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The X-ray investigation (precession method) of the Ruiz Peak

oxybiotite, which is well known for the occurrence of a large

number of polytypes and twins, revealed two complex

diffraction patterns, which cannot be identi®ed as long-period

polytypes. These patterns are analysed in terms of the minimal

rhombus, a geometrical asymmetric unit in reciprocal space

which permits the decomposition of the composite reciprocal

lattice of a twin or allotwin into the reciprocal lattices of the

individuals. Both the recorded patterns correspond to a 1M±

2M1 allotwin: the relative rotation between the individuals is

120� in one case and 60� in the other. The geometrical criteria

for evaluating the presence of twinning or allotwinning are

analysed through these two natural examples.

Received 10 December 1999

Accepted 4 February 2000

1. Introduction

Mica polytypes represent one of the most complex series of

inorganic structures known to date (Smith & Yoder, 1956;

Ross et al., 1966; Rieder, 1970; Nespolo & Takeda, 1999;

Kogure & Nespolo, 1999). They also form different types of

oriented crystal associations: twins and plesiotwins (same

chemical composition and same polytype; Nespolo, Ferraris,

Takeda & TakeÂuchi, 1999), allotwins (same chemical compo-

sition but different polytypes; Nespolo, Kogure & Ferraris,

1999), epitaxy (oriented overgrowth with different chemical

compositions; Royer, 1928, 1954), and syntaxy (oriented

intergrowth with different chemical compositions; Ungemach,

1935).

Polytypism and twinning are two phenomena resulting from

the presence of higher-symmetrical units or subunits within

the normal unit cell (Ito, 1950). In the case of micas, since the

relative rotations between individuals1 in a twin are practically

identical to the relative rotations between layers in a polytype,

namely n � 60� (0 � n � 5), the diffraction pattern of a mica

twin can be mistaken for that of a single crystal corresponding

to a polytype with longer periods. Takano & Takano (1958)

introduced the de®nitions of `real polytypism' and `apparent

polytypism', to distinguish true polytypes from twins that can

be mistaken for polytypes. The general criteria for distin-

guishing between real polytypism and apparent polytypism in

micas are given in Nespolo (1999) and are applicable when the

geometry of the diffraction pattern is not exactly identical in

the two cases, namely (with rare exceptions) in twinning by

reticular pseudo-merohedry, which is the most common

twinning in micas. Application of these criteria showed

(Nespolo & Takeda, 1999) that the 24-layer polytype reported

1 The term `individual' is used here to indicate one crystal of a twin or allotwin,
and the term `single crystal' to represent an untwinned crystal. Other authors
(e.g. Hahn et al., 1999) use `component' instead of `individual'.
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by Hendricks & Jefferson (1939) was not a twin of an eight-

layer polytype, as previously stated by Smith & Yoder (1956).

Nespolo et al. (2000) developed a theory to geometrically

analyse the diffraction pattern of composite crystals and

decompose the twin-/allotwin-weighted reciprocal lattice

(w.r.l.) into the w.r.l. of the individuals, obtaining the relative

orientations of the individuals. These orientations depend

upon the twin/allotwin laws, which however have a non-1:1

correspondence: more than one law may correspond to the

same orientation as the individuals. A thorough identi®cation

of the twin/allotwin laws requires a morphological analysis and

will be studied elsewhere.

In the course of a single-crystal X-ray diffraction study of

oxybiotite samples from the Ruiz Peak rhyodacite ash ¯ow,

Jemez Mountains (New Mexico), two crystals giving complex

diffraction patterns have been found. The analysis of their

diffraction pattern is presented, preceded by a brief summary

of the relevant theoretical tools.

2. Theoretical background

Mica polytypes are built by stacking along the c direction a

layer (M layer) about 10 AÊ thick. The thickness of the layer is

also the period along c for the 1M polytype (c1). The corre-

sponding reciprocal space period along c* is labelled c*1

(about 0.1 AÊ ÿ1). In the diffraction pattern of an N-layer

polytype, N re¯ections appear in the c*1 repeat along the non-

family rows (see below) parallel to c*.

