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Layer defo_rmation and crystal energy of micas and related minerals.
I. Structural models for lM and 2Mr polytypes
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Instituut uoor Aardwetenschappen, Vrije Uniuersiteit
De Boelelaan 1085, Amsterdam

Abstract

Tetrahedral rotation, flattening of the octahedral layer, and counter-rotation of oxygen
triads in dioctahedral layers are used to construct models for (trioctahedral) lM micas and
(dioctahedral) 2M, micas. The tetrahedral rotation is taken to be the only deformation 'in
plan' in the ideal I M mica. The octahedral rotation in 2M, micas flattens the hexagon formed
by the apical oxygens of the tilting tetrahedra, and increases the monoclinic angle g. The
interlayer K-O bondlength is estimated with a coordination correction which depends on the
tetrahedral rotation. The octahedral thickness in lM micas can be deduced from chemical
analysis, but the octahedral rotation in 2M, micas prohibits such an approach.

The comparison of structure refinements with the 2M, model shows a lower observed
potassium shift, due to a lower observed tilting. The tilting is suggested to be counteracted by
the tendency of the highly-charged tetrahedral cations to equalize their mutual distances.

Introduction
The misfit of ideal octahedral and tetrahedral lay-

ers in sheet silicates gives rise to deformations from
the ideal coordination units. An ideal octahedron
with equilateral faces has an edge-length of 11-.[1/2
and a height of rr9L2/l/3, where r#b : length of
cation-oxygen bond in six-coordination. Likewise,
an ideal tetrahedron, also with equilateral faces, has
an edgeJength of r#b\fr4, and a height of r#%4/3.
The mica unit-cell with ideal geometrical units then
should have a b dimension, of 3 octahedral side-
lengths, varying from 8.15A to 9.034 for Al and Fe2+
respectively. The ideal tetrahedral b dimension. with
two side-f engths multipliedby f3, varies in a similar
way from 9.07A to 9.40A, for Si and Si2.dAlr.5 rcspec-
tively.

These differences are compensated by the following
distortions:
-The octahedra are flattened into trigonal antiprisms,
increasing the edge-length with constant rirlgo (Don-
nay et al., 1964).
-In dioctahedral forms, a counter-rotation of upper
and lower oxygen triads of the octahedral layer di-
minishes cation-cation repulsion, and 6 is increased
even more (Newnham, l96l; Radoslovich, 1963a).
-The tetrahedra are lengthened along c', thus short-
ening the basal edge-length, but, more importantly,

they are rotated along c', thereby allowing an in-
crease in the basal edge-length with constant b (Ra-
doslovich and Norrish, 1962\.

These deviations from ideality have been found to
be present in all sheet-silicates, and have been used to
explain general compositional and structural varia-
tions (Radoslovich, 1963b), trace-element variations
(Hazen and Wones, 1972), and have been used to
predict the lM structure from composition and cell
dimensions (Franzini and Schiaffino, 1963; Donnay
et al., 1964; Tepikin et al., 1969). The distortions
permit a wide range of substitutions, which make
mica chemistry complex and obscure. If, however,
the crystalline form is the reflection of ordering and
more favorable substitution series, the distortions
should be an expression ofan energy advantage in the
natural system. An investigation is thereby proposed
into the geochemistry of micas and related minerals
by means of crystal-energy calculations on the struc-
tural models suggested here (cf. Appelo, 1977). Two
polytypes are considered: the lM form for tri-
octahedral phlogopites and biotites, and the 2M,
form for dioctahedral muscovites and phengites.

lM micas

All structural models are based on the original
definition for the tetrahedral rotation a bv Radoslov-
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ich and Norrish (1962), i.e. the Si-Si-O angle in
orthoprojection along c'. If the basal oxygen triads
remain equilateral when rotated around the ortho-
projected Si position, this angle can be found as the
deviation of the basal edge from the undeformed
hexagonal network of basal oxygens. In terms of cell
dimensions, it is found as d = arccos (a/2O66),where

066 is the basal edge-length, see Figure l. The coordi-
nates of the ions can be estimated from unit-cell
dimensions and chemical analysis, which gives r11fl
and r#6.

Donnay et al. (1964) take the tetrahedra to be
regular and find the tetrahedral thickness /, and a as
described before. The octahedral thickness can be
estimated if the octahedral layer is f lattened only, and
remains regular in projection along c'. With this in-
formation and known unit-cell dimensions, the struc-
ture is wholly defined. Franzini and Schiaffino (1963)

use a one-dimensional Fourier synthesis along c' to
obtain the thicknesses of the different units, and also
calculate the tetrahedral rotation from the interlayer
thickness with a constant K-O distance. Their model
was applied again by Tepikin et al. (1969), who ex-
tended it with additional geometrical relationships.

