-
hedra±Octahedral±Tetrahedral) unit layer, whose
stacking vector can take six orientations (Smith &
Yoder, 1956). To express these orientations, Zvyagin and
coworkers (Zvyagin et al., 1979; Zhukhlistov et al., 1990)
used six digits (1,2,...6; hereafter referred to as Z
symbols) which correspond to the (001) projection,
expressed in a space-®xed reference, of the intralayer
displacement vectors connecting an interlayer site with
the origin located in the octahedral site having (OHÐF)
groups in trans. The complete stacking vector is simply
twice the intralayer displacement vector and is indicated
by the same symbols (Zhukhlistov et al., 1990).³ Ross et
al. (1966) used orientation-free, rotational symbols
(RTW symbols), which represent the rotation between
next layers as a multiple of 60� (0, �1, �2, 3); RTW

symbols can be obtained as the difference between pairs
of Z symbols. TS symbols (Takeda & Sadanaga, 1969)
are used to compute the Periodic Intensity Distribution
(PID) function (Takeda & Ross, 1995; Nespolo et al.,
1999).

Mica polytypes in which the position of any layer
relative to the others and the transition from it to the
adjacent ones are the same or equivalent for all layers
are termed homogenous polytypes (Zvyagin, 1988) and
were ®rstly derived by Smith & Yoder (1956), who
termed them `simple polytypes'. Inhomogeneous poly-
types are those not obeying the above condition
(Zvyagin, 1988): they appear almost exclusively in
biotites and lithium micas (Nespolo, 1998a). Biotite is
trioctahedral mica commonly occurring in igneous and
metamorphic rocks. Ross et al. (1966) reported inho-
mogeneous polytypes with up to 23 layers in the repeat
unit in an oxybiotite from Ruiz Peak, New Mexico. Bigi
& Brigatti (1994) also described several long period
polytypes in plutonic biotite from Valle del Cervo, Italy.

To identify the stacking sequence of mica polytypes,
X-ray diffraction and oblique-texture electron diffrac-
tion (Zvyagin, 1967; Zvyagin et al., 1979) were the main
techniques used until recent times. Takeda (1967) and
Takeda & Sadanaga (1969) derived the so-called Peri-
odic Intensity Distribution (PID) function, which has
been successfully applied to identify the stacking
sequence of inhomogeneous polytypes in oxybiotite
(Ross et al., 1966) and taeniolite (Takeda, 1967).
Nespolo et al. (1999) further re®ned this method and
offered a new program to calculate PID from RTW
symbols, in a uniquely de®ned axial setting (Nespolo et
al., 1998). This method determines the stacking
sequences by comparing the observed and calculated
intensity distribution, but the number of possible
stacking sequences increases very quickly with the
number of layers in a repeat unit (Mogami et al., 1978;
McLarnan, 1981). This approach thus requires a fairly
long computation time when the number of layers is
signi®cantly large. Moreover, X-ray diffraction analysis
is hindered by the presence of twins (Nespolo, Takeda &
Ferraris, 1997; Nespolo, Takeda, Ferraris & Kogure,
1997; Nespolo, 1999) and by syntactic coalescence of
different polytypes (Trigunayat, 1991).
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On the other hand, Iijima & Buseck (1978) demon-
strated that the stacking sequence of mica polytypes
could be determined using high-resolution transmission
electron microscopy (HRTEM). This technique has
been successively applied by several research groups
(e.g. Baronnet et al., 1993). However, in these studies the
specimens were observed down only one direction of
[100], [110] or [11Å0], which are separated from each
other by n60�, and perfect three-dimensional stacking
sequences could not be determined without applying
restrictions about possible layer-stacking sequences
(Iijima & Buseck, 1978). The results of those studies are
still valid for subfamily A polytypes² (Backhaus &
DÏ urovicÏ, 1984), which are polytypes consisting of layers
described by Z symbols of the same parity, i.e. by layers
related by 0 or�120� rotations only (0 or�2 using RTW
symbols). Actually, most of the mica polytypes found to
date belong to subfamily A. Lithium micas are unusual
in this respect, since they gave several examples of the
2M2 polytype, which belongs to subfamily B (Backhaus
& DÏ urovicÏ, 1984). Subfamily B contains polytypes
consisting of layers described by Z symbols of alter-
nating parity, i.e. layers related by 180 or �60� rotations
only (3 or �1 using RTW symbols). Another example of
subfamily B polytype (2O polytype) was discovered in
anandite, a brittle mica with unusual chemical compo-
sition (Giuseppetti & Tadini, 1972; Filut et al. 1985).
Besides, lithium micas also showed some examples of
mixed-rotation polytypes, which are polytypes built by
layers described by Z symbols of non-alternating
different parity (Nespolo, 1999). If we determine the
stacking sequences of mica polytypes which belong to
subfamily B or mixed-rotation polytypes using HRTEM,
the observation down another direction is necessary.
Analyses of stacking sequences in layer silicates
observed down [010], [310] or [31Å0], which are separated
by (2n ÿ 1)30� from [100], [110] or [11Å0], have not been
performed because they require higher resolution
images to determine the stacking sequences. However, it
has been recently demonstrated that determination of
the stacking sequences in sheet silicates is successful by
observing down these directions (Ban®eld & Murakami,
1998; Kogure & Ban®eld, 1998).

