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Abstract—Polytypism in giimbelite and its relationship to the fibrous or ribbon-like morphology exhibited
by this Mg-rich illite were investigated by powder X-ray diffraction (XRD), electron back-scattered
diffraction (EBSD) and transmission electron microscopy (TEM). Comparison between the XRD pattern
from oriented fibers using a conventional powder diffractometer and a randomly oriented pattern using a
Gandolfi camera suggested that 2M, is dominant but other polytypes belonging to subfamily A also exist,
and that the fiber axis of giimbelite is parallel to <110> in 2M,, <110> in 2M, and <100> in 1M. The EBSD
analyses confirmed these crystallographic directions directly from individual crystals. Electron diffraction
and high-resolution TEM showed that twinning and intergrowths of various polytypes including both
subfamilies are common in a single crystal and that the two types of rotations [27260° and (2n+1)60°]
between adjacent layers are often randomly mixed at the monolayer level. The data suggest that high
densities of twinning and intergrowths account for the origin of the fibrous morphology along <110> for

2M; and 2M, polytypes. Volume restriction in a confined vein space may also play a role.
Key Words—EBSD, HRTEM, Illite, Morphology, Polytype, Stacking Disorder.

INTRODUCTION

Polytypism is a common phenomenon observed in
many kinds of phyllosilicates. In the case of the mica
group, polytypes are generated by rotation between
adjacent layers, the angle of which is restricted to n60°
(0 < n < 5) about the [001]* direction. Although the
number of polytypes in micas is theoretically infinite,
polytypes in which the position of any layer relative to
the others is the same or equivalent for all layers (MDO
polytypes, Durovi¢, 1992) are specific and limited to
only six; they are designated as 1M, 2M,, 2M,, 20, 3T
and 6H using the notation of Ramsdell (1947). These six
polytypes can be further divided into two subfamilies, A
and B (Nespolo and Durovi¢, 2002). In subfamily A
(1M, 2M,, 3T), the rotation angle is 0° or £120° (n is
even), which results in an offset of octahedral sheets
along the same direction for every layer. In subfamily B
(20, 2M,, 6H), on the other hand, the rotation angle is
180° or £60° (n is odd), and the octahedral offsets
alternate in orientation along the stacking direction.

Mica polytypes in subfamily B occur far less
commonly than those in subfamily A. This can be
attributed to the different atomic arrangements in the
interlayer regions of the subfamilies. In subfamily B, the
basal oxygen atoms in the tetrahedral sheets on opposite
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sides of the interlayer cations are exactly superimposed
along the [001]* direction. In subfamily A, the super-
posed basal oxygen atoms are laterally displaced from
each other owing to the ditrigonal distortion of the
tetrahedral rings. Nevertheless, polytypes in subfamily B
(2M, and 20) have been reported in several natural mica
specimens. Lepidolite, a Li-bearing mica with Al as the
dominant octahedral cation, is known to adopt the 2M,
polytype frequently (e.g. Levinson, 1953). The 20
polytype was first reported in anandite, a mica with Ba
as the interlayer cation and S substituting for OH
(Giuseppetti and Tadini, 1972). Recently, the 20
polytype was observed for phlogopite (Kogure and
Nespolpo, 1999; Ferraris et al., 2001).

Illite, an interlayer-deficient dioctahedral mica with
Al as the dominant octahedral cation, occasionally has
been reported to bear subfamily B polytypes. The 2M,
polytype in illite (hydromuscovite in the original
literature) was first reported by Threadgold (1959).
Although the powder XRD pattern from 2M, illite
resembles that of a mixture of 1M and 2M,; polytypes
(Radoslovich, 1960), the existence of 2M, illite was
confirmed by Shimoda (1970). The crystal structure of
2M, illite was refined by using electron diffraction
(Zhoukhlistov et al., 1973). The existence of the 20
polytype was suggested in hydrothermal illite by a
microtopographic study using atomic force microscopy
(Kuwahara et al., 2001). The conditions that favor
polytypes in subfamily B have been discussed by several
researchers (Radoslovich, 1958; Abbott and Burnham,
1988; Ni and Hughes, 1996; Brigatti et al., 2005).
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However, no conclusive explanation for the occurrence
of subfamily B polytypes has been made, especially for
illite.

