
Introduction

Mica is a common mineral group with diverse compo-
sitions and origins. The basic structure of micas consists of
2:1 or TOT (tetrahedral-octahedral-tetrahedral) layers, and
interlayer cations between the adjacent 2:1 layers (Rieder et
al., 1998). The two tetrahedral (T) sheets in a 2:1 unit layer
are laterally shifted by about a/3 (intralayer shift) to form
octahedral sites between them. As six directions are
possible for the intralayer shift, micas appear in several
different polytypes by the choice and combination of these
directions. On the other hand, the two T sheets belonging to
different 2:1 layers across the interlayer region are hardly
staggered because the interlayer cations are accommodated
in the cavities formed with the two opposing tetrahedral
six-fold rings. Accurate structure analyses of micas
revealed that the two T sheets across the interlayer region
are slightly shifted in real mica structures (termed “layer
offset” by Bailey (1984)), but the amount of the shift is a
few percent of the a-axis length at most (Bailey, 1984;
Brigatti & Guggenheim, 2002). Consequently, the lateral

displacement between the adjacent 2:1 layers in micas is
almost identical with the intralayer shift. By contrast, pyro-
phyllite and talc, in which no interlayer cations exist, have
a considerable amount of shift (close to a/3) between the T
sheets across the interlayer region to reduce repulsion
between opposing basal oxygen atoms and tetrahedral
cations (Evans & Guggenheim, 1988).

The most common element for the interlayer cations in
micas is potassium but sodium or divalent large cations can
replace it. For instance, paragonite is the sodium analogue
of muscovite. A number of analyses confirmed that the
interlayer structure in paragonite is almost the same as that
in muscovite, although the basal spacing is considerably
decreased (ca. 0.3 Å) due to a smaller ionic radius of
sodium than that of potassium (e.g. Sidorenko et al., 1977;
Lin & Bailey, 1984). In contrast, few works have been
reported for the structures of sodium-bearing trioctahedral
micas (Spear et al., 1981; Oberti et al., 1993). Aspidolite,
the Na analogue of phlogopite, was described by Schreyer
et al. (1980) and Costa et al. (2001), but only its occurrence
and chemistry were reported.
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We investigated the structure of aspidolite that is inter-
leaved with phlogopite in a thermally metamorphosed
rock, by X-ray diffraction (XRD). However, the obtained
diffraction patterns could not be interpreted with the aspi-
dolite structure similar to that of phlogopite. Therefore the
specimen was examined by TEM, which resulted in the
discovery of a large layer offset at the interlayer regions
occupied by sodium. Furthermore, it was found that this
large offset leads to a new structural variation in the mica
structure.

Samples and methods

Aspidolite-phlogopite interleaved mica was found in a
rock sample (a registered specimen of the Geological
Survey of Japan, GSJ M 35151-1) from a granitic contact
aureole in Kasuga-mura, Gifu-Prefecture, central Japan.
The rock is mainly composed of mica, amphibole (parga-
site-magnesiosadanagaite), calcite, scapolite, titanite and
apatite (Banno et al., 2004). In back-scattered electron
(BSE) images of a petrographic thin section, the mica has
distinct contrast due to segregation of potassium (phlogo-
pite) and sodium (aspidolite), as shown in Fig. 1. Electron
microprobe analyses selecting areas with uniform contrast
in the BSE images showed that the composition for aspi-
dolite (the average of five data at different areas) is
(Na1.77K0.22)(Mg4.53Al0.84Fe0.47Ti0.09)(Si5.11Al2.89)
O20F0.07(OH)3.93, assuming that all the iron is divalent and
that aluminum is distributed to make the number of tetra-
hedral cations in the formula to be eight. Although the
sodium-potassium ratio is considerably varied, the compo-
sitions of octahedral and tetrahedral cations are very
uniform among the analyzed areas; the standard deviation
of the figures in the formulae is less than 5 % of each
figure. The composition for phlogopite areas is almost the
same except alkali ions. The considerable fluctuation of the
sodium-potassium ratio is probably due to the fine inter-
stratification of aspidolite and phlogopite at monolayer
level as described later, which hardly contributes to the
contrast in the BSE images. The above composition is near
the midpoint of aspidolite (NaMg3AlSi3O10(OH)2) −
preiswerkite (NaMg2AlAl2Si2O10(OH)2) series formed by
Tschermak substitution, but slightly close to aspidolite.
Hence this sodium mica should be called aluminian aspi-
dolite (Rieder et al., 1998).