There is a general agreement between mica-model
predictions and observed structures. Differences ex-
ist, however, depending on the choice of the vari-

ables. The tetrahedra for example are elongated
along c', which gives smaller basal edge-lengths than
predicted from r#b, and results in too large an esti-
mated a, especially at smaller angles. McCauley and
Newnham (1971) have proposed an empir ica l  re la-
tion between r#t and a, which fits the smaller angles
as well. The interlayer K-O distance was found to be
highly variable (Donnay et al., 1964), and con-
sequently the interlayer thickness has to be consid-
ered as a dependent variable, although Dr'its (1969)

suggested a constant interlayer volume for tri-
octahedral micas. In the present study an effort is
made to define the I M structure from chemical analy-
sis and unit-cell data, using the results of new struc-
ture refinements to estimate /, and l1 as dependent
variables.

Interlayer thickness l1

As a result of the tetrahedral rotation, the coordi-
nation around the interlayer cation changes from l2-
coordination with a : 0o to 6-coordination at the
maximal a : 30o. To correct for such coordination
effects, Pauling (1960) has used a formula derived
from the Born model for the lattice energy:

r, '-to=,"1{ fkl ' 
" '

where An and B" are the Madelung constant and the

repuf sive coefficient of structure y respectively, and n

the Born exponent .  Paul ing then takes the rat io  of the

coefficients B to be equal to the ratio of the coordina-

tion numbers, and neglects small differences in the

Madelung sums (which,  in  our  case,  ought  to be

replaced by the lattice-site potentials of the interlayer

cat ion and surrounding oxYgens) .

Using the values of 16-6, of 18 structure refine-

ments, quoted in Table l, the following regression

equation is obtained, with R'z : 0.945:

r , . '11,  :  3 .15 {J3 -  tan a) / (J3 *  tan a)}0a0 ( l )

where the term (1/3 - tan a)/({ 3 * tan a) is the

ratio of the orthoprojected distances to the inner and

outer oxygens. The low value of the Born exponent, /4
:  3.5,  which should be about  8,  is  possib ly  caused by

the neglect of existing potential differences. Also, the

equation leads to improbable values for a ) 15", i.e.

r x -o  (  2 .784 .
The interlayer thickness is now found from the

orthoprojection

r i -o, :  (J3 -  tan a)b/6,  and

t , :2rF{-o,  G[-of ; .

As a result of the decreasing K-O bondlength, the

interlayer separation decreases slightly with increas-

ing tetrahedral rotation. The constancy of the inter-

layer  volume, as stated by Dr i ts  (1969) '  is  in  good

agreement with the present model, although a some-

what larger value was suggested: 173,43 us. - 164A3

here.

Tetrahedral thickness t'

Takeda and Burnham (1969) suggested that  the

tetrahedral elongation is the result of electrostatic

interactions with the octahedral layer. As such, the

elongation is considered the result of a relatively low

(positive) potential at the apical oxygen site, making

the tetrahedral lengthening a function of the octahe-

drally-offered positive charge. We found that the dif-

ference in oxygen site potentials is compensated if the

tetrahedra are lengthened and at the same time ro-

tated less to keep a constant rnjls. Thereby, the Made-

lung sum of the structure also decreases lbr all effec-

tive charges on sil icon.
We thus rely on experimental observations from
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Table 1. K-o bondlengths and tetrahedral rotations from structure refinements

roica, polynorph t K - o .
1

tBr ( deg rees  )

r e fe rence

b io t i te ,  lM
b i o t i t e ,  1 M
lep ido l i te ,  2M^
synt. F-phlogo6ite, 1r.r
pheng i te r  2M, ,
syn t .  L i ,F -ph logop i te ,  lM

l e p i d o l i t e , 2 M .
lep ido l i te ,  2Ml
lep ido l i te ,  lMz
phlogopite, lM
phlogopite, lM
Al -n ica ,  lM

phlogopite, lM
Eicar  2M.
nuscovit6, 2u.
nuscoviter 2M]
muscoviter 3T'
muscovite, 2Ml

3 . 1 4 4
2 . 9 8 0
3 . 0 0 4
2 . 9 7 0
Z . Y Y 5

) o',

2 . 9 7 6
2 . 9 4 2
2 . 9 6 9
2 . 9 7 0
2 . 9 3

2 . 9 6 5
2 . 8 6
2 . 8 5 5
2 . 8 5 7
2 . 8 6 8
2 . 8 5

1 . 0
I  . 5 4

5 .  8 8
6 . O 2
6 . 2 2

6 . 4
6 . 4 s
7  . 4 1
1  < i

7  . 6 7
Fl 1

8 . 5 5
1 1 . 3
1 1 . 3 7
t t . 4 2
1 1 . 8 4
1 3 . 0

T e p i k i n  e t  a l .  ( 1 9 6 9 )
Hazen and Burnham (1973)
T a k e d a  e t  a l .  ( 1 9 ? l )
M c c a u l e y  e t  a l .  ( 1 9 7 3 )
c f i ven  (  1967)
Takeda and Donnay (1966)