Gumbelite was described for the first time by Dana
(1892) as a mineral close to pyrophyllite, with the
crystal having a flexible ribbon-like form. Mg-rich illite
is now recommended usage in preference to giimbelite
(Riedel et al., 1999), in light of its crystal structure and
chemical composition. However, we use ‘giimbelite’ in
the present study to denote an illite variety specimen
with a distinct morphology and polytype. Aruja (1944)
examined giimbelite by XRD and reported that it has a
unit-cell with @ = 5.21, b = 9.02, ¢ = 20.12 A and B =
96.0°. These parameters are very similar to those of
muscovite. He also suggested that the glimbelite crystals
are predominantly elongated along the [110] direction.
Drits et al. (1966) analyzed giimbelite by using X-ray
and oblique texture electron diffraction, and found that
the sample was a mixture of 2M, (predominant) and 2M
polytypes. They used a non-standard 2, unit-cell with
a=520,b=9.00, c=20.4 A and o = 100.0° and they
found that the elongation of the fibers coincides with the
<110> direction in both modifications.

In the present paper, we describe details of the
stacking structure in giimbelite as revealed by XRD,
EBSD and TEM. We particularly focus on the polytypes
that characterize giimbelite and the relationship between
crystal morphology and crystallographic orientation.

SAMPLE AND METHODS

The giimbelite specimen originated from Shunga,
Zaonezhye peninsula, Lake Onega, Karelia, Russia. The
geological occurrence of the giimbelite was described by
Timofeev (1937) and Tokmakov et al. (1961). Gimbelite
occurs as vein-filling fibrous crystals in Carboniferous
slates with its fiber axis perpendicular to the vein wall,
but it often protrudes in lens-like shapes along the
foliation of the shale. These veins are 1—2 cm thick and
several meters long, and are filled with virtually pure
glimbelite. Figure 1 shows an SEM image of the
specimen. The crystals with ribbon-like morphology
often assemble to form bundles.

Chemical analysis of our giimbelite sample by wet
methods showed that it consists of 49.35% SiO,; 0.66%
TiO3; 29.20% Al,05; 0.86% Fe,05; 4.14% MgO; 0.30%
CaO and 8.80% K,0. These data are almost identical to
the chemical analysis of a giimbelite sample from a
Karelian shungite, determined by Timofeev and given by
Aruja (1944). A structural formula calculated for 22
negative charges is

Ko.75Ca.02(Al; 62 Tig.03F e354Mg0.41)2. 10(S13.31A10.60)010(OH)

Illite is characterized by a small interlayer cation
concentration and a significant fraction of octahedral
Mg. The sum of the octahedral cations is slightly higher
than that expected for a pure dioctahedral 2:1 layer,
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probably indicating the existence of small trioctahedral
clusters within the dioctahedral matrix of the 2:1 layer.
Although it is generally accepted that trams-octahedra
(M1 sites) are vacant in dioctahedral phyllosilicates, a
detailed structural determination of 2M, phengites and
2M; muscovites showed that a small excess of electron
density exists in some of the M1 sites (Giiven, 1971;
Brigatti et al., 1998).

The specimen was crushed gently and placed in the
dimple of a glass sample holder. X-ray diffraction
patterns were collected using a conventional powder
diffractometer (Rigaku RINT-Ultima+) with graphite-
monochromated CuKo radiation. The XRD analysis
using a Gandolfi camera of 114.6 mm in diameter
employing Ni-filtered CuKo radiation was also con-
ducted for a specimen several hundreds of micrometers
long, attached to a thin glass fiber. The patterns were
recorded with an imaging plate and processed with a Fuji
BAS-2500 bio-imaging analyzer and with a program
developed by Nakamuta (1999).

For EBSD analyses, the giimbelite specimen was
suspended in deionized water and dispersed on a silicon
wafer coated with a Pt-Pd film. The sample then was
coated with a thin carbon film. The Pt-Pd film on the
silicon wafer was used for acquiring the background
intensity subtracted from EBSD patterns for the speci-
men. The EBSD analyses were carried out using an
Hitachi S-4500 SEM with a cold field-emission gun and
a ThermoNoran PhaselD system. The acceleration
voltage and specimen current were 20 kV and 2—3 nA,
respectively, for the acquisition of EBSD patterns. The
acquisition time was normally ~10 s. During the
acquisition, the electron beam was rastered over an
area of ~3 umx3 pm on the specimen to reduce
radiation damage by the intense electron current
(Kogure et al., 2005). Drawing Kikuchi patterns and

Figure 1. SEM image of the giimbelite crystallites showing a
fibrous or ribbon-like morphology. The giimbelite crystallites
that are several hundred micrometers long often assemble to
form large bundles.
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analyses of the acquired EBSD patterns were performed
using a program developed by Kogure (2003).

