Reports

Mica Polytypes: Systematic Description and Identification

Abstract. X-ray studies of mica specimens from a variety of geological localities
show that biotite and certain lithium-rich mica samples are composed of a mix-
ture of different polytypes. Many of the biotite structures are new complex poly-
types not before reported. A new method of designating mica polytypes is pro-
posed. Techniques are described for the systematic generation of all the possible
layer-stacking sequences of mica polytypes and for the verification of the stacking

sequences in newly discovered forms.

In order to understand more fully
the nature of mica polymorphism, we
have systematically examined a large
number of mica crystals from a wide
variety of geologic localities; established
a method of generating all the possible
structure models of micas with any
given layer repeat, including all perti-
nent crystallographic data for each
model; and developed a method of
identifying any particular polytype by
analysis of the unit-cell dimensions,
space group, structural-presence criteria,
and x-ray intensity distribution.

We define the ideal single mica layer
as follows: monoclinic; space group,
C2/m, a(3%) = b, B =cos—1 (—a/3c),
with the additional special condition
that the surface oxygen atoms of the
tetrahedral portions of the mica layer
are related by a sixfold axis perpen-
dicular to (001). When these sym-
metry relations obtain, the individual
ideal layer can fit exactly upon an adja-
cent layer in any of six possible orien-
tations, with relative layer rotations
about an axis (c*) perpendicular to
(001) of 0°, #=60°, #=120°, and 180°.
Mica polytypism is thus accounted for
by arranging N layers in a particular
rotational sequence, the sequence re-
peating after every Nth layer. Smith
and Yoder (/) have presented an ele-
gant graphical method of describing the
stacking sequences of the six simplest
mica polytypes, namely, the 1M, 2M,,
2M,, 20, 3T, and 6H forms. The sym-
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bols O, T, M, Tc, and H indicate
orthorhombic, trigonal, monoclinic, tri-
clinic, and hexagonal symmetry, re-
spectively. We have developed a mathe-
matical method of generating all
possible polytypes for a given layer
repeat.

In Table 1 are listed the vector stack-
ing symbols, unit-cell parameters, space
groups, and structural-presence criteria
for all possible 1-, 2-, 3-, and 4-layer
mica polytypes. Of the 36 structures
represented in this table, all but six
(those in large braces) can be identified
from a determination of the unit-cell
parameters, space group, and structural-
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Fig. 1. Representation of the periodic in-
tensity distribution of six new biotite poly-
types. The distance R represents the single-
layer repeat of 10 A.

presence criteria (2). The vector stack-
ing symbols given in Table 1 com-
pletely describe the mica structure and
represent a new method of designating
the mica polytypes. Within the brack-
ets of the stacking symbols are N num-
bers, where N is the number of mica
layers per unit cell. The jth number
(A;) of the stacking symbol, where j
designates any particular number in the
sequence of N numbers, refers to the
relative angle of rotation between the
jth and (j + 1)th mica layer. The num-
bers 4; can have the values 0, =1,
=*+2, or 3, which refer, respectively, to
0°, #=60°, +120°, and 180° relative
rotations of adjacent layers. The vector
stacking symbols representing all pos-
sible stacking sequences (excluding
enantiomorphs) are generated in a sys-
tematic way by making all possible non-
cyclic, nonredundant (3) permutations
of the N numbers 4, -+ A4y which obey
the relation

N
> A4; = 0mod 6

i=1

If N > 4, the number of possible poly-
types is large, thus a computer program
has been written to generate the pos-
sible models. In Table 2, column A,
are listed the number of possible poly-
types for layer repeats up to N = 6.

From our study of the crystal-
lography of more than 200 mica crys-
tals representing a variety of composi-
tions and geologic environments we
find that, with one possible exception,
micas not bearing lithium possess only
(0°, +=120°) stacking sequences (4).
Thus, of the possible 1-, 2-, 3-, and
4-layer forms (Table 1), only the 1M,
2M,, 3T, 3Tc,, 4M,, 4M,, 4M,, and
4Tcg polytypes appear to be permissible
structures for lithium-free micas. The
presence of only the (0°, =+120°)
stacking sequences is due to the tri-
gonal symmetry of the surface oxygen
atoms of the tetrahedral (Si,Oj),2"—
sheets.