Specimens for TEM examination along [hk0] directions
were prepared by using the method described in Kogure
(2002). Platy mica crystals picked from the rock were
embedded with epoxy resin between two glass slides. After
hardening, the glass slides were cut using a diamond wheel
to laths of about 1 mm thickness. The laths were thinned
down to about 50 µm by mechanical grinding and finished
by argon ion milling. HRTEM examination was performed
at 200 kV using a JEOL JEM-2010 with a nominal point
resolution of 2.0 Å (Cs = 0.5 mm). High-resolution images
were recorded on films at near Scherzer defocus.
Successful images recorded on the films were digitized
using a CCD camera for image processing. Noisy contrast
from amorphous materials on the specimen surfaces was
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Fig. 1. Back-scattered electron image of interleaved phlogopite-
aspidolite in a petrographic thin section. The dark and light
contrasts correspond to sodium- and potassium-bearing composi-
tions respectively, which was identified by X-ray chemical
mapping.

Fig. 2. (a) Filtered HRTEM image of the mica recorded down [100],
showing interstratification of two kinds of layers. The inset at the
bottom-right is a portion of the image near the top to indicate the
different basal spacings between the two kinds of layers. (b)
Magnified image near the center of (a). “T” and “O” indicate the
positions of tetrahedral and octahedral sheets respectively. The
white bars connect the dark spots at the upper and lower tetrahedral
sheets in a 2:1 layer. Note the two tetrahedral sheets across the inter-
layer regions except those with asterisks are staggered. The inter-
layer regions marked with asterisks are interpreted to be
potassium-occupied regions.



removed using the rotational filtering technique (Kilaas,
1998) implemented with Gatan DigitalMicrograph version
2.5 (with respect to the performance of the filtering, see
Kogure & Banfield, 1998).

Mica fragments of a few hundreds micrometers in
lateral size and less then ten micrometers in thickness were
attached to a thin glass fiber for XRD measurements. XRD
patterns were obtained with a Gandolfi camera of
114.6 mm in diameter employing Ni-filtered CuKα radia-
tion. The patterns were recorded on an imaging plate and
processed with a Fuji BAS-2500 bio-imaging analyzer and
with a computer program by Nakamuta (1999).

Results and discussion

Layer offset in aspidolite

Figure 2 shows a filtered HRTEM image of the spec-
imen, recorded with the electron beam parallel to [100].
Our previous works, e.g. Kogure (2002) can be referred to
for the interpretation of the HRTEM images of micas. It is
noticed that the contrast of the layers near the bottom and
top of Fig. 2a are clearly different. The contrast near the
bottom is the same as that of normal trioctahedral micas
(see Fig. 2 in Kogure, 2002). If the crystal is sufficiently
thin (< 10 nm) and the focus is adjusted to near Scherzer
defocus (ca. – 40 nm in the present study), the contrast of
the trioctahedral micas appears as follows: T sheet appears
as distinct dark spots separated from each other by b/2
along the b-axis. This dark spot corresponds to two tetra-
hedra, or a tetrahedral chain extending along [100] direc-
tion. On the other hand, the octahedral (O) sheet is imaged
as a continuous line of dark contrast (Fig. 2b). The struc-
ture near the bottom in Fig. 2a has one-layer periodicity
and the two T sheets in a 2:1 layer are not staggered, indi-
cating phlogopite-1M observed along [100] (the intralayer
shift is parallel to the electron beam). The contrasts at the
two T sheets across the interlayer regions are also not stag-
gered, in accordance with the normal phlogopite structure
where the layer offset is negligible.

