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PERTURBATIVE THEORY OF MICA POLYTYPISM. ROLE OF THE M2
LAYER IN THE FORMATION OF INHOMOGENEOUS POLYTYPES

MassiMO NESPOLO

Japan Science and Technology Corporation, National Institute for Research in Inorganic Materials, 1-1 Namiki,

Tsukuba-shi, Ibaraki 305-0044, Japan

Abstract—A new model is proposed to explain, within the framework of the theory of spiral growth of
Frank, the formation on inhomogeneous mica polytypes. This model relates the interaction and cooperative
growth of two components (spirals and/or crystals) to produce a new stacking sequence. Depending on
the relative orientation between the two components, a mismatch of the interlayer positions occurs, which
is compensated through either a growth defect or a crystallographic slip-at the octahedral (O) sheet. Both
these adjustments transform the M1 layer into the M2 layer. These two types of layers have the same
chemical composition but differ in cation distribution in the O sheet. The coalescence and cooperative
growth of crystals occurs in fluid-rich environments and is most frequent in druses and volcanic fumaroles.
These environments favor the inhomogeneous polytypes, especially those with complex stacking sequenc-
es. In addition, the M1 — M2 transformation is most probable in micas with an oxybiotitic composition,
where the removal of the OH dipole strengthens the interlayer bonding and the presence of high-charge
cations destabilizes the O sheet. Three examples of inhomogeneous polytypes of titaniferous oxybiotite
from Ruiz Peak (a volcanic environment where many inhomogeneous polytypes have been reported) are

presented.
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INTRODUCTION

Micas are phyllosilicates built by a 2:1 or 7-O-T
layer, henceforth called “M layer”, (Figures 1 and 2)
with interlayer cations between adjacent layers. In the
ideal structure (Pauling, 1930), the interlayer cations
are in hexagonal prismatic coordination, with 12 near-
est-neighbor oxygen atoms, six from each M layer, and
the layer symmetry is P(6)mm (layer-group notation
after Dornberger-Schiff, 1959). The most relevant
structural distortion occurring in the real layer is the
rotation of the tetrahedra in the T sheets about the
normal to the layer, by an angle that depends upon
crystal chemistry and on temperature and pressure
(Takeda and Morosin, 1975; Catti et al., 1989). Con-
sequently, the symmetry of the T sheets is reduced to
P(3)1m and the 12 oxygen atoms around the interlayer
cation separate into six nearest-neighbors and six next-
nearest neighbors. The site hosting the interlayer cat-
ion becomes a trigonal (considering the nearest six 0x-
ygen atoms) or ditrigonal (considering all 12 oxygen
atoms) antiprism for 2n X 60° rotations of the layers,
or a trigonal/ditrigonal prism for (2n + 1) X 60° ro-
tations (n integer, 0 < n = 5). The latter coordination
polyhedron is energetically less favorable, because the
basal oxygen atoms are superimposed in the (001) pro-
jection.

In the interlayer region between two adjacent M lay-
ers, monovalent and, less frequently, divalent cations
occur. Polytypism arises from the stacking of the M
layer along the ¢ axis: the geometrical operation re-
lating pairs of layers is a two-fold axis in the interlay-
er, and adjacent layers result rotated by n X 60° (0 <
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n = 5) about c*. 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 homogeneous (Zvyagin, 1988).
Homogeneous polytypes have successive M layers ro-
tated always by the same angle, apart from the sign,
and correspond to the so-called ‘“‘simple polymorphs”
in Smith and Yoder (1956). By using Ramsdell (1947)
notation, homogeneous polytypes are identified as 1M,
2M,, 3T, 2M,, 20, and 6H (symbols for polytype sym-
metry according to Guinier et al., 1984). The remain-
ing polytypes are termed inhomogeneous and corre-
spond to the “complex polymorphs” in Smith and
Yoder (1956). Mica polytypes are then suitably clas-
sified into three kinds, depending on the geometrical
equivalence of layer pairs Durovik et al., 1984; Nes-
polo, 1999): 1) subfamily-A polytypes: successive lay-
ers are rotated by 2n X 60° only; 2) subfamily-B po-
Iytypes: successive layers are rotated by (2n + 1) X
60° only; 3) mixed-rotation polytypes: successive lay-
ers are rotated by both 2n X 60° and (2# + 1) X 60°
(in all cases 0 =< n = 5) (Table 1). Most of the poly-
types reported to date belong to subfamily A. In sub-
family B, only 2M, and 20 are known, the latter being
rare. A few examples of mixed-rotation polytypes
have been reported: 44, (Takeda, 1967), 3M, and 6,
(Bailey and Christie, 1978; Rule et al., 1987), 364,
(Kogure and Nespolo, 1999a), and a disordered
mixed-rotation sequence (Kogure and Nespolo,
1999b). As shown by Ross et al. (1966), a portion of
the stacking sequence of the inhomogeneous mica po-
lytypes coincides with one or more periods of one of
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The structure of 1M mica projected along the b axis. Closed and open small circles represent octahedral sites M1

and M2, respectively. Large open circles are interlayer cations. The period along c is compressed. Inset in the top-right corner:
axes (a, b) of the space-fixed reference (C, setting) and of the structure-related references in the six possible orientations (a,—
a¢), and corresponding Z symbols. The direction of the intralayer displacement (ID) vector and of its (001) projection (Z
vector) is indicated by Z symbol i (i = 1-6) when the g, axis of the corresponding half-layer is parallel to the space fixed a

axis (modified after Nespolo ef al., 1999a).

the three homogeneous subfamily-A polytypes, name-
ly 1M, 2M,, and 37, similarly to what occurs in SiC
polytypes. For this reason, these three polytypes are
called basic structures (Baronnet and Kang, 1989).
The remaining portion of the stacking sequence of an
inhomogeneous polytype represents a deviation in the
stacking sequence of the basic polytypes. Inhomoge-
neous polytypes are thus said to belong to one of the
three structural series represented by the basic struc-
tures (Ross et al.,, 1966; Takeda and Ross, 1995).
The purpose of the present paper is to introduce a
model to explain in a simple way, within the frame-
work of the spiral growth mechanism of Frank (1949,
1951a), the appearance of complex stacking sequences
that cannot be accounted for by previous models. The
key aspect of this model is the distinction between two
kinds of layers, M1 and M2, which differ for the cat-
ion distribution in the O sheet. Each layer can be trans-
formed into the other through a growth defect or a
crystallographic slip at the octahedral sheet. A brief

summary of the present knowledge is necessary to in-
troduce the new model.

STRUCTURAL CONTROL

Smith and Yoder (1956) introduced the concept of
structural control to correlate the observed frequency
of mica polytypes with chemical composition. Basic
considerations for structural control are summarized as
follows (Giiven, 1971; Baronnet, 1980). 1) In the ab-
sence of structural control, the frequency of occur-
rence of a polytype with a given number N of layers
should be a simple function of the number of layers
in the repeat unit. This hypothesis contrasts with ex-
perimental observations. 2) Structural control is relat-
ed to crystal chemistry and to the geometrical distor-
tions of the layer, especially of the O sheet. Distortions
limit the stacking possibilities and, therefore, the for-
mation of a great number of polytypes. Distortions are
stronger in pure dioctahedral micas, lower in Li-rich
trioctahedral micas, and still lower in Li-poor triocta-
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Figure 2. Projection of the M layer onto the (001) plane. The T sheets are drawn in their ideal symmetry P(6)ymm, i.e., for
zero ditrigonal rotation. Squares represent interlayer cations and (OH,F) groups [superposed in the (001) projection]. Dark
and light gray indicates positions above and below the O sheet, respectively. M1 sites are shown by black circles. The six
vectors connecting M1 sites with the neighboring M2 sites have length |b}/3 (see text).

hedral micas. The number of inhomogeneous polyty-
pes is consistent with the above sequence 3) Structural
control in trioctahedral micas should be not sufficient-
ly strong to prevent the modification of the original
stacking sequence, but it should be sufficiently strong
to maintain ‘“memory’’, during the growth of the crys-
tal, of the stacking sequence of the matrix.

The causes of this stacking memory in the basic
structures are not well understood. Structural control
may be related to the details of the M layer, according
to desymmetrization (Durovig, 1979): the symmetry of
a layer with given composition depends on its stacking
in a polytypic structure and is commonly lower than
in the single-layer structure. Energy differences owing
to polytypic details are by definition small. However,
when all the other factors are equivalent, these differ-
ences may be sufficient to control the original stacking
sequence.

