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Direct identification of the six polytypes of chlorite characterized by
semi-random stacking

TosHIHIRO KoGURE* AND JiLLIAN F. BANFIELD

Mineralogical Institute, Graduate School of Science, University of Tokyo, Hongo, Tokyo 113-0033, Japan

ABSTRACT

This paper demonstrates that the six standard polytypes of chlorite, whose definitions
are based on the orientation of the interlayer sheet and the position of the interlayer sheet
on the 2:1 layer, can be discriminated by atomic-resolution images recorded down [010],
using a transmission electron microscope with a ~2 A point resolution and digital image
processing. Several specimens were investigated to reveal their local stacking structures.
A 1bb chloriteis highly twinned and twin boundaries consist of a llb-+1a stacking sequence
a the interlayer sheet. An interstratified chlorite/biotite formed by hydrothermal alteration
from biotite in granite consists of a mixture of several chlorite polytypic sequences, in-
cluding lab, Ibb, Ilab, and I1bb. These polytypic details of chlorite and other sheet silicates
provide important insights into mineral stability, origin, and reaction mechanisms.

INTRODUCTION

Chlorite is a common and important layer silicate
formed under awide range of conditions. Its crystal struc-
ture consists of a T-O-T (tetrahedral-octahedral-tetrahe-
dral) or 2:1 layer and a brucite-like interlayer (Fig. 1).
Brown and Bailey (1962) theoretically derived 12 differ-
ent 1-layer polytypes that arise due to the structura re-
lation between the T-O-T layer and brucite-like interlayer.
They also showed that these 12 polytypes can be classi-
fied into six ideal groupsif they have semi-random stack-
ing (the position of the repeating 2:1 layer on the inter-
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[100]

layer adopts a random mixture of three equivalent
positions related to each other by b/3 shifts). Because
most natural chlorites contain semi-random stacking, as-
signment to one of these six groups (laa, Ibb, llaa, 11bb,
Iba, and llab; Bailey 1988a) is common. | and Il indicate
whether the slant direction of the octahedrain the brucite-
like interlayer and that in the T-O-T layer is the same (1)
or opposed (I1), and “@” and ‘b’ indicate the way in
which interlayer sites project onto the cation and hydrox-
yl sites in the T-O-T layers above and below (Fig. 2;
Bailey 1988b). The most common polytype in nature is
I1bb. Its abundance is attributed to the b-type interactions
minimizing repulsion between the tetrahedral and inter-

[010]

Ficure 1. The crystal structure of chlorite (11bb) and corresponding simulated images down (a) [100] and (b) [010]. Simulation
parameters are: defocus = —40 nm (Scherzer focus); specimen thickness = 2 nm; and the composition assumed at all octahedral

sites is Mg, Fe,s.
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(a) [010] diagrammatic views of the six chlorite polytypes (modified from Bailey 1988b) and (b) corresponding

simulated images. The parameters for the simulations are the same as those in Figure 1. In b, the long arrows, black arrow-heads,
and white arrow-heads, respectively, indicate the ¢ axis, the slant of octahedra in the interlayer, and the slant in the T-O-T layer.

layer cations and the type Il arrangement optimizing in-
teractions between cations in the two octahedral sheets.
Two polytypes (Ilaa and I1ab) have yet to be found (Bai-
ley 1988b). The stahilities of these polytypes as a func-
tion of chemical composition (Brown and Bailey 1962)
or with temperature and/or pressure (Walker 1993; Jullien
et al. 1996) have been discussed.

Brown and Bailey (1962) and Bailey (1988a) showed
that X-ray diffraction (XRD) patterns can be used to dis-
tinguish the six polytypes and Banfield and Bailey (1996)
reported that intensity variations in selected area electron
diffraction patterns can serve a similar role. However,
electron diffraction methods require relatively homoge-
neous areas of at least severa tens of nanometers (tens
of micrometers in the case of X-ray). Thus, these tech-
niques have limited utility for studies that require few or
even single unit cell-scale resolution to distinguish reac-
tion mechanisms and to explain the origin of specific
polytypes. For example, chlorite forms interstratified
structures with other sheet silicates (mica, serpentine,
etc.) but generally their polytypes have not been deter-
mined, even though this information can place important
constraints on the reaction mechanism (e.g., Banfield and
Murakami 1998). High-resolution transmission electron
microscopy (HRTEM) is the logical approach to polytype
determination. In most previous studies of chlorite (e.g.,
Bons and Schryvers 1989; Banfield and Bailey 1996; Ko-