Specimens for TEM observation were prepared by
using a method similar to that described by Kogure
(2002a). The specimen was embedded in epoxy resin
between two glass slides. After hardening, the glass
slides were cut using a diamond wheel to laths of ~1 mm
thick. The laths were thinned to ~50 pm by mechanical
grinding and finished by argon ion milling. Examination
by HRTEM was performed at 200 kV using a JEOL
JEM-2010 TEM with a nominal point resolution of
0.2 nm (Cgy = 0.5 mm). Degradation of giimbelite by
electron radiation was so rapid that generally only one
exposure was possible to obtain HRTEM images. Some
successful images recorded on film were digitized using
a CCD camera for image processing. Noisy contrast
from amorphous materials on the specimen surface was
removed using a background subtraction filtering
technique (Kilaas, 1998) implemented with Gatan
Digital Micrograph version 2.5. Chemical compositions
were determined locally by an energy-dispersive X-ray
(EDX) detector mounted on the TEM and a Kevex
Sigma spectrum analyzer.

RESULTS

XRD analysis of giimbelite

Figure 2a,b shows XRD patterns from 15 to 40°20
obtained with the Gandolfi camera and conventional
diffractometer, respectively. Figure 2c—e (broken lines)
represents calculated diffraction patterns for the three
polytypes: 2M, (c), 2M, (d) and IM (e). In these
calculations, atomic coordinates reported by
Zhoukhlistov et al. (1973), Mookherjee et al. (2001)
and Sidorenko et al. (1975) were used for 2M,, 2M; and
1M, respectively. It is expected that the pattern obtained
with the Gandolfi camera reflects highly randomized
orientations, as is ideal for polytype analysis. It is
apparent that the 2M, polytype structure accounts for
nearly all of the diffraction features observed in
Figure 2a, but the two peaks indicated with an asterisk
can be assigned only to a 2M; polytype, suggesting that
the specimen does not consist of a single polytype. The
cell parameters for the 2M, polytype determined from
nine distinct peaks in the XRD pattern are a = 9.03(2),
b=521 (1), ¢ =2026 (2) A and B = 100.1 (1)°. The
values of these parameters suggest that the trans-
octahedra of the 2:1 layers are vacant (Bailey, 1984).
Indeed, ccosP/a = —0.393, suggesting that the intralayer
shift (the lateral shift from the lower tetrahedral sheet to
the upper tetrahedral sheet within the 2:1 layer) for each
individual 2:1 layer is —0.393a, along the a, axis of the
unit layer with @, < b,, assuming that the lateral cell
dimension of the unit layer is a, = 5.21, b, = 9.03 A and
Yu = 90° (the subscript ‘v’ indicates the cell parameters
for the unit layer). This value is typical for the trans-
vacant 1M illite because the apical oxygen atoms of the
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opposing tetrahedral sheets in a 2:1 layer are linked to
clongated unshared diagonal octahedral edges (Bailey,
1984). From these values, the cell parameters for the
2M, polytype are estimated to be a = 5.21, 5 =9.03, ¢ =
20.05 A and B = 95.8°. Table 1 represents the experi-
mental d values for the distinct peaks in Figure 2a and
the calculated values using these proposed cell para-
meters, showing a good agreement between them.

The pattern obtained with the conventional diffract-
ometer (Figure 2b) is considerably different from that
using the Gandolfi camera (Figure 2a). First, the 00/
basal reflections are considerably stronger. This pre-
ferred orientation is common to many phyllosilicates
with a well developed basal plane. Second, several
strong peaks distinctive in Figure 2a are missing or
relatively weakened in Figure 2b. This is explained as
follows: because giimbelite has a fibrous morphology as
seen in the SEM image (Figure 1), the crystals tend to be
oriented with their fiber axis parallel to the specimen
holder. Hence, reflections from the lattice planes that are
parallel to the fiber axis of the crystal are enhanced.
Drits et al. (1966) reported that the crystallographic
direction of the fiber axis is <110> in the 2M; polytype.
Figure 2c¢ shows the calculated pattern (the solid line)
consisting of reflections indexed only with hhl and hhl.
These peaks are clearly stronger in the diffraction
pattern of the specimen with preferred orientation
(Figure 2b) relative to that of the sample with random
orientation (Figure 2a), supporting the idea that the fiber
direction is parallel to <110>.

It is also evident that the two peaks with an asterisk
for the 2M polytype in Figure 2a are nearly absent in
Figure 2b. As described below, EBSD analysis showed
that the 2M, crystals are elongated along <110> as well.
These peaks are indexed to the (023) and the (025)
planes in the 2M, polytype, and they are expected to be
weakened in the pattern of the oriented specimen if the
elongation is parallel to <110> of the 2M; polytype. On
the contrary, the peak indicated with the arrowhead is
distinct in Figure 2b, although it is weak in Figure 2a.
This peak can be assigned to neither 2M, nor 2M,, but to
023 in the 1M polytype (or 109 in 37). If these 1M
crystals are elongated along <100>, as was reported by
Guven et al. (1980) and as is shown in the EBSD
analysis later, this peak should be enhanced in the
oriented specimen.

