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Abstract

The stacking sequence of an 8-layer polytype of oxybiotite from Ruiz Peak (New Mexico)
has been determined by analyzing the Periodic Intensity Distribution (PID) of the single-
crystal X-ray diffraction pattern. The stacking sequence is described by Z symbols (46)342
and by RTW symbols (22);22. This polytype, represented by Ramsdell symbol 84,, belongs
to the so-called 2M, structural series and consists of a 2-layer 2M unit repeated three times,
with an additional 2-layer unit of the same kind in twin orientation (rotated by 120°). The
choice of the proper axial setting has been effective for PID analysis. The cell dimensions,
computed on the basis of the refined conventional cell of the 1M polytype from the same
sample, are a = 5.3A, b = 9.24, ¢ = 79.6A, o = 90°, B = 91.3°, y= 90°. The geometrical
analysis of a previous report of the same polytype unambiguously shows that the original dif-
fraction pattern corresponded to a 24-layer polytype and not to a twin of an 8-layer polytype,
as previously reported. A plausible formation mechanism, involving lateral attachment of
two small crystals, is proposed.

Introduction

The investigation of mica structure and polytypism has attracted the attention of miner-
alogists and crystallographers since the early times of the X-ray diffraction studies (Mau-
guin, 1928). Micas consist of layers about 10A thick, built by two tetrahedral (7) sheets
sandwiching an octahedral sheet (O), between which interlayer cations occur (Pauling,
1930). The interlayer region is where cleavage is developed (Kogure, 1997). In spite of the
nearly trigonal symmetry of each sheet, because of the intralayer stagger [lal/3 in (001) pro-
jection] between the two T sheets, the highest layer-symmetry is only monoclinic, namely
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C12/m(1) (Pabst, 1955) [layer-group notation after Dornberger-Schiff (1959); details in
Merlino (1990)]. Successive layers stacked along ¢ direction can be rotated by n60° (0 <n < 5).
Of these, all but 0° rotations do not belong to the layer symmetry: they give thus rise to
polytypism. The stacking of layers in polytypic structures often results in reduction of the
layer-symmetry, a phenomenon known as desymmetrization (Durovi¢, 1979). Desym-
metrization in micas depends upon isomorphic substitutions and structural distortions
(Giiven, 1971; Takeda and Ross, 1975; Bailey, 1984).

Smith and Yoder (1956) theoretically derived the six simple polytypes in which succes-
sive layers are rotated always by the same angle. The term simple polytypes, introduced by
Smith and Yoder (1956), has been replaced by the more precise definitions of homogeneous
polytypes (Zvyagin, 1988) or MDO (Maximum Degree of Order) polytypes (Dornberger-Schiff
et al., 1982). Of these, only the five polytypes with up to 3 layers have been reported to date.

The remaining polytypes were called complex by Smith and Yoder (1956), a term then
replaced by the more precise definitions of inhomogeneous polytypes (Zvyagin, 1988).
Inhomogeneous polytypes have a rather complex structure. However, knowing the structure
of the layer and the stacking sequence, a rather accurate structural model is obtained. The
stacking sequence can be determined in a simple way by comparing the theoretical and
experimental values of the Periodic Intensity Distribution (PID) function (Takeda, 1967,
Sadanaga and Takeda, 1969; Takeda and Sadanaga, 1969; Takeda and Ross, 1995; Nespolo
et al., 1999). PID is the Fourier transform of the stacking sequence, obtained by removing
the modulating effect of the single-layer transform from the structure factor:

GN(hkl)
Go(hkl)

GV is the Fourier transform of an N-layer polytype, G, is the Fourier transform of the
single layer. In principle G, depends upon the layer orientation; however, in a subspace of
the reciprocal space Gy is almost identical for all the six possible layer orientations. Eq. (1)
is always obeyed at least in the three planes Okl, hhl and hhl (for details see Nespolo et al.,
1999). The possible stacking sequences for a given number of layers are obtained as
described in Takeda (1971), and from them the theoretical PID is computed (Takeda and
Ross, 1995). The theoretical PID sequence that best matches the experimental one individu-
ates the correct stacking sequence.

PID analysis permits to determine the stacking sequence even of very long-period
inhomogeneous polytypes, such as the 36-layer polytype reported by Kogure and Nespolo
(1999). However, since the origin of PID is not fixed a priori, 2N comparisons should be
operated for an N-layer polytype, corresponding to the N permutations of the sequence of N
values and, for each of them, the inverse sequence. The number of comparisons to be per-
formed rapidly increases with the number of layers. A suitable choice of the axial setting
fixes PID origin and thus drastically reduces that number (Nespolo ef al., 1998, 1999).

In this paper the determination of the stacking sequence of an 8-layer polytype in the
most suitable axial setting is presented, showing the general criteria to be applied in PID

SN(hkl)= 1
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analysis. It is shown that Smith and Yoder’s (1956) interpretation of the diffraction pattern
of a biotite sample (Hendricks and Jefferson, 1939) as the twin of an 8-layer polytype is not
compatible with the geometry of the pattern itself. Finally, the possible formation mecha-
nism for the reported polytype is discussed.

Material and Methods

The sample investigated consists of oxybiotite crystals from Ruiz Peak (New Mexico).
Several inhomogeneous polytypes were already reported from this sample (Ross et al.,
1966; Kogure and Nespolo, 1999). The main features of the sample are described in Ross
and Wones (1965), Ross et al. (1966), Takeda and Ross (1975) and Ohta et al. (1982).
Briefly, it was formed by vapor growth in the cavities of lava at high temperature. In it, Fe?*
is almost completely oxidized to Fe?+ and a considerable amount of Ti is also present in the
O sheet (Ohta et al., 1982). The presence of Ti is responsible of the brown-reddish color of
the crystals (Robbins and Strens, 1972). Because of the large amount of high-charge cations,
OH- is largely oxidized to O% (Ohta et al., 1982).