‘Whatever the reasons for structural control, both the
high frequency of occurrence of the three basic struc-
tures and the presence of their stacking sequences as
sub-periods in those of the inhomogeneous polytypes
favor a mechanism where the inhomogeneous poly-
types are formed through a modification of the basic
structures.

EFFECT OF THE CATION DISTRIBUTION IN
THE O SHEET: M1 VS. M2 LAYER

In the O sheet, there are three translationally inde-
pendent cation sites: the M1 site is trans-coordinated
by OH/F: where the layer is centrosymmetric, the cen-

ter of symmetry is at the M1 site. The remaining two
sites are labeled M2 and are cis-coordinated by OH/F;
where the layer contains a symmetry plane, this plane
relates the two M2 sites (Figure 3). Where the sym-
metry plane is absent, the cis sites are subdivided into
M?2 and M3 (Bailey, 1984). Based on the distribution
of the cations in the O sheet, the symmetry of the
octahedral sheet may be H(3)12/m (homo-octahedral
with the three sites occupied by the same average cat-
ion), P(3)12/m (meso-octahedral with one site occu-
pied by an average cation different from that in the
other two sites), or P(3)12 (hetero-octahedral with all
three sites occupied differently). The two 7 sheets of
a layer are staggered by |a|/3 in (001) projection and
the ideal layer symmetry of the M layer is C12/m(1)
(Dornberger—Schiff et al., 1982).

In meso-octahedral micas, the two average cations
in the O sheet can be distributed in three different
ways in the three translationally independent cation
sites. Similarly, in hetero-octahedral micas the three
average cations can be distributed in six different
ways. To distinguish layers with different cation dis-
tributions, the origin of the O sheet is conventionally
taken at the site with the unique cation (meso-octa-
hedral micas) or at the site containing the average cat-
ion with the lowest electron density (hetero-octahedral
micas). In most cases, the origin defined in this way
corresponds to the M1 site, but examples are also
known of micas for which the origin of the O sheet is
either in the M2 or in the M3 site (ﬁurovié et al.,
1984). Correspondingly, two types of layers, “M1”
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Table 1. Classification of mica polytypes in terms of the relative rotations between layers, and corresponding parity rules for
Z and RTW symbols.

Z symbols RTW symbols Relative rotations between layers Kind of polytype
Same parity all-even 0° (1M)
(either all odd or all even) 120° and 240° 2M ) homogeneous subfamily A
120° or 240° (37) (basic structures)
2n X 60°, with more than
one value of n inhomogeneous subfamily A

Alternating parity all-odd 180° (20)

60° and 300° (2M,)! homogenous subfamily B

60° or 300° (6H)
(2n + 1) X 60°, with more than

one value of n inhomogeneous subfamily B
Mixed, non-alternating both odd and even  both 2rn X 60° and 2n X 60° mixed rotation
parity (inhomogeneous)

! Baronnet and Kang (1989) included also 2A4, in their definition of basic structures, foreseeing the possible occurrence of
inhomogeneous polytypes based on the stacking sequence of this polytype and belonging thus to the 2M, structural series.
To date no example has been reported.
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Figure 3. The octahedral sheet of a meso-octahedral mica seen in projection onto the (001) plane. Shaded octahedra are M1
sites, with (OH,F) groups in frans configuration (open and close circles are OH,F groups below and above the cations,
respectively). The M1 site contains the unique cation (U), whereas the two M2 sites contain a pair (P) of identical cations.
The Z vectors and the SY vector (vector sum of Z vectors) are indicated by thin arrows (repeated on the right, for clearness).
Thick arrows indicate the vectors of a crystallographic slip of the first sort (CS": long vectors) and of the second sort (CS™:
short vectors) at the lower plane.
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Figure 4. The (001) projection of an octahedral sheet of a meso-octahedral mica, after a |b|/3 crystallographic slip of the
lower oxygen-atom plane along any of [010], [310], and [310] directions. One of the two M2 (unshaded) sites contains now
the unique cation (U). The SY vector is rotated clockwise by 120° with respect to that in Figure 3. The vector translationally
equivalent to SY (dashed), with length 2|a|/3, is also rotated clockwise by 120° with respect to the pair of Z vectors in Figure
3. SY vectors describe the M1 — M2 layer transformation as a simple rotation of the stacking vector and are not suitable to

show the layer transformation.

and “M2”, are distinguished (Nespolo ez al., 1999a)
(Figures 3 and 4). In homo-octahedral micas, the layer
is always M1. For M1 and M2 layers, the ideal (high-
est) layer symmetry is C12/m(1) and C12(1) respec-
tively (Dornberger-Schiff et al., 1982; Zvyagin, 1997).
These two kinds of layers can be distinguished only
when the cation distribution is known, i.e., after com-
pletion of a structure refinement.

VECTORS AND SYMBOLS TO DESCRIBE
MICA POLYTYPES

The stacking vector introduced by Smith and Yoder
(1956) (hereafter termed ““SY vector”) is the (001)
projection of the shortest vector connecting two inter-
layer cations located at the opposite sides of an M
layer (Figure 1). This vector is not related to the oc-
cupancy of the octahedral cation sites, and thus cannot
be used to distinguish between M1 and M2 layers. The
vectors introduced by Zvyagin et al. (1979) (hereafter
termed ““Z vectors™) are the (001) projections of pairs
of intralayer displacement (ID) vectors (Figure 1). The
latter connect the origin of the O sheet with the nearest

interlayer site and vice versa (the sequence of layers
must be observed from the same direction). Z vectors
can thus distinguish between M1 and M2 layers; they
are defined in terms of a space-fixed, orthogonal ref-
erence, based on a pair of orthohexagonal axes (a, b)
in the plane of the layer (C, setting in Nespolo-et al,,
1998) (Figure 2). The six possible orientations of the
Z vectors are indicated by six structure-related q; axes
(i = 1-6). When the absolute orientation of a half-
layer is such that its a; axis is parallel to the space-
fixed axis a, the (001) projection of the corresponding
ID vector is denoted by the Z symbol i (i = 1, 2, . ..
6) (Figure 2). The complete Z symbol represents the
sequence of Z vectors, and is expressed as ijoklymn

., where O indicates the interlayer displacement
vector, which in micas has components (0, 0) (the in-
terlayer cations fix the relative positions of two suc-
cessive M layers). Pairs of Z symbols give the orien-
tation of the two halves of an M layer (i and j, k and
1, m and n, etc.): they must have the same parity (either
even of odd), to produce an octahedral coordination
for the cations. Micas comprised of M1 layers have
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two identical Z symbols, ie., i = j, k = 1, m = n,
etc.; in this case the symbol 0 may be omitted and a
shortened symbol IKM ... is commonly adopted
(Zhukhlistov et al., 1990; see Figure 1 therein). Adop-
tion of the shortened Z symbolism is equivalent to
describe the layer as if it is homo-octahedral, and for
this reason the term homo-octahedral approximation
was introduced (Nespolo et al., 1999a).

Other symbols often used to describe mica polyty-
pes are the orientation-free, rotational RTW symbols
(Ross et al., 1966), which express the relative rotations
(mod 60°) between pairs of SY vectors and cannot
distinguish between M1 and M2 layers. The symbol
correspondence for the three kinds of polytypes de-
scribed in the previous section is given in Table 1.
Hereafter, the indices of axes and planes are given in
the (pseudo)orthohexagonal cell. This cell coincides
with the conventional cell for orthogonal polytypes,
and contains three conventional cells for non-orthog-
onal polytypes. Consequently, planes almost normal to
(001) are indicated as (hk0).

SPIRAL GROWTH IN MICAS

Hartman and Perdok (1955) classified crystal faces
into F (flat), S (stepped), and K (kinked) depending
on whether they contain in the same order two or
more, one, or no periodic bond chain (PBC) vectors,
i.e., vectors indicating directions of strong bonding. In
micas, the K faces (e.g., {111} in the orthohexagonal
setting) are not developed as crystal faces; the F faces
correspond to the (001) plane, and the S faces are nor-
mal (e.g., {100}) or inclined (e.g., {110}) to the (001)
plane (see, e.g., Peacock and Ferguson, 1943). The F
faces grow slowly in the direction perpendicular to the
face, are large and flat, have a low surface energy, and
no dangling bonds, they often contain growth-spirals.
In contrast, S faces grow rapidly in the direction per-
pendicular to the face, are relatively small, have a high
surface energy, contain dangling bonds, and are the
preferential site for the accretion of larger crystalli-
zation units, e.g., already existing crystal nuclei. S fac-
es are characterized by striations and a lack of growth
spirals (Sunagawa and Bennema, 1982). Cleavage in
micas occurs along F faces, the structure of F faces is
comprised of basal oxygen atoms and interlayer cat-
ions (Kogure, 1997).

