Canadian Mineralogist
Vol. 22, pp. 659-667 (1984)

Al-Si ORDERING IN 1M TRIOCTAHEDRAL MICAS
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ABSTRACT

The electron-diffraction pattern for a sample of biotite
(1M-trioctahedral) shows weak diffractions violating the
C-centring of the most commonly reported space-group
C2/m. Al-Si ordering in trioctahedral micas, for which
Al:Si is 1:3, is likely on a unit-cell scale only in the space
groups P2, P1, P1’ and P2,. There are two distinct Al-Si
ordered primitive centrosymmetric triclinic structures, here
designated PT and P1’. Taking into account the principle
of aluminum avoidance and other crystal-chemical
considerations, the order of these space groups, from most
favorable to least, is P2;, P1, P2 ~ P1’. There are four
complexions of the P2; structure. Domains of the
different P2; complexions would be related by retlection
twinning, rotation twinning or inversion twinning. If the
domains are very small, X-ray-diffraction and even electron-
diffraction patterns may suggest the pseudosymmetry
C2/m.
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SOMMAIRE

Le cliché de diffraction électronique d’un échantillon de
biotite 1M montre des taches de faible intensité en viola-
tion de la condition de la face C centrée du groupe spatial
C2/m, le plus fréquemment attribué aux micas trioctaédri-
ques. On s’attend & une mise en ordre des atomes Al et Si
a I’échelle de la maille élémentaire dans de tels micas, dont
le rapport Al:Si est de 1:3, seulement dans les groupes spa-
tiaux P2, P1, P1’ et P2,. On distingue deux structures tri-
cliniques primitives centrosymétriques & Al et Si ordonnés:
P1 et P1’. Une considération du principe de I’évitement
des tétraédres AlO, contigus et autres considérations
d’ordre cristallochimique permettent de placer les quatre
groupes spatiaux dans l’ordre suivant de stabilité: P2,
(favorisé), P1, P2 = P1’. Il y a quatre complexions de la
structure P2,. Les domaines de complexion différente dans
cette structure seraient maclés par réflection, par rotation
ou par inversion. Si les domaines sont de trés petite taille,
les clichés de diffraction X et de diffraction électronique
pourraient simuler la pseudosymétrie C2/m.

(Traduit par la Rédaction)
Mots-clés: biotite, micas trioctaédriques, degré d’ordre
Al-Si.

INTRODUCTION

The space group for most 1M trioctahedral micas
has been reported as C2/m (Deer et al. 1963); it is

the basis for several structural refinements (Hazen
& Burnham 1973, McCauley et al. 1973, Takeda &
Morosin 1975, Takeda & Ross 1975). Biotite from
a pegmatite, whose locality is unknown, was exam-
ined in this study by transmission-electron
microscopy (TEM). The composition of the biotite
is reported in Table 1. The c-axis diffraction pattern
(Fig. 1) shows several violations of the C-centring
in space group C2/m. The violations are weak,
diffuse diffractions of the type #k0 where i + k is
odd, including (320), (140), (340), (540), (270), (470),
(670), (870), (1,10,0), (3,10,0) (5,10,0) and the mm?2
symmetrically related diffractions. The strongest of
these are the types (270), (340), (140) and (1,10,0),
in decreasing order of intensity. Except for the (270),
even these are difficult to see in Figure 1, -but are
clearly visible on the negatives. The diffraction pat-
tern shown in Figure 1 is not precisely centred, but
by examining several near c-axis patterns, it appears
that the Laue symmetry is mm2, consistent with the
space groups P2/m, P2,/m, P2/a, P2,/a, P2, Pm,
Pq or P2,. It is the purpose of this paper to con-

TABLE 1. COMPOSITION OF BIOTITE! (AVERAGE OF 7 ANALYSES)
Wt. % oxide Atoms per 11 oxygens
510, 35.96 (1.30)2 ——5—2_762——}4_00-—
Ti0, 3.03 (0.11) Al 1.238
Alp03 19.28 (0.54)
Crp0;  0.04 (0.02) Ti 0.173
3Fe0 20.70 (0.58) Al 0.507
M0  0.22 (0.04) Cr 0.002 2 60
Mg0 5.85 (0.15) Fe 1.330
ca0  0.05 (0.01) M 0.013
K0  8.95 (0.25) Mg 0.662
Nap0  0.49 (0.08)
TOTAL - 94.58 Ca 0.002
K 0.877 »0.951
Na 0.072
TOTAL  7.645

The analyses were performed by H.Y. McSween, Jr. on an
MAC 400-S electron microprobe at the University of
Tennessee, Knoxville.