A proper fit of the surface oxy-
gens of adjacent layers is obtained only
when the layers are rotated with re-
spect to one another by n(120°). Rota-
tions of 60°, 180°, and 300° do not
permit the layers to fit correctly and
thus are not found in most mica struc-
tures (5). The displacement of the
surface oxygen atoms of the (Si,Oj),2"—
sheets from the ideal hexagonal motif
to a trigonal one has been noted in all
mica crystal structures that have been
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accurately refined (5, 6). Apparently,
the surface oxygen atoms of lithium-
rich micas deviate little from hexagonal
symmetry, thus permitting =+60° and
180° as well as 0° and =+120° rota-
tions. Thus far only two mica polytypes
have been found that contain +60° or
180° rotations in the stacking se-

Table 1. Crystallographic data for all possible
1-, 2-, 3-, and 4-layer mica polytypes.

Vectpr g s Structural-
stacking pace presence
symbol# (deg) group criteria
1M[0] 100.0 Cc2/m
20[33] 90 Cemm
2M1[22] 95.1 C2/c  M3hl:l = 2n+h
2Ma[11] 98.7 Cc2/c
3T[222] 90 P3(12  hi20l:1 = 3n
3M1[033] 93.4 C2/m  Okl:l =3n
3M2[112] 93.4 c2
hol:1 = 3n
3Tc1[022] 95.1 ct (I3hIz1 = 3n+h
lh3l1l:1 =3n—h
3Te2[011] 91.7 c1 Okl:l = 3n
3Tes[123] 9340  CI
401[0303] 90 Cemm  Okl:l = 4n
40:[1313] 90 C2em  h3hl:l =2n
40,(2323] 90 Ce2m
404[1212] 90 €222,
( auoon] o1 cae {73211 :_=4Zn 2
hOl:l = 4n
4M2[2220]; 95.1 c2 { K3AI:T = 4n 2
o l hOl:1 = 4n
4M;[2222] | 95.1 c2/c { K3K1L] = dnt2h
4M4[0033] 92.5 C2/m  Okl:l = 4n
4AMs[1122] 92.5 2
AMGIITT1] 90d C2/c  h3hl:l =2n
4M7[0121] 90d c2
4M3[0101] 98.7 C2/c  hOL:l = 4n
4Mo[1131] 944  C2 {(3’,’;,’11’ ,==2§n h
4M1o[1212] 94.4 Cc2/c
4M11[1232] 94.4 c2
4Tc1[2233] 92.50 cl Okl:l = 2n
4Tce[1122] 925  Cl Wizl = 2n+h
4Tea[1332]] 92,5 Cl
4Teal0213]) 925 Cl
l4Teso1321) 9250 1
[no1:1 =20
4Tco[1133] 90d ct { B30, 1301:
1 = 2044
4Tc7[0123] 90d c1
(ro1:1 = 4n
4Tcx[0022] 95.1 c1 { W3nL 3R
{1 = ant2n
4Tco[1122] 92.5 Ci hhl:l = 2n+h
4Tc10[0011] 92.5 el hhl:l = 4n+h

4Tcui[0112] 92.5 ci1

2 The polytypes within the large braces (4Ma,
4M2, 4Ma and 4Tcs, 4Tci, 4Tcs) cannot be dis-
tinguished from one another with the data given
in this table.

b The other unit-cell parameters of all of the
above polytypes are a = 5.3, b = 9.2 A, doon =
10N A (where N is the layer repeat), and o =
v = 90°—with the following exceptions: 2Mz,
4Ms, 4Mo, 4M1, 4Mu (0 = 9.2, b = 5.3 A); 3T
(hexagonal a = 5.3 A, v = 120°); 3Tc1 (a =
92.9°); 3Tcz (a = 98.7°); 4Tce, 4Tcr (a = 94.4°).
e Triclinic polytypes having the special feature of
orthogonal (100) projections.

d Monoclinic and triclinic polytypes having the
special feature of orthogonal (010) projections.
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quences, the common 2M,[17] lepidolite
structure and the 4Tc,[0132] lithium
fluorophlogopite (7). The number of
possible mica polytypes with combina-
tions of 0° and =+=120° rotations only
are given in Table 2, column B, for
layer repeats up to N = 9.