In this paper new very long-period polytypes are
reported, including an ordered mixed-rotation polytype,
discovered in an oxybiotite sample from the same Ruiz
Peak rhyodacite in which Ross et al. (1966) identi®ed
several inhomogeneous polytypes by X-ray diffraction.
The stacking sequence has been determined by HRTEM
images recorded down two zone axes separated by 30�

(e.g. [100] and [31Å0]) at the same area; this technique
uniquely identi®es the stacking sequence and the only
ambiguity left is the possible presence of enantio-
morphism. Although HRTEM images can directly

determine the stacking sequence with ease, diffraction
techniques are superior to con®rm the uniformity of the
stacking sequence in a large area (of the order of
micrometers). PID analysis in electron diffraction
patterns has thus also been performed to con®rm that
the stacking sequences determined by HRTEM are
retained in large areas. Finally, a plausible formation
mechanism of the long-period, mixed-rotation polytype
is brie¯y discussed.

2. Materials and methods

Several oxybiotite crystals were gently crushed in an
agate mortar and sandwiched together with epoxy resin
by two glass slides. They were pressed by clips during the
hardening of the epoxy resin to orient the oxybiotite
platelets in parallel to the glass slides. Then they were
cut into slices perpendicularly to the platelets. These
slices were mechanically thinned and ®nished by ion-
milling. Finally the specimens were carbon coated for
TEM observation.

HRTEM observations were performed at 200 kV
using a JEOL JEM-2010 electron microscope. The
nominal Cs is 0.5 mm and the corresponding point
resolution is �2.0 AÊ , which is enough to resolve each
silicon tetrahedra in a sheet, which are 2.6 AÊ apart if
observed down [010], [310] or [31Å0]. Specimens can be
tilted up to �20� about two axes in the microscope,
which enables to observe some crystals down two types
of zone axis separated by 30�. To record selected area
diffraction (SAD) spots, which are very close to each
other in the pattern of long-period polytypes, the size of
the diffraction spots needs to be small and angular
resolution should be increased. For these purposes, a
Hitachi HF-2000 electron microscope with a cold ®eld-
emission (FE) gun was used operating at 100 kV. The
cold FE gun is suitable to minimize the size of the
diffraction spots owing to their small electron source
size. Diffraction patterns were recorded to high-resolu-
tion imaging plates (IP, Fuji FDL-UR-V: 25 mm per
pixel) to obtain digitized, quantitative intensity distri-
butions in the patterns.

In order to determine the stacking sequences of
polytypes directly from HRTEM images, the images on
®lms were digitized using a CCD camera and processed
using Gatan DigitalMicrograph 2.5 with the NCEM
image processing package (Kilaas & Paciornik, 1995).
To remove noisy contrast from amorphous materials the
background subtraction ®lter (Kilaas, 1998) was applied
to the images and, furthermore, residual noise was
removed by masking the reciprocal spaces, except for
reciprocal lattice rows along the c* axis in the Fourier
transform of the images. PID values from the stacking
sequences obtained from HRTEM images were
computed using the new program (PTST98) developed
by Nespolo et al. (1999). This program starts from RTW
symbols, computes Z and TS symbols and the space

² Subfamily A polytypes have been termed ternary polytypes by
Takeda & Ross (1995).
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group, checks the space disposition of symmetry
elements and gives computed PID values in the most
suitable axial setting.