The spiral-growth model is a perfect memory mech-
anism repeating either the complete stacking sequence
of a polytype (perfect dislocation: the pitch of the
screw dislocation from which the spiral originates is a
multiple of the polytype periodicity) or a part of a
stacking sequence (imperfect dislocation: the pitch of
the screw dislocation is a submultiple of the polytype
periodicity). The presence of a stacking fault in the
exposed ledge increases the number of polytypes
which can form in this way (Frank, 1949, 1951a). The
outcrop of a screw dislocation on the surface of a crys-
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tal is the result of an increase in the crystal stress
either because of thermal stresses or physical-type
stresses, i.e., non-uniform distribution of impurities
(Frank, 1951a).

Polytypism in binary compounds may be generally
explained by considering the presence of one or more
stacking faults in the exposed ledge (faulted matrix
model, FMM; spiral growth of an unfaulted ledge: per-
fect matrix model, PMM) (for details see Baronnet,
1997). For micas, the PMM can explain only subfam-
ily-A inhomogeneous polytypes belonging to 2M, and
3T structural series, and the possible sequences cor-
respond to RTW symbols (22),0 (2M, structural se-
ries), and (222),0 and (222),22 (37 structural series)
(Ross et al., 1966; Baronnet, 1980). The FMM intro-
duces a higher degree of flexibility, without however
explaining the more complex stacking sequence,
which would require ‘““singly- or multiply-faulted ex-
posed ledges containing higher energy fault configu-
rations”” (Pandey et al., 1982), a situation with a low
probability of occurrence and at variance with the
starting assumptions of the FMM itself. Micas have
features markedly different from those of binary com-
pounds: 1) they are not based on closest-packed ar-
rangements: only the planes of hydroxyl groups and
apical oxygen atoms follow the closest-packed topol-
ogy (Pauling, 1930), and micas have a large anion-
anion spacing in the plane of hydroxyl groups and api-
cal oxygen atoms (Noe and Veblen, 1999); 2) layers
are related by both translations and rotations; 3) basic
structares include one, two, and three-layer polytypes
only; and 4) the relative positions of successive layers
are determined by the interlayer cations. Other factors,
different from the casual presence of stacking faults in
the ledge, must be considered if Frank’s mechanism
of spiral growth is to explain the most complex stack-
ing sequences reported in micas.

RELATION BETWEEN CRYSTALLIZATION
ENVIRONMENT, CRYSTAL CHEMISTRY, AND
THE OCCURRENCE OF INHOMOGENEOUS
POLYTYPES

The explanation for the occurrence of long-period
polytypes with a complex stacking sequence is related
to a perturbation occurring during spiral growth. Well-
known perturbing events include the interactions be-
tween spirals present on the same crystal, between a
spiral and a crystal, or between two separate crystals.
The relation between these three types of interactions
and the frequency of inhomogeneous polytypes can be
explained in terms of crystallization environments.

During metamorphism, minerals are formed in situ
by solid-solid transformation and the products occupy
the space of the reactants. Spiral growth is commonly
not observed on crystal surfaces (Sunagawa et al,
1975). Dioctahedral micas are typical of metamorphic
rocks (Guidotti and Sassi, 1998) and thus far they are
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not known to form inhomogeneous polytypes [the
three-layer monoclinic muscovite of Axelrod and Gri-
maldi (1949) is a 37 polytype (Smith and Yoder,
1956)]. Also, in synthetic samples, the occurrence of
inhomogeneous polytypes in dioctahedral micas is ex-
ceptional (Baronnet et al., 1976). Li-rich trioctahedral
micas are typical of greisens, pegmatites, and hydro-
thermal veins (Rieder et al., 1970) and are thus formed
by metasomatism, through dissolution-precipitation. In
these environments, crystals precipitate directly from
slow-moving solutions with low supersaturation. Po-
lygonal growth spirals are invariably present on their
surface (Sunagawa, 1977). Some inhomogeneous po-
Iytypes belonging to 1M or 37 structural series were
reported, and the stacking sequences were closely re-
lated to those of the corresponding basic structures
(Takeda, 1967; Rieder, 1970). Li-poor trioctahedral
micas occur mainly in magmatic environments, and
inhomogeneous polytypes were reported in both plu-
tonic (Borutskiy et al. 1987; Zhukhlistov et al., 1990,
1993; Bigi and Brigatti, 1994) and volcanic rocks
(Hendricks and Jefferson, 1939; Amelinckx and De-
keyser, 1953; Ross et al, 1966; Takeda and Ross,
1995; Nespolo and Takeda, 1999; Kogure and Nes-
polo, 1999a).

In plutonic Li-poor trioctahedral micas, the reported
polytypes, even when they possess a long-period
stacking sequence, are a simple modification of one of
the three basic structures. Inhomogeneous polytypes
with more complex stacking sequences are found in
druses or in volcanic fumaroles, where crystallization
occurs by post-volcanic action (e.g., Tomisaka, 1958,
1962; Ross et al.,, 1966): their occurrence seems thus
related to the final differentiation stage of a magma,
where volatile components are present as super-critical
vapor phase. Experiments simulating the growth in
these environments have successfully produced inho-
mogeneous polytypes of fluor-phlogopite, emphasizing
the role kinetics play in crystal growth (Sunagawa et
al., 1968).

The main features of crystal growth in a magma and
from a vapor phase can be summarized and compared
as follows (Sunagawa, 1977, 1978, 1982; Sunagawa
and Bennema, 1982). 1) Solid-fluid interactions are
stronger during the crystallization from a melt then
during precipitation from a vapor phase, for which ac-
cretion of groups of atoms or ions instead of single
atoms or ions is characteristic. 2) The critical super-
saturation below which the spiral growth mechanism
is active is much higher with growth from the vapor
phase than from solutions. Growth spirals are thus
more numerous and frequent in vapor growth, and
much less developed in crystallization from magma.
3) The mobility of crystal nuclei and the probability
to settle on larger crystals is much higher in a fluid or
vapor phase than in a silicate magma. In a vapor
phase, small mica crystals move freely in the open
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space, like “flying magic carpets”” (Sunagawa and
Endo, 1971; Sunagawa and Tomura, 1976).

Free moving crystal nuclei in a fluid environment
frequently come into contact with each other and oc-
casionally get attached. Just before agglutinating, they
adjust their mutual orientation, to form a parallel
growth, a twin/allotwin or, more rarely, a plesiotwin
(Sunagawa et al., 1975; Sunagawa and Tomura, 1976)
(Allotwins are the twin-like oriented crystal associa-
tions of different polytypes of the same compound; see
Nespolo et al., 1999b; plesiotwins are oriented crystal
associations based on a large coincidence-site lattice;
see Nespolo et al, 1999c). Small mica nuclei settle
onto the F face of a larger mica crystal, taking a crys-
tallographically identical, twinned, or inclined orien-
tation relative to the host crystal, with composition
plane (001), as observed in the ‘‘biotitic phlogopite”
(now termed ‘‘ferrous phlogopite””, Rieder et al.,
1998) from druses at Mutsure-jima, Japan (Sadanaga
and Takéuchi, 1961; Sunagawa, 1964; Sunagawa and
Tomura, 1976). This specimen (K6zu and Yoshiki,
1929; K6zu and Tsurumi, 1931; Tomisaka, 1958) was
the object of a systematic surface study by phase-con-
trast microscopy and was described as a 1M polytype
(Tomisaka, 1962), but no systematic diffraction or
high-resolution transmission electron microscopy
(HRTEM) study was performed, and thus the sample
may contain other polytypes. If the crystallites settle
close to each other, they may interact through their S
faces. This kind of contact eliminates two high-energy
surfaces with exposed dangling bonds (one for each
crystal) to form a twin with a composition plane (near-
ly) normal to the (001) plane (see examples in Suna-
gawa, 1964). The surface of the larger crystal where
they settle may not be atomically flat and the crystal-
lites will in general cover an irregularly stepped sur-
face, thus producing an inclined interface. Two crys-
tallites close to each other, in general, are thus rela-
tively inclined. One or more screw dislocations will,
therefore, arise along the boundary of two inclined
crystallites which coalesce along their S faces, from
which new growth ledges originate (Sunagawa et al.,
1975; Tomura et al., 1979). A cooperative growth be-
gins which, during its early stage, must overcome a
certain degree of mismatch caused by the relative in-
clination of the crystallites. As discussed below, it is
through the recovery of this mismatch that an inho-
mogeneous polytype with a relatively complex stack-
ing sequence can form.