Sar to r i  (1977)
S a r t o r i  e t  a I .  ( 1 9 7 3 )
sar to r i  (1976)
Hazen and Burnham (1973)
Joswig  (1972)
Sobo leva  and Zvyag in  (1969)

R a y n e r  ( 1 9 7 4 )
Z h o u k h l i s t o v  e t  a I .  ( 1 9 7 3 )
Given (  1967)
Rothbauer  (  1971 )
Gr fven and Burnham (1967)
B i r le  and Tet tenhors t  (1968)

which an average lengthening of 0.03 to 0.054. is
found to be satisfactory. From this follows that the
edge-lengths to the apical oxygen can be calculated as
Oou : ffi-T@JT, and with the tetrahedral cation
at equidistance fiom the four oxygens r#d : OEo/2tr.
The amount of tetrahedral Al substituting for Si can
be found from above value using the linear relation-
ship, e.g. from Jones (1968): f^ : (r,,td - 1.603)/
0 .  I  58 .

Octahedrql thickness lo

It has been shown by several authors (Brindley and
MacEwan, 1953; Faust, 1957; Radoslovich, 1962;
Drits, 1969), that the b dimension of the mica unit
cell can be expressed as a function of the octahedral
cations (with different ionic radii). The coefficients in
such equations are not, however, directly related to
the crystal radii (Radoslovich, 1962), because of

Table 2. Intercepts of regression of b on octahedral cations in I M

c . t i o n  " u ( 5 ) "  ! n r e r c e p t c r y s L a l - r a d i u s  t

changing octahedral thicknesses and additional dis-
tortions in dioctahedral micas. The octahedral thick-
ness can be estimated as the remaining term, when /1
and ti are calculated from cell dimensions and tet-
rahedral Al. Another approach would be to proceed
from regression equations on the 6 axis in which a
variable l" is implicit ly accounted for. For lM micas
th is  leads to:  

s
b'/27 : (r,,fil" - t3/4 +,L*^ f^(b3/27 - b;/27)

in which f' stands for the fraction of cation n in the
octahedral layer, and the intercept of the regression
equation gives (r#d)' - t3/4, for the cation m not
included in the regression. This exclusion is, in fact,
necessary to do the regression on variables which are
at least theoretically independent. The independency
largely determines the stabil ity of the intercept. Using
part of the data given by Radoslovich (1962), supple-
mented by structure refinements of lM micas and
data by Hall (1968), we found the intercepts for 38
trioctahedral micas (Table 2).

The very stable intercepts found of Mg and Fe2+
lead to values to and oxygen distances over shared
edges of the octahedra which agree with values found
in structure refinements. The very short O-O dis-
tances found for Fe3+ and Al point to distortions

o-o shaled

M 9 "  ,

A 1

2 -OA
2 .  t 2
2 . 4 4
r . 9 2

1 . 1 3 5  +  . 0 0 4
J . 2 2 4  +  . o l
t . 1 4  +  . 0 4
1 . 0 5  +  . 0 4

2 .  1 8  2 . 8 1
2 . 2 5  2 . 8 8
2 . A  2 , 7
1 . 6  2 . 4
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which we shall discuss in the section on 2Mr micas.
Due to these distortions, it is necessary to have the
cell dimensions from which the octahedral thickness
can be calculated as dependent variables (Hazen and
Wones, 1972).

As a result of comparatively short O4-O4 shared
distances of hydroxyls and fluorine, the 04 ion is
depressed into the octahedral layer. It is difficult to
account for this, although one may propose a con-
stant O4-O4 distance of 2.64A for phlogopites.

For the OH distance l.0A is taken, consistent with
the value found by Joswig (1972) through neutron
diffraction. Rayner (1974), using the same technique,
found a somewtpt shorter distance of 0.934 in a
sample which contained less fluorine. This may in-
dicate a random location of H and F, if present,
contrary to a suggestion by Wones (in Hazen and
Burnham, 1973), but consistent with the lM cell (and
the very low R : 0.020 obtained by Joswig).

Structural model for I M micas

With the thickness of the structural units defined,
or found from cell dimensions, only the a and b
coordinates of the basal oxygens of the tetrahedral
sheet need further definition in terms of o. This is
done most easily from the ideal 03 positions in the
octahedral sheet, the projected distance between 03

and Ol,2 without rotation being b/6 (see Fig. l).
From this the X displacement of 02 is found to be
LXoz : -btan(a)/6. This displacement is separated
in a X and Y direction for Ol, giving respectively
LXor : btan(a)/L2, and A Yo, : b{3tan(a)/12 (cf.

also Donnay et al., 1964). Table 3 summarizes the
model. Comparisons between estimated and known
structures will be given in a later paper.