3. Results and discussion

3.1. HRTEM observations

Selected area diffraction (SAD) revealed the exis-
tence of many kinds of polytypes, namely 1M, 2M1, 3T
(the latter being relatively rare) and several inhomo-
geneous polytypes, including long-period ones. The
inhomogeneous polytypes can be easily identi®ed using
`one-dimensional lattice fringe images' (Iijima &
Buseck, 1978; Baronnet, 1992) with relatively lower
magni®cation (�50 000±100 000) during observation.
This method was ®rst described by Iijima & Buseck
(1978), forming the images with a crystal orientation
tilted `diagonally' by a few degrees from the principal
zone axes, which are generally [100], [110] or [11Å0], and
with a small objective aperture selecting the transmitted
beam and several 00l re¯ections. Fig. 1(a) shows an
example of such images, which indicates a long-period,
inhomogeneous polytype. From these images it is easily
recognized that the period of the polytype along c* is
�360 AÊ and the stacking sequence of each periodic unit
is probably the same owing to their same contrast. The
polytype in Fig. 1 has an unusual feature, as it also shows
a periodic contrast in the image recorded down a
direction close to [31Å0] (Fig. 1c). The re¯ections corre-
sponding to h 6� 0(mod 3) and k = 0(mod 3) in the case
of subfamily A and subfamily B polytypes are termed
family re¯ections (or family diffractions; DÏ urovicÏ &
Weiss, 1986). These recipocal lattice rows show one, two
equally spaced and several re¯ections in the 0.1 AÊ ÿ1

repeat of subfamily A, subfamily B and mixed-rotation
polytypes, respectively (Nespolo, 1999). On the other
hand, the remaining re¯ections are termed non-family
re¯ections and are typical of each polytype (DÏ urovicÏ et
al., 1984). Fig. 1(e) shows the 13l reciprocal lattice row,
on which several re¯ections are clearly seen. It is thus a
non-family row and it identi®es the polytype as a mixed-
rotation one. Other inhomogeneous polytypes observed
in this study all showed only one re¯ection in the
0.1 AÊ ÿ1 repeat along these rows, and thus they belong to
subfamily A: these polytypes show no distinct contrast
when observed down the direction similar to that in Fig.
1(c).

Figs. 2(b) and 2(c) show atomic resolution images
recorded down [100] and [31Å0], respectively, in the same
area, with the corresponding one-dimensional lattice
image (Fig. 2a) recorded down near [100], taken simi-
larly to that in Fig. 1(a). The black arrow in Fig. 2(b)
indicates the position of a cleaved surface, which is used
as a marker to identify the same unit layer among these
®gures. The correspondence between the contrasts in
Figs. 2(b) and 2(c) and atomic positions in the biotite

structure were described in our previous papers (e.g.
Kogure, 1997; Kogure & Ban®eld, 1998). The projection
of the stacking vector of each layer can be traced as
indicated with white arrows in Figs. 2(b) and 2(c), and
the Z symbol of each layer can be determined by the two
arrows of each layer. These analyses revealed that the
inhomogeneous polytype under investigation has a 36-
layer repeat unit; Z, RTW and TS symbols are given in
Table 1. This polytype can be described as belonging to
the 2M1 structural series, according to the de®nitions
introduced by Takeda & Ross (1995). The same sample

Fig. 1. (a) A one-dimensional lattice image of a 36-layer polytype
observed down near [100]; (b) the corresponding SAD pattern. (c)
A one-dimensional lattice image at the same area, but rotated about
c* by 30� from the crystal orientation in (a); (d) the corresponding
SAD pattern. The arrows in (a) and (c) indicate a cleavage surface.
(e) A magni®ed image of the 13l reciprocal lattice row in the SAD
pattern recorded down [31Å0]. The appearance of several diffraction
spots clearly proves the mixed-rotation nature of this 36-layer
polytype.
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has revealed another long-period polytype: it is a 32-
layer subfamily A polytype (Z symbols of the same
parity), which can be described as belonging to the 3T

structural series (Takeda & Ross, 1995; Fig. 3). The
stacking sequence, identi®ed in the same way as for the
36-layer unit, is given in Table 2. The space group of