On the other hand, the structure around the top of the
figure has also no stagger between the two T sheets in a 2:1
layer, but the T sheet at the bottom of each layer is consid-
erably staggered to the left from the T sheet at the top of the
lower layer. We conclude that these interlayer regions with
the large stagger between the opposing T sheets are occu-
pied by sodium from the following results. First, X-ray
chemical analysis by TEM-EDS (Energy Dispersive
Spectroscopy) detected only sodium and potassium at the
staggered and non-staggered regions, respectively.
Secondly, if we cut a portion of the image at the staggered
region and paste it on the non-staggered region, it is recog-
nized that the basal spacing of the staggered layers is
slightly narrow, as shown in Fig. 2a. Careful examination
indicates that the decrease of the basal spacing is about 3 %
or 0.3 Å, almost the same as the difference of the spacing
between muscovite and paragonite (Brigatti &
Guggenheim, 2002). This result also suggests that potas-
sium and sodium are almost completely resolved into

different interlayer regions and form interstratification of
phlogopite and aspidolite.

Figure 3 shows a HRTEM image recorded after rotating
the specimen about c* by 30° in the TEM (the beam direc-
tion is [310] or [3

–
10]). HRTEM images along these direc-

tions show that individual tetrahedra and octahedra are
resolved and appear as dark spots separated by a/2 in the T
and O sheets (Kogure, 2002). A few potassium interlayer
regions (marked with asterisks in the figure) are identified
with their slightly larger basal spacing. The inclined white
bars in Fig. 3b connect between the closest two dark spots
at the upper and lower T sheets in a 2:1 layer. These bars
correspond to projections of the intralayer vectors
connecting the two centers of the tetrahedral six-fold rings
in the upper and lower T sheets (Kogure & Nespolo, 1999).
As shown in Fig. 3b, two T sheets at sodium interlayer
regions are slightly staggered also in this image.

Although it is possible to roughly estimate the amount
and the direction of the layer offset from these HRTEM
images, more quantitative estimation can be made using
diffraction techniques. Figure 4 shows selected-area
diffraction (SAD) patterns from an aspidolite region. The
two patterns were obtained from the same area but the
specimen is rotated by 30° about the c*-axis. If we assume
that the beam directions in Fig. 4a and 4b are down [100]
(0kl reciprocal lattice net) and [3

–
10] (h⋅3h⋅l reciprocal

lattice net) respectively, a triclinic C-centered cell (C
–
1)

with cell parameters of a = 5.30, b = 9.18, c = 9.88 Å, α =
94.4, β = 97.8, γ = 90° is deduced. Actually these figures
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Fig. 3. (a) Filtered HRTEM image of the mica recorded down [3
–
10].

The interlayer regions with asterisks are occupied by potassium,
which is confirmed by the larger basal spacing as shown in the
figure. (b) Magnified image of a portion in (a). The two potassium
interlayer regions are indicated with asterisks. Note the two tetra-
hedral sheets across the interlayer regions are slightly staggered
except those with asterisks.
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have been refined from peak positions in XRD patterns as
described below, but their standard deviations could not be
calculated due to the limited number of non-overlapped

peaks in the pattern. The lateral displacement between
adjacent layers calculated from these cell parameters is
– 0.253a − 0.083b. If we assume that the intralayer shift in
aspidolite is exactly – a/3 as that in phlogopite-1M, the
layer offset at the interlayer region is 0.080a − 0.083b. In
other words, the amount of the layer offset is 0.9 Å and the
direction of the offset is almost [1

–
10]. Such a large layer

offset (about one sixth of the a-length) has been once
reported in a trioctahedral sodium mica, NaMg3(Si3.5
Mg0.5)O10(OH)2 synthesized from talc (Drits et al., 1979;
Drits, 1987), although the amount of the offset was close to
a/3 in their case.