All mica polytypes have an (ideally) orthohexagonal axial

setting C1 (Nespolo et al., 1998) based on two (pseudo)-

orthohexagonal axes (a, b) in the (001) plane, for which the

orthohexagonal relation

b � a31=2;  � 90� �1�
is approximately obeyed. The a and b axes de®ne the two

shortest mutually orthogonal translations in the plane of the

layer. On the basis of the projection cn of the c axis onto the

(001) plane, mica polytypes are divided into three types:

(i) orthogonal polytypes: cn = (0, 0);

(ii) Class a polytypes: cn = (ÿ1/3, 0);

(iii) Class b polytypes: cn = (0, ÿ1/3).

The number of layers N in a mica polytype is suitably

expressed by the following relationship between integers

N � 3n�3K � L�; �2�
where n � 0 de®nes the Series, L = 1,2 the Subclass and K � 0

appears in the transformation matrices between axial settings.

The diffraction pattern of a twinned mica polytype

belonging to Series n can show the same number of re¯ections

as that of an untwinned mica polytype belonging to Series n+1.

In fact, the cell of the twin lattice coincides with the cell of the

(pseudo-)orthohexagonal setting de®ned by (1). For non-

orthogonal polytypes the period in this setting is 3Nc0 (c0 =

1/c*1 < c1): depending on the number of individuals and their

relative rotations, the diffraction pattern shows 3N equally

spaced re¯ections in the c*1 repeat, exactly as in the case of an

untwinned 3N-layer polytype. However, the location of these

re¯ections, in particular their normal projection onto the c*

axis, in most cases permits to discriminate between real and

apparent polytypism. Three types of reciprocal lattice rows are

involved.

(i) S rows, corresponding to h = 0(mod 3) and k = 0(mod 3);

(ii) D rows, corresponding to h 6� 0(mod 3) and k =

0(mod 3);

(iii) X rows, corresponding to k 6� 0(mod 3),

where S, D and X represent `Single', `Double' and `Sextuple',

respectively. These three types of rows are translationally

independent and are related by n � 60� rotations about c*

(Nespolo et al., 1997; Nespolo et al., 2000). All the central

reciprocal lattice planes containing c* can be divided into two

types: SD planes (containing only S and D rows) and SX

planes (containing only S and X rows).

All polytypes of a substance built on the same structural

principle are OD2 polytypes and have a common set of

re¯ections, called family re¯ections (Dornberger-Schiff &

Fichtner, 1972), which are always sharp. Along family rows,

non-space-group absences appear, which derive from the

existence of local symmetry operations (space groupoid

operations; Sadanaga & Ohsumi, 1979; Fichtner, 1980)

relating pairs of layers. The OD character of the polytype

determines the number and disposition of re¯ections along S,

D and X rows (DÏ urovicÏ et al., 1984; Nespolo, 1999).
Figure 1
Minimal rhombus (dotted lines; in the foreground) and tessellation
rhombus (solid lines) in the six orientations de®ning the star polygon. The
nine translationally independent rows are distinguished by type and
sequence numbers (S; D1±D2; X1±X6) (modi®ed after Nespolo et al.,
2000).

2 OD represents `order±disorder'. However, OD phenomena refer to the
geometrical equivalence of layer pairs and are of completely different nature
from the structural order±disorder phenomena.
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S rows are family rows common to all

polytypes. On them, a single re¯ection

appears in the c*1 repeat, with the

presence criterion l = 0(mod N). The non-

space-group absences along D rows

depend upon the type of local symmetry

operations relating layer pairs. Accord-

ingly, polytypes of micas are classi®ed into

three types: subfamily A polytypes (2n �
60� only), subfamily B polytypes [(2n + 1)

� 60� only] and mixed-rotation polytypes

[both 2n � 60� and (2n + 1) � 60�]. Along

D rows, the number of re¯ections is 1 for

subfamily A [presence criterion l =

(�h/3)(mod 3)], two for subfamily B

[equally spaced, at l = 0(mod N) and l =

N/2(mod N): N is necessarily even in

subfamily B polytypes] and N for mixed-

rotation polytypes. Finally, X rows are

non-family rows for all polytypes and on

them N re¯ections appear in the c*1

repeat.