2standard deviation (1 sigma).

3A‘I'l Fe reported as Fe0.
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Fic. 1. Electron-diffraction pattern of biotite. Note the weak diffuse diffractions (marked by arrows) violating the C-
centring. The arrow marks the (270) diffraction. Electron acceleration 100 kV.

sider the possible consequences of reduced symmetry,
especially with regard to Al-Si order in the biotite
just discussed and in trioctahedral micas in general.

The problem is addressed by introducing an Order-
ing Factor, OF, for the purpose of discriminating
between different schemes of Al-Si ordering. The
OF is simply calculated from the cell parameters and
is purely geometrical. The bases for discriminating
between different ordering schemes are the
aluminum-avoidance principle (Loewenstein 1954)
and charge-balance considerations discussed by
Giiven (1971).

Loewenstein’s (1954) aluminum-avoidance prin-
ciple asserts that two tetrahedral sites sharing an oxy-
gen atom in a structure are not likely to be both
occupied by aluminum. Furthermore, the distance
between tetrahedral sites occupied by aluminum
tends to be maximized. The principle follows from
Pauling’s (1960) rules and is satisfied in many struc-
tures, including feldspars, nepheline, kalsilite, mar-
garite and sillimanite. For micas, Giiven (1971)
argued further that two apical oxygen atoms of Al-
tetrahedra along the same shared octahedral edge
would be especially unfavorable with respect to local
balancing of electrostatic charge.

Gatineau (1964) and Gatineau & Méring (1966)
have reported norn-Bragg diffractions and streaked
diffractions for muscovite, phlogopite and biotite.
They suggested short-range ordering of tetrahedrally
co-ordinated cations as a possible cause.

UNIT-CELL. GEOMETRY

Figure 2a is an idealized (001) projection of the
tetrahedral sites in one unit cell of a 1M mica (Pabst

1955). The octahedral cation sites between the sheets
of tetrahedra and the large cation sites (K, Na, Ca)
have been omitted in order to emphasize the
geometrical relationship between the sheets of tetra-
hedra. The maximum symmetry is C2/m, in which
all tetrahedral sites (labeled 1, 2, 3, 4 in the upper
sheetand 1/, 27, 3/, 4’ in the lower sheet) are sym-
metrically equivalent. For the C2/m trioctahedral
micas such as biotite or phlogopite, in which Al:Si
is 1:3, the Al and Si must be disordered over the 8
equivalent tetrahedral sites, such that the probabil-
ity of finding an Al atom on any one site is 25%.
Figures 2b, ¢ and d illustrate other C-centred struc-
tures compatible with the diffraction symmetry
C2/m. In Cm, there are two types of tetrahedral
sites, but all sites in one sheet are equivalent,
TIl=T2=T3=T4and TI' =T 2'=T3'"=T4".
Al-Si ordering in this structure would necessarily
place more aluminum in one sheet than in the
other, a possibility for which there is very little
justification. The C2 structure has two sites,
TI=T1"=T3=T3" and =712’ =T4=T4’,
The structure is compatible with the aluminum-
avoidance principle. In the 2M, dioctahedral mica
margarite, the Al and Si (Al:Si = 1) are ordered in
this way in each tetrahedral-octahedral-tetrahedral
unit layer (Guggenheim & Bailey 1975). Figure 2d
illustrates another possibility, CT, compatible with
the principle of aluminum avoidance. For 1M micas
in which Al:Si equals 1:3, the structures represented
by Figures 2a, b, ¢ and d can only account for the
‘average’ or statistical distribution of Al and Si
atoms. These space groups cannot be used to illus-
trate the actual distribution of Al and Si atoms in
any one cell volume of a structure.