Figure 5 illustrates the proposed interlayer structure in
aspidolite. The atomic coordinates for T sheets were
adopted from those of aluminian phlogopite (Phl3a) in
Alietti et al. (1995), because the composition for the 2:1
layer is almost the same as that of our specimen. The posi-
tion of sodium ions is assumed to be the center of the stag-
gered two tetrahedral rings. The direction of the offset in
aspidolite is the same as those found in pyrophyllite and
talc (Evans & Guggenheim, 1988), and in paragonite
(Lin & Bailey, 1984); they are shifted from each other as an
apex oxygen atom of the ditrigonal oxygen ring is sepa-
rated from the center of the cavity (Fig. 5). As mentioned
above, large repulsive force between the opposing T sheets
across the interlayer region is expected but the lateral shift
(layer offset) between the two T sheets is blocked by inter-
layer cations in the cavity space. However, if the size of the
interlayer cations is small compared to the cavity space, the
layer offset can occur just like in pyrophyllite and talc
although the amount of the offset is limited by existence of
the interlayer cations (notice the amount of the offset in
aspidolite is about half of that in talc). However, previous
works reported that sodium micas do not always posses a
large layer offset. The amount of the layer offset in parago-
nite is about one fourth of that in aspidolite (Lin & Bailey,
1984). Preiswerkite, NaMg2AlSi2Al2O10(OH)2, does not
posses layer offset (Oberti et al., 1993). This difference is
related to the ditrigonal rotation angle (αt) in T sheets that
primarily determines the cavity space in the tetrahedral six-
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Fig. 4. Selected-area electron diffraction patterns from aspidolite,
with the electron beam down (a) [100] and (b) [3

–
10].

Fig. 5. (a) Schematic figure
for the interlayer structure in
aspidolite, showing two tetra-
hedral sheets and sodium ions
between them. The tetrahedral
sheets were drawn with the
atomic coordinates by Alietti
et al. (1995), and the two
sheets were staggered by
0.9 Å along [1

–
10]. Sodium

ions are assumed to exist at
the center of the staggered
six-fold rings above and
below the sodium ions. (b)
Diagram to show the relation-
ship between the intralayer
shift (−a/3) and the layer
offsets along the three direc-
tions (see the text).



fold ring. The ditrigonal rotation is formed to compensate
the mismatch of lateral dimensions between T and O sheets
(Ferraris & Ivaldi, 2002). Although αt in aspidolite is
unknown, it must be close to that in the coexisting phlogo-
pite because their 2:1 layers have the same composition and
the two micas are coherently interstratified as in Fig. 2 and
3. αt in a phlogopite with similar composition (aluminian
phlogopite by Alietti et al., 1995) is 12.5°, considerably
smaller than that in paragonite (ca.16° in the table by
Brigatti & Guggenheim, 2002) and preiswerkite (20°)
(Oberti et al., 1993). In conclusion, the large amount of the
layer offset in aspidolite is reasonable, if we assume a small
αt in the 2:1 layer and the resultant large cavity space in this
mica.

Structural variation in aspidolite by the layer offset

As a pseudo three-fold axis runs through the center of
the tetrahedral six-fold ring, it is expected that the layer
offset occurs not only along [1

–
10], but also along [110] and

[
–
100]. These different directions of the layer offset were

readily found in HRTEM images (Fig. 6). In Fig. 6a, a
random mixture of staggers to left and right is observed. If
these two kinds of staggers come from the layer offsets
along [1

–
10] and [110], the two offsets must be observed as

different amounts and directions of staggers in the images
down [310] or [3

–
10] (Fig. 5b). Fig. 6b is a HRTEM image

recorded down [3
–
10], where two kinds of staggers, a large

amount to the right and a small amount to the left are
distinguished. It is found that the direction of the larger
stagger is opposite to the inclination of the white bars that
correspond to the projection of the intralayer shift. This
agrees with the diagram in Fig. 5b. Furthermore, some
interlayer regions show no stagger although their basal
spacing is the same as that of staggered layers (Fig. 6c).

One may suspect that the non-staggered interlayer regions
correspond to the normal mica structure with negligible
layer offset, but it is more reasonable to suggest that they
are [

–
100] layer offset. Recording two HRTEM images at

the same area along the different directions, which is effec-
tive to analyze three-dimensional stacking structures in
micas (Kogure & Nespolo, 1999), was not successful
because the phlogopite and aspidolite were too beam-sensi-
tive to record two HR images from the same area. However,
an XRD pattern as described later clearly indicates the
existence of the [

–
100] layer offset. In this case the direction

of the layer offset and intralayer shift is the same, which
results in a monoclinic unit cell. If the amount of the layer
offset to [

–
100] is the same as that to [1

–
10], the cell param-

eters are a = 5.30, b = 9.18, c = 10.12 Å, β = 105.3° and the
space group is C2/m.