The sample, of about 0.4 x 0.2 x 0.05 mm., has been selected by direct inspection of
single crystals under polarizing microscope (Olympus BX60). Observation of the sample
immersed in clove oil (refractive index 1.531) did not suggest the presence of twinning. This
however cannot be excluded just by morphological analysis. In fact, micas give twins with
composition plane either (001) or normal to (001) (Goldschmidt, 1918; Hurlbut, 1956). In
the first case, if the uppermost crystal is larger, the presence of the other crystals may be
missed under the microscopic observation. The absence of twinning has to be confirmed
through the analysis of the geometry of the diffraction pattern.

The crystal has been mounted on glass fibers, so as to have the (001) plane perpendicu-
lar to the goniometer rotation axis. In this way diffraction photographs always contain c*
axis. The experimental diffraction study was performed by using a single-crystal X-ray
Buerger precession camera (Charles Supper Co., model 3000, series 7426). Cu radiation
was used, with a Ni thin foil as a filter to remove KP peak. Operating voltage and current
were 35kV and 15mA respectively.

Diffraction was recorded on Imaging Plate (IP) and transformed into digital image by a
Rigaku R-AXIS DS2 laser reader. Intensities were then measured by using the Rigaku R-
AXIS software package.

In case of precession motion, the Lorentz-Polarization effect is rather severe and can-
not be ignored. The relative correction was calculated using the equations developed by
Waser (1951). The linear absorption coefficient, calculated from the chemical composition
given in Ohta et al. (1982) for the same sample and by employing the total photon interac-
tion cross sections (Creagh, 1992), is 233.19 cm!. However, since the purpose of the pre-
sent research is the determination of the stacking sequence and not the structure solution, no
correction was tried for absorption, as well as for primary/secondary extinction. The PID
function is computed in a 0.1A-! repeat, within which the variation of the absorption is small.
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F 50 Besides, PID computed along several
repeats is finally weighted, so that possi-

%0 /A\ /‘\ ble uncertainties due to the absorption
30 are further reduced. The single-layer
/ \ / \ Fourier transform (G in Eq. 1) has been

20 / \ /\ / N calculated by employing the atomic
10 coordinates of the 1M polytype from the
V V same sample (Ohta et al., 1982), by

0 LN D=yl | using ORFLS program (Busing et al.,

.......

1962) as modified by Takeda (1967). G,

FIG. 1. The computed Fourier transform of the sin- is shown in Fig.1, where [ reciprocal lat-

gle layer of oxybiotite mica, on the basis of the K R . R
atomic coordinates for the refined 1M polytype  tice coordinate is referred to the period
(Ohta et al., 1982). F is the absolute value of the ~ of 1M polytype. Since the Fourier trans-

transform; the two sharp points where F is close to form is calculated for one-layer and not

zero indicate a sign change of the transform. for a periodic structure, / is a continuous

variable and not a discrete index.

The stacking sequences of all possible 8-layer polytypes have been generated by
PTGR program (Takeda, 1971). The PID of all these 8-layer polytypes have been computed
by PTST98 program (Nespolo et al., 1999), a revised version of PTST (Takeda and Ross,
1995) in which proper axial setting and space group symmetry are taken into account
(PTST98 is available on request).

Results

Geometry of the diffraction pattern

Fig. 2-3 show the diffraction patterns from two reciprocal lattice planes, which can be
easily interpreted in the following way.

The (001) plane of mica layer consists of the basal oxygen atoms of the T sheets and
has ideally hexagonal symmetry (Pauling, 1930). However, since the b parameters of the T
and O sheets do not perfectly match, tetrahedra rotate around c* and the basal oxygen atoms
assume a trigonal configuration (Belov, 1949; Zvyagin, 1957; Takéuchi and Sadanaga,
1959). The rotation of the tetrahedra separates the six possible interlayer rotations into two
groups: 2n60°, for which the coordination polyhedron is a trigonal antiprism, and
(2n+1)60°, for which it is a trigonal prism. Mica polytypes are thus divided into subfamily
A (only 2n60° rotations), subfamily B [only (2n+1)60° rotations] and mixed-rotation (both
kinds of rotations) (Backhaus and Durovi¢, 1984; Nespolo, 1999). Polytypes belonging to
one of the two subfamilies are OD"! structures, i.e. polytypes in which layer pairs are sym-
metrically equivalent (Dornberger-Schiff et al., 1982).

In the diffraction pattern of an N-layer mica polytype, in principle N reflections appear

*1 OD stands for "Order-Disorder". However, OD phenomena are of completely different nature from
the order-disorder phenomena in alloys.
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in the 0.1A-! repeat (the reciprocal lattice period of the one-layer polytype, hereafter called

c*, repeat) along reciprocal lattice rows parallel to c*. However, because the symmetry of

the sheets building the layer (trigonal) is higher than the symmetry of the whole layer (mon-

oclinic), several systematic absences appear, which reveal the symmetry principles of the
layer stacking. Reciprocal lattice rows are thus suitably classified as follows.

1. reflections with 2 = 0 (mod 3) and k = 0 (mod 3) always show only one reflection in the
c*| repeat: these reflections are common to all polytypes of the same mineral group
(Zvyagin, 1967) and are thus not useful for polytype identification;

2. reflections with 4 # 0 (mod 3) and & = 0 (mod 3) show one (subfamily A), two equally
spaced (subfamily B) or N (mixed-rotation) reflections in the c*, repeat (Nespolo, 1999).
For each of the two subfamilies these reflections are common to all polytypes of the same
subfamily (Backhaus and Durovi&, 1984).

3. Reciprocal lattice rows with &k # 0 (mod 3) show N reflections in the c*, repeat. These rows
are typical of each polytype and are those to be used in polytype identification (Durovi¢ et
al., 1984).

Reflections common to all polytypes built on the same symmetry principle are called fam-
ily reflections (Backhaus and Durovic, 1984). Reflections with 4 = 0 (mod 3) and k = O(mod 3)
are the only family reflections in absence of tetrahedral rotations (Pauling model). On the other
hand, taking into account the tetrahedral rotation, reflections with 4 # 0 (mod 3) and k = O(mod
3) are family reflections for each of the two subfamilies, but not for the mixed-rotation poly-
types (trigonal model) (for details, see Nespolo, 1999).