The reciprocal lattice of a mica twin or

allotwin is characterized by a tessellation

rhombus (Fig. 1, solid lines) on whose

edges and diagonals are nine translation-

ally independent rows: one S, two D and

six X. The whole reciprocal space can be

tessellated by (3p, 3q) translations (p, q

integers of the same parity) along a* and

b*. Inside the tessellation rhombus a

smaller unit, termed the minimal rhombus,

de®ned by the same row, can be drawn

(Fig. 1, dotted lines). There are six

possible orientations of the tessellation

rhombus and of the minimal rhombus,

related by n � 60� rotations (0 � n � 5),

which, however, represent equivalent

descriptions of the same reciprocal lattice.

The rows that can be reached by rotating

the original rhombus are within a star-

polygon located by the six rhombi with the

common origin.

The nine translationally independent

rows can be experimentally inspected by

recording four central planes: one SD

plane and three SX planes each 60� apart.

Then the polytypes involved in a twin or

allotwin and the relative rotations

between them are obtained by comparing

the experimental minimal rhombus with

those computed (Nespolo et al., 2000) by

combining the minimal rhombi of the

single crystals in all the independent

orientations. The relative orientations are

then expressed through the so-called ZT

symbols: ZT = Z1Z2...ZN (1 � Zi � 6) for a

Acta Cryst. (2000). B56, 639±647 Nespolo et al. � Allotwins of mica polytypes 641
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Figure 2
Precession diffraction pattern from the ®rst SX plane (SX1) of the sample No. 1. The l index of
the re¯ections is expressed (mod 6).

Figure 3
Precession diffraction pattern from the second SX plane (SX2) of the sample No. 1 (60� from
SX1). The l index is as given in Fig. 2.
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twin composed of N individuals (N = 2,6) and

ZT = Z1Z2...ZN
Z1Z2...ZN

for a binary allotwin with

N and N0 individuals (for details refer to

Nespolo et al., 2000).

3. Materials and methods

The samples investigated are oxybiotite

crystals from Ruiz Peak, New Mexico

(Smith et al., 1961; Bailey & Smith, 1978).

Ohta et al. (1982) reported the composition

as (K0.773Na0.162Ba0.022)(Mg1.666Fe0.013
2+-

Fe0.855
3+Mn0.010Ti0.342Al0.163)(Al1.159Si2.841)-

O11.620F0.168(OH)0.212. According to Rieder et

al. (1998) it should be renamed `ferric

phlogopile': here the original name `oxy-

biotite' is retained for the sake of compar-

ison with previous studies on the same

sample.

The sample, formed by vapour growth in

the cavities of lava at high temperature, has

Fe2+ almost completely oxidized to Fe3+ and a

considerable amount of Ti: correspondingly,

OHÿ is largely substituted by O2ÿ and

consequently OH + F = 0.38 rather than 2.0.

The presence of Ti is responsible for the

brown±reddish colour of the crystals

(Robbins & Strens, 1972; for further details

on the sample, refer to Ross & Wones, 1965;

Ross et al., 1966; Takeda & Ross, 1975; Ohta

et al., 1982). In this mica several polytypes

and twins were reported (Ross et al., 1966;

Takeda & Ross, 1995; Nespolo & Takeda,

1999; Kogure & Nespolo, 1999).

The crystals, selected by optical micro-

scopy, have been mounted on a glass ®bre,

with c* parallel to the rotation axis of the

goniometer head of a Buerger precession

camera (Charles Supper Co., model 3000,

series 7426). Ni-®ltered Cu K� radiation was

used, with a 35 kV operating voltage and

15 mA current. Diffraction was recorded on

an imaging plate (Fuji®lm BAS-RS 127) and

transformed into digital images by a Rigaku

R-AXIS DS2 laser reader.

The re¯ections seen in the precession

photographs have oval shape and are rather

broad and streaked. Micas almost invariably

give this type of re¯ection, because of their

platy morphology, which often is deformed

and kinked (HoÈ rz, 1970; Bell et al., 1986). The

poor quality of the diffraction is a severe

obstacle to the structure re®nement of micas.