2Mr micas

In the dioctahedral micas, the plane of the oxygens
in the octahedral layer can no longer be considered
ideal. because of an additional shortening of O-O
distances over shared edges. From a geometrical
point of view, this shortening has been described as
opposite rotations of the upper and lower oxygen
triads around the fil led cation site (Newnham, 1961).
The rotation results in two smaller cation sites, and
one larger empty site in the dioctahedral micas
(Veitch and Radoslovich, 1963). The rotation angle cr
can now be defined both from the deviation from 30o
of the Al-Al-O angle in plan, and from the corners of

the hexagon formed by the apical oxygens, four cor-
ners being deformed to l20o-c,r, and two corners to
120"*2os, see Figures 2 and 3a. Note that the hexa-
gon is flattened by the rotation, and that the angle c,r
is not to be found from the average deviations of

+ Mt4ls i ,  At
o M6lMg,etc.
r K

C 2/m

Fig. l. 1M mica unit cell, projected alongc', with oxygens drawn approximately to scale'
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Table 3. Structural model for lM micas, space group C2/m

z/cv/b,r/a

K
M l  ( 6 )
t42 (6',,
M  ( 4 )

0
0
0

_ z c o s ( B l  / a

y /b-zcos (B) / a

- tan (a)  h/e -  zcos(Bl  /a
-Zcos(B) /a
- Z c o s ( B )  / a
- Z c o s ( B )  / a

b ,  c r ,  f - - ( 4 )
A I

0
r /2
1/o
r /3
t  /  4+Lan (d) /3 /  12

7 / 2

r / 3
0

n

0
1 / 2
l / 2  ,  ̂ ,

( t  - r 3 t  + t  / t \  / ^ l' - t  - M - o '

I

t .  / 2 c '
l-

! / 2 - E  / 2 c l

1 / 2  +  ( L - E  / 2 ) / c 'o
z ^ ^ - 7  /  c l

ol

o2

o3

o4

H

Data:

a=b//3 B=9Oo+arctan (a/3c,  )

' ,111= 1.503+0.lserAr(4) =<t?r*olotzt t  zr,
tetrahedral thickness ar=onnffi + O.03

tetrahedral basal edge-length OOO=a/2cos o

c = c ' l s i n  B

I
I 

rteration used to calculate tt, Obb,

J
c .

interlayer thickness t =rW

octahedral thLckness to=c t-tr-2-ta

hydroxyl depression L=Eo/2 - I t .-r ' rr-r"/  (suggesred varue for phrogopite)

interatomic angles from 120". The flattening of the
apical hexagon is accompanied by a shift along Il l0].
This results in a markedly larger monoclinic angle p
: 90' * arctan(a/3c' ). This divergence between the
observed and calculated value ofB can in fact be used
to estimate the octahedral rotation, although some
difficulties appear in the tetrahedral and interlayer
region which will be discussed later.

It has been noted that the different distances be-
tween the apical oxygens lead to a tilting of the tetra-
hedra towards the longer distance (Newnham, l96l).
However, the planes (220) remain equally spaced,
because the octahedral rotation does not affect the
hexagonal relation a = b/t/3.It follows then that
the tilting cannot compensate for the different dis-
tances between the apical oxygens if the basal tri-
angles are to remain equilateral. Rather, the tilting is
the result of a redistribution of repulsive forces
among the tetrahedral oxygens, equalizing their mu-
tual distances as far as is expedient. Structure refine-
ments of 2M, micas generally show a slightly larger
distance from the apical oxygen towards the de-
pressed oxygen than towards the outward bulging
oxygens. The difference is significant but small, and

we will assume that the tetrahedral edge-lengths to-
wards the apex remain equal, elongating the basal
triangle towards the depressed oxygen. All tetrahedra
are taken to be of similar shape, and hence the basal
face becomes equilateral again in the orthoprojection
along c'.

Just as in the lM structural model, we consider the
octahedral thickness and the depression of hydroxyl
and fluorine as given quantities which can be esti-
mated, however, from known values of b, the crystal
radii of the ions in the octahedral sheet, and the
octahedral rotation <..,. The displacements of the ions
as a result of the different distortions can now be
found from simple geometrical calculations (Figs. 2
and 3).

Octahedral oxygens

The displacement of 05 (Fig. 3a) is in the X direc-
tion only, being AXeu : -{tan 30o - tan (30"-u)lb/
6. For 04, this displacement is separated in an X and
Iz direction, giving AXon : - AXou cos 600, and A I/6n
: -AXou sin 60o. The same displacements are found
for the hydroxyl position 06, with the exception that
AYou: -AYor.



The hydrogen position is presumably a function of
the octahedral rotation, but data are lacking, the only
values being from infrared absorption studies and
Rothbauer 's  (1971) neutron-d i f f ract ion ref inement .
Giese (1971) has calculated angles for  Radoslov ich 's
(1960) muscovite refinement from electrostatic en-
ergy calculations. With the present state of knowl-
edge, we take the hydrogen position at f ixed distance
and angles to 06, using the values given by Roth-
bauer, who found it positioned along I l0], and
O6-H at  an angle of  78 '  wi th c ' .