A study of unusual oxybiotite from
a rhyodacite lava flow at Ruiz Peak,
New Mexico, has revealed a large num-
ber of new mica polytypes. Buerger
x-ray—precession photographs of 42
crystals from this material show that
approximately one-third are 1M poly-
types, one-third 2M,, and one-third
more complex forms. Among the new
complex forms found are 4-, 8-, and
20-layer monoclinic, and 8-, 10-, 14-,
and 23-layer triclinic structures. Only
a few crystals from this specimen show
evidence of random layer-stacking se-
quences as indicated by apparent con-
tinuous or semicontinuous diffuse x-ray
scattering parallel to c¢* (8). Our
studies of a number of other biotite
samples from a variety of igneous and
metamorphic rocks suggest that, in
general, biotite samples consist of a
large number of different polytypes,
some so complex as to be unresolved
by present x-ray techniques. One bio-
tite sample, however—a specimen from
the Tatoosh pluton, Mt. Rainier, Wash-
ington (9)—consists, on the basis of
an examination of 15 crystals, of only
one polytype. A similar study of several
lepidolite specimens also indicates the
presence of mixtures of polytypes
within a single sample. For example,
examination of ten lepidolite crystals
from Rozena, Czechoslovakia, shows
that seven crystals have the 2M, struc-
ture and three the 1M structure. Iden-
tification of particular mica polytypes
by the x-ray powder method may thus
be invalid unless special precautions are
taken to ascertain the homogeneity of
the sample.

Among the polytypes listed in Table
1, the 3Tc,[022] form was found dur-
ing our study of a number of sidero-
phyllite crystals from a specimen from
a greisen vein, Newcastle County, North
Ireland (7/0). Unit-cell data for this
mica are: a = 5:35,, b = 9:27,, ¢ =
3017 A, @ = 92°507, B = 94°58, y =
90°07, space group C1. The 4M,[2220]
form was found in the Ruiz Peak oxy-
biotite specimen and has the following
unit-cell parameters: a = 5-32, b =
922, ¢ = 40-06 A, B = 95°5’, space
group C2. Takeda and Donnay (7)
found the 4Tc,[0132] structure during

Series (3n+1)[(222)0],
(3n+2)[(222),27]

z—“ Zi\_\i____

4M2[2220] 8M8[(222)'222]
10 INZ
DRNTA

7 \

4 8;1/'/ \ / &
/ ——

76 3 3

M, [222),22] 3T[222]

Fig. 2. The stacking sequences of the 3T,
4M., 8M;, and 11M: polytypes as repre-
sented by Smith-Yoder diagrams.

their study of a synthetic lithium fluoro-
phlogopite. The unit-cell data for this
polytype are: a = 5-31, 6 = 9:19, ¢ =
40:0 A, « = y = 90°07, B = 92°35’,
space group C1. The unit-cell param-
eters given above compare very favor-
ably with those given in Table 1.

In order to try to solve the structures
of the newly discovered mica polytypes
we derived the unit-cell parameters,
space groups, atomic positions, and
structural-presence criteria for all pos-
sible 1- to 8-layer models with (0°,
-+-120°) sequences, as well as for a
large number of 10-, 11-, and 14-layer
forms. A number of models give the
same unit-cell data and presence cri-
teria; thus it is necessary to find a
method of analyzing the intensity data
obtained from x-ray diffraction pat-
terns. Takeda (/1) has developed a
special technique of calculating an “un-
modulated periodic intensity distribu-
tion” that is characteristic of the stack-
ing sequence of each mica polytype.
This distribution of intensities is re-
peated along certain of the reciprocal
lattice rows parallel to c¢* after every
N reflections. For mica polytypes with
(0, ==120°) stacking sequences, the
hkl reflections where k = (3n + 1) or
Bn+2)andl=m, (m+ 1)---(m +
N), where m and n are integers, show
this characteristic repeat. The periodic
intensity distribution is easily distin-
guished in the x-ray—precession photo-
graphs, repeating every (10 A)-' along
row lines parallel to ¢*. A comparison
of the observed and calculated inten-
sity distribution over N reciprocal lat-
tice nodes is sufficient to identify the
polytype. The periodic intensity distri-
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bution of six of the new biotite poly-
types is shown in Fig. 1.