Fig. 2 is the diffraction pattern from the 40! plane. The presence of only one reflection
in the c*, repeat along rows with 4 # O(mod 3) clearly shows the polytype under investiga-
tion belongs to subfamily A (only 0°, +120° rotations between successive layers). Out of 9212
possible 8-layer polytypes, only 94 belong to subfamily A (Ross et al. 1966). Comparison of
theoretically computed and experimentally recorded PID values has thus to be performed only
for the 94 subfamily A polytypes. The choice of a consistent axial setting in both the computed
and the measured pattern, as implemented in the new program PTST98 (Nespolo et al., 1999),
removes the necessity of repeating 2N (i. e. 16) times each comparison.

Fig. 3 shows the diffraction pattern from 4 hl plane, which contains non-family rows
for 4 # O(mod 3). The geometry of the diffraction pattern clearly shows that the polytype is
not orthogonal. Non-orthogonal polytypes may undergo twinning by reticular pseudo-mero-
hedry. The diffraction pattern of non-orthogonal twinned micas can be mistaken for that of a
polytype with a number of layers multiple of 3 (Sadanaga and Takéuchi, 1961; Nespolo et al.,
19974, b; Nespolo and Kogure, 1998), a phenomenon known as apparent polytypism (Takano
and Takano, 1958). Since the diffraction pattern of the sample under investigation shows
eight reflections in the c*, repeat, it follows that the crystal is not twinned.

PID analysis
The determination of the stacking sequence has been performed by comparison of
measured and computed PID values. For subfamily A polytypes with a number of layers not
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FiG. 2. Diffraction pattern from the family 40! plane of 84 , polytype (Cu Ko). The a* axes of the
three settings, C;, 9S and “F, are traced according to the general theory of the axial settings for mica
polytypes (Nespolo et al., 1997a, 1998).

multiple of 3 the following symmetry relation holds (Nespolo et al., 1999):

SN, 2k, T )= SN(If k= sN(ict kL N-T) 2)
T=1 (modN)

It is thus enough to compute PID from the measured intensities in one of the reciprocal
lattice planes containing non-family reflections. Physical defects of the crystal result in
broadening and doubling of the reflections. The plane containing reflections of the best
quality has thus been selected, namely hhl. Then, in order to minimize the effect of the
experimental errors, PID has been calculated from five periods along the 11/ reciprocal lat-
tice row (Table 1) and a mean value has been obtained (Table 2). Two of the periods in the
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FiG. 3. Diffraction pattern from the non-family Akl plane of 8A, polytype (Cu K¢). The [110]*
axes of the three settings Cy, S and “F are traced according to the general theory of the axial set-
tings for mica polytypes (Nespolo et al., 1997a, 1998). In “F setting the origin of PID is by defin-
ition in correspondence of / = O(mod N ). PID has been obtained from the intensities measured
along the five periods indicated in the figure.

diffraction pattern in Fig. 3 have not been used. They correspond to regions in which the
Fourier transform of the single layer undergoes a sign change and where PID values are less reli-
able (Nespolo et al., 1999). Finally PID has been normalized in order to have both computed and
measured values expressed in the same scale:

IV [SN (ki )12 = N2 3)

The PID computed from the stacking sequence of the 94 different polytypes has been com-
pared with the experimentally measured PID and the degree of matching has been evaluated
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TABLE 1. Derivation of PID from measured intensities of 84, polytype. Observed structure factors (Fo)
have been obtained from the intensities measured in five periods along the11/ reciprocal lattice row of
4F setting (117 of ¢S setting.). SLFT stands for Single Layer Fourier Transform. See Fig. 1 and Fig. 3.

Period  KC,)  I(S)  I(F) I Fo SLFT  Fo/SLFT  PID
85 28 31 7 25 12.9925 0192 02
82 27 30 6 25 167667 0149 02
79 26 29 5 8333  20.6510  4.0352 444
1 76 25 28 4 38.63 245330  1.5746 1.73
73 24 27 3 4701 282829  1.6621 1.83
70 23 26 2 83.00 317709  2.6125 2.87
67 2 25 1 16875 348628  4.8404 5.32
64 21 24 0 4070 374274  1.0874 1.20
61 20 23 7 22 393437 00356 00
58 19 22 6 30.06  40.5091 7421 57
55 18 21 S 183.05  40.8463  4.4814 3.47
2 52 17 20 4 7675 403088  1.9041 1.47
49 16 19 3 9139 388777  2.3507 1.82
46 15 18 2 169.81 365677  4.6437 3.59
43 14 17 1 24662 334600  7.3706 5.70
40 13 16 0 3292 29.6496  1.1103 86
13 4 7 7 2477 124614 19877 1.46
10 3 6 6 3328 154120  2.1594 1.58
7 2 5 5 111.86 17.6442  6.3398 4.65
3 4 1 4 4 2328  19.1113 12181 .89
1 0 3 3 4145 197841  2.0951 1.54
2 -1 2 2 60.84  19.6492  3.0963 227
5 2 1 1 13428 187094  7.1771 5.6
-8 3 0 0 3039 169832  1.7894 1.31
35 12 9 7 1880  22.0798 8515 62
-38 -13 -10 6 2098  26.7785 7835 57
41 -14 -11 5 17290 309908  5.5791 4.07
4 -44 -15 12 4 89.73 345793  2.5949 1.89
-47 -16 -13 3 99.68 374301  2.6631 1.94
-50 -17 -14 2 18867 394573  4.7816 3.49
-53 -18 -15 1 28853 405866  7.1090 5.19
-56 -19 -16 0 28.74  40.8295 7039 51
59 20 17 7 22 40.2094 0055 01
-62 21 -18 6 5230 387837  1.3485 1.26
-65 22 -19 5 17266  36.6389  4.7125 442
5 -68 23 -20 4 5759  33.8844  1.6996 1.59
71 24 21 3 5137  30.6456  1.6763 1.57
74 25 22 2 86.01  27.0555  3.1790 2.98
77 -26 23 1 12975 232475  5.5812 5.23
-80 27 24 0 2651 193487  1.3701 1.28

by means of an R factor defined exactly in the same way as for the structure factors, namely:

. SNy | SN(hkl ) o~ SNi(hkD)c |
PID™ SN SN, (hkd ) “)

The best match corresponded to Rp;p=0.0424 (computed PID values for this sequence
are in Table 2); the second best match to Rp;p =0.3276. This clearly shows that the stacking
sequence has been uniquely identified. By employing the cell dimensions of the refined 1M
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TABLE 2. Comparison of measured and computed PID of 84, polytype.

i Period 1 Period 2 Period 3 Period 4 Period 5 Mean Calculated
7 .02 .00 1.46 .62 .01 .30 23
6 .02 .57 1.58 .57 1.26 .89 .90
5 444 347 4.65 4.07 4.42 3.98 4.07
4 1.73 1.47 .89 1.89 1.59 1.52 1.73
3 1.83 1.82 1.54 1.94 1.57 1.74 1.78
2 2.87 3.59 2.27 3.49 2.98 2.98 3.35
1 5.32 5.70 5.26 5.19 5.23 5.13 5.31
0 1.20 .86 1.31 51 1.28 1.04 1.00
TABLE 3. Z symbols (Zhukhlistov et al., polytype from the same sample (Ohta ez al.,

1990), RTW symbols (Ross ez al., 1966) and 1982), the approximate cell parameters of
TS symbols (Sadanaga and Takeda, 1969; this polytype have been calculated through

Takeda and Sadanaga, 1969; Nespolo et al., . ] R .
1999) describing the stacking sequence of the axial transformations given in Nespolo

84, polytype. et al. (1997a, 1998) and results are: a =
- = RTW TS 53A,b=92A, c =79.6A, a=90°, B =
1 4 2 D(0,-1) 91.3°, y=90°

2 6 -2 D(0,-1) Three kinds of symbols describing the
3 4 2 D(O,1) identified stacking sequence are given in
‘51 2 g ggg (1); Table 3. Z symbols give the absolute orien-
6 6 ) D(O:O) tation of the layers in a space-fixed refer-
7 4 -2 D(0,-1) ence (Zvyagin et al., 1979; Zhukhlistov et
8 2 2 D(0,0) al., 1990). RTW symbols give the relative

rotations between layers and correspond to
the difference between pairs of Z symbols (Ross et al., 1966). TS symbols give the (approxi-
mate) positions of the layers and are the most suitable ones to calculated PID (Sadanaga and
Takeda, 1969; Takeda and Sadanaga, 1969) (for details refer to Nespolo et al., 1999). Symbols
in Table 3 identify the polytype under study as the one corresponding to Ramsdell’s (1947)
symbol 84, (lattice symbols according to Guinier ef al., 1984). The space group is C1, derived
by applying the transformation rules for Z symbols (Zvyagin 1974, 1997; Nespolo et al., 1999).

Discussion

Most of the inhomogeneous polytypes reported to date belong to subfamily A and their stack-
ing sequences are related in a more or less complex way to those of the three corresponding MDO
polytypes, namely 1M, 2M, and 3T. These three polytypes are considered basic structures (Baron-
net and Kang, 1989), i. e. a sort of intermediate between polymorphs and polytypes. From the three
basic structures, three structural series arise (Baronnet, 1978; Takeda and Ross, 1995).

Looking at the stacking vector sequence (Fig. 4), we can easily recognize that 84,
polytype belongs to the 2M, structural series (Baronnet, 1978; Takeda and Ross, 1995).
Other known examples of this structural series are 4M3[Z=3531; RTW=2222: Zhukhlistov
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Z = 46464642 et al. (1988, 1990, 1993)], 6A, [Z=

RTW = 22222222

i
¥

Fi1G. 4. The stacking sequence of 84, polytype,
given by means of the stacking vectors (Z vectors)
as defined in Zhukhlistov et al (1990), namely the
(001) projection of vectors connecting two intér-
layer cations and passing the cation site in which
the origin of the O sheet is located (each stacking
vector has length 2lal/3). Z and RTW symbols are
indicated. Definition of Z vectors and Z symbols:
a, b define a space-fixed reference (the one
labelled C; in the text); a;, a¢ are the a axes of the
structure-related references, in the six possible ori-
entations. Vectors 1-6 are the (001) projection of
vectors connecting an interlayer cation with the
origin of the O sheet (half Z vectors). A layer has
orientation i (i = 1,6) when its g; axis is parallel to

(64),62; RTW=22 722 22; Zhukhlistov
et al. (1993)], 21A, [Z=(64)4(62)¢4;
RTW = (2),(22)5222; Bigi and Brigat-
ti (1994)] and 22M, [Z = (51)(15)4 or
(15)7(51)4; RTW = (22)¢202(22); or
(22)6202(22)5: Konishi and Akai
(1990)]. 4M; and 6A; polytypes were
identified by oblique-texture electron dif-
fraction, whereas 214, and 22M, poly-
types by HRTEM observation. For
details about the former technique refer
to Zvyagin (1967) and Zvyagin et al.
(1979). The 8A, polytype has been iden-
tified by single crystal X-ray diffraction.
It is thus neither a small region nor a
defect included into a simpler (e.g. 2M)
matrix.