gure and Murakami 1998), HRTEM observations were
recorded down [100] (or the equivalent [110] or [110]
directions in semi-randomly stacked chlorite; see Fig. 1a).
However it is impossible to discriminate all six systems
from such images. Recently it was demonstrated that
[010] images provide important polytypic information
necessary for understanding the vermiculitization of chlo-
rite (a llbb or Ibb to laa transformation; Banfield and
Murakami 1998). The current paper shows that all six
polytypes can be discriminated from one HRTEM pho-
tograph recorded down [010].

EXPERIMENTAL METHODS

Multi-slice simulations were performed using Mac-
Tempas software (Kilaas 1991) using cell parameters and
atomic coordinates from Brown and Bailey (1962). Poly-
type images down [010] were simulated for the JEOL
JEM-2010 transmission electron microscope (TEM) used
to record experimental images (200 kV, C; = 0.5 mm,
spread of focus = 10 nm, beam convergence semi-angle
= 1.0 mrad, and spatial frequencies corresponding to an
objective aperture = 5.0 nm-?). Experimental images re-
corded on film were digitized using a CCD camera (Ko-
dak Megaplus model 1.4i) and processed by rotational
filtering (Kilaas 1998) implemented within Digital-
Micrograph version 2.5 (Gatan Ltd.) to enhance the con-
trast from the crystal, as described below.
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Ficure 3. Simulated images for Ilbb chlorite down [010] as functions of defocus and specimen thickness. The assumed com-

position at all octahedra sites is Mg, Fe,s.

Samples examined in this study were I1bb chlorite from
green schists, Nagatoro, Saitama-prefecture, Japan, and
Ibb chlorite from Tazawa mine, Akita-prefecture, Japan
(Shirozu and Bailey 1965), and interstratified biotite/chlo-
rite from Gogoshima, Ehime-prefecture, Japan (Kogure
1996). Specimens were prepared for TEM observation
down [hkQ] by argon ion milling (see Kogure and Mur-
kami 1998 for details).

RESULTS AND DISCUSSION
Image simulations and data processing

The [100] zone axis images of |1bb-2 tri-octahedral
chlorite (equivalent to [110] and [110] images in semi-
randomly stacked chlorite) do not provide information
about the slant of the octahedral sheet or the g angle (Fig.
1a). Instead, this information is carried by images record-
ed down [010] (equivalent to [310] and [310] in semi-

randomly stacked chlorites; Figs. 1b and 2). The g angle
(90° or 97°) can be determined by inspection (Fig. 2). The
dark spotsin the interlayer have a slanted elliptical shape.
Comparison with the simulation (Fig. 1b) shows that this
spot shape is due to the projected potential of hydroxyls
coordinating metal atoms. Consequently, the slant direc-
tions of octahedral sheets can be determined from the
direction of dant of the ellipses. The dant of octahedra
in the T-O-T layer is evident from the contrast due to the
tetrahedral and octahedra cations (Fig. 1b). This result
allows differentiation of type | from type Il chlorite. Fur-
thermore, for structures with g = 97°, the combination of
the relationships between the ¢ axis orientation and slants
of two kinds of octahedra distinguishes laa, 11aa, Iba, and
I1bb (Fig. 2). We can aso use the positional relation be-
tween ellipses in the interlayer and spots in adjacent tet-
rahedral sheets to identify “‘a” or ‘b stacking.
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Ficure 4. Simulated images for Ilbb chlorite down [010] as functions of the composition at octahedral sites and specimen

thickness. The defocus value is —40 nm (Scherzer focus).