However, the purpose of the present research

is to identify the polytypes and their relative

rotations: a pure geometrical analysis of the

Figure 4
Precession diffraction pattern from the third SX plane (SX3) of the sample No. 1 (120� from
SX1). The l index is as given in Fig. 2.

Figure 5
Precession diffraction pattern from an SD plane of the sample No. 1 (30� from SX3). The l
index is as given in Fig. 2.
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diffraction pattern, in terms of presence/absence criteria, is

suf®cient and also reduction for Lorentz±polarization and

absorption is not required. Besides, because of the rarity of the

phenomenon observed, the probability of ®nding better

crystals is low.

4. Results

Two of the samples investigated gave a complex diffraction

pattern, which cannot correspond to a single crystal of a long-

period polytype. Figs. 2±5 and 7±10 show, for each sample, the

diffraction patterns from the four central planes (one SD and

three SX) necessary to obtain the minimal rhombus. In the

investigation of micas by the precession method six central

planes can be recorded at rotation intervals of 30� (Takeda &

Ross, 1995): three of type SD [(h0l), (h.3h.l), (h.3hÅ .l)] and

three of type SX [(0kl), (hhl), (hhÅ l)]. In twins, the diffraction

pattern corresponds to the overlap of the reciprocal lattices of

the individuals: hereinafter the SD plane recorded is assumed

to coincide with the (h0l) plane in the twin setting (space-®xed

reference). Correspondingly, the experimental minimal

rhombus is assumed to have its long diagonal coincident with

a* of the twin setting.

4.1. Sample 1: 1M±2M1 allotwin ZT =
3
5

Figs. 2±4 are the diffraction patterns from three SX planes

each 60� apart. The shortest separation between successive

re¯ections along c* of X rows is c*1/6: the apparent period is

six layers and thus the l index of all the re¯ections are

expressed (mod 6). Fig. 5 shows the diffraction pattern from an

SD plane: two strong re¯ections appear along D rows, corre-

sponding to l = 2(mod 6) and l = 4(mod 6), whereas no

re¯ections appear at l = 0(mod 6). This type of diffraction

unequivocally originates from a twin or allotwin of subfamily

A polytypes, with a relative rotation between the individuals

that produces a separation of the family re¯ections along D

rows. It follows that the apparent six-layer period along X

rows is actually due to the twinning of a two-layer polytype.

The only two-layer subfamily A polytype is 2M1 and the

crystal may be either a twin of 2M1 or an allotwin involving,

besides 2M1, 1M and/or 3T. In order to discriminate among

these cases and to identify the relative rotations, the minimal

rhombus analysis (Nespolo et al., 2000) is necessary.

Fig. 6 shows the experimental star polygon, built by the six

possible orientations of the tessellation rhombus and the

minimal rhombus, drawn by reporting the l (mod 6) indices of

the re¯ections occurring in the

four diffraction patterns, and

applying the (3p, 3q) translations

between translationally equiva-

lent reciprocal lattice rows. None

of the six orientations of the

minimal rhombus matches any of

the nine independent minimal

rhombi which are possible for the

2M1 twins and are reported in

Nespolo et al. (2000). The sample

is thus an allotwin. It cannot

involve a 3T crystal, otherwise

three re¯ections corresponding to

l = 0(mod 6), l = 2(mod 6) and l =

4(mod 6) would appear along all

X rows. The sample is thus a 1M±

2M1 allotwin. The shaded minimal

rhombus matches the computed

minimal rhombus of the 1M±2M1

allotwin with a relative rotation of

120� between the two individuals

and corresponds to ZT = 3
5 in

Nespolo et al. (2000).