Fig. 2. (a) A magni®ed one-dimen-
sional lattice image of the 36-layer
polytype recorded down near
[100], similar to Fig. 1(a). (b), (c)
Unprocessed (top of the ®gure)
and processed (bottom) atomic
resolution images at the same area
recorded down [100] (b) and [31Å0]
(c). The determined Z and RTW
symbols for each unit layer are
also given at the bottom. The
insets at the bottom-right in (b)
and (c) are magni®ed images to
show the correspondence between
HRTEM contrast and atom posi-
tions, where T, O and K indicate
tetrahedral sheet, octahedral
sheet and potassium ions, respec-
tively. The black arrow in (b)
indicates a cleaved surface and
white, ®ne arrows in (b) and (c)
correspond to the projection of
the stacking vector in each unit
layer.

Table 1. Symbols describing the stacking sequence of the 36-layer mixed-rotation polytype

n Z RTW TS n Z RTW TS

1 2 2 D*(10,ÿ1) 19 6 ÿ2 D*(1,ÿ1)
2 4 ÿ2 D*(ÿ7,0) 20 4 ÿ2 D*(11,0)
3 2 2 D*(3,ÿ1) 21 2 2 D*(ÿ6,ÿ1)
4 4 ÿ2 D*(13,0) 22 4 ÿ2 D*(4,0)
5 2 2 D*(ÿ4,ÿ1) 23 2 0 D*(ÿ13,ÿ1)
6 4 ÿ2 D*(6,0) 24 2 2 D*(ÿ3,1)
7 2 2 D*(ÿ11,ÿ1) 25 4 ÿ2 D*(7,ÿ1)
8 4 0 D*(ÿ1,0) 26 2 2 D*(ÿ10,1)
9 4 0 D*(9,1) 27 4 ÿ2 D*(0,ÿ1)

10 4 ÿ2 D*(ÿ8,ÿ1) 28 2 ÿ1 T*(10,1)
11 2 2 D*(2,1) 29 1 2 D(2,0)
12 4 ÿ2 D*(12,ÿ1) 30 3 ÿ2 D(ÿ6,0)
13 2 2 D*(ÿ5,1) 31 1 2 D(13,ÿ1)
14 4 ÿ2 D*(5,ÿ1) 32 3 ÿ2 D(5,ÿ1)
15 2 2 D*(ÿ12,1) 33 1 2 D(ÿ3,1)
16 4 ÿ2 D*(ÿ2,ÿ1) 35 3 ÿ2 D(ÿ11,1)
17 2 2 D*(8,1) 34 1 2 D(8,0)
18 4 2 D*(ÿ9,ÿ1) 36 3 ÿ1 T(0,0)
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both polytypes is C1, derived on the basis of the
symmetry rules for Z symbols developed by Zvyagin
(1974, 1997). A C cell for triclinic polytypes is normally
adopted for micas, since this cell is based on the two
(pseudo)-orthohexagonal axes in the plane of the layer
which is common to all polytypes.

These two polytypes have longer period and more
complex stacking sequences than those reported by
Ross et al. (1966) from the same sample. Several other
polytypes with shorter periodicity have been found in
this same sample, but all of them belong to subfamily A,
as revealed by one-dimensional lattice images near
[010], [310] or [31Å0] and SAD patterns of family re¯ec-
tions.

3.2. Periodic Intensity Distribution

The stacking sequence in a repeat unit of long-period
inhomogeneous polytypes is unambiguously determined

by HRTEM images, as shown in Fig. 2; besides, the one-
dimensional lattice images such as those shown in Fig. 1
can reveal the uniformity of the determined sequence
for a few tens of units. However, as thin crystals are
easily bent and the diffraction contrast is very sensitive
to the crystal orientation, it is not easy to discuss the
uniformity of the stacking sequence of a polytype over a
large area (order of micrometers). Diffraction techni-
ques are more suitable to discuss such a problem.