With increased sample thickness, the interlayer in 11bb
chlorite rapidly loses the diagnostic elliptical shape con-
trast (Fig. 3) whereas the correspondence between con-
trast and atomic positions in the T-O-T layer is preserved
to greater specimen thickness (Fig. 4). This tendency is
more distinct as the projected potential at octahedral sites

increases. When all octahedral sites are fully occupied by
Fe, the limit of thickness to identify the elliptical shape
is only about 2 nm whereas it is about 7 nm in the case
of Mg or dioctahedral Al chlorite (Fig. 4). Asthe detailed
contrast at the interlayer is needed to discriminate the six
polytypes, selection of the thinnest areas is critical. How-

Ficure 5. Observed HRTEM image down [010] of Ilbb chlorite in a green schist before (a) and after (c) rotational filtering.
(b) and (d), Fourier transforms of the upper haf of the images. The Mg/Fe ratio is about 1/2.
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Ficure 6. Filtered images of twinned Ibb chlorite from Tazawa mine showing two adjacent twin boundaries (a) in the left and
(b) in the right. The arrows indicate the twin plane where Ilb stacking sequence forms.

ever, in practice, the contrast of such thin crystals is weak
and diminished by the superimposed contrast of amor-
phous materials formed by ion-milling, carbon coating,
or beam damage. In the thin area of I1bb chlorite (top of
Fig. 5a), the contrast of the crystal is reduced by that of
amorphous materials, resulting in a round cloud (Fig. 5b)
in the Fourier transform (FT). The rotational filter is ef-
fective in removing the contrast of amorphous materia
and making periodic contrast distinct (Kilaas 1998). The
brucite-like interlayer structure is apparent in the pro-
cessed image and its FT from the thin area (Figs. 5¢c and
5d) and we can observe that all layers have the llbb
sequence.

Examples of determination of local chlorite structures

Ibb chlorite from Tazawa mine. This specimen is
similar to that used to refine the crystal structure of Ibb
chlorite by XRD (Shirozu and Bailey 1965). They noted
that reflections with k = 3n are streaked parallel to the
c* axis, indicating semi-random stacking, and reported
(001) twinning, based on the intensity distribution in
XRD (this twinning does not generate extra spots because
B = 90°). These features are confirmed here. Bright field
images of the specimen with the incident beam dlightly
tilted from [010] show that the crysta is divided into
packets a few tens of nanometers thick bounded by (001).
HRTEM images of the boundaries in the left (Fig. 6a)
and right (Fig. 6b) of a packet indicate that this polytype
is definitely Ibb, and the boundary is a (001) twin bound-
ary. The arrowsin Figure 6 indicate the twin planes. Con-
trast analysis suggests this plane has Ilb (single “b")
character and the interlayer including this plane has a
IIb+la stacking sequence. Severa twin boundaries have

been investigated and all boundaries adopt this sequence
(e.g., Ilb on the left of the brucite-like sheet and Ia on
the right, or visa versa). The frequency of twins is very
high, which means that considerable amounts of I1b se-
guence exist in the specimens (about 5%). However, no
I1bb interlayers were found.

Interstratified biotite/chlorite in altered granite. Bi-
otite/chlorite interstratifications have been observed using
HRTEM to investigate the chloritization mechanism (e.g.,
Veblen and Ferry 1983; Olives-banos and Amouric 1984;
Eggleton and Banfield 1985). It is often proposed that
interlayers of biotite, which contain potassium ions, can
be changed to brucite-like interlayers, whereas T-O-T lay-
ers are inherited. Although the polytype of chlorite in the
interstratification provides important information about
the formation mechanism, chlorite polytypes have not
been reported, probably due to the lack of a method to
identify polytypes of thin (a few unit cells thick) packets
of chlorite. An HRTEM image of a biotite/chlorite inter-
dtratification (Fig. 7) shows two brucite-like interlayers
with I-type slant (indicated by the arrowheads); others
have Il-type slant. Polytype analysis reveals a mixture of
Ibb, lab, I1ab, and Ilbb, athough Ilbb is dominant (Fig.
7). Different crystallization routes (e.g., precipitation
from solution vs. solid state transformation) probably pro-
duce materials characterized by different degrees of poly-
typic disorder. Polytypes of products of direct transfor-
mations should be predictable, or partly constrained,
based on reactant structures. Thus, polytypic details carry
information about mineral paragenesis. Results for the bi-
otite-to-chlorite transformation will be reported in detail
separately (Kogure, Banfield, and Murakami, in
preparation).
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Ficure 7. Filtered image of the interstratified biotite/chlorite in atered granite. Asterisks show bictite interlayers and arrowheads
indicate |-type interlayers in chlorite. The parallelograms are a unit cell of each chlorite layer.
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