POLYTYPE FORMATION AND MECHANICAL
STRENGTH: CRYSTALLOGRAPHIC SLIPS AND
THEIR ROLE IN THE M1 —» M2
TRANSFORMATION

The M layer may form initially as an M2 layer: for
dioctahedral micas, this occurs when the grain crys-
tallizes in conditions far from equilibrium (Zvyagin et
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Figure 5.
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(b)

The trigonal (ideally hexagonal) rings of two tetrahedral sheets belonging to adjacent layers where interlayer

cations occur. In (a) the two rings match and the cation occurs. In (b) there is a |b|/3 mismatch between the two rings. Two
successive M layers where trigonal rings of the adjacent T sheets do not superpose in (001) projection make a shifted pair.
The occurrence of an interlayer cation between a shifted pair is an unfavorable coordination because the cation occurs near

the edges of tetrahedra of both adjacent layers.

al., 1985; Bloch et al, 1990; Zhukhlistov and Zvy-
agin, 1991; Zhukhlistov er al., 1996). However, the
M2 layer can also be obtained by transformation from
an M1 layer. Important information on the M1 —» M2
layer transformation is obtained by considering the
mechanical strength and the occurrence of slips in the
micas.

Notwithstanding the wide-ranging literature on edge
dislocations in micas which started with Silk and
Barnes (1960), the location of slip planes was partly
overlooked. Only basal slip, i.e., slip along the (001)
plane, occurs in micas. Low-energy displacements cor-
respond to slip vectors of *[100], =1/2[110], and *1/2
[ITO] (length Ial), which connect two interlayer cation
sites (e.g., Caslavsky and Vedam, 1970; Etheridge et
al., 1973; Bafios er al., 1983; Kronenberg er al., 1990).
Displacements with slip vectors *[010], =1/2[310],
and *1/2[310] (length |b]) require higher energy and
are considered the result of multiple slip systems
(Christoffersen and Kronenberg, 1993). Bell and Wil-
son (1977, 1981, 1986), Wilson and Bell (1979), and
Noe and Veblen (1999) demonstrated that slips occur
also in the O sheet, with slip vectors of =14[010], =1/6
(310}, and *+1/6[3101 (length [b|/3), which connect an
M1 site with one of the nearest M2 sites (Figure 2).
These slips preserve the octahedral coordination of the
cations but modify the (OH,F) positions in one of such
planes within a layer. A slip with a fault vector length
of |bl/3 in the interlayer region is highly improbable,

because it would create a highly unstable coordination
environment for the interlayer cations (Figure 5).

The biotite studied by Bell and Wilson (1977, 1981,
1986) and Wilson and Bell (1979) was more suscep-
tible to deformation than coexisting muscovite, but
contained a low concentration of E In contrast, the
biotite investigated by Kronenberg et al. (1990) and
Mares and Kronenberg (1993) was stronger than mus-
covite, but was F-rich. Dahl and Dorais (1996) have
interpreted this apparent contradiction on the basis of
the different content of fluorine. In trioctahedral micas,
the OH dipole is perpendicular to the (001) plane, di-
rected towards the interlayer cation (Bassett, 1960).
The OH — F substitution at the Mg sites removes the
OH--K repulsion, strengthens the K-O bonds, and ex-
plains the unusual mechanical strength of fluorine-rich
biotites (Van Valkenburg and Pike, 1952; Takeda and
Donnay, 1966; Takeda er al., 1971). A similar but
more complex phenomenon occurs in oxybiotite,
where strengthening of the K-O bonds comes from the
OH — O substitution (Barshad and Kishk, 1968;
Farmer and Wilson, 1970) related to the Fe?* — Fe3*
oxidation and the (Fe?*, Mg2*)_,H_,Ti, exchange (Fi-
lippov et al., 1976). In addition, the OH dipoles sur-
viving after the oxidation reaction to form oxybiotite
deviate from the normal to (001) (Juo and White,
1969). Differently from the case of F-rich biotites, in
oxybiotites, presence of high-charge cations (Ti**,
Fe’*) destabilizes the octahedral sheet. As a conse-
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Figure 6. Simplified scheme of the perturbative theory of mica-polytype formation. Two components {1 and E, here repre-
sented as two crystals attached laterally, interact and some growth layers from E spread onto the surface of (). The lowest
layer of E is modified because of a mismatch of the interlayer-cation positions between the two components, and the stacking
vector takes an orientation different from the original vector (¥). An inhomogeneous polytype results, whose stacking sequence

is represented as (1), V(E),., where n layers and ' layers from () and E, respectively, are connected by layer ¥.

quence, the relative “‘hardness’ of the interlayer and
of the octahedral sheet is greatly modified and defor-
mation occurs rather through a |b|/3 slip in the O sheet
than through an |g| slip in the interlayer.

The |b|/3 slip in the O sheet has an important struc-
tural consequence: it transforms an M1 layer into an
M2 layer (Figures 3 and 4) and changes the corre-
sponding stacking vector. The involvement of slips in
the polytypic transformation of micas was suggested
by Takéuchi and Haga (1971), who distinguished two
types of crystallographic slips (CS) in the O sheet. As
noted by Takéuchi (1997), the word slip is more suit-
able than the word shear, because the latter potentially
implies lattice deformation, whereas lattice is invariant
under the mechanism discussed here. The commonly
used abbreviation CS (Chisholm, 1975) should thus be
read as crystallographic slip rather than crystallo-
graphic shear. The two types of CS are: 1) slip of the
first sort (CSY): a |b|/3 displacement of one of the
planes of apical oxygen atoms with respect to other
planes, maintained in a fixed position. The CS! of the
apical oxygen atoms obviously implies a concomitant
shift of the tetrahedra linked to them, in an M1 — M2
transformation of the M layer. The two Z vectors are
rotated by *120° (the CS! can occur in two opposite
directions). Their vector sum coincides with the SY
vector (length |a|/3) and is translationally equivalent to
a vector with length 2|al/3, rotated +120° from the

original pair of Z vectors (Figures 3 and 4). 2) Slip of
the second sort (CSY): this corresponds to a simulta-
neous displacement of |a]l/3 of both the planes of apical
oxygen atoms in opposite directions, which reverses
the slant of the octahedra. A displacement of only one
apical oxygen plane would transform the octahedron
into a trigonal prism and is, therefore, impossible.

In the present paper, the occurrence of CS! as a
mechanism for polytype formation, instead of trans-
formation, is proposed. The CS! may, in some cases,
operate as a structural adjustment that is required when
an external modifier influences the normal spiral
growth of a basic polytype structure.

PERTURBATION OF THE SPIRAL GROWTH
THROUGH TWO-COMPONENT INTERACTION

The stacking sequence of inhomogeneous mica po-
lytypes can be interpreted as combinations of stacking
sequences () and E of two basic structures. ¥ is the
stacking vector which connects the two sequences.
The entire polytype can be represented by the symbol
(), ¥(E),, where n and »n’ are the number of layers in
Q and E. Q) and E may originally be two interacting
components (two spirals or crystals): the growth of Q)
is modified by its interaction with 5 and possibly vice
versa. ¥ appears because of the eventual necessity of
a structural adjustment at the boundary between the )
and E (Figure 6).
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Figure 7. Recovery of the original stacking sequence of a
crystal growing by spiral growth when disturbed by the de-
position of a platelet (P) on the surface. (a) The spiral covers
the platelet by elastic deformation; (b) some of the layers in
the exposed ledge of the spiral are stopped by the deposited
platelet; the remaining layers protrude on the surface of the
platelet. In both cases, rearrangement of the protruding spiral
may be necessary (shown by arrows) to match the interlayer-
cation position. S: original spiral; P: platelet; S': spiral as
modified after intersecting the platelet (courtesy of H. Take-
da).

Three kinds of interactions are conceived: spiral-
spiral, spiral-crystal, and crystal-crystal.

Spiral-spiral interaction

The interaction of spirals is broadly classified into
three general cases (Verma, 1953; Lemmlein and Du-
kova, 1956; Sunagawa and Bennema, 1982). 1) Two
screw dislocations of the same sign with a separation
larger than 19r*/2, where r* is the radius of the critical
two-dimensional nucleus, produce independent spiral
steps which, after a few turns, result in a system of
parallel, nonintersecting steps. 2) Two screw disloca-
tions of the same sign with a separation smaller than
19r*/2 produce a composite spiral in which an ex-
change of the spiral centers occurs at every turn. 3)
Two screw dislocations of the opposite sign produce
a closed loop and the spirals annihilate.