“JudfeAInba are says [[e ‘wi/7D 104 ‘parddns st saNs JuoeAmba A[[ROLIIPIIMIAS JO 198 SUO ‘AIMIONMS YoBd Ul ‘w/ /7D 10§ 1Jeoxg *SaImoniis [190-31un
dAnmuud *[ ‘1Y ‘3 °J ‘0 *SINJONIIS Panjusd-) BYIQ ‘P 40 ‘q “ui/7) dnois-soeds OLIDUIASO[OY YL ‘B *, ¢, € ©,Z ¢, | PAIOqIUNU I8 Jo3YS JOMO[ 9] UX BIPAYRID] Y} ¢p ‘€
‘T ‘1 parsqunu sre 193ys Joddn oY) ur BIPSYRIR] Y, "UMOUS I8 SJJIS UOIIED [RIPYRII] 3y} A[UQ *surld (100) oY1 OO 2IMONLS BOIW AT B3PI 3] JO uondsfold *g oL

€lapl bL=2l

2Ll=€l Yl=bL
Sl=bl Cl=|L £l=21 El=€1
AN bl=2l JL=bL 2l=21
-N.—-“ _-_v—l -n-_-u_-_m -¢.—vﬂ—.—v ._n_-u—._v .v;_-ﬂN.—-n.nFn-_.P .*.P.AV.F“.N.F”N.P -.v..—-l-n.._vﬂ.u.—.ﬂ._.h
il ed Id ed pl=2ls=gl=ll CELlsCL=ILxlL pLag€l=2l=ll
19 w)

p 9
E1=2L
L=l
€L=21 El=21=€1=21
bl=ll Lz ll=bl=11
wd 3d

plaSlaZlail=blagl=2l=]11

w
.N.O




662

P2 (TI-TI')

P2(T2-T2")

Pl (T3-T2")

P2, (T4-T2")

THE CANADIAN MINERALOGIST

Pl (TI-T4")

PT(T2-T3')

P2 (T3-T3')

PI'(T4-T3')

FIG. 3. The complexions of the symmetry types P2, P2, P1, P1’. In each case, one
set of symmetrically equivalent Al’ sites is stippled.

Within a single unit-cell volume, the distribution
of Al and Si atoms must correspond to one of the
primitive structures P2, P1, P2, or P1’ (Fig. 2g, h,
i, j). Note that there are two distinct types of primi-
tive centrosymmetric triclinic Al-Si ordered struc-
tures, here designated PI and P1’. The P2/m struc-
ture (Fig. 2¢), in which there are only two types of
sites, T1=T1'=T4=T4' and T2=T2' =T3 =
T3, can be discounted for two reasons. Firstly, the
multiplicities of the two sites (4 each) are not com-
patible with an Al:Si ratio of 1:3 in IM trioctahedral
micas. P2/m cannot represent the arrangement of
Al and Si atoms in one unit-cell volume in which
Al:Si equals 1:3. Secondly, the structure precludes

compliance with the aluminum-avoidance principle,
except where the space group represents a statistical
average of different orientations of some lower-
symmetry structure such as P1, P2 or P1’. The
P2,/m, P2/a and P2,/a structures (not shown in
Fig. 2) can be discounted for the same reasons. The
unit-cell type Pm (Fig. 2f) is unlikely because if the
Al atoms are in any of the four types of sites
(T1=T4, T2=T3, T1' =T4’ or T2’ = T3') the
resulting structure of Pm cells alone violates the
aluminum-avoidance principle. The Pa structure (not
shown in Fig. 2) would also violate the aluminum-
avoidance principle. The four remaining unit-cell
symmetries, P2, P1, P2, and P1’ (Fig. 2g, h, i, j)
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are possible, but not necessarily equally likely, as will
be demonstrated in the next section.

Figure 3 shows, in matrix form, the four complex-
jons of each unit-cell type P2, Pi, P2, and P1’.
Each complexion of each unit-cell type is designated
by the tetrahedral sites occupied by the 2 Al atoms
in the unit cell. Hence, P2 can be represented by
T1-T1', T2-T2', T3-T3’, T4-T4’, the principal
diagonal of the matrix. P1 is represented by 74-71",
T3-T2', T2-T3’ or T1-T4’. P1’ is represented by
T2-T1’, T\-T2’, TA-T3’ or T3-T4’. And P2, is
represented by 73-T1’, T1-T3', T4-T2’ or T2-T4’
Complexions of the same symmetry are related to
one another by at least one symmetry element (4.,
m or i) with or without a translation. For instance,
P1 (T4-T1') is related to P1 (T'1-T4’) by rotation,
whereas P1 (T1-T4') is related to P1 (T2-T3’) by
rotation plus translation (%a + %b).