Fig. 4(a) shows a SAD pattern of the 36-layer mixed-
rotation polytype recorded down [100], using SA aper-
ture selecting an area of �2 mm in diameter, where only
this polytype is expected (recording methods are
described in the previous section). As shown in Fig. 4(b),
the resolved diffraction spots corresponding to a period
of 360 AÊ are identi®ed and neither apparent streak nor
extra spots are observed. Fig. 5 indicates line intensity
pro®les on 00l and 02l reciprocal lattice rows in the
diffraction pattern in Fig. 4, obtained from an IP

Fig. 3. A one-dimensional lattice
image of a 32-layer, subfamily A
polytype recorded down near
[100] (a) and [31Å0] (b). Note that
no distinct contrast is observed in
(b), showing that this polytype
belongs to subfamily A.

Fig. 4. (a) 0kl SAD pattern from the
36-layer polytype recorded on an
imaging plate (IP). The diameter
of the SA aperture corresponds to
�2 mm. The faint diffraction spots
between 00l spots with 0.1 AÊ ÿ1

repeat are due to multiple diffrac-
tion. (b) Magni®ed image of the
02l reciprocal lattice row in the
square box in (a). The separation
of diffraction spots corresponds to
360 AÊ periodicity and no extra
spots or apparent streak is
observed.
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(imaging plate). Following Takeda & Ross (1995) the
kinematical intensity (|GN|2) of non-family reciprocal
rows for the N-layer mica can be expressed as

jGNj2 � jG0j2 � jSNj2; �1�
where |G0| is the Fourier transform of the unit layer. |SN|
is the PID (Periodic Intensity Distribution) function,
which is a type of fringe function (Lipson & Taylor,
1958) corresponding to the Fourier transform of the
stacking sequence, obtained by removing the effect of
intensity modulation of the layer transform from the
structure factor. Equation (1) is valid on the whole
subspace of the non-family re¯ections for polytypes
belonging to both subfamilies, but it is restricted to the
three planes 0kl, hhl and hhÅ l for mixed-rotation poly-
types (Nespolo et al., 1999). Comparison of measured
and calculated PID values on reciprocal lattice rows
belonging to different planes is recommended to
con®rm the stacking sequence of subfamily B and
mixed-rotation polytypes, and the adoption of a
consistent axial setting signi®cantly simpli®es the
comparison procedure (Nespolo et al., 1999). In Fig. 6

the [110]* axes of the orthohexagonal C1 setting and of
the 9aF settings (the setting in which PID is expressed;
for details refer to Nespolo et al., 1997, 1998) are shown
in the SAD pattern recorded down [11Å0].

Generally, the wavelength of oscillation of |G0|2 is
long enough compared with the period of the reciprocal

Fig. 5. The intensity distributions on 00l (a) and 02l (b) reciprocal
lattice rows in Fig. 4.

Fig. 6. [110]* axes of the C1 and 9aF axial setting, traced following the
method described in Nespolo et al. (1998).

Table 2. Symbols describing the stacking sequence of the subfamily A 32-layer polytype

n Z RTW TS n Z RTW TS

1 6 2 D(0,0) 17 6 2 D(0,0)
2 2 ÿ2 D(0,1) 18 2 2 D(0,1)
3 6 2 D(0,1) 19 4 2 D(0,0)
4 2 2 D(0,ÿ1) 20 6 2 D(0,0)
5 4 ÿ2 D(0,1) 21 2 2 D(0,1)
6 2 2 D(0,ÿ1) 22 4 ÿ2 D(0,0)
7 4 2 D(0,1) 23 2 2 D(0,1)
8 6 2 D(0,1) 24 4 2 D(0,0)
9 2 2 D(0,ÿ) 25 6 2 D(0,0)
10 4 2 D(0,1) 26 2 2 D(0,1)
11 6 ÿ2 D(0,1) 27 4 2 D(0,0)
12 4 2 D(0,0) 28 6 2 D(0,0)
13 6 2 D(0,0) 29 2 2 D(0,1)
14 2 ÿ2 D(0,1) 30 4 ÿ2 D(0,0)
15 6 ÿ2 D(0,1) 31 2 2 D(0,1)
16 4 2 D(0,0) 32 4 2 D(0,0)
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lattice nodes along c* and is regarded as an envelope
function modulating |SN|2. As is well known, the inten-
sity distribution of electron diffraction is generally not
kinematical. This fact clearly appears when comparing
the calculated |G0|2 and the intensity pro®le on 00l
reciprocal lattice row in Fig. 5(a). For instance, I0072/I0036