Figure 7 shows XRD patterns from the mica fragments
obtained using a Gandolfi camera, and calculated patterns
from the proposed structures for comparison. Background
of the observed patterns was subtracted by using proper
exponential functions. The calculated pattern for phlogo-
pite-1M was derived using the crystal parameters for the
aluminian phlogopite (Phl3a) in Alietti et al. (1995)
because of the similar chemical composition. The atomic
coordinates for aspidolite were derived assuming the same
2:1 layer as that in the aluminian phlogopite, the decreased
interlayer separation by 0.35 Å (determined from the peak
positions of the basal reflections), the layer offset as
described above (note that the [1

–
10] and [110] offsets

generate the same crystal structure if ordered), and sodium
atoms at the center of the staggered two tetrahedral six-fold
rings (Fig. 5a). A pseudo-Voight function (the same ratio of
Gauss and Lorentz functions) with a half-width of 0.25°
was assumed for the peak profile. Figure 7a indicates that
all major peaks in the observed pattern can be explained
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Fig. 6. (a) Filtered HRTEM image recorded down
[100] where a random mixture of the left- and
right-hand staggers at the interlayer regions is
observed. The interlayer regions with the asterisk
are occupied by potassium. (b) Filtered HRTEM
image of aspidolite recorded down [3

–
10]. Two

kinds of staggers at the interlayer regions are
observed. (c) Filtered HRTEM image of aspido-
lite recorded down [100]. Note many non-stag-
gered interlayer regions are observed (see the
text).
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with the phlogopite-1M and the triclinic aspidolite (aspido-
lite-1A). Figure 7b shows the observed diffraction pattern
from another fragment, where several new peaks that do
not exist in Figure 7a are observed. These peaks are only
explained by the monoclinic ([

–
100] layer offset) aspidolite

with the large β angle (aspidolite-1M). These XRD results
confirm the existence of the structural variations in the
sodium mica. In addition, it is noteworthy that they can be
identified also in XRD, not only in TEM micrographs from
narrow areas. Three more mica fragments were measured
and they showed XRD patterns similar to that in Fig. 7a
(phlogopite-1M and aspidolite-1A). From this result and
TEM examination, probably the triclinic structure is more
common than the monoclinic one.

These two structural variations in aspidolite can be
called polytypes according to the official definition of

polytypism (Guinier et al., 1984), if the direction of the
layer offset is ordered. However, this polytypism in aspido-
lite is an exceptional one among micas and most phyllosil-
icates for which the structural variations are generated with
interlayer shifts with the amount of zero, a/3 or b/3 (if
idealized in some cases) to certain directions (Bailey, 1988;
Ďurovič, 1992). Further discussion and research will be
necessary to decide whether this layer offset is an extreme
defect or a new stacking vector so far not considered in
micas (S. Ďurovič & M. Nespolo, pers. comm.).

Although the occurrence of aspidolite in nature is
limited, findings in the present study will raise reconsider-
ation for the structures of other micas if large interlayer
cavities and smaller interlayer cations are expected. For
instance, wonesite, trioctahedral sodium-mica in which
occupancy of the interlayer cations is about half, is reported
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Fig. 7. (a) Orientation-averaged XRD pattern from
a mica fragment acquired with a G andolfi camera,
and calculated powder diffraction patterns for phlo-
gopite-1M and aspidolite-1A. See the text for the
detail of the calculation. (b) Diffraction pattern
from another fragment and calculated patterns for
phlogopite-1M and aspidolite-1M.



as a one-layer monoclinic cell with a relatively large β
angle (103.18°) (Spear et al., 1981). This mica may contain
a large layer offset. The structure analysis in their reports
used only 00l reflections and is clearly incomplete to
discuss its interlayer structure. Furthermore, dehydrated
forms of some vermiculites or smectites can be candidates
of such a new interlayer structure. HRTEM investigations
like the present study should be conducted as well for these
minerals.
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