Because all complexions of a given symmetry-type
have the same energy, the four complexions of a
given symmetry-type are equally likely in an actual
structure composed of domains of one symmetry-
type. The domains would be related by twinning or
antiphase boundaries. If the domains are sufficiently
small, the diffraction symmetry may show the aver-
age of the four complexions, which is C2/m.

THE MOST FAVORABLE SYMMETRY-TYPE

Although all complexions of a symmetry type have
the same energy and are, therefore, equally likely,
it does not follow that all symmetry types are ener-
getically the same. This should be obvious, if for no
other reason than the distances between tetrahedrally
co-ordinated aluminum atoms differ from one sym-
metry type to another.

TABLE 2.

THE CANADIAN MINERALOGIST

Other factors considered equal, however small the
energy differences, the symmetry types are distin-
guished on the basis of the distance between an Al
atom in one sheet and the nearest Al atom in the
other sheet in the same unit-layer. Regardless of the
effectiveness of screening by octahedrally co-
ordinated cations of the electrostatic interaction
between T and T~ sites, the energy differences
between the four symmetry types must be related,
at least indirectly, to the relative positions of the Al
atoms. According to the principle of aluminum
avoidance (Loewenstein 1954) and charge-balance
considerations (Giliven 1971), the most stable struc-
ture maximizes the distances between tetrahedrally
co-ordinated Al atoms. Because the 7-7" interac-
tions are ultimately electrostatic, it may be assumed
that the importance of a particular interaction is
inversely proportional to the distance between the
Tand T’ cations. It is convenient to design an order-
ing factor, OF, that behaves like an energy function
and is minimized for the most favorable (i.e., most
stable) Al-Si arrangement. For this reason, the OF
is formulated in terms of inverse interatomic dis-
tances in the following way for one unit cell having
the ideal Al:Si ratio of 1:3.

OF = (AlI-Al')" - & (Si-Al’)"!

The (Al-Al’)" term is the inverse of the distance
between a reference Al’ in the “lower’ sheet and the
closest Al in the ‘upper’ sheet. Each (Si-Al’)™ term
is the inverse of the distance between the reference
Al’ and one of the three Si atoms in the upper sheet.
The formulation behaves like an energy function
wherein the unfavorable Al-Al’ interaction has a
positive contribution and the favorable Si-Al’ inter-
actions have negative contributions.

EQUATIONS FOR T-T' AND EVALUATION OF O.F. FOR AN IDEAL 1M MICA

EXAMPLE MICA
a=538 b=234x5348 c=10.15 &, 8= 100°

T-T T-T (t-1)1

f=/(0.56 c sing)2 + (0.35 a + 0.56 ¢ cosp)2 + (b/6)2 5.87 R 0.170 &1

e= J(0.56 c sing)2 + (0.15 a - 0.56 ¢ cosB)? 5.88 R 0.170 &1

g = J(0.56 c sing)2 + (0.15 a - 0.56 ¢ cosp)? + (b/3)2 6.63 & 0.151 &1

h= J(0.56 c sinB)Z + (0.35 a + 0.56 ¢ cosB)? + (b/2)2 7.29 R 0.137 &1
OF = (A1-A1')"Y - n(si-a1t)7t

-1

OF(PT ) = fl-e™ -gl-

OF(p2) =el - £1. g1
OF(PT) =g l-el-¥
OF(P2)

"

n

S RS B O

nl= -0.288 &1
nl= .p.288 B1
hl= -0.326 A1

gl= -0.354 k1
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Figure 4a illustrates the relevant 7-7" distances.
Table 2 gives the formulae for calculating the differ-
ent T-T" distances using the atomic co-ordinates for
the ideal 1M C2/m mica of Pabst (1955). For some
complexions of each symmetry type, it is necessary
to select a new set of lattice points, translated by
Yha + Y%b, in order that the shortest possible (Al-
Al") distance be within one unit cell and all (T-Al")
distances be of the types shown in Figure 4a and
listed in Table 2. Figures 4b and e show complexions
of P2 and P1, respectively, for which the lattice must
be translated by Ysa + %b (dashed unit-cells) for the
shortest (Al-Al’) to be within a unit cell. For the
purpose of this paper, the values ¢=5.3 A,

.........................