A binary allotwin is character-

ized by two allotwin indices: for a

1M±2M1 allotwin, the allotwin

index of 1M (2M1) is de®ned as

the ratio of the total number of

lattice nodes of 1M (2M1) to the

number of lattice nodes common

to 1M and 2M1 (Nespolo, Kogure

& Ferraris, 1999). The cell of the

allotwin lattice is the orthogonal

Acta Cryst. (2000). B56, 639±647 Nespolo et al. � Allotwins of mica polytypes 643
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Figure 6
Construction of the star polygon corresponding to the diffraction patterns in Figs. 2±5. The SD plane in Fig.
2 is taken to be coincident with the (a*, c*) plane and the three SX planes are reported to be counter
clockwise, according to the rotations shown in Figs. 2±4. The star polygon is then obtained by (3p, 3q)
translations of the nine translationally independent rows in these four planes. The minimal rhombus and
the tessellation rhombus are indicated in their six possible orientations. The shaded minimal rhombus
corresponds to the ZT = 3

5 minimal rhombus tabulated in Nespolo et al. (2000). Inset on the top-right: axes
(a, b) of the space-®xed reference and of the individual-®xed references in the six possible orientations (a1±
a6), and corresponding ZT symbols (b1±b6 axes are not shown). Inset in the bottom-right: l (mod 6) indices
of the re¯ections which are present on the composite rows of the lattice, and symbol of the rows. Ij is the
symbol identifying the composite row, where I gives the number of re¯ections in the c*1 repeat and j is a
sequence number (Ij are de®ned and tabulated in Nespolo et al., 2000)
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cell common to both polytypes: its period

along c is 6c1 and thus contains six lattice

planes of the 1M polytype and three

lattice planes of the 2M1 polytype. The z

coordinates of the (001) lattice planes for

the two polytypes are z = n(mod 6)/6 for

1M and z = 2n(mod 6)/6 for 2M1 (n

integer). Of these, one [z = 0(mod 6)] has

all the nodes from both polytypes over-

lapped by the allotwin operation, whereas

in all the other lattice planes the nodes

from the two polytypes are distinct.

Consequently, the allotwin index of 1M is

6 and that of 2M1 is 3.

The case illustrated here can corre-

spond both to a rotation allotwin, with

allotwin law [310] and composition plane

(001), and to a re¯ection allotwin, with

allotwin and composition plane (110).

Besides, the ®rst individual (higher digit in

the ZT symbol) could correspond to 2M1

rather than 1M, a situation physically

indistinguishable from the allotwin ZT =
3

1, which gives an equivalent diffraction

pattern, but corresponds to the allotwin

laws [31Å0] (rotation allotwin) or (11Å0)

(re¯ection allotwin).

4.2. Sample 2: 1M±2M1 allotwin ZT =
3
4

Figs. 7±9 are the diffraction patterns

from three SX planes of sample 2. As in

the previous case, the shortest separation

between successive re¯ections along X

rows is c*1/6. Fig. 10 shows the diffraction

pattern from an SD plane of the same

sample which, with one re¯ection for the

c*1 repeat, has the typical appearance of a

subfamily A polytype. The presence of

twinning is not at all evident from this

plane.

In principle, the investigated sample

could be either a six-layer polytype, or a

twin or allotwin involving the 2M1 poly-

type: therefore, the possibility of apparent

polytypism has to be taken into account.

However, two of the SX planes (Figs. 7

and 8) are of orthogonal type (i.e. re¯ec-

tions are present at l = 0 along each row

parallel to c*). This geometry of the reci-

procal lattice is impossible for a six-layer

subfamily A polytype, which would belong

to Class b and should therefore have all

the SX planes non-orthogonal (Nespolo,

1999). It also follows that in this case the

sample is a twin or allotwin of the 2M1

polytype. The corresponding star polygon

Figure 7
Precession diffraction pattern from the ®rst SX plane (SX1) of the sample No. 2. The l index is as
given in Fig. 2.

Figure 8
Precession diffraction pattern from the second SX plane (SX2) of the sample No. 2 (60� from
SX1). The l index is as given in Fig. 2.
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is shown in Fig. 11. Proceeding exactly as

for sample 1, the comparison of the

experimental minimal rhombus in the six

orientations with the computed minimal

rhombi shows that the sample is not

simply a twin of 2M1, nor does it contains a

3T polytype. It is thus a 1M±2M1 allotwin,

whose minimal rhombus matches that

computed for a binary 1M±2M1 allotwin

with 60� rotation between the two indivi-

duals and ZT = 3
4. As in sample 1, the

allotwin indices are 6 and 3 for 1M and

2M1, respectively.