The most common mechanism by which composite
spirals form is the decomposition of a single screw
dislocation with a large Burgers vector into a cluster
of screw dislocations with shorter Burgers vectors.
The former is commonly created when impurities on
the growing surface act as obstacles and the advance-

Clays and Clay Minerals

ment of the growth layers is forced to stop, whereas
other parts of the growing fronts continue to advance.
As a result, impurities are entrapped by the growing
layers, creating hollow dislocations (Frank, 1951b).
For micas, hollow dislocations are observed if the Bur-
gers vector exceeds a critical value of 20—40 A (Bar-
onnet, 1972). The larger the Burgers vector, the less
stable the dislocation, and the higher the probability
that the dislocation decomposes into two or more
smaller dislocations close to each other, which can
form composite spirals. A composite spiral generated
from the interaction of two or more spirals in parallel
orientation and corresponding to the 1M polytype does
not produce a new stacking sequence. A new sequence
can, however, be obtained when at least one of the
spirals corresponds to a polytype with a zigzag stack-
ing sequence (i.e., different from 1M). In this case, a
spiral turn decomposes into two or more unit layers.
The advancing rate differs with the advancing direc-
tion: it is faster along the stagger direction and slower
normal to it. Consequently, interlacing is commonly
observed (Frank, 1951a; Verma, 1953; Sunagawa and
Koshino, 1975; Tomura et al., 1979). The different
velocity along each direction creates a difference also
in the relative position of the advancing front.
Another way to produce a modified stacking se-
quence is through the interaction of twinned spirals,
i.e., growth spirals rotated at angles of n X 60° on the
same plateau, such as those observed on phlogopite
crystals by Sunagawa and Tomura (1976). Where two
twinned spirals, even those corresponding to a 1M po-
lytype, interact to form a composite spiral, the differ-
ent orientation of the layers can produce a new stack-
ing sequence, which depends on the number of layers
from each spiral, on the relative orientation of the spi-
rals, and on the advancing rate of the spiral steps.

Spiral-crystal interaction. Platelet deposition

Thin crystal nuclei deposited onto the surface of a
larger crystal may begin growing cooperatively with a
second component, which can be either an active spi-
ral of the larger crystal on which it deposited, or an-
other thin crystal deposited onto the same surface. The
first case corresponds to the “platelet mechanism” in-
troduced by Takeda and Ross (1995).

If the ledge of the growing spiral is higher than the
platelet, the former covers the latter either via elastic
deformation (Figure 7a) or by substitution of the low-
est N layers (where N is the number of the layers in
the platelet) of the spiral with the N layers of the plate-
let (Figure 7b). The first mechanism is likely only for
a very thin platelet (one or two layers thick). A de-
posited platelet can occur in one of six stable orien-
tations with respect to the surface. If it occurs in a (0,
*+120°) orientation, the modified sequence corresponds
to a subfamily-A polytype. In contrast, if the platelet
occurs in (+60°, 180°) orientation, the modified se-
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Imperfect lateral attachment of two crystallites, attached onto an F face of a larger crystal. The misorientation

between the two crystals can be analyzed in terms of three limiting cases. (a) The two crystallites have their ¢* axes inclined
towards each other. (b) The two crystallites have their ¢* axes in parallel planes but not equally oriented. (c) The two
crystallites have their ¢* axes parallel but the plane of interface is kinked. At the contact point one or several layers can
spread onto the surface of the adjacent crystallite. The presence of kinking or bending (c) concentrates the incoherence to a
very narrow region; outside this region the interface between the two crystals may be coherent and several layers may protrude
onto the surface of the neighbor crystal (¢f,, Baronnet, 1973). Dashed lines indicate a screw dislocation formed by imperfect

attachment of the crystallites (¢f;, Penn and Banfield, 1998).

quence corresponds to a mixed-rotation polytype. This
is the most probable mechanism by which fluorophlo-
gopite-4A; (Z = 6614, RTW = 0132) (Takeda, 1967)
formed.

Crystal-crystal interaction. Lateral coalescence of
crystals and their cooperative growth

In general, crystallites coalescing onto the same sur-
face of a larger crystal are imperfectly attached, main-
ly because of the inclination with respect to the F face
of the crystal acting as substrate. Three limiting cases
of imperfect attachment of two crystallites can be dis-
tinguished. 1) Their ¢* axes are not parallel but slight-
ly inclined towards each other (Figure 8a). 2) Their ¢*
axes are not parallel but lie within parallel planes (Fig-
ure 8b). 3) Their c¢* axes remain parallel but one or
both crystals are kinked (Figure 8c). The real case of
imperfect attachment in most cases corresponds to a
combination of these three cases. One or more dislo-

cations with mainly a screw component, and Burgers
vectors nearly parallel to [001], arise along the bound-
ary. Consequently, layers from one crystal can crys-
tallize onto the surface of the other crystal. Coherency
requirements at the interface allow only very small
misorientations and, as a consequence, only very few
layers can protrude onto the surface of the neighbor
crystal. In Figure 8c, the kink permits a larger number
of layers to spread. Mica crystals are frequently kinked
or bent (Etheridge and Hobbs, 1974; Bell et al., 1986).
These physical defects may produce an interface that
is coherent, except in the small kinked or bent region.

Different type of interactions between coalescing
crystallites can be distinguished. From a basic struc-
ture belonging to subfamily A, either a subfamily-A
or a mixed-rotation polytype can arise. A mixed-ro-
tation polytype may be obtained also by the introduc-
tion of layers with 2n X 60° (subfamily A) orientation
into a subfamily-B homogeneous polytype. Instead, in-
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Figure 9. Lateral attachment of two M layers with the same
orientation (Z stacking vector 33,) preserving the arrange-
ment of the (OH,F) groups. The octahedra along the boundary
are crossed with horizontal lines; open and close circles rep-
resent the (OH,F) positions in the two layers; gray circles
correspond to (OH,F) groups at the boundary. The two M
layers that were originally separated are shown by a different
shading of the 7 sheets. Each of the three sheets (7-O-7) is
continuous across the interface. The resulting M layer cannot
be distinguished from a single as-grown layer with the same
orientation.

homogeneous polytypes belonging to subfamily B
would require the introduction of layers with (2n + 1)
X 60° orientation into a subfamily-B homogeneous po-
lytype. The probability for a certain polytype to be
formed through coalescence of two crystallites is di-
rectly related to the frequency of occurrence of the two
subfamilies. If Pyo(X) is the probability of a basic
structure to belong to a subfamily (X), and Py, (Y) is
the probability of introducing a new layer with an ori-
entation corresponding to a subfamily (Y), the proba-
bility P to form a polytype (X, Y) is Pgs(X) X Py (Y).
Acknowledging that P(A) > P(B), it follows that
Pys(A) X Py (A) > [Pgs(A) X Py (B), Pys(B) X
Py (A)] > Pp(B) X Py (B), which well agrees with
the fact that no subfamily-B inhomogeneous polytypes
have been found to date.

Mechanism of stacking sequence modification

The stacking of layers in polytypic substances must
preserve the structural continuity between adjacent
layers. For micas, the presence of interlayer cations
requires that the centers of tetrahedral rings of adjacent
M layers superpose in the (001) projection (Figure 5a).
When ) and E components interact, the lowermost
layer(s) of E protrudes over the top-most layer of ()
(Figure 6). If the arrangement of the (OH,F) groups in
the two components does not match at the interface,
the two tetrahedral rings do not superimpose. If this is
the case, such mismatched M layers are called a shift-
ed pair. The amount of the mismatch in a shifted pair

Clays and Clay Minerals

Figure 10. Lateral attachment of two M layers with the
same orientation (Z stacking vector 33;) but with altered ar-
rangement of the (OH,F) groups (same drawing conventions
as in Figure 9). Two (OH,F) positions from each adjacent
layer occur in each octahedron crossed with horizontal lines.
The two T sheets are not connected at the boundary. Open
circles and close circles correspond to the  positions of each
M layer. They do not match across the boundary but are dis-
placed by |b|/3.

depends upon the relative rotation between Q and B
and, because of the layer stagger, also on the number
of layers interacting. Various cases of lateral interac-
tion of two components are possible (Figures 9-13).
Q and E can be related by six different relative rota-
tions. For a 2n X 60° rotation, either a parallel growth
(Figure 9) or a twin according to the (110) or (ITO)
law (Figure 10) arises. In both cases,  and E may be
related in two possible ways. In one case, the arrange-
ment of the (OH,F) groups is kept unchanged along
the boundary (Figure 9); the two T sheets above and
below the O sheet continue across the boundary and
the interlayer-cation positions match. In the other case,
the octahedra across boundary have in common four
(OH,F) groups (two from each of Q) and E) (Figure
10). The two T sheets above and below the O sheet
are disconnected across the boundary, as in the case
of screw dislocations in polytypes with the 2n X 60°
rotations between layers (Baronnet and Amouric,
1986) and the interlayer-cation (/) positions have a
mismatch of |b|/3. For a (2n + 1) X 60° rotation, a
twin according to the (100), (130), or (150) law arises.
In this case, the interlayer-cation positions of { and =)
can never match. The O sheet at the boundary is high-
ly distorted and the two T sheets are disconnected, and
the mismatch of the interlayer-cation positions is |a}/3
(Figure 11).
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Figure 11. Lateral attachment of two M layers with opposite
orientation (Z stacking vector 33, and 66,) (same drawing
conventions as in Figure 9). At the interface, the octahedra
from each of the two M layers have opposite slant and the
coordination of the corresponding cations is highly distorted.
The polyhedra shown in the figure are drawn by simply jux-
taposing the two M layers, but the actual coordination at the
interface corresponds to more distorted polyhedra.