Identification of polytype and determination of
crystallographic orientation by EBSD

As described by Kogure (2002b) and Kogure and
Bunno (2004), Kikuchi bands for phyllosilicates are
divided into three categories: (1) ikl with & =3n and k=
3n; (2) hikl with h # 3n and k = 3n; and (3) others with
k # 3n if the indices are expressed using the orthohex-
agonal C-centered cell (note that the /s and & indices are
exchanged for the 2M, polytype because the a and b axes
are exchanged). Kikuchi bands in the first category are
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Figure 2. (a, b) XRD patterns from giimbelite obtained using a Gandolfi camera (a) and a conventional diffractometer (b).
(c—e) Calculated XRD patterns for the 2M, (¢), 2M, (d) and 1M (e) polytypes. Asterisks and arrowheads in the figure indicate the
characteristic peaks for 2/, and 1M, respectively. Broken and solid lines represent the calculated patterns from all reflections and
specific reflections, respectively.
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Table 1. Experimental and calculated d values for 2M, and 2M; polytypes.

R — 2M2 °2M1
]obs. dobs. (A) dcalc.* (A) hkl dca]u** (A) hkl
100 9.98 9.97 002 9.97 002
32 5.00 4.99 004 4.99 004
81 4.48 (449 110 (449 110
4.47 111 4.47 111
19 3.88 3.89 113 3.89 113
6 3.73 3.73 023
25 3.65 3.65 204
28 3.50 3.50 114 3.50 114
69 3.33 3.32 006 3.32 006
28 3.20 3.20 114 3.20 114
25 3.07 3.06 204
10 2.99 2.99 025
4 291 2.92 206
15 2.86 2.86 115 2.86 115
15 2.80 2.79 116 2.79 116
94 2.59 {2.59 312 2.59 200
2.58 021
6 2.49 2.49 008 2.49 008
19 242 2.40 312 2.40 204
9 2.26 2.25 402 {2.26 040
2.26 221
7 2.08 2.07 317 2.07 223
28 2.00 1.99 0070 1.99 0010
25 1.51 (1:50 602 151 2070
1.50 331
9 1.30 {1.30 623 1.30 402
1.30 041 1.30 260
1.30 262
1.30 400

* Calculated from cell parameters: @ = 9.03, b = 5.21, ¢ = 20.26 As B = 100.1°
** Calculated from cell parameters: a = 5.21, b = 9.03, ¢ = 20.05 A, f = 95.8°

common to all polytypes. Those in the second category
are common to polytypes in the same subfamily, and
those in the third category are characteristic of each
polytype. Kogure and Bunno (2004) discriminated the
1M, 2M; and 2M, polytype in lepidolite in the following
way. At first, subfamilies A and B were distinguished by
the pseudo-trigonal and pseudo-hexagonal symmetries,
respectively, formed by the bands in the second
category. Then each polytype was identified by the
bands described by the third category. Kogure and
Bunno (2004) reported that several characteristic
Kikuchi bands, such as 112, 112 and 022 in 1M, and
114, 114 and 025 in 2M,, and 114, 114, 204 and 204 in
2M,, are sufficiently intense to be used for identification
of these polytypes. The same procedure was applied to
the present sample.

Figure 3 shows SEM images of giimbelite crystals,
EBSD patterns acquired from the crystals, calculated
Kikuchi patterns and stereographic projections of the
crystallographic axes. The EBSD patterns show hex-
agonal symmetry around [001]*, suggesting that the
crystals belong to subfamily B. These patterns also
exhibit relatively sharp Kikuchi bands indexed to the

(114), (204) and (114) planes, which belong to the third
category and nearly coincide with the calculated 2M,
patterns (Figure 3e,f). On the other hand, Figure 4 shows
EBSD patterns with trigonal symmetry around [001]%,
suggesting that the crystals belong to subfamily A. By
further trial to find the best fit to the experimental
patterns, it was found that patterns in Figures 4c and 4d
correspond to the 2M, and 1M polytypes, respectively.
These analyses confirm our XRD results that the
glimbelite specimen contains a mixture of polytypes.
Although only a few EBSD patterns were clear enough
for polytype identification (probably due to the high
intergrowth density of several polytypes, as shown later
in the TEM analysis), and statistical analysis is difficult,
the patterns of the 2M, polytype were more common
than those of the polytypes belonging to subfamily A.
Figures 3 and 4 also show the directions of the
crystallographic axes of the crystals determined by
analyses of the EBSD patterns in the form of stereo-
graphic projections. By comparing these projections
with the SEM images, it is shown that both the 2M, and
2M, polytypes are elongate in a direction almost parallel
to <110>, whereas the 1M polytype is elongate in the
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[100] direction. These results are consistent with the
XRD analyses, as discussed above. Drits et al. (1966)
hypothesized that the ribbons of giimbelite consist of
small 2M, domains elongated along the a axis (they used
the a and b axes with a < b) and offset by +60° from the
fiber axis to pack into a hexagonal parquet. However, if
a glimbelite crystal is actually composed of such small
fragments, the Kikuchi bands with k& # 3n are expected
to become obscure in EBSD patterns because the
technique averages information within the rastered area
of ~3 um x 3 um. Our EBSD patterns contain the
distinctive Kikuchi bands with & # 3n (Figure 3),
indicating that the rastered area comprises not small
fragments but a single crystal.