Hendricks and Jefferson (1939),
on the basis of a Weissenberg diffrac-

a (for details see Zvyagin, 1997). tion pattern, reported a 24-layer triclinic

polytype in biotite from Ambulawa,
Ceylon, without attempting to determine the stacking sequence. Smith and Yoder (1956) re-
analyzed the Weissenberg photographs of that sample, concluding that it could be indexed on
an 8-layer unit cell. Takeda (1969), adopting Smith and Yoder’s (1956) twin interpretation, per-
formed a PID analysis taking into account only one reflection out of 3. He derived a semi-quan-
titative intensity distribution from the sequence of w(weak), m(medium), s(strong) from Hen-
dricks and Jefferson (1939). The best match with the PID values computed from the stack-
ing sequences of all possible 8-layer polytypes corresponded to 84, polytype, the same
polytype discovered in the present research. Actually, when the number of layers suggested
by the diffraction pattern is a multiple of 3 the possible presence of twinning (apparent poly-
typism: Takano and Takano, 1958) has to be taken into account (Sadanaga and Takéuchi,
1961; Nespolo et al., 1997a; Nespolo, 1999). In particular, when the number of reflections
in the c*, repeat is a multiple of 3 it is always possible to choose a larger reciprocal cell based
on one reflection out of three; the other two reflections could come from twinned individuals
(twinning by reticular pseudo-merohedry). However, this is not at a proof of twinning, which
must be confirmed or excluded by means of a geometrical analysis of the diffraction pattern.
Mica non-orthogonal polytypes are divided into Class a (o = 90°; B # 90°) and Class b
(or#90°%; B =90°) (Nespolo et al., 1997a, 1998). In case of polytypes belonging to subfami-
ly A, polytypes with a number of layers not multiple of 3 always belong to Class a, while
polytypes with a number of layers multiple of 3 either are orthogonal or belong to Class b.
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Of these, Class a polytypes have one orthogonal plane (i. e. a plane in which, along each
reciprocal lattice row parallel to c*, a reflection appears on the line perpendicular to ¢* and
passing through the origin: it is Okl plane), whereas Class b polytypes have no orthogonal
planes (Nespolo, 1999; Nespolo et al., 1999). Hendricks and Jefferson (1939) reported for
the 24-layer polytype the following data:

1) cell dimension: @ = 5.3A, b=9.2A, ¢ =n10A, y=90°, B = 90°: it was thus a Class b polytype;

2) Reflections Akl with k = O(mod 3) same as for the single layer structure: it was thus a sub-
family A polytype;

3) the heavy trace of continuous scattering from 060 on an over-exposed photograph did not
pass through any 02/ reflection but rather at a distance of about one-third the periodicity
from the closest reflection; the (0kl) plane was thus not orthogonal and the diffraction pat-
tern is typical of a Class b polytype.

An 8-layer subfamily A polytype cannot belong to Class b; a twin of an orthogonal or
Class a polytype cannot produce a diffraction pattern typical of Class b polytype. Therefore,
the diffraction pattern reported by Hendricks and Jefferson was actually from a 24-layer
polytype, whose stacking sequence has not been solved yet, and not an 84, polytype. How-
ever, on the basis of Takeda’s (1969) analysis of a subset of reflections, it can be inferred
that Hendricks and Jefferson’s (1939) 24-layer polytype likely possesses a stacking
sequence related to that of 84,, belonging thus to the 2M structural series too™2.

The Ruiz Peak sample gave several examples of inhomogeneous polytypes belonging
to 1M and 3T structural series (Ross et al, 1966). The 8A, polytype discovered in the present
research is the first example of inhomogeneous polytype belonging to the 2M; structural
series from that sample.

The occurrence of inhomogeneous polytypes on an X-ray scale prompts for a mechanism
capable of explaining their formation. Inhomogeneous polytypes belonging to one of the three
structural series are probably formed by perturbation of the normal growth of the corresponding
basic structure. Besides, the stacking sequences of the inhomogeneous polytypes reported to
date suggest that once the perturbation has been introduced, the successive stacking vector(s)
return as quickly as possible close to the original direction of the basic structure from which the
inhomogeneous polytype has been formed (Takeda and Ross, 1995).

The Faulted Matrix Model (FMM) (Pandey et al., 1982) tries to explain the stacking
sequence of inhomogeneous polytypes through the occurrence of a stacking fault. This
stacking fault may appear in the exposed ledge of the growing spiral and can thus be inherit-
ed as part of a new, longer stacking sequence. This model can explain only stacking
sequences related in a simple way to those of the basic structures, and it cannot give a gener-
al explanation of the recovery of the original direction of stacking. In principle FMM is
applicable to the formation of the 8A, polytype, since its stacking sequence is a modification
of that of the 2M, basic structure. However, it would require an exposed ledge made of 8-layers

*2 Takeda's (1969) derivation of the 84, polytype is quoted in several papers [e.g. Baronnet (1980);
Baronnet and Kang (1989); Takeda and Ross (1995)]. Since 8A, polytype has now been actually
found in the present research, all the arguments in those papers related to this polytypes are correct.
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(80A), which is not very frequent. As a matter of fact, the occurrence frequency of screw dislo-

cations rapidly decreases with the number of layers in the exposed ledge (Baronnet, 1980).

Takeda and Ross (1995) proposed that an external perturbation, in the form of a thin
platelet deposited onto the surface of a growing crystal and covered by the subsequent spi-
ral, may modify the stacking sequence of the growing crystal. The platelet model can
explain the tendency to recover the original direction of stacking: such tendency is due to
the existence of an active growing spiral that has to overcome the presence of a foreign
small crystal. In the present case, the uppermost two layers of the 84, polytype might have
been originated by the deposition of a 2-layer thick 2M| platelet onto the surface of a 2M;
spirally-growing polytype: the platelet and the matrix are in twin relation, with composition
plane (001). The layers of the platelet can substitute an equal number of layers of the ledge:
since the total number of layers does not change, the original ledge necessarily consists of 8
layers. Alternatively, the layers of the platelet can be added to the original ledge, if the ledge
itself is able of growing over the platelet through an elastic deformation. In this case the
ledge can consist of less than 8 layers.