Where one layer of E protrudes above (), the
growth of £ is unaltered only if a shifted pair is avoid-
ed, otherwise the corresponding mismatch must be
compensated. A possible, but unlikely compensation
of an |a|/3 mismatch is a CS™ at the O sheet. This
mechanism would require the slip of both halves of an
M layer in opposite directions to avoid forming tri-
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Figure 12. Projection along the [100] direction showing two
M layers laterally attached with a relative rotation by 180°
and the next layer growing above. ) and 5 components are
shown by different shading of the tetrahedra and interlayer
cations. At the boundary, the O sheets have opposite slant
and the two T sheets are disconnected. The interlayer cation
is shown by a black circle (its position is slightly moved from
the ideal, because of the |al/3 mismatch). The second layer
growing from E can cover the surface of () with a distortion
of the lower T sheets, realized, e.g., through a reduction of
the ditrigonal rotation of the tetrahedra at the boundary. The
arrow gives the growth direction of the upper layer.
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(b)

Figure 13. (a) Projection along the [100] direction showing
two M layers laterally attached, and with the same orienta-
tion, but with a relative shift that alters the (OH,F) arrange-
ment at the boundary. The O sheets are continuous, whereas
the T sheets are discontinuous. In addition, the mismatch of
the interlayer position across the protruding E layer is |b}/3,
owing to the shifted pair. The interlayer cations of both com-
ponents are shown at the ideal positions (in projection) along
the boundary. The O sheet and the upper T sheet of the pro-
truding £ layer grow unaltered. As a consequence, the SY
vector of the protruding E layer is rotated by 120° compared
to the orientation in the bulk = (+ and — indicate positions
closer to and farther from the observer, respectively). (b)
(001) projection of the protruding layer (£ component) in (a).
The lower T sheet is discontinuous because of the |p|/3 mis-
match. The arrangement of the upper (OH,F) groups is un-
changed across the boundary, but that of the lower groups is
modified. The M1 octahedra are transformed into M2 octa-
hedra when = covers {); therefore, for meso- and hetero-
octahedral micas, at the boundary the M1 layer is transformed
into an M2 layer and the Z vectors change from 33, to 53,.
The vector sum corresponds to the SY vector. Both Z and SY
stacking vectors are shown in the upper portion of (b). Z
vectors clearly show the change in the layer symmetry,
whereas the SY vectors only show a 120° rotation.

gonal prisms, and would simply propagate the |al/3
mismatch to the opposite side of the M layer. The |al/
3 mismatch is more simply accommodated through a
local reduction of the ditrigonal rotation of the tetra-
hedral rings or through a local elastic deformation
(Figure 12). These adjustments do not modify the
stacking vector of the growing layer. On the contrary,
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Figure 14. Vector scheme showing the modification of a Z vector (which gives the absolute orientation of a half M layer)
following a [b}/3 displacement. The intersections of the dashed grid in the background give the possible positions of interlayer
(I) cations: the 12 mismatch vectors in the upper part of the figure correspond to the (001) projection of vectors connecting
the 7 position determined by the two tetrahedral rings of a shifted pair (the six short vectors correspond to |al/3 and the six
long ones to [b|/3). In the lower part of the figure, the transformation rules for the Z vectors owing to a ||/3 mismatch (dotted
arrows) are given for the six orientations of the original Z vector (cf.,, inset on the top-right, where coordinate vectors and Z
vectors are shown). The figure is drawn for a structural adjustment in the lower half layer of an M layer, i.e., corresponding
to the insertion of a growth defect in an M layer growing onto a boundary. Therefore, the head of the Z vector, representing
the origin of the O sheet, is fixed. The original position of the [ cation below the M layer, represented by the tail of the Z
vector, is at the intersection of the six |b|/3 vectors (dotted). By applying any of the |b}/3 translations, the tail of the Z vector
moves into one of two possible, translationally independent positions shown by open circles (1/6{310], —1/6[310], —1/3[{010])
and open squares (—1/6{310], 1/6[310], 1/3[010]), respectively. In case of a structural adjustment in the upper half layer of
an M layer, i.e., corresponding to the occurrence of a CS!' into an M layer of a small platelet or crystal covered by a larger
spiral, the tail of the Z vector represents the origin of the O sheet and is unchanged, whereas the head represents the interlayer
position and is moved. This situation can be described by the same figure, with tail and head of the Z vectors exchanged.

a |b|/3 mismatch requires a structural adjustment con- of the upper (OH,F) groups does not change. The

sisting either in a growth defect or a crystallographic
slip.

A growth defect which is allowed to compensate for
the tetrahedra discontinuity at a & - () boundary with
a |b)/3 mismatch, is related to the loss of a row of
tetrahedra from the lower tetrahedral sheet (Figure
13a). The overlying O and T sheets of this M layer
are not affected. The net result is shown in Figure 13b,
which is the (001) projection of the upper layer in
Figure 13a. The octahedra that, in the bulk of E are
trans, are shown by thick lines. After reaching the dis-
continuity below (Figure 14), the lower (OH,F) groups
are displaced by [b)/3 (in Figure 13b, the displacement
is shown along the [310] direction), but the position

growth of E over () has thus two consequences: 1)
although the distribution of cations in the octahedra
did not change, the position of the (OH,F) groups in
the lower plane of apical oxygen atoms did (as well
as the tetrahedra bonded to them); 2) the lower Z vec-
tor was rotated by 120° and the Z symbols have
changed from 33, to 53,. Z vectors and SY vectors are
indicated in Figure 13b, from which it is clear that,
for meso- or hetero-octahedral micas, the M1 layer
was transformed into an M2 layer after reaching the
E - Q boundary. The layer growing above the 5 - ()
boundary is thus partially M1 (before reaching the
boundary) and partially M2 (after reaching the bound-
ary), but the SY vectors simply show the existence of
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Table 2. Transformation rules for the orientation of the Z
vector due to a |b}/3 mismatch of the interlayer cation position
along each of the six possible directions.

Shift

~1/6{310}, 1/6[310], 1/6[310], — 1/6[310],
Orientation parity 1/3[010] —1/3[010]

0Odd
Even

i+2
i—2

i—2
i+ 2

two stacking vectors rotated *+120° within the same
layer, This phenomenon was observed in the synthetic
fluorphlogopite studied by Bloss et al. (1963), who
reported a variation of the layer-stagger direction with-
in different portions of the same layer.

A similar compensation of a |b|/3 mismatch and, as
a consequence, an M1 — M2 transformation of the
layer type can also occur through a crystallographic
slip of the first sort (CS!). The structural adjustment
does not necessarily occur immediately, especially if
the density of interlayer cations close to the boundary
is low. The protrusion of E over (1, and the corre-
sponding increase in the number of interlayer cations
in the mismatched position, strengthens the driving
force for structural adjustment. The stress resulting
from the shifted pair, together with the physical con-
tinuity between each of the two layers of the shifted
pair and the bulk of the two components E and (),
causes a CS! in one of the two layers. The CS! would
require the breaking of bonds between tetrahedra and
has thus a low probability of occurrence. However, if
an entire T sheet is simultaneously displaced, no such
breaking of bonds is necessary. A CS! in the upper
layer of the shifted pair (lowest layer protruding from
E) is unlikely to involve an entire atomic plane be-
cause of the physical continuity with a large matrix.
In addition, the result would be undistinguishable from
that of the growth defect described above. The CS' can
instead involve the entire T sheet of the lower layer
of the shifted pair (top-most layer of 1) if  is sig-
nificantly smaller than E, as for example, in the case
of spiral-crystal interaction (platelet deposition). Such
a slip is favored by a crystal-chemical configuration
with strong bonds in the interlayer and, at the same
time, a weak destabilized O sheet, such as that found
in oxybiotites and titaniferous (oxy)biotities. As a mat-
ter of fact, most of the inhomogeneous polytypes in
Li-poor trioctahedral micas have this composition
(Ross et al., 1966; Borutskiy et al., 1987; Zhukhlistov
et al., 1993; Bigi and Brigatti, 1994; Nespolo and Tak-
eda, 1999; Kogure and Nespolo, 1999a).