The periodic intensity distribution
was calculated for approximately 250
models that were generated by the
polytype-generation program. We were
able to ascertain the stacking sequence
of the 4M,[2220], 8M,[(222),22], 8Tc,,
[00022202], and 10Tc,[2222222200]
forms from the Ruiz Peak sample and
the 11M,[(222),22] form from Lembhi
County, Idaho (72). The 4M,, 8M,,
and 11M, polytypes belong to a double
series of mica structures which have a
crystal structure based on a three-layer
trigonal, 3T[222], substructure. These
series can be described as having layer
repeats of N = (3n + 1) and N =
(3n + 2) with vector stacking se-
quences of [(222),0] and [(222),22],
respectively, where n is any integer.
The stacking sequences, as represented
by Smith-Yoder diagrams (7), of the
4M,, 8M,, and 11M, forms are given
in Fig. 2. Another series, represented
by the symbol [(0),22], appears to be
quite common. Polytypes belonging to
this series have structures based on the
1M form but with a single 120° peri-
odic stacking fault. Thus far we have

Table 2. Number of possible mica polytypes
having any combination of (4) 0°, £60°, 4-120°,
and 180° layer rotations, and (B) 0° and +120°
rotations only. N is the number of layers per
unit-cell.

N A) (B)
1 1 1
2 1
3 6 2
4 26 4
5 83 8
6 402 18
7 39
8 9%
9 222

Table 3. Characteristic x-ray diffraction spectra
of various possible disordered micas.

Polytype r :{:zz; s X-ray spectra
IM,-n(120) Random hkl:k = 3n
0°, +=120° (sharp);
k # 3n
(diffuse)
IM,-n(60) Random hkl:hand k = 3n
0°, +=60°, (sharp);
+120°, 180° hork* # 3n
(diffuse)
1M,-n(180) Random hkl:h = 3n
0°, 180° (sharp);
h#3n
(diffuse)

2 Or both.
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found the following representatives of
this series: 3Tc,[022], 8Tc,[(0);22],
14Tc,[(0),,22], and 23Tc,[(0),,22].

The origin of diffuse x-ray scattering
in x-ray photographs of the micas (8,
13) has been generally attributed to
random layer rotations (rotational dis-
order) within the mica structure. Our
experience suggests that “unresolved
periodic stacking faults” are a more
important origin of the “apparent dif-
fuse scattering.” This is particularly
evident when sharp subcell spots, some-
times accompanied by weak satellite
spots, and apparent diffuse scattering
appear in the x-ray photographs., With
our present photographic techniques we
cannot resolve a repeat of much more
than 300 A. With a special collimation
system we hope to increase this to
600 A. Also, natural mica crystals gen-
erally show mechanical distortion, thus
making it difficult to obtain ideal dif-
fraction patterns. An example of the
periodic intensity distribution of a mica
that is believed to have a single periodic
stacking fault is shown by the 14Tc,
structure of Fig. 1.

One biotite specimen (Brooks Moun-
tain, Alaska) (I4) shows very even
semicontinuous diffuse scattering paral-
lel to c* for those hkl reciprocal lattice
rows for which k < 3n. No sharp sub-
cell spots appear. We believe that this
mica structure has rotational disorder
in the classical sense (13), the streak-
ing being caused by random n(120°)
layer rotations. We designate mica poly-
types with such structures as 1M,-
n(120) where 1M refers to the 1M
substructure, » = random, and n(120)
refers to random 0°, 120°, and 240°
rotations. Theoretically, other types of
rotational disorder may occur, namely,
random #n(60°) and n(180°) rotations.
We will designate such possible dis-
ordered mica polytypes as 1M,-n(60),
and 1M,-n(180), respectively. The na-
ture of the x-ray scattering expected
from these three possible polytypes is
given in Table 3. The 1M,-n(120) form
is quite common in biotites and per-
haps in fine-grained authigenic micas.
The 1M,-n(180) structure is not ex-
pected to occur and is of only theoreti-
cal interest.

With our present experience concern-
ing the occurrence of the various mica
polytypes, plus that of others (/, 8),
we suggest the following distribution of
mica polytypes in relation to chemical
composition:  biotites—mixtures  of
many polytypes with (0°, ==120°) stack-

ing sequences including the 1M,-n(120)
form; muscovites and paragonites—
2M,, very rarely 3T; lithium micas—
1M, 2M,, 2M,, 3T, plus mixtures of
these simple forms, rarely more com-
plex polytypes; authigenic micas—1M,
less commonly 2M,, possible 1M,-
n(120), 1M,-n(60), and two-dimen-
sional (15) forms. The relation between
polytypism, chemical composition, and
geologic occurrence, of paramount im-
portance, requires further study.
MaLcoLM Ross
HirosHI TAKEDAT
Davib R. WoNEs
U.S. Geological Survey,
Washington, D.C. 20242
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