HRTEM observation of giimbelite

Because TEM images of our specimen reveal inter-
growths of different polytypic sequences, we express the
principal crystallographic directions with ‘X;” and Yy’
in this section. X; represents the crystallographic axes
for the pseudohexagonal network and Y; represents the
directions rotated from adjacent X; directions by 30°
about the [001]* direction (Bailey, 1984). For instance,
X; corresponds to £[010], £[110] and £[110] (£[uvw]
represents [uvw] and [avw]), and Y; corresponds to
£[100], =£[130] and +[130] in 2M,. Figure 5 shows
several types of selected-area electron diffraction
patterns along Y;. In Figure 5a, a two-layer periodicity
is distinct in the left lattice row (the appearance of 00/
reflections with / = odd number is attributed to
dynamical diffraction). The appearance of the two-
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layer periodicity in the diffraction pattern along Y; is
characteristic of all polytypes in subfamily B (in the case
of subfamily A, a one-layer periodicity appears along Y;
(Bailey, 1988)). However, careful examination shows
that the pattern does not form an orthogonal lattice
(notice that the spot in the left lattice row is not on the
white line drawn horizontally from the center spot). This
deviation from orthogonality cannot occur in the 20 and
6H polytypes, and it must represent a zone axis
belonging to the Y; family of the 2M, polytype except
+[100] which is parallel to the glide plane, with the
intralayer shift in a unit layer deviating from —a,/3
(—0.3934, as described above).

Figure 5b represents a pattern similar to that in
Figure 5a, but each spot in the left row is split into a
pair. This SAED pattern also arises from the 2M,
polytype, but the diffraction region consists of domains
with different orientations, probably formed by rota-
tional twinning. Figure 5c is an enlargement of a portion
of the pattern in Figure 5b. One interpretation is that the
spots indicated by the white arrows are from domains
with the beam direction along [130] (the same as the
pattern in Figure 5a) and the spots with the black arrows
are domains with beam direction along [130] or [130].
Such a rotational twinning results from stacking disorder
involving a regular alternation of +60° and —60°
rotations in the 2M, stacking sequence.

The diffraction pattern in Figure 5d is also generated
by our specimen. This pattern is interpreted as a mixture
of subfamilies A and B. Figure 5¢ shows the dark field
image formed with the diffraction spots in the circle in

d

Figure 5. (a) Selected area diffraction pattern from a nearly ordered region, showing two-layer periodicity along the reciprocal
lattice row on the left. The polytype is identified as 2M, viewed along [130] (see the text). (b) Pattern with split spots in the left row
probably due to rotational twins about the [001]* axis in the 2M/, polytype. (c) Enlarged pattern of the region bounded by the white
rectangle in (b) (see the text). (d) Pattern with more complex spots and streaking. (e) Dark field image using diffraction spots within
the white circle in (d). The region indicated with ‘I’ shows a two-layer (2.0 nm) periodicity but the region with ‘II” has a one-layer

periodicity. The region marked ‘III” is disordered.
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Figure 5d. The lattice fringes in the region indicated
with ‘I’ exhibit a two-layer periodicity, whereas these in
region II have a one-layer periodicity. Lattice fringes in
region III are heavily disordered. This result suggests
that the stacking sequences in the two subfamilies can be
mixed in giimbelite. This is confirmed by the HRTEM
image along the Y; direction in Figure 6 (see Kogure,
2002a, for the interpretation of the contrast in the
image). The white bar in the right of Figure 6b connects
the closest dark spots that correspond to individual
tetrahedra between the lower and upper tetrahedral
sheets in a 2:1 layer. The sign (+ or —) at each 2:1
layer indicates the direction of the slant of the white bar.
These signs must alternate in subfamily B whereas they
are uniform in subfamily A (Kogure, 2002a). Actually
they are neither uniform nor alternate, proving that the
two types of the stacking sequences can be mixed at a
monolayer level. This is consistent with our previous
result for lepidolite (Kogure and Bunno, 2004).