The meodification of the Z vector is shown in Figure
14 for all six orientations. The six vectors correspond-
ing to six possible |b|/3 shifts are shown by dotted lines
(not to be confused with the dashed lines, for the un-
derlying grid); their common point is the origin of the
Z vector before the structural adjustment. These ad-
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justments modify the orientations of the Z vector in
one of two possible orientations having a different or-
igin (shown by circle and square, respectively) but a
common end. Transformation rules for Z symbols are
given in Table 2. The M1 layer where the structural
adjustment occurred is transformed into an M2 layer
whose Z vector has changed from ii, to either i * 2,
iy (growth defect) or i, i = 2, (CS!), which are transla-
tionally equivalent to eitheri — 2, i — 2, ori + 2,1
+ 2, (Figure 15).

EXAMPLES OF APPLICATION OF THE
PERTURBATIVE MODEL TO THE RUIZ PEAK
POLYTYPES

The titaniferous oxybiotite from the Ruiz Peak
rhyodacite ash flow, Jemez Mountains, New Mexico
(Smith et al, 1961; Takeda and Ross, 1975; Bailey
and Smith, 1978; Ohta et al., 1982) was the subject of
extensive X-ray and HRTEM studies revealing not
only all the three basic structures, but also the longest
and most complex inhomogeneous polytypes reported
to date (Ross et al., 1966; Nespolo and Takeda, 1999;
Kogure and Nespolo, 1999a), a large number of twins
(about one third of the crystals; Ross and Wones,
1965), and also some allotwins (Nespolo et al., 2000).
The composition, rich in ferric iron and titanium, is
close to the upper compositional stability limit for ox-
ybiotites. The numerous planar defects are interpreted
as early stages of decomposition (Kogure and Nes-
polo, 2001).

In the volcanic fumarole where it was formed, set-
tling of thin crystals onto the surface of a larger crys-
tal, with consequent spiral-crystal or crystal-crystal in-
teraction, is the mechanism by which at least some of
the inhomogeneous polytypes reported so far were
formed (Kogure and Nespolo, 1999a). The interpre-
tation of the stacking sequence of three inhomoge-
neous polytypes from the Ruiz Peak oxybiotite is pre-
sented here. Only the unfaulted stacking sequences of
the three basic structures are used as components. The
inclusion of stacking faults in the basic structures
would add flexibility to the model and give more sim-
ple routes to explain the observed stacking sequences,
but to illustrate the method in the most direct way, the
presence of stacking faults is not considered in these
examples. Two polytypes were identified by PID anal-
ysis (periodic intensity distribution: Takeda, 1967;
Takeda and Ross, 1995; Nespolo et al., 1999a) of the
X-ray diffraction patterns (Ross et al., 1966), whereas
the third polytype was determined by HRTEM (Ko-
gure and Nespolo, 1999a). Both techniques reveal the
stacking sequence as described within the homo-oc-
tahedral approximation (i.e., assuming all M1 layers).

Example 1. 8A,, polytype

The 8A,, polytype was found by Ross e al. (1966)
and described by RTW symbols as 22020002. The
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Transformation rules for an M1 — M2 layer transformation obtained through a [b|/3 shift of the lower half-layer

(structural adjustment through insertion of a growth defect). Solid thin vector pairs are pairs of Z vectors before structural
adjustment. Dotted thin lines are directions of the shift. Dotted thin vectors are lower Z vectors after structural adjustment.
Solid thick vectors are SY vectors. Dotted thick vectors are pairs of Z vectors as they appear in the homo-octahedral
approximation (translationally equivalent to SY vectors). The symbol “ii, — ji, = kk,” stands for “layer with orientation ii,
transforms to jig, which, in the homo-octahedral approximation, is equivalent to kk,”". A similar figure can be drawn for the
case of a structural adjustment obtained through a CS, altering the second Z vector (upper half of the M layer) instead of

the first one. Inset on the right upper corner: Z vectors and coordinate axes.

shortened Z symbols are 64224444, and the Z vectors
are shown in Figure 16. The observed stacking se-
quence is interpreted as relating to coalescence of a 1M
(E) and a 3T () crystal. The lateral interaction through
their S faces produced a screw dislocation around which
five layers from 1M and three layers from 37 grew on
each other. Where the lowermost of the five 1M layers
started to protrude onto the surface of the 37 crystal, a
shifted pair appeared corresponding to a +5/3 mismatch
along the [310] direction. As a consequence, a structural
adjustment occurred during growth, as described in Fig-
ure 10. The +b/3 shift of the interlayer position along
the [310] direction corresponds to a rotation of the low-
est Z vector from orientation 4 to orientation 6. Thus,
the first of the five 1M layers (¥) changed from M1 to
M2 and the Z symbol changed from 44, to 64,, which
in the homo-octahedral approximation is equivalent to
22,. The three 37T layers protruding onto the surface of
the 1M crystal produced a shifted pair corresponding to
a —a/3 mismatch along the [100] direction, but this mis-

match can be compensated without modification of the
Z vector, as shown above.

Example 2. 10A; polytype

The 10A, polytype was found by Ross and Wones
{1965). The stacking sequence as determined by Ross
et al. (1966) in RTW symbols is 2200222222. The
shortened Z symbols are 51333513513. This polytype
belongs to the structural series 37T. It can be explained
by coalescence and lateral attachment of two 3T crys-
tallites (£ and (), with formation of a screw disloca-~
tion around which cooperative growth started. Seven
layers from E protrude onto the surface of {2 and three
layers from () protrude onto the surface of Z (Figure
17). Where the seven layers from E start to protrude,
a shifted pair corresponding to a —b/3 mismatch along
[010] occurs. The lowest half layer compensated this
mismatch by insertion of a growth defect. This defect
changed the corresponding Z vector from 1 to 5. Thus,
the first of the seven layers (¥) changed from M1 to
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Interpretation of the formation mechanism of the 84,, polytype. A 1M (E) and a 37 () crystal coalesce and

laterally attach, producing a screw dislocation around which cooperative growth starts (cf., Figure 8). A shifted pair is created,
corresponding (a) to a +&/3 mismatch along {3101, and the lowermost half layer is modified by the introduction of a growth
defect. This corresponds to a 120° rotation of the corresponding Z vector, which changes from orientation 4 to orientation 6.
The corresponding layer (¥) changes from M1 to M2 and the resulting Z symbols are 64, which in the homo-octahedral
approximation are equivalent to 22, (b). From (), three layers protrude onto the surface of Z and a —a/3 shift along the [100]
direction is produced, which can be compensated without alteration of the corresponding Z vector (b). The resulting stacking
vectors (Z vectors) are as in (b), where the bold digits indicate the two Z vectors of the M2 layer. In the homo-octahedral
approximation the Z vectors appear as in (c). Long vectors are complete Z vectors for M1 layers, (length 2|a|/3). Short vectors

are Z vectors for each half layer (length |g|/3). Inset on the right upper corner: Z vectors and coordinate axes.

M2 and the Z vectors changed from 35, to 51,, which
in the homo-octahedral approximation is equivalent to
33,. At the same time, the three layers protruding from
) onto the surface of 2 produced a shifted pair cor-
responding to a —a/3 mismatch along [100], but this
mismatch can be compensated without modification of
the Z vectors. The resulting stacking sequence corre-
sponds to Z vectors 55,11,33,51433, 55,11,33,55,11,.

Although the 10A, polytype is triclinic, it gives a
monoclinic diffraction pattern (Ross et al., 1966): this
phenomenon is known as ““diffraction enhancement of
symmetry” (Ito, 1950). Sadanaga and Takeda (1968)
showed that the monoclinic character of the diffraction
pattern from this polytype is caused by the existence
of sets of unit layers, equal in configuration. The re-
striction on the layer symmetry is that it possesses a
two-fold axis, in the direction parallel to the b axis of
the crystal. The M2 layer 51, contains as the only
symmetry element a two-fold axis, which is located

along the b axis of the crystal (for the symmetry rules
relating Z symbols see Zvyagin, 1997 and Nespolo et
al,, 1999a). Thus, the formation mechanism, as in-
volving a growth defect transforming one of the M1
layers into an M2 layer, does not contrast with the
diffraction enhancement of symmetry as observed in
the diffraction pattern of this polytype.

