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Abstract

Data for 66 refined crystal structures of micas were used to obtain several functions
representing the octahedral sheet that served as variables in a statistical analysis: metal-anion
bond lengths, two ratios of anion-anion octahedral edges, TMEFIR (mean fictive ionic
radius), octahedral an$e{, and counter-rotation oftop and bottom anion triads.

All octahedra are flattened, those around larger cations usually more than those around
smaller ones, Flattening dominates over counter-rotation in octahedra with large cations and
vice versa, as required by the sheet's uniform thickness. Mean counter-rotation in a sheet
increases as Cation-anion bond lengths are less uniform, suggesting that it results from
interactions in the whole sheet. Consequently, both counter-rotation and octahedral angle {r
for individual octahedra can be predicted by regression equations from cation-anion bond
lengths or 1MEFIR for all octahedra in the 1M subcell. Thus the octahedral geometry can be
checked or predicted from chemistry and an anticipated cation ordering.

Multiple linear regressions yielded a set of cation-anion bond lengths and effcctive ionic
radii for octahedral cations and the vacancv.

Introduction

Since the late twenties and early thirties, when the essen-
tial features of the crystal structure of micas were de-
scribed, the micas continued to receive considcrable atten-
tion. As the technique of crystal structure analysis im-
proved and as more structures were determined and re-
fined, it became clear ,that the arrangement of coordination
polyhedra is less regular than first thought and that the
coordination polyhedra themselves are not ideal. The
number of refinements now available provides a sound
basis for a synthesis that should give us a better idea about
how and why the coordination polyhedra get distorted and
how and why they rotate and tilt. Apart from its intrinsic
value, such information might be useful to researchers con-
templating structural inveStigations of micas or other layer
silicates by permitting them to define their objectives more
deliberately or to predict the results more accurately.

We excerpted data from 66 structure refinernents pub-
lished between 1960 and 1984. The set includes 46 trioctl-
hedral and twenty dioctahedral micas of which 5l are na-
tural and fifteen synthetic. Fifty-four structures were re-

fined from X-ray diffraction dat4 nine from electron and
three from neutron diffraction experiments. Most micas
belong to the lM polytype (space group C2lm :37 micas,
space group C2 : four micas), seventeen are 2My four 2Mr,
and four 3T polytypes. The R factors have a meair at 7.4%o,
standard deviation of 3.7o/o, and range from 2.Oo/o to
17.0%. A list of important data for the micas included
appears in Table l.

Treatment of data
Atomic coordinates taken from the original papers were trans-

formed from fractional to absolute and to orthogonal (where non-
orthogonal), with the vertical axis parallel to c*. This included all
atoms needed for the construction of complete polyhedra around
Ml, M2, and M3 cations. (Octahedra with Ml have OH, F, Cl
atoms in a trans, M2 and M3 in a cis arrangement; separate
positions M2 and M3 exist in structures without a plane of sym-
metry, but merge to M2 in others.) Centers of vacancies were
defined as lying at one-sixth of the sums of, respectively, the x, y, z
coordinates of the six surrounding anions.

There are five functions to which we reduced the geometry of
the octahedral sheet: (l) The metal-anion bond lengths d(M-A)"""
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Table 1. List of mica structures

N o .  D e s l g n a t l o n Po ly type ,? Type Method Mater la l  Reference

1M
1M
1M
2V-- " 4

2ilr
2M--"-L

?\I I
a L'11
aL't1
2!4;

2 M -- " r

1 M
1 M
2 M -
3 T

2Mr
2M:- " a

1 M
1t{
1M
111
1l'1
zvi.
2 M l

2t1;
zttI;
?T

1M
IM
LI4
1M
M
IM

1

3
4
)
o

?
8
9

I O
I1
L2

1 4

L )

a o
1 2

18
t q

2 0
2 l
2 2
2 1

2+

z o

28
29
30
? l

32

Jt+
35
Jo

37
38
?o
40
+l
1+2

43
4+
45
46
47
48
49
50

53
5+

55
)o
) (
58
59
60
O I

62
6 3

64
o )
66

Dioc tahedra l  B lca
Dloc tahedra l  A1-n lca
Muscov l te
lluscovl te
Muscov l te
M u s c o v l t e