is �0.08 by kinematical calculation and this value is
close to unity in Fig. 5(a). However, the observed
intensities of diffraction spots in a 0.1 AÊ ÿ1 period show a
good match with |SN|2 calculated by means of the
stacking sequence determined by HRTEM analyses,
indicating that intensity ratios between neighbouring
diffraction spots are suf®ciently preserved in the dyna-
mical electron diffraction (Figs. 7a and 7b for the 02l
reciprocal lattice row, and Figs. 7d and 7e for 11l).
Although more theoretical study is needed to explain
this phenomenon, it can be concluded that PID function
is applicable to the electron diffraction of long-period
mica polytypes. Fig. 7(c) also shows another example of
calculated |SN|2 values for the 02l reciprocal lattice row,
obtained by minimal modi®cation of the determined
stacking sequence (changing the TS symbol on one unit
layer only). The experimental |SN|2 best matches that
calculated from the HRTEM observation, showing that
PID identi®es the stacking sequence in a unique way.

3.3. Origin of long-period, mixed-rotation polytypes

Finally, the origin of the long-period, mixed-rotation
polytype is considered. Fig. 8 shows the boundary where
the 36-layer mixed-rotation polytype starts (or termi-
nates) in the crystal. This is a one-dimensional lattice
image similar to that in Fig. 1(c), where eight unit layers
with odd-parity Z symbols (see Table 1) are identi®ed as
thin stripes. The right portion of the crystal from the
boundary, which continues for several micrometers,
wholly consists of the 36-layer polytype. The left side of
the boundary, where no distinct contrast is observed,
was revealed to be a subfamily A, 24-layer polytype
which contains layers from nos 5 to 28 of the 36-layer
polytype in Table 1. The 24-layer polytype can thus be
regarded as a portion of the 36-layer one. At the
boundary, there is a disorder with respect to the number
of even-parity layers between the odd-parity eight layers
(Fig. 8). From these observations it is inferred that the
odd-parity eight layers were introduced from outside
onto the mica surface where the 24-layer polytype was
growing by spiral growth. The introduction of the odd-
parity eight layers may have perturbed some portions of
the spiral ledge and, after some transition period, a new
36-layer mixed-rotation polytype started to grow. In Fig.
9 a HRTEM image shows the region where the ®rst odd-
parity eight layers appear (the area indicated by the
small box and by the white arrow in Fig. 8); Z symbols as
determined from the image are indicated. The Z symbol
of the unit layer just on the left of the odd-parity eight
layers is identi®ed to be 4, whereas it is expected to be 6

Fig. 7. (a, d) Observed intensity distribution on the diffraction patterns
from the 36-layer polytype; (b), (c) and (e) calculated PID (|SN|2).
(a) The intensity distribution in a 0.1 AÊ ÿ1 period on the 02l row. (b)
PID for the same row, computed from the stacking sequence
determined by HRTEM, as shown in Table 1. (c) PID for the same
row, computed from a stacking sequence with only a minimal
modi®cation with respect to the observed one [the TS symbol of
layer no.7 has been altered from D*(ÿ11, ÿ1) to D*(ÿ11, 1)]. (d)
The intensity distribution in a 0.1 AÊ ÿ1 repeat on the 11l reciprocal
lattice row. (e) PID for the same row, computed using the stacking
sequences in Table 1.
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in the 24-layer stacking sequence (layer no. 19 in Table
1). We presume that this unexpected stacking vector was
generated by a lateral shift of the surface unit layer, to
match the interlayer site of a foreign mica layer with the
odd-parity Z symbol expanded on it. This lateral shift
will probably have occurred through a growth defect
(Nespolo, 1998) or a crystallographic slip in correspon-
dence of the octahedral sheet (TakeÂuchi & Haga, 1971;
Bell & Wilson, 1986; TakeÂuchi, 1997; Nespolo, 1998).
According to Takeda & Ross (1995), this oxybiotite was