Example 3. 32A, polytype

Polytype 32A, belongs to subfamily A and was
found by HRTEM investigation (Kogure and Nespolo,
1999a). It is the second longest-period polytype in mi-
cas (following the 36A, polytype, found in the same
sample) and it has the most complex stacking se-
quence found thus far in micas. RTW symbols are
22222(2)522222(2)42(2),222 and shortened Z symbols
are 6262424624646264(62462424),. This stacking se-
quence is interpreted as relating to the coalescence of
the 37 and 2M, basic structures, so that this polytype
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Figure 17. Interpretation of the formation mechanism of the 104, polytype. Two 37 crystals (2 and {}) coalesce and laterally
attach, producing a screw dislocation around which cooperative growth starts (cf.,, Figure 8). A shifted pair corresponding to
a —b/3 mismatch along the [010] direction occurs (a) and the lowermost half layer is modified by the introduction of a growth
defect. This corresponds to a 120° rotation of the corresponding Z vector, which changes from orientation 5 to orientation 1.
The corresponding layer (¥) changes from M1 to M2 and the resulting Z symbols are 51,; in the homo-octahedral approxi-
mation they are equivalent to 33, (b). From () three layers protrude onto the surface of E and a —a/3 displacement along
[100] is produced, which can be compensated without alteration of the corresponding Z vector (b). The resulting Z vectors
are as in (b). Graphic conventions same as in Figure 16.

is related to both structural series. The analysis of the
possible formation mechanism is complex: to show the
mismatches and the structural adjustments, the (a, b)
components of Z vectors are given in the space-fixed
reference, taking into account that +2/3 is translation-
ally equivalent to +1/3.

Two different subperiods are easily recognized, cor-
responding to layers 1-16 and layers 17-32. The latter

subperiod contains two additional subperiods (layers 17—
24 and layers 25-32) which are identical. It thus corre-
sponds to two turns of an eight-layer complex spiral.
The 16-layer subperiod 1-16 can be explained by the
coalescence of 37 and 2M, crystals. Layers 1-4 belong
to a 2M, crystal (), with original orientation (64),, co-
operatively growing with a coalesced 37 crystal (5) with
orientation (624),62 (Figure 18a). An eight-layer ledge

—

Figure 18. Interpretation of the formation mechanism of the 324, polytype. (a) Cooperative growth of a 2M, (2) and a 3T =)
crystal. A 12-layer polytype is formed through two structural adjustments (‘¥), consisting in a growth defect at the boundary (}-
= and a CS! at the boundary E-2. Both structural adjustments are due to a —b/3 mismatch along [310] and both occur in the
E component. (b) 16 layers from the 12-layer polytype (£2) formed in (a) cooperatively grow with 16 layers from an eight-layer
polytype (E) that was formed by coalescence of a 37T (six layers) and a 2M, (two layers) crystals. The 16 layers protruding from
= onto the surface of ) produced a shifted pair corresponding again to a —b/3 mismatch along [310], which was compensated
by insertion of a CS' in the uppermost (¥) layer of  (c). The second period of the 32-layer polytype begins with a +a/3
mismatch along [110], which does not need structural adjustment to be compensated. The stacking sequence is shown by means
of Z vectors (length |a}/3). Z symbols corresponding to layers in which CS! occurred are marked in bold.
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protruded from E onto the surface of (). Assuming the
origin of the four-layer ledge of () in correspondence of
coordinates (0, 0), its fourth Z vector ends with coordi-
nates (1/3, 1/3) (Figure 18a). If the origin of the eight-
layer E ledge was at (—1/6, 1/6) where it protruded on
crystal (), the ledge produced a shifted pair with a —b/3
mismatch along the [3T0] direction. The structural ad-
justment (V) is seen in the first layer of E. Therefore,
this adjustment corresponds to a growth defect. The
stacking sequence of E, expressed by complete Z sym-
bols, changes from 66,22,44,66,22,44,66,22, to
26,22,44,66,22,44,66022,; Z = 26, is translationally
equivalent to Z = 44, (Figure 18a). The uppermost
layer of = ends with coordinates (1/2, —1/6). Four
layers from () protrude onto the surface of E. The first
layer of Q has coordinates (0, 0), leading again to a
mismatch of —b/3, along [310] direction. This time,
the structural adjustment is seen in the uppermost layer
(¥) of E, which undergoes a CS!, changing its orien-
tation from Z = 22, to Z = 26, (Figure 18b). This
kind of structural adjustment indicates that an entire
plane slipped, and that a significant difference in size
between the two crystals exists ({3 > E). By means
of two structural adjustments (one growth defect and
one CS', both in E) a perfect match of the interlayer-
cation positions was achieved and, from this point, a
12-layer polytype begins to grow. The Z symbols are
66622,66,22,26,22,44,66,22,44:66,26,, which are equiv-
alent to 626242462464 in the homo-octahedral approx-
imation.

Growth of the 12-layer polytype was then modified
by cooperative growth with another crystal. This sec-
ond crystal (layers 17-32) was an eight-layer polytype
formed by interaction of six layers from a 37 crystal
and two layers from a 2M, crystal. Two periods (16
layers) of this polytype (Z) protruded onto the surface
of the 12-layer polytype (£)), from which a 16-layer
sequence protruded onto the surface of 5. Fixing the
coordinates of the origin of the first layer as (0, 0), the
ledge ends at (1/3, 1/3). If the origin of E is at (—1/6,
1/2), then a mismatch of —b/3 occurs, along the [3TO]
direction (Figure 18b). The structural adjustment oc-
curs as a CS! in the uppermost layer (¥) of 2, and
this is in favor of a significant difference in size be-
tween the two crystals (E > }). The corresponding Z
vector changes from 22, to 26,, translationally equiv-
alent to 44,. The uppermost layer of & (which is also
the uppermost layer of the 32-layer polytype) ends
with coordinates (1/3, 1/3) and a +a/3 mismatch along
[110] arises with respect to the lowermost layer of ),
i.e., the first layer of the second repeat of the 32-layer
polytype, with coordinates (0, 0). As seen above, this
mismatch is compensated without need of a structural
adjustment. Complete Z symbols are given in Figure
18¢, where the vectors of the layers in which CS' oc-
curred are marked by bold characters.

Clays and Clay Minerals

DISCUSSION

Growth defects and CS'! modify the location of the
M1 site and can be described as £120° rotations of
the SY vector. Although this effect is unimportant for
homo-octahedral micas, in meso- and hetero-octahe-
dral micas it transforms an M1 layer into an M2 layer.
M2 layers were found both in trioctahedral and in
dioctahedral micas, but the coexistence of M1 and M2
layers in an inhomogeneous polytype has not been
proved as yet. The occupation of the cationic sites in
the O sheet is modified, but this change may be dif-
ficult to extract from a structure refinement. Because
of the physical deformation and bending of the crys-
tals, the quality of a diffraction pattern from mica is
often poor, with oval-shaped, broad, and streaked re-
flections. The poor quality of diffraction is a severe
obstacle to structure refinement. To date, the only
structure refinement of an inhomogeneous polytype
(3M,) was performed by Rule et al. (1987), with a
final R factor of 12%. The quality of the refinement is
clearly insufficient to distinguish the possible presence
of an M2 layer (furthermore, this is a mixed-rotation
polytype, in which the (2r + 1) X 60° rotation does
not involve an M1 — M2 layer transformation, as in
the case of subfamily-A polytypes). However, even
with crystals of better quality, the presence of an M2
layer may escape the structural investigation, if the
investigator does not suspect its presence.

Consider a hypothetical N-layer meso-octahedral
polytype, of any stacking sequence, with biotitic com-
position, and suppose, for simplicity, that there are two
Mg and one Fe?* ions in the O sheet. Suppose also
that one layer is of M2 type, and the remaining N —
1 layers are of M1 type. The occupation of the cation
sites in the O sheet is described as: M1 layers: M1 =
(1 — x)Fe + xMg; M2, M3: 0.5xFe + (1 — 0.5x)Mg;
M2 layer: M2 = (1 — x)Fe + xMg; M1, M3: 0.5xFe
+ (1 — 0.5x)Mg. If the value of x is far from 2/3, the
presence of the M2 layer should, in principle, be re-
vealed by a structure refinement. However with the
approach of x to 2/3 (where the difference between
M1 and M2 disappears), the distinction between N lay-
ers of type M1 and (N — 1) layers of type M1 plus
one layer of type M2 becomes difficult. The presence
of an M2 layer may be mistaken for disorder in the
cation distribution. Reliable structure refinements of
inhomogeneous polytypes, with particular attention to
the cationic distribution in the O sheet, are highly de-
sirable.
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