A further possible mechanism, which seems of more general applicability, involves a
lateral attachment of two small crystals, which are again in twin orientation, but with com-
position plane normal to (001). A few layers from one of the crystals begin to grow onto the
surface of the other crystal and vice versa, giving rise to a co-operative growth. If the two
crystals have a different stacking sequence a rather complex stacking sequence can be
obtained, where the tendency to recover the original stacking direction is partially hidden by
the co-existence of two such directions. On the other hand, if the two crystals have the same
stacking sequence they can still produce a new, longer-period polytype: since the layer sym-
metry is monoclinic but the surface symmetry is pseudo-hexagonal, it is enough that the two
crystals have a different orientation to produce a new stacking sequence. In this case the ten-
dency to recover the original stacking direction directly comes from the identity of the
stacking sequence of the two crystals. The lateral oriented attachment of crystals is a well-
known phenomenon (Sunagawa et al., 1975; Penn and Banfield, 1998a) and it has been pro-
posed as a mechanism to originate screw dislocations of high Buerger vectors, polytypes
and mixed-layer minerals (Penn and Banfield, 1998b). A structural adjustment at the bound-
ary between the two crystals cooperatively growing can further modify the stacking
sequence, resulting in a polytype whose stacking sequence is significantly modified with
respect to that of the original basic structure (Nespolo, 1998).

The large predominance of subfamily A polytypes over subfamily B and mixed-rota-
tion polytypes is explained by taking into account two effects:

1) because of the ditrigonal rotation of tetrahedra (Zvyagin, 1957; Takéuchi and Sadanaga,
1959), the coordination polyhedra for interlayer cations are more stable for (0°, +120°) rota-
tions than for (180°, +60°) rotations (Belov, 1949; Radoslovich, 1959; Zvyagin et al, 1972);

2) the lateral attachment of two mica crystals with (0°, £120°) rotations preserves the octa-
hedral coordination, whereas for (180°, +60°) rotations this coordination is highly distort-
ed (Nespolo, 1998); the same reason explains the predominance of the so-called perfect
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screw dislocations, i. e. screw dislocations in which the number of layers in the exposed
ledge is an integral multiple of the basic structure repeat (Baronnet and Amouric, 1986).

Both the platelet mechanism and the lateral attachment of crystals imply the interaction
of two individuals in twin orientation, with composition plane parallel (platelet) or normal
(lateral attachment) to (001). Twinning is a common phenomenon in micas and the occur-
rence of twinning in the early stages of crystal growth is a plausible mechanism for initiating
a new stacking sequence from that of a basic structure. The predominance of subfamily A
polytypes generated through early-stage twinning is rationalized by the two factors listed
above. When an inhomogeneous polytype is formed through lateral attachment, the (0°,
+120°) rotations are always by far more favorable, since the orienting force is the necessity
of preserving the octahedral coordination. On the other hand, when an inhomogeneous poly-
type is formed through platelet deposition, the preference of (0°, +120°) rotations over
(180°, £60°) rotations depends upon the degree of ditrigonal rotation, which in its turn
depends upon the crystal chemistry (Takeda and Mori, 1970; Hazen and Wones, 1972) and
the temperature (Takeda and Morosin, 1975; Catti et al, 1989).

The diffraction pattern of inhomogeneous mica polytypes is rather complex, but it can
be solved in a straightforward way by exploiting the following features:

1) geometry of the diffraction pattern (number and position of reflections), to confirm or
exclude the presence of twinning;

2) family reflections, to recognize the general features of layer stackings (namely, whether a
polytype belongs to subfamily A or subfamily B or it is a mixed-rotation polytype);

3) PID analysis of the non-family reflections.

Twinning is a common phenomenon in micas and the presence of twinning must be
confirmed or excluded before PID analysis. This can be done by applying the geometrical
criteria described in Nespolo (1999). The geometry of the diffraction pattern and the Period-
ic Intensity Distribution give thus mutually completing information, and none of them can
be undervalued in the analysis of inhomogeneous mica polytypes.

Conclusions

The stacking sequence of an 8-layer inhomogeneous polytype (84,) of oxybiotite has been
determined by PID analysis of the X-ray diffraction pattern. Twinning has been excluded by analy-
sis of the geometry of the diffraction pattern. This polytype belongs to 2M; structural series and was
probably formed by coalescence of two 2M, crystallites in the early stages of crystal growth.

A previous report of 84, polytype (Takeda, 1969) is no longer supported by the twin
interpretation (Smith and Yoder, 1956) of the diffraction pattern of a 24-layer polytype
(Hendricks and Jefferson, 1939).

Acknowledgements—This research has been partly developed at the Mineralogical
Institute, University of Tokyo, during a Doctoral Program (MN, 1995-98) supported by the
Japanese Ministry of Education, Science and Culture. The authors expresse their deep grati-
tude to Prof. Boris B. Zvyagin (IGEM, RAS, Moscow), Prof. Slavomil Durovi¢ (Slovak



116 Massimo NESPOLO and Hiroshi TAKEDA

Academy of Sciences, Bratislava), Prof. Giovanni Ferraris (University of Torino), Dr. Toshihiro
Kogure (University of Tokyo) and Prof. Jillian F. Banfield (University of Wisconsin-Madison)
for several profitable discussions. The sample has been kindly provided by Dr. Malcom Ross (U.
S. Geological Survey). MN is deeply indebted to Prof. Masamichi Miyamoto (University of
Tokyo) and Prof. Yasunari Watanabe (Teikyo Heisei University) for constant encouragement.

References

BACKHAUS, K. -O. and Durovig, S. (1984) Polytypism of micas. I. MDO polytypes and their derivation.
Clays Clay Miner., 32, 453-463.

BAILEY, S. W. (1984) Review of Cation Ordering in Micas. Clays Clay Miner. 32, 81-92.

BARONNET, A. (1978) Some aspects of polytypism in crystals. In Progr. Crystal. Growth Charact.,
Vol. 1., 151-111. Pergamon Press.

BARONNET, A. (1980) Polytypism in micas: a survey with emphasis on the crystal growth aspects. In E.
Kaldis, E. (Ed.): Current Topics in Materials Science Vol. 5. Amsterdam: North-Holland Publishing
Company, 447-548.

BARONNET, A. and AMOURIC, M. (1986) Growth spirals and complex polytypism in micas. II. Occur-
rence frequencies in synthetic species. Bull Minéral., 109, 489-508.

BARONNET, A. and KANG, Z. C. (1989) About the origin of mica polytypes. Phase Trans. 16/17, 477-493.

BELOV, N. V. (1949) The twin laws of micas and micaceous minerals. Mineralog. sb. L'vovsk. geol.
obva pri. univ., 3, 2940 (in Russian).