(T1-T3)

(T4-T2")
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b=13%x 5.3 A and d(001) = 10 A were used for
computing the example values of 7-7’ and (7-
T’)" in Table 2. Values of OF are also reported for
the symmetry types P2,, P1, P1’ and P2. On the
basis of the shortest Al-Al’ interaction alone or the
Si-Al’ interactions alone or the OF, the order of the
symmetry types is P2;, P1, P2 = P1’ in order of
decreasing stability.

The OF demonstrates that, whereas there is not
an order-of-magnitude difference between any two
symmetry types, the differences are significant in
comparison with the absolute values of OF. Whereas
it is practically obvious by visual inspection of Figure
3 that P2, is in better agreement with the principle

b.

m-139 A

(T3-T1"

(T2-T4))

\
WMV
AN\ Y

FIG. 5. The different kinds of twinning involving domains of different complexions of P2,. a. The complexions (71-73")
and (T4-T2’) are related by (010) reflection twinning. b. The complexions (Tl—B’) apd (73.—11’) are related by
rotational twinning. ¢. The complexions (71-73’) and (72-T4’) are related by inversion twinmng.
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of aluminum avoidance and Giiven’s (1971) rule than
the other symmetry types, it is not obvious just how
much better is the agreement. The OF provides an
objective basis for comparing different states of
ordering,

The departure of actual structures from Pabst’s
(1955) ideal 1M C2/m mica is small (Radoslovich &
Norrish 1962, Hazen & Burnham 1973, McCauley
et al. 1973, Takeda & Morosin 1975) and is such that
the relative position of the tetrahedral sites remains
practically ideal. Most of the departure from ideal-
ity affects the oxygen atoms in the structure. The
equations given in Table 2 for calculating 7-T"
should apply to any 1M mica, ideal or nonideal.

The OF is easily adapted to micas in which Al:Si
equals 2:2, such as a hypothetical 1M margarite. In
the case of 1M margarite, there are two space groups
compatible with Al-Si ordering, C2 and CT (Fig. 2c¢,
d). The OF predicts that the C2 structure is more
stable than CT. Interestingly, Guggenheim & Bailey
(1975) have shown that individual tetrahedral-
octahedral-tetrahedral layers in margarite-2M, are
ordered, like in the C2 arrangement.

P2, DOMAINS

Figures 5a, b and c illustrate three kinds of bound-
aries separating different complexions of the sym-
metry type P2,. T1-T3’ and T4-T2’ domains are
related by (010) reflection twinning. 71-73' and
T3-T1' domains are related by rotation twinning.
T1-T3' and T2-T4' domains are related by inver-
sion twinning. Because the four complexions are
energetically identical, all four are likely to occur in
natural micas. Hence, the three types of twin bound-
aries should occur, but may not be equally developed
because the twin boundaries are not energetically
equal.

In the statistically averaged 1M C2/m structures,
each unit-cell volume must be ordered according to
one of the four symmetry types of Figure 3, most
likely as the P2, symmetry type. The four com-
plexions of P2; would occur as domains, however
small they may be. If sufficiently small, the domain
model for 1M micas would provide the observed
C2/m diffraction-symmetry, which is the combina-
tion of the twinning operations and P2,

CONCLUSIONS

The most stable unit-cell symmetry type for 1M
micas is P2,. There are four complexions of this
symmetry type. The different complexions occur in
domains, however small, related by three types of
twinning operations.

THE CANADIAN MINERALOGIST

An ordering factor OF, like the one proposed in
this paper, may be useful in predicting the most likely
schemes of ordering in other minerals. The OF has
the advantage of being purely geometrical, yet it
behaves like an energy function, such that the most
stable ordered arrangement has the lowest OF.
Whereas this approach is not as rigorous as molecu-
lar orbital theory, the OF provides adequate results,
is simple to calculate and has a sound theoretical
basis.
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