formed by vapour growth in the cavities of lava at high
temperature. Some biotite crystallites may nucleate on
the same substrate of a different mineral. As they grow
laterally they start to coalesce and begin to coopera-
tively grow (Sunagawa et al., 1975). Two crystallites may
happen to be rotated to each other by n60� and the
interlayer site position may not coincide; if the mismatch
is b/3 the necessity of compensating it arises (Bell &
Wilson, 1977; Nespolo, 1998). If one crystallite is thicker
than the other, when these two crystallites laterally
attach a certain number of layers of the thicker crys-
tallite protrude on the surface of the other one
(Baronnet, 1973, 1978; Penn & Ban®eld, 1998). These
layers can expand onto the second crystallite and
modulate the spiral growth occurring there. Such
coalescence may produce unusual polytypes, such as the
long-period, mixed-rotation one discovered in this study.
As discussed above, the long-period polytypes found in
this sample, both mixed-rotation and subfamily A, have
a longer period than those reported in previous works
(Ross et al., 1966; Takeda & Ross, 1995). The stacking
sequences of these polytypes are hardly explained by the
perfect or faulted matrix model (Baronnet, 1992). A new
model for the genesis of such complex stacking
sequences is now under study and will be presented
elsewhere.

4. Conclusions

This study has revealed the presence of several inho-
mogeneous polytypes in an oxybiotite sample from a
locality where a wealth of polytypes was already found
in previous studies. New polytypes and new results have
been obtained, which can be summarized as follows.

HRTEM observing the same area down two zone axes
has unambiguously revealed the existence and the
stacking sequences of polytypes with a longer period

Fig. 8. A one-dimensional lattice image near the boundary between the
36-layer polytype and a 24-layer, subfamily A polytype. The beam
direction is close to [31Å0] (similar to that in Fig. 1c) and thin stripes
on the right of the ®gure correspond to the eight unit layers with
odd-parity Z symbols in Table 1. The small square box indicated by
the white arrow corresponds to the area in Fig. 9.

Fig. 9. The processed atomic resolution image at the small square box in Fig. 8 recorded down [100] and the Z symbol determined for each unit
layer. The arrowheads indicate the eight unit layers with odd-parity Z symbols. The number below the Z symbols indicates the sequence layer
numbers (n) in Table 1.
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than those reported in previous studies. The 36-layer
mixed-rotation polytype is of particular interest: it
represents the mica polytype with the longest period
found to date; it is one of the rare examples of mixed-
rotation polytypes and the ®rst found in a non-lithium
mica. As is well known, TEM study also allows the
recognition of the presence of small regions with a
stacking sequence that differs from that of the matrix,
and that do not appear on XRD patterns. These regions
should not be termed polytypes unless their stacking
sequence is regularly repeated a number of times, which
is suf®cient to support the existence of a growth
memory. The 36-layer region found in this study is
regularly repeated for more than 100 periods and thus it
has the right of being de®ned a polytype.

This study has indicated that PID analysis of long-
period mica polytypes is still valid in electron diffraction,
although its intensity distributions are not kinematical.
The intensity ratios between neighbouring spots in the
observed diffraction patterns can be well reproduced by
PID calculated using the stacking sequences determined
by HRTEM.

The 36-layer mixed-rotation polytype was clearly
formed through a polytypic transformation from a 24-
layer subfamily A polytype. The unit layer situated
between these two polytypes shows a stacking vector
with a different orientation from those building each of
the two polytypes. It may presumably be interpreted as a
connecting layer originated from a lateral shift of the
uppermost layer of the growing spiral, which occurred to
match the interlayer site of foreign mica layers
expanding on it. The mechanism generating these
features seems to be a lateral coalescence of two crys-
tallites rotated by n60� to each other, followed by
expansion of some layers of one crystallite onto the
surface of the other one.
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