Several HRTEM images along the X; direction are
shown in Figure 7. As described by Kogure (2002a),
unambiguous determination of polytypes in micas is
impossible from HRTEM imaging along only one
direction but a second image of the same region along
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another direction constrains the identification. However,
glimbelite is readily damaged by an intense electron
beam, and HRTEM imaging along two zone axes is not
feasible. Therefore, multiple candidates for ‘maximum
degree of order’ (MDO) polytypes as determined from
the contrast variations observed within regions having
ordered stacking sequences are indicated in the figure.
For instance, the contrast at the upper left part of
Figure 7, which has one-layer periodicity and oblique
dark bars in each 2:1 layer, can be assigned to 1M
viewed along [110] or [110], or 2, viewed along [010].
Similarly two candidate MDO polytypes can be derived
from the contrast in the other areas depicted in Figure 7.
An exception is the image at the bottom-right, which has
a three-layer periodicity, such that 37 is the only
allowable MDO polytype. Although it is possible to
ascribe some areas to the 20 polytype, as shown in the
figure, probably this polytype is rare, considering the
results from other analyses as described above.

Finally the relationship between specific polytypic
sequences and compositional variations was investigated
by using TEM-EDX analysis at regions with ordered
stacking. However, a significant difference in the
compositions among the polytypes was not detected

Figure 6. (a) Original and (b) filtered HRTEM images of a disordered region, recorded along the Y; direction. T and O to the right of
(b) indicate tetrahedral sheet and octahedral sheet, respectively. The white bars connect the closest dark spots, which correspond to
individual tetrahedra, between the lower and upper tetrahedral sheets ina 2:1 layer. The sign (+ or —) at each 2:1 layer indicates the
direction of the slant of the white bar. These signs must alternate for subfamily B, whereas they are uniform for subfamily A. They are
disordered in the figure, suggesting mixed stacking of subfamilies A and B.
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Figure 7. Filtered HRTEM images recorded along the X; direction. Possible MDO polytypes derived from the HRTEM contrast are

indicated in the figures (see the text for detail).

within the experimental variance (the specimen is beam-
sensitive and the variance is large owing to the limited
electron dose to avoid element diffusion).

DISCUSSION

Mutual orientation of the successive 2:1 layers in the
2M5 and 2M; illites with respect to their
crystallographic elongation

In order to understand our analyses of polytypism in
glimbelite, the crystallographic relationships between
mica polytypes are reviewed briefly here. The orientation
of each 2:1 layer in the 2M, and 2M, polytypes can be
characterized by the direction of its a, axis, located in the
layer mirror plane. The origin of the layer unit-cell is
chosen in the center of the ditrigonal ring of the lower
tetrahedral sheet of the layer. For simplicity one can
assume that in 2:1 layers of both polytypes, the center of
the ditrigonal ring of the upper tetrahedral sheet in
projection on the (001) plane is shifted with respect to that
of the lower tetrahedral sheet along the a, axis by a,/3,
and that the centers of the ditrigonal rings of the
tetrahedral sheets forming an interlayer cavity and
belonging to adjacent 2:1 layers coincide in the projection
on the (001) plane. Let us assume that the a, axis of the
lowest 2:1 layer in the 2M, polytype is parallel to the
vertical in Figure 8a and is oriented downward, as shown

by arrow 1. In projection on the (001) plane, the dashed
lines join the centers of the ditrigonal rings of the lower
(point A) and upper (B) tetrahedral sheets of the layer.
The next layer can be rotated counter-clockwise by 60°
with respect to the first one

As mentioned above, the centers of the ditrigonal
rings of the lower tetrahedral sheet of the upper layer
and the upper tetrahedral sheet of the lower layer
coincide (point B). The dashed line rotated with respect
to the first line clockwise by 60° about B connects the
centers of the lower tetrahedral sheet (B) and the upper
tetrahedral sheet (C) in the rotated next layer and arrow
2 shows its orientation. The dashed line between points
A and C joins the centers of the ditrigonal rings of the
lower tetrahedral sheets and other equivalent structural
points of the nearest 2:1 layers having identical
orientation. Because in the 2M, illite structure the a,
axes of the odd and even 2:1 layers are parallel to those
of layer 1 and layer 2, respectively, then the a and b axes
of the 2M, unit-cell should be oriented as shown in
Figure 8a. Note that the selection of the a and b axes are
exchanged compared with that for the 1M and 2M,
polytypes because the axis perpendicular to the sym-
metry (c glide) plane should be set as the b axis in the
monoclinic system. As can be seen in the figure, the
[110] direction of the 2M, unit-cell is parallel to the a,
axis of the odd layers. Comparison of Figures 8a and 3
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shows that if the experimental and calculated orienta-
tions of the a and b axes of the 2M, unit-cell are
compared, then the a, axis of the odd layers coincides
with the elongation of the 2M, crystals.