Bial, S. and BRIGATTI, M. F. (1994) Crystal chemistry and microstructures of plutonic biotite. Am.
Mineral. 79, 63-72.

BUSING, W. R., MARTIN, K. O. and LEVY, H. A. (1962) ORFLS, A FORTRAN Crystallographic Least-
Squares Program. Oak Ridge National Laboratory, Tennessee, report ORNL-TM-305.

CATTI, M., FERRARIS, G., and IVALDI, G. (1989) Thermal strain analysis in the crystal structure of mus-
covite at 700°C. Eur. J. Mineral. 1, 625-632.

CREAGH, D. C. (1992) X-ray absorption spectra. In International Tables for Crystallography, Vol. C
(Ed. A. C.J. Wilson), sect. 4. 2. 3. Dordrecht / Boston / London: Kluwer Academic Publishers.

DORNBERGER-SCHIFF, K. (1959) On the nomenclature of the 80 plane groups in three dimensions. Acta
Crystallogr., 12, 173.

DORNBERGER-SCHIFF, K., BACKHAUS, K. -O. and D urovig, S. (1982) Polytypism of micas: OD-Inter-
pretation, Stacking symbols, Symmetry Relations. Clays Clay Miner., 30, 364-374.

Durovi¢, S. (1979) Desymmetrization of OD structures. Krist. Tech. 14, 1047-1053.

Durovig, S., WEISS, Z. and BACKHAUS, K. -O. (1984) Polytypism of micas. II. Classification and abun-
dance of MDO polytypes. Clays Clay Miner., 32, 454—474.

GOLDSCHMIDT, V. (1918) Atlas der Krystallformen, band IV. Heidelberg: Carl Winters Universitétsbuch-
handlung,

GUINIER, A., Bok1, G. B., BOLL-DORNBERGER, K., COWLEY, J. M., Durovi¢, S., JAGODZINSKI, H., KHRIS-
NA, P., DEWOLFF, P. M., ZVYAGIN, B. B., Cox, D. E., GooDMAN, P., HAHN, TH., KucHITsU, K.
and ABRAHAMS, S. C. (1984) Nomenclature of Polytype Structures. Report of the International
Union of crystallography Ad-Hoc Committee on the Nomenclature of Disordered, Modulated
and Polytype Structures. Acta Crystallogr. A40, 399-404.

GUVEN, N. (1971) Structural Factors Controlling Stacking Sequences in Dioctahedral Micas. Clays
Clay Miner., 19, 159-165.

HAZEN, R. M. and WONES, D. R. (1972) The effect of cation substitutions on the physical properties of
trioctahedral micas. Am. Mineral., 57, 103-129.



8-layer mica polytype 117

HENDRICKS, S. B. and JEFFERSON, M. E. (1939) Polymorphism of the micas, with optical measure-
ments. Am. Mineral. 24, 729-771.

HURLBUT, C. S. (1956) Muscovite from Methyuen Township, Ontario. Am. Mineral, 41, 892-898.

KOGURE, T. (1997) On the structure of cleaved surfaces in biotite mica. Mineral. J. 19, 155-164.

KOoGURE, T. and NESPOLO, M. (1999) A TEM study of long-period mica polytypes: determination of
the stacking sequence of oxybiotite by means of atomic-resolution images and Periodic Intensity
Distribution (PID). Acta Crystallogr. BSS, 507-516.

KonisHI, H. and Akal, J. (1990) HRTEM observation of new complex polytype of biotite from dacites
in Higashiyama hills, Niigata, Central Japan. Clay Science, 8, 25-30.

MAUGUIN, M. CH. (1928) Etude de Micas au moyen du rayons X. Bull. Soc. fran¢. Minér. Crist. 51,
285-332.

MERLINO, S. (1990) OD structures in mineralogy. Per. Mineral., 59, 69-92.

NESPOLO, M. (1998) Discovery of a complex mica polytype belonging to non-basic structural series,
and its formation mechanism. Doctoral dissertation, University of Tokyo, 257 p.

NESPOLO, M. (1999) Analysis of family reflections of OD mica polytypes, and its application to twin
identification. Mineral. J., 21, 53-85.

NESPOLO, M. and KOGURE, T. (1998) On the indexing of 37 mica polytype. Z. Kristallogr. 213, 4-12.

NESPOLO, M., TAKEDA, H. and FERRARIS, G. (1997a) Crystallography of mica polytypes. In Merlino, S.
(Ed.) Modular aspects of minerals / EMU Notes in Mineralogy, Vol. 1. Budapest: E6tvos Univer-
sity press, 81-118.

NESPOLO, M., TAKEDA, H., FERRARIS, G. and KOGURE, T. (1997b) Composite twins of 1M mica: deriva-
tion and identification. Mineral. J. 19, 173-186.

NESPOLO, M., TAKEDA, H. and FERRARIS, G. (1998) Representation of the axial settings of mica polytypes.
Acta Crystallogr. A54, 348-356.

NEsSPOLO, M., TAKEDA, H., KOGURE, T. and FERRARIS, G. (1999) Periodic Intensity Distribution (PID)
of mica polytypes: symbolism, structural model orientation and axial settings. Acta Crystallogr.
ASS5, 659-676.

OHTA, T., TAKEDA, H. and TAKEUCH]I, Y. (1982) Mica polytypism: similarities in the crystal structures
of coexisting 1M and 2M, oxybiotite. Am. Mineral., 67, 298-310.

PABST, A. (1955) Redescription of the single layer structure of the micas. Am. Mineral., 40, 967-974.

PANDEY, D., BARONNET, A. and KRISHNA, P. (1982) Influence of the stacking faults on the growth of
polytype structures in micas. Phys. Chem. Miner., 8, 268-278.

PAULING, L. (1930) The structure of micas and related minerals. Proc. Nat. Ac. Sci. Washington, 16,
123-129.

PENN, R.L. and BANFIELD, J. F. (1998a) Oriented attachment and growth, twinning, polytypism, and for-
mation of metastable phases: insights from nanocrystalline TiO,. Am. Mineral., 83, 1077-1082.