Basal oxygens

The X / Y displacements of the basal oxygens can be
found most easily from the orthoprojection onto the
octahedral sheet. Because the basal faces become
equilateral upon projection along c', the tetrahedral
rotation d can be described from the positions of the
apical oxygens. This follows from 05 being midway
between O'l-O'3, with a projected distance changing
as l , /cos a,  just  l ike the basal  edge- length Ol-O3,
which holds the angle O5-O' l -O'3 equal .  Wi th 04
and 05 remaining at equal distances to both Al posi-

787

t ions and to the pro jected O' l  and O'3 posi t ions,  the

tet rahedral  rotat ion shi f ts  O' l  and O'3 towards the

Al  posi t ions a long the pro ject ion of  Alonto O'5-O'4 '

The shorter distance between the apical oxygens 05

and 04 is seen (Fig. 3a) to be bf 3/6cos(30o-c.r),

and the Al -O' l ,O'3 d is tances are calculated to be Al -

O'1,3 :  ( tan 30o-tan a)b3/12 cos(30"-<.r ) .  Mul t ip l i -

cation by cos c.r and sin c,r respectively gives the X or Y

component of O I relative to the (fixed) Al site. The X

and Y components of the 03 site are found in a

similar way with reference to the next Al along b, by

mul t ip ly ing Al -O'3 by cos(60' -c . r ) ,  and s in(60 ' -co)
respectively.

The displacement of 02 is elucidated in Figure 3b.

The octahedral rotation shifts this ion site the

amount bsina/6J3cos(30"-c,r), and rotation of the

tetrahedra moves this ion in just the opposite direc-

tion the amount {l *sinc,r/cos(30' -oo)lbtan(ot)/6.

The net  d isp lacement  is  a long [ l l0 ] ,  and is  s imply

related to X and IZ components.
The c' coordinates of the basal oxygens can be

calculated from the apical edge-length Ooo

f f f i  and theo r tho -

+ Mtt ls t ,  A l
o  MHAI ,e t c .
r K
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C 2/c

Fig 2 2M, mica uni t  cel l ,  projected along c ' ,  wi th oxygens drawn approximately to scale
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Fig. 3. Geometrical relationships in 2M, micas.

u sin ar/6 cos ( 3oo- r.r )

projected distances to the apical oxygen. The latter
are found as illustrated in Figures 3a,b:

O'1,3-O5 : b/$/ 3cos(30o -co)cos c.l and

O'2-O5 : {l + sinor/cos(30o -o;)lb/6cosa.

The height of91=4 pl:Qgygllg apical oxygens is
then: hr:  {OZu - (O'1,3,-  O5) 'z,  and, simi lar ly of
the depressed O2:hz : @. tne
equal height of Ol and 03 allows the shorter basal
edge-length Oao to be found as ODD : a/2cosa, as in
lM micas. The relation to the size of the tetrahedral
cation is somewhat more complex, and iteration is
necessary when the tetrahedral rotation is to be esti-
mated from chemical analysis and b. The same holds
for the tetrahedral tilting, which can be expressed as
the height-difference h, - hr, or as the angle of tilting
^y : arctan {2(h - h,)/Ooortl (Fig. 3c).

Tetrahedral cation

The tetrahedral cation site is assumed to be equi-
distant from the oxygens, and the cation-oxygen dis-
tance can be found, as before, from rf?e : O!6/2t6
where the tetrahedral thickness is now calculated
from:

t, : l/O3o - (Oro Icoszl -l3l/4cosiTj,

see Figure 3c. The X/Y displacements are along the
line O'2-O4,5, and can be expressed simply from the
orthoprojected position above the apical oxygens,
e.g. for Sil above Oa @f. Fig. 3d):

AXsr, : -ril lo sinTcos(30o*a)

AIsr' : -rJ1o sinTsin(30'*a)

and in a similar way for Si2 above 05.
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Interlayer cation

The interlayer cation also is assumed to remain
centered between the coordinating (inward-rotating)

basal oxygens. It is thus shifted along I l0] due to the
octahedral rotation, additionally by the tilting over
the interlayer plane, and back again due to tetrahe-
dral rotation. It is easy to proceed from the angle of
interlayer tilting D, defined from the tetrahedral tilt I'
-h2 over the interlayer coordination triad: d : arctan

I(h, - hr)/Ootl, where Oai : O66f 3cos(30"f4) is
the distance of 02 projected onto O1-O3 around the
interlayer cation.