Similarly, Figure 8b shows a case when one layer is
rotated with respect to an adjacent one clockwise by
120°, leading to the 2M; structure. The [110] direction of
the 2M; unit-cell is parallel to the a, axis of the odd
layers, and if the experimental and calculated orienta-
tions of the a and b axes of the 2M; unit-cell are
compared, then the g, axis of the odd layers coincides
with the elongation of the 2M,; crystals (compare
Figures 8b and 4a). Thus in the fibrous 2M, and 2M,
crystals, the odd (or even) layers are oriented with the a,
axes parallel to the direction of crystal elongation.
Moreover, orientation of the a axis in the 2M, crystals
coincides with that of the b axis in the 2M; crystals
whereas the corresponding b and a axes of these crystals
have the opposite orientation (Figure 8a,b). Therefore, a
coexistence of thin 2M; and 2M, layer packets can be
formed by rotation of some even layers by 180° with
respect to each other. In 1M crystals, laths are parallel to
the a,— (= a—) axes of all stacking layers.

Possible origin of the fibrous shape of the 2M, and 2M,
illite crystals

The origin of the fibrous morphology of illite has
been discussed for several decades (e.g. Wilson and
Pittmann, 1977; Bauer et al., 2000; Giiven, 2001).
Several experimental studies have been performed to
synthesize illite in order to elucidate the kinetic
conditions favorable to its fibrous growth (Giiven et
al., 1982; Small et al., 1992; Bauer et al., 2000). These
studies along with observations of illite particle mor-

a) 2M,

[1 10]\"-

1
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phology during illite diagenesis in sandstones (Lanson
and Champion, 1991; Lanson et al., 1996) suggested that
the lath shape is a transient phenomenon and eventually
transforms to platy illite. Small et al. (1992) performed a
precipitation experiment of illite at 250°C containing
oxalate and suggested that very rapid precipitation
resulted in the fibrous/lath morphology. Bauer et al.
(2000), on the other hand, pointed out that at lower
temperature conditions (~100°C) a slow growth rate and
lower supersaturation conditions favor the occurrence of
fibrous illite.

In addition to these kinetic effects, the relationship
between the polytypic features and morphology of illite
also has been discussed. In general, a crystal habit is
determined by the difference in growth rates among
individual crystallographic directions. It was reported
that lath-shaped crystals are typical for 1M illite
clongated along the a axis (e.g. Giiven et al., 1980).
This morphological feature may be related to an
inhibitory effect by inorganic or organic complexes on
the (010) facet during crystal growth (Giiven, 2001). In
contrast, the 2, illite polytype tends to form a diamond
or pseudo-hexagonal morphology (e.g. Inoue et al.,
1987; Baronnet, 1992). Al-rich 2M, illite described by
Slonimskaya et al. (1978) also has a platy morphology
(data not shown). The 2M, and 2M, polytypes must
intrinsically have the same growth rate along [110] and
[110], because they are crystallographically equivalent.
Hence if these crystals grow in a free space (e.g. in
solution) and via homogeneous nucleation, it is not
expected that the crystal will elongate along only one of
these two equivalent directions. Thus, the fibrous
morphology of 2M, and 2M, giimbelite crystals elon-
gated along one of the <110> is quite mysterious.

b) 24

Figure 8. Relationship between the orientation of the successive 2:1 layers in the 2M, (a) and 2M; (b) polytypes and their

crystallographic axes (see the text).
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Although the two <110> directions in 2M, and 2M,
are crystallographically equivalent, the two directions
can be differentiated if a crystal has intergrowths of
different polytypes or twinning. As described above,
twins and/or intergrowths of different polytypes in a
crystal are very common in the present specimen. Such a
stacking disorder can change the populations of the unit
layers with their @, axis along the [110] and [110]
directions, which are equal in the ordered two-layer
polytypes. For instance, if domains of 2M, and 2M,
coexist in almost equal ratios in a crystal, then the layers
whose a, axis is shared by both polytypes (e.g. layer 1 in
Figure 8) are twice as abundant as those with the other
orientations (layer 2 in Figure 8a,b). According to
studies of fibrous 1M illite (Giiven et al., 1980), it is
possible that the growth rate of the illite unit layer is
very fast along the a, axis, or very slow along the b,
axis. Hence the crystal can elongate along the direction
to which the unit layers whose a, axes are parallel are
most abundant.