For the same reasons as those explained

in the previous paragraph, the allotwin

ZT = 3
4 could be equivalently described as

ZT = 3
2 and it can correspond to four allo-

twin laws: [110], [11Å0] (rotation allotwins),

(130) and (13Å0) (re¯ection allotwins).

5. Discussion

So far, allotwins have been previously

reported in Li±Fe micas from the KrusÏneÂ

hory mountains, Czech Republic (Rieder,

1970), and were termed `epitactic over-

growth' of two polytypes of the same

substance. This is instead the ®rst report of

allotwins in the Ruiz Peak oxybiotite, in

which a wealth of polytypes and twins has

already been found. Their identi®cation

has been possible only through the

geometrical approach recently developed

by Nespolo et al. (2000). Owing to the

frequent occurrence of 1M and 2M1

polytypes in this locality, there are higher

chances of ®nding allotwins of 1M and

2M1. It is thus possible that several other

examples from the same locality might

have been previously missed simply

because their diffraction pattern could not

be interpreted.

The geometrical analysis of the diffrac-

tion pattern exploited in this research

gives the relative orientation between

allotwinned individuals, but not an

univocal allotwin law: in fact, there are

four possible allotwin laws corresponding

to each of the two identi®ed allotwins, as

explained above. The identi®cation of the

true allotwin law would require a

morphological analysis.

It should be noted that in the ZT = 3
4

allotwin the two individuals are rotated by

60�, which is an uncommon rotation both

in mica twins and in mica polytypes. Odd

multiples of 60� rotations in mica twins

Acta Cryst. (2000). B56, 639±647 Nespolo et al. � Allotwins of mica polytypes 645
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Figure 10
Precession diffraction pattern from an SD plane of the sample No. 2 (30� from SX3). The l index
is as given in Fig. 2.

Figure 9
Precession diffraction pattern from the third SX plane (SX3) of the sample No. 2 (120� from
SX1). The l index is as given in Fig. 2.
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have been reported by Sadanaga & TakeÂuchi (1961), Bloss et

al. (1963), Takeda & Donnay (1965), Rieder (1970) and

Sunagawa & Tomura (1976), but are much rarer than the even

multiples of 60�. For rotation twins the reason for the relative

scarcity is likely to be the same, thus explaining the rarity of

the odd rotations between layers in polytypes (Radoslovich,

1959): odd rotations produce a trigonal prismatic coordination

of the interlayer cation on the interface between two indivi-

duals. In this type of coordination the O atoms are eclipsed,

whereas for even rotations the coordination is trigonal anti-

prismatic, with a staggered con®guration of the O atoms.

For re¯ection twins, since the composition plane is (quasi)

normal to (001), odd rotations produce an interface with a low

degree of coherency, as in the case of imperfect dislocations in

the 2M2 polytype (Baronnet & Amouric, 1986). With the

exception of the synthetic ¯uor-phlogopite reported by Bloss

et al. (1963), all the quoted examples of odd rotations in twins,

including the ZT = 3
2 allotwin presented here, have been found

in natural micas formed in a ¯uid phase, where crystals are

continuously moving. In this type of environment, the inter-

action and agglutination of crystals that had already attained a

relatively large size is a common phenomenon (Sunagawa,

1977) and their relative adjustment is likely to be hindered

even if they came into contact according to an energetically

less stable odd con®guration. Instead, the lower stability of the

odd rotations is more easily avoided by slight movements

when twins are formed during the nucleation stage, by smaller

crystals. When agglutination of crystals that have already

overcome the nucleation stage occurs, their relative adjust-

ment is likely to be hindered and they tend to keep an

orientation close to that by which they came into contact, even

if it is energetically less stable.

Sunagawa & Tomura (1976) have

experimentally demonstrated that

agglutination of pre-formed crys-

tals produces not only twins with

both even and odd rotations, but

also plesiotwins, which, we recall,

are oriented crystal associations

based on a large coincidence-site

lattice and in which individuals

are oriented with respect to each

other by non-crystallographic

rotations (Nespolo, Ferraris,

Takeda & TakeÂuchi, 1999). The

interface energy increases from

even rotations to odd rotations

and to plesiotwin rotations.
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