It is now a simple matter to find the interlayer
thickness, if equation (l) holds, which gives 16-6,.
Figure 3e shows that

tt/2 : { ri.-o,- (O61cos26 *3/6cosd)'

and the additional shift due to ti l t ing is found as

t,sin(6)/2 + 2ObAl - (cos26 + 3)/41/3 (2)

The shift due to octahedral and tetrahedral rota-
tion can be found from the b shift of the Ol site,
projected onto [10]. The Ol oxygen forms the top
corner of the projected equilateral triangle formed by
the apical oxygens, and shifts along I l0] the amount:

bsinc.r{tan 30" - tan a}/6cos(30"-co). (3)

The net displacement of the K ion from its ideal
position with respect to an undistorted octahedral
layer then is AK :(2) + (3). This shift is along [ 10],
and thus results in A 1r : AK cos 30o and AX6 :
-AK sin 30'. Coming at the end now, the height of
the interlayer cation with respect to 02 is: t'1/2 :tpos(6)

2 * Ooitand (cos'6 * 3)/6, and the structure is wholly
defined, with the monoclinic angle B calculated from
the X shift of the K ion over two layers:

B : 90" * arctan({(a/3) -4AXxl/c'). (4)

Table 4 presents a summary of the estimated posi-
tions of the ions. It is ofinterest that the structure can
be calculated from the cell parameters and the chem-
ical analysis giving Al(a), from which rnilo is obtained.
An iterative procedure has to be used, in which the
octahedral rotation <,r* is first estimated from the X
shift of K due to octahedral rotation along, i.e. as-
suming tetrahedral distortions to be absent. This
value of c,r* can then be used to calculate the tetrahe-
dral tilting and rotation from rJ?o, which is incorpo-
rated in a new value of the octahedral rotation, etc.
The shift ofB due to octahedral rotation alone can be
found from (2), (3), and (4), d and a : 0:

ENERGY OF MICAS

0 :90" t arctan(l(a/3)

t bltan 30o- tan (30" - o)I / 6l / c' ),

which gives, with a : b/f 3:

c,r* : 30o - arctan({3 - 6c'tan(B-90")/b).

With B = 95.7", this formula gives values for c,r* = 8o
which are close to the values (6.9-8') found in the
refinements by Giiven (1967) and Rothbauer (1971).
Incorporation of the backward shift due to tetrahe-
dral rotation and forward shift due to tilting gives less
satisfactory results, the values found in an iterative
procedure being -5o. The reason lies in the over-
estimated tilting of the interlayer region, which is
somewhat smaller than estimated due to lengthening
of O4,5-O2 distances, and also has less effect in the
term lrsin(d) /2 because of shorter K-Ol distances to
the outward bulging oxygens.

For a comparison between the predicted and ob-
served structure it was decided to take the actual
value of c.r, and compare ion sites in an orthogonal
cell along c'. Table 5 gives the results for Giiven's
phengite refinement and the neutron-diffraction re-
finement of muscovite by Rothbauer. The observed
value ofa leads to coincident values for rfle, both for
muscovite and the disordered tetrahedra in phengife.
If in this way r fin)6 was estimated in a reliable manner
from chemical analysis, practically identical results
would have been obtained. However, the com-
parisons presented here are given to validate the ab-
straction of the 2M, structure into formal geometri-
cal relationships.

Several interesting features can be observed from
the discrepancies between predicted and observed
structures. Thus, apart from the shortening of the
shared edges ofthe octahedra described as octahedral
rotation, the oxygens also shift along Al-Al, shield-
ing the octahedral cations stil l more with already very
short O-O distances at -2.4A. More significant are
the discrepancies in the tetrahedral and interlayer
region, notably of K, which is far less shifted along

[ 10] than predicted, resulting thus in too high B in
the predicted structure. Neither the use of the ob-
served K-O distance nor of the observed tetrahedral
tilting, or both, decrease the predicted B to any great
extent, because K is shifted towards the Ol,3 oxy-
gens.

The overestimate of the tetrahedral tilting gives a
rather low estimated octahedral thickness, especially
in phengite, where however the tetrahedral ordering
has not been accounted for. The lower observed tilt-
ing is possibly due to the observed shift ofthe tetrahe-
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Table 4. Structural model for 2M, micas, space grotp C2/c

X/a=O

v / b - l / 1 2  +  / 3 / 2  { s i , r  o ( t a n  3 O o - t a n  c ) / 6 c o s ( 3 0 o - o )

z / c = r / 4

x / a = 7 / 4

Y / b = r /  1 2

z /c=O

c o s  ( 3 O o { )  {  1 -  ( c o s 2  ( d  )  * t ) , z a i l t . o =  a  +  t .  s i n  ( 6  )  / 2 b }

H 2  \ t l

x/a=lx/a)  oa 
- ' j f l= intr l "o. t3oo+q)/a -  lzut-zo.JcoslB) /a

v 1b= (Y /b l  s4 
-  . j ] l " tn t r r  

" . '  
r3oo+o )  /b

zZ.=t ' j l l . " .  y  + to/2) /c,

x/ a= lx/ a) os + rj]l"in rr t co. t 3oo -a) / a - (zM2-zos) cos (B ) /a

v1u= $ /bt  q5 + r ja js in f  v)  s in (30o-a) / l

z /" - - { ,Jal"o. , (  + Lo/  2}  /c '

x / a = l / 4  +  c o s  o ( t a n  3 0 o - t a n  a ) / 4 c o s ( 3 O o - o )  -  z o f o s ( B ) / a