Based on their TEM observations, Tokmakov et al.
(1961) argued that glimbelite fibers are preferentially
oriented in the main body of the vein whereas relatively
randomly oriented fibers were recognized in the vicinity
of the boundary to the Shungite shale. From this
occurrence, Tokmakov et al. (1961) suggested that a
geometrical selection mechanism caused the fibrous
morphology of giimbelite. If a nucleation density on the
wall is very high, a growth competition between adjacent
crystals may occur and lead to a fibrous morphology of
growing minerals (e.g. Cox, 1987). The nucleation of
randomly oriented crystals within the narrow confines at
the vein wall generates small, equant crystals. Those
crystals oriented with their fast growth directions normal
to the vein wall will out-compete other crystals,
resulting in fiber development. This geometrical selec-
tion rule may promote the growth of the fiber axis of
glimbelite with one of the <110> directions because of
the intrinsically faster growth rate than those along other
crystallographic directions as described above.

Factors promoting the formation of 2M, polytypes

Occurrences of specific polytypes of mica have often
been correlated with compositional variations. For
example, Abbot and Burnham (1988) showed by energy
calculations that the value indicating the degree of
corrugation of basal oxygen surface (Az) is the best
parameter for prediction of polytypes. They noted that
values of Az < 0.01 correspond to the 1M polytype
whereas higher values favor the 2M; polytype. Az
decreases with increasing substitution of (Mg, Fe)
because the sizes of the M1 and M2 octahedra become
closer (Lee and Guggenheim, 1981; Brigatti et al.,
1998). In fact, Peacor ef al. (2002) showed by TEM-
AEM analyses that unusually high Mg contents in illite
sequences are associated with the 1M polytype, which
can be attributed to lower Az values.
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Recently Drits et al. (2006) carried out an analysis of
the relationship between (2n + 1)60° rotational stacking
faults and cation composition of the 2:1 layers for a large
collection of illite-smectites (I-S) and illites. They
showed that the amount of these stacking faults depends
mostly on the total Al content in the octahedral and
tetrahedral sheets of the 2:1 layers. They argued that
smaller Al contents cause the decrease in both tetra-
hedral rotation and Az values. Even when Al ~ 2.2
atoms per O;9(OH),, the concentration of (2n + 1)60°
stacking faults (Pgo) may be equal to 40% of the total
amount of rotational defects (Drits ef al., 2006). The co-
existence of 2M,, 2M, and 1M illite polytypes in the
present sample as well as within individual crystals with
stacking faults due to rotation of the layers by 2n60°
and/or (2n + 1)60° may be considered as evidence for the
absence of rigid restrictions on the mutual arrangements
of the layers, which is probably caused by lower
tetrahedral rotation and Az. Nevertheless, it is evident
that the 2M, polytype, or £60° rotations, is dominant in
the present sample. Why high Mg contents and
correspondingly low Al content cause the abundance of
the 2M, polytype instead of the 1M polytype as
predicted by Abbot and Burnham (1988) is uncertain at
present.

It is, however, interesting that this result is very
similar to the result for the occurrence of the 2M,
polytype in lepidolite. The composition of lepidolite is
represented as a ternary system consisting of polylithio-
nite (KLi,AlSi404¢F>), trilithionite [KLi3/,,Als/;Si3A104,
(OH,F),] and muscovite [KAI,SizAlO;o(OH),]. Munoz
(1968) reported that the 2M, polytype, as well as the 1M
and 37 polytypes, only appear in compositions that
contain considerable amounts (close to half or more) of
polylithionite. This implies that 2M, lepidolite may
appear with a small Al content, although it is also
possible to speculate that a large Li or F content is
responsible for 2M, (Levinson, 1953; Takeda et al.,
1971). The relationship between the Al content and
polytype occurrence in lepidolite was also reported by
Kogure and Bunno (2004). This similarity between
lepidolite and illite strongly suggests that a small Al
content is responsible for the 2M, polytype, or +60°
rotations.

Drits et al. (2006) reported that Pgy is inversely
correlated with the total Al content (Aly,), which is the
summation of Al in the tetrahedral sheets (Ali) and
octahedral sheet (Aly). Because Al and Alyg in their
samples are approximately correlated, probably due to
the Tschermak substitution (Y'Mg"Vsi = YIAT'VAI),
these contents are not independent. It seems that Al
content in the tetrahedral sheet (Aly) is more respon-
sible for the preference of +£60° rotations because it
contributes directly to the atomic arrangement around
the interlayer region. X-ray structure analyses determine
only average atomic positions of the tetrahedral sheet
with randomly distributed Al at the tetrahedral sites, but
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it is likely that the local atomic positions are consider-
ably modulated by the Al substitution. The interlayer
cavities are formed with twelve tetrahedra in the lower
and upper tetrahedral sheets. In case of the ideal
muscovite composition [KAl,Si3AlO;o(OH),], three Al
tetrahedra participate to construct one cavity. On the
other hand, this is close to two in the present giimbelite
sample. We cannot answer at present, for instance, why
two (or fewer) Al tetrahedra seem to promote +60°
rotations. Hopefully future works using computer
simulations may yield the solution.
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