PENN, R. L. and BANFIELD, J. F. (1998b) Imperfect Oriented Attachment: Dislocation Generation in
Defect-Free Nanocrystals. Science, 281, 969-971.

RADOSLOVICH, E. W. (1959) Structural control of Polymorphism in Micas. Nature, 163, 253.

RAMSDELL, L. S. (1947) Studies on silicon Carbide. Am. Mineral., 32, 64-82.

RoOBBINS, D. W. and STRENS, R. G. J. (1972) Charge-transfer in ferromagnesian silicates: The polarized
electronic spectra of trioctahedral micas. Mineral. Mag., 38, 551-563.

Ross, M., TAKEDA, H. and WONES, D. R. (1966) Mica Polytypes: Systematic Description and Identifi-
cation. Science, 151, 191-193.

Ross, M. and WONEs, D. R. (1965) Polytypism in biotites. Am. Mineral., 50, 291.

SADANAGA, R. and TAKEDA, H. (1969) Description of Mica Polytypes by New Unit Layers. J. Mineral.
Soc. Jpn., 9, 177-184 (in Japanese).

SADANAGA, R. and TAKEUCHI, Y. (1961) Polysynthetic twinning of micas, Z. Kristallogr., 116, S. 406— 429.



118 Massimo NESPOLO and Hiroshi TAKEDA

SMITH, J. V. and YODER, H. S. (1956) Experimental and Theoretical Studies of the mica polymorphs.
Mineral. Mag., 31, 209-235.

SUNAGAWA, 1., KOSHINO, Y., ASAKURA, M. and YAMAMOTO, T. (1975) Growth mechanism of some
clay minerals. Fortschr. Miner., 52, 217-224.

TAKANO, Y. and TAKANO, K. (1958) Apparent polytypism and Apparent Cleavage of the Micas. J.
Mineral. Soc. Jpn., 3, 674692 (in Japanese).

TAKEDA, H. (1967) Determination of the Layer Stacking Sequence of a New Complex Mica Polytype:
A 4-layer Lithium Fluorophlogophite. Acta Crystallogr., 22, 845-853.

TAKEDA, H. (1969) Existence of complex mica polytype series based on 2M, sequence. Japan Cryst.
Assoc. Autumn Meeting, Iwate, 2-3 (in Japanese).

TAKEDA, H. (1971) Distribution of Mica Polytypes among Space Groups. Am. Mineral., 56, 1042-1056.

TAKEDA, H. and Mori, N. (1970) Crystal chemistry of rock-forming silicate minerals. II. Exsolutions
and structural variations of solid solutions. J. Crystallogr. Soc. Jpn., 12, 231-248 (in Japanese).

TAKEDA, H. and MOROSIN B. (1975) Comparison of Observed and Predicted Parameters of Mica at
High Temperature. Acta Crystallogr., B31, 2444-2452.

TAKEDA, H. and Ross, M. (1975) Mica polytypism: dissimilarities in the crystal structures of coexist-
ing 1M and 2M, biotite. Am. Mineral., 60, 1030-1040.

TAKEDA, H. and Ross, M. (1995) Mica Polytypism: Identification and Origin. Am. Mineral. 80, 715-724.

TAKEDA, H. and SADANAGA, R. (1969) New Unit Layers for Micas. Mineral. J., 5, 434—449.

TAKEUCHI, Y. and SADANAGA, R. (1959) The crystal structure of xanthophyllite. Acta Crystallogr. 12,
945-946.

WASER, J. (1951) Lorentz and Polarization Correction for the Buerger Precession Method. Rev. Sci.
Instr. 22, 567-568.

ZHUKHLISTOV, A. P, LITSAREV, M. A. and FIN'KO, V. L. (1993) First Find of a Six-Layered Triclinic 67¢c
Polytype of a Ti-Oxybiotite. Trans. (Doklady) Russ. Acad. Sci., Earth Science Sect., 329, 188-194.

ZHUKHLISTOV, A. P., ZVYAGIN, B. B. and PAVLISHIN, V. I. (1988) Biotite 4M with an inhomogeneous
layer alternation. Z. Krystallogr., 185, 624.

ZHUKHLISTOV, A. P., ZVYAGIN, B. B. and PAVLISHIN, V. L. (1990) Polytypic 4M modification of Ti-
biotite with nonuniform alternation of layers, and its appearance in electron-diffraction patterns
from textures. Sov. Phys. Crystallogr., 35, 232-236.

ZVYAGIN, B. B. (1957) Determination of the structure of celadonite by electron diffraction. Sov. Phys.
Crystallogr., 2, 388-394.

ZVYAGIN, B. B. (1967) Electron diffraction analysis of clay mineral structures. New York: Plenum
Press, XVI+364 pp.

ZVYAGIN, B. B. (1974) The use of symbolic structure notations for deduction of equivalence, symmetry
and diffraction properties of the layer silicates. 2@ Eur. cryst. Meet. Coll. Abstracts, Keszthely,
162-164.

ZVYAGIN, B. B. (1988) Polytypism of Crystal Structures. Comput. Math. Applic. 16, 569-591.
ZVYAGIN, B. B. (1997) Modular analysis of crystal structures. In Merlino, S. (Ed.) Modular aspects of
minerals | EMU Notes in Mineralogy, Vol. 1. Budapest: Eotvos University press, 345-372.
ZVYAGIN, B. B., VRUBLEVSKAYA, Z. V., ZHUKHLISTOV, A. P. and FEDOTOV, A. F. (1972) Factors in the
ditrigonal rotation of the tetrahedra in the structures of layer silicates. Sov. Phys. Crystallogr., 17,

466-469.

ZVYAGIN, B. B., VRUBLEVSKAYA, Z. V., ZHUKHLISTOV, A. P., SIDORENKO, O. V. SOBOLEVA, S. V. and
Fepotov, A. F. (1979) High-voltage electron diffraction in the study of layered minerals.
Moscow: Nauka Press, 223 pp. (in Russian).

Received December 18, 1998; accepted June 7, 1999