Y / b = 1 / f 2  +  s i n  d ( r a n  3 0 o - t a n  o ) / 4 / 3 c o s ( 3 0 o - o )

"/"4q- 
tobb/;;:r,F;;T + Lo/2\/c,

x / a = ! / 6  +  { t a n  o  -  s i n  o ( t a n  3 0 o - t a n  o ) , / c o s ( 3 o o - d ) } / 4 / 3  -  z o 2 c o s ( B ) / a

Y / b = 5 / 6  -  { t a n  o  -  s l n  o ( t a n  3 0 o - t a n  c ) / c o s ( 3 o o - @ ) } / 4 / 3

, / " = { @ * t o / z } / . ,

x / a = l / 4  -  c o s ( 6 0 0 - o ) ( t a n  3 0 o - t a n  c I l 4 c o s ( 3 0 o - o )  -  z 6 f o s ( B I / a
y / b = 5 / 1 2  -  s i n ( 6 0 0 - o )  { t a n  3 0 o - t a n  a } / 4 / 3 c o s ( 3 0 o - o )

, /"={F. - - lrz*.,-"^V + Eo/2} /c,

x / a = t / 2  -  t a n ( 3 0 o - o ) / 4 / 3  -  z o n c o s l B )  / a

04 y/b=l -  tanl3}o-6t/4/3

Z / c - L o / 2 c ,

x / a = t / 4  +  r a n ( 3 o o - o ) / 2 / 3  -  z o 5 c o s ( B ) / a

0 5  Y / b = 1 / 4

z  / c = t o / 2 c l

x/a=L/2 -  Lanl3oo-dl  /4/3 -  zo6coslB) /  a

0 6  Y / b = l / 2  +  t a n ( 3 o o - o ) , / 4 / 3

z / c = l t o - L ' )  / 2 c '

x / a = l x / a ,  
0 6  

-  O . 9 3 s j . n ( ? 8 o ) / 2 a  -  ( 2 l - 2 ( ) 6 r c o s l l ,  / a

H  y / b = l y / b ) 0 6  +  o . 9 3 s i n ( ? g o ) / 3 / 2 b

z / c =  l z / c )  0 6  
+  O . 9 3 c o s  ( 7 8 o )  / c '

D a t a :  b ,  c ,  B ,  f O r ( 4 )o3

tetlahedral basal edge-lengbh OOO=a/2cos o

letlahedral apical edse-lengrh ouo=G;d-;;:;r2 , oKE

retrahed'ar .t,.. on=fl {o;;;;(3oq;7 @

letrahedlaI t i l t-angIe y=arctan(2Ah/obb/3)

' j1j= r.eor*0. rs u,  ̂r tnl  nt o/r@
t i l t -angIe over inter layer-!egion 6=arctan(Ah/obb/3cos (3Oo+o) )

inter laye!-thickr.""  a.  =,

P o t a s s i M - s h i f t  A K = b  s i n  o ( t a n  3 0 o - t a n  o ) / 6 c o s ( 3 0 o - o )  +  2 o b b c o s ( l o o + a )  [ 1 - ( c o s 2 ( 6 ) + 3 ) , / 4 ] , / 3  +  t . s i n ( 6 ) , / 2

6 = 9 9 0  +  a r c t a n [  l 2 A K  +  a / 3 1 / c ' t

I terat ion used to calculate o

Iterat i .on used to calculate b

o c h h e d r a I t h i c k n e s s t o = c , / 4 - @ - o b b c o s ( 3 o o + o ) t a n 6 { c o s 2 ( 6 ) + : } , z 4 / 3 - t ' c o s | 6 ) / 2

dral cations towards 02 positions. This has the effect
of equalizing the distances between these cations-an
indication of high charge indeed, at a distance of
-3,{, with oxygens in between-and would push 02
ions upward if cation-oxygen distances are to remain
equal. As somewhat shorter Si-O2 bondlengths are
observed, the 02 oxygen would require less charge-

compensation from the interlayer cation, which
moves towards Ol/O3, and hence decreases d. The
upward push of 02 is in contrast with the possibility
that tilting is induced by O6-H. . . .O, bonding
(Takeda et al., l97l). This is doubtful anyhow, since
it can be calculated, using a model by Pauling (1960,
p. 453), that the 02. . .H bond would have only 0.2
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Table 5. Comparison between observed and estimated orthogonal structure of 2M' micas

l . l u s c o v i . t e  ( R o t h b a u e r ,  1 9 ? 1 ) .  D a t a :  s = l L . 4 2 o i  o = 8 ' O 4 o ;  c ' = 1 9 ' 9 4 5 4 ;  b = 9 ' 0 1 5 3

Estilnated
v/b a  (es t .  - obs .  )  x  t 04 esti.oated observed

x/a

K
M  ( 6 )

M 1  ( 4 )

M 2  ( 4 \

o 1
o2
o3
o4
o5
o6

- o . 1 0 2 7 ,
0 . 2 5
0 . 4 1 6 8 ,
0 . 3 9 8 0 ,

0 . 3 5 0 2  ,
0 . 1 8 7 5  ,
0 . 1 4 7 6 ,
0 . 4 4 1 8  ,
0 .3664  ,
0 . 4 4 1 8  ,

2 ,
4 1

- 17  ,  - 2O  ,

- l U  t  
- L z  ,

- 2 4 ,  1 6 ,
2 0 ,  3 ,
L J  t

1 0  ,  - 1 5  .
4 5 ,  - 4 5 ,

0 . 1 0 3 4  ,
0 . 0 8 3 3 ,
0.9291 ,
o.929r ,

0 . 0 9 1 5 .
0 .8123  ,
0 . 3 ? 0 6  ,
0 . 9 4 1 8  ,
o . 2 5
0 . 5 5 8 2  ,

o . 2 5
0
0 . 1 3 5 1
0 . 1 3 5 1

0 . 1  6 8 5
u .  I  > o r

0 . 1 6 8 5
0 .  0530
0 . 0 s 3 0

( 0 . 0 s 0 2 )

5 4 ,
a

0 , tK-o .
I

( 4 )
tu-o

95. I  50
5 . 2 0 5
2.464

y ) .  / J

f  .  r v t o

2 . 6 >  I- 4
- 5

)
-17
- 2
-4
- 5

t -646

o - 2 7 2

t . 6 4 4

P h e n g i t e  ( G U v e n ,  1 9 6 7 ) .  D a t a :  a = 6 . O 2 o i  o = 6 ' 9 0 ;  c ' = 1 9 ' 8 4 6 ;  b = 9 ' 0 3 8 3

EstiJnated
v/b A (  es t .  -obs  .  ) x  t u estiEated observed

x /a

K
M  ( 6 )

M l  ( 4 )

M 2  ( 4 )

o2
o3
o4
o5
o6

- 0 . 1 0 1 0  ,
o . 2 5
0 . 4 1  5 5  ,
n ?oao

o . 3 7 7 3 ,
0 . 1 7 3 0  ,
0 . 1 7 3 0  ,
0 . 4 3 8 4 ,
0 . 3 7 3 1  ,
0 .4344  ,

0 . 1 0 1 6  ,
0 . 0 8 3 3  ,
0 . 9 2 8 8 ,
0-2556 ,

0 . 0 9 2 2  ,
0 .4270  ,
0 . 3 5 7 4 ,
0 . 9 3 8 4  ,
o . 2 5
u .  ) o t o  ,

n  ? <

0
0 . 1 3 3 8
0 .  1  3 3 8

0 . 1 6 6 s
0 . 1 5 6 1
0 .  1  66s
o .0522
o .0522

(  0 .  0526 )

R

a
tK-o .

a
( 4 )

tt,t-o

' A l

96. 1 oo
5 . 2 1 8
3 .  000

^ -  - - ^ o
9 > .  t b Y

) . z L L a

2 . 9 7 0

- 5 3 ,  5 2 ,
3 0 ,  I ,
A  a  - o

- 1 8  ,  - t s  ,
- 1 1 ,  - 9 ,
- 2 9 ,  1 3 ,

4 8 ,  0 ,
z 1  t  

- L Z  
,

4 ,  4 ,
5 4 ,  - 4 0 ,

-16

-40
- L t

- 2 2
- 1 5
( - )

t . 626  ( r . 622+1 .533 ' ) / 2

0 .  1  4 5  0 . 1  5 2 5

percent of the strength of the O6-H bond in Roth-
bauer's muscovite, and tilting should not change this
to any notable amount.

Conclusions and some remarks on mica polymorphism

The formal geometrical relationships which have
been derived to describe the lM and 2M1 structures
are related to mica polymorphism. As a result of
larger lateral dimensions of the tetrahedral sheet, the

tetrahedra rotate, because this is favored elec-
trostatically above elongation of the tetrahedra.

Qualitative reasoning now suggests that the lM
structure is the more stable if the basal oxygens are
coplanar, both from mutual repulsion of basal oxy-
gens from successive layers, and from the best ap-
proximation towards hexagonal coordination around
ihe interlayer cation. Potassium seems to be quite
pliable in this respect, however, since its bondlength
with oxygen is dependent on its coordination num-

ber.
In dioctahedral micas the octahedral sheet is dis-

torted, which is formalized here as rotation co of the
octahedral oxygens. It leads to unequal distances be-
tween the apical oxygens, and forces the tetrahedra to

tilt. Outward bulging oxygens are front to front at

two sites only in the 2M, and2M, structures, and the

coordination (or repulsion) polyhedron around K

seems to be the next determiping step, being 60o from

perfectly hexagonal in 2Mz micas to 30u near per-

iectly hlxagonal in 2M, micas. The latter are clearly

favored in the natural environment.
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