Muscov l te
Muscov l te
Ivluscovi te
D loc tahedra l  n lca
Muscov l te
Phengl te

Fe-ce ladon l te
Paragonl te
Paragonlte
Paragonl te
l '!argarl te
Margarl te

F-po1yl-1 th1 on1 te
Lep ld011 te
Lep1do11 te
Lep1do11 le
] -e  p1  do l  1  te
L e p l d o l - 1 t e

L e p l d o l l t e
Lep1do l1  te
Lep ldo l l te
Lep ldo l l  te
Lep ldo l l  te
Pro to l l  th1on1 te

Zinnwaldl te
Ph logop l  te
Ph logop l te
Ph logop l te
Phlogopl te
Mg-m1 ca

Tet ra fe r r lph logop l  te
F-ph logop l te
L l ,  F -ph logop l te
Mn,  Ba-ph1ogop1 be
Mn,  Ba-ph logop l te
Mn,  Ba-ph logop l te

K lnosh l  ta11 te
F-n1ca
Tr loc tahedra l  m lca
B l o t I t e
81 o t1  te
Mn-b1 o t l  te

Oxyb lo t l  te
Oxyb l  o t l  te
Annl te
Tr loc tahedra l  Fe-m1ca
Taen lo l l  te
Mg-m1 ca

Ge-m1 ca
Ge-E1ca
Ge-81 ca
)(anthophy111t,e
81ty1  te
Ephe s 1 te

Ba-n1 ca
Eendrl ckal te
& 6 B t r L h t  f A

Mn , F-n1 ca
Ge -n1  ca
Paragonl te

S l d o r e n k o  e t  a L  ( 1 9 7 5 )
Soboleva and Zvyaein (1968)
T s l p u r s k l l  m d  D r i t s  ( 1 9 7 7 )
c i i v ln  (19?1)
Rados lov lch  (1960)
B l r le  md Tet tenhors t  (1968)

Ts lpursk l l  and  Dr l ts  (19?7)
Rothbauer  (1971)
Rlchardson md Rlcharalson (f982')
Zhoukh l ls tov  e t  a I .  (1973)
cliven and Bumhro (1967J
Gi iven  (19?1 )

Zhukh l ls tov  e t  aL ,  ( t977)
S o b o l e v a  e L  a I .  ( 1 9 7 7 )
S ldorenko e t  aL  (197?)
S ldorenko e t  a ] - ,  ( I9?7)
Tak6uch l  (1965)
cuggenhe ln  ad  Ba1 ley  (19?5)

Takeda and Bumhm (1969)
Sar to r l  (1976 )
Guggenhe ln  (1981)
Guggenhe ln  (1981)
Backhaus (1983)
s a r t o r l  ( 1 9 ? 7 )

Swanson and Ba l ley  (L9UL)
Takeda er  aL  (1971)
Sar to r l  e t  a f .  ( I97) ' )
Guggenhe ln  (1981)
Brom (1978)
P a v 1 l s h l n  e t  a 1 ,  ( 1 9 8 1 )

Guggennelm ana ff iLley \r\t / / )
Hazen md Burnhm (1973)
Ste ln f lnk  (1962 )
Rayner  (1974)
J o s w l g  ( 1 9 7 2  )
Toraya eb  a l ,  (1978)

s e m e n o v a  e r  ^ L ,  ( I 9 ? 7 )
Mccau ley  e t  a I .  (1973)
Takeda ed oonnay (1966)
K a t o  e t  a L  ( 1 9 7 9 )
K a t o  e t  a l .  ( ! 9 7 9 )
K a t o  e t  a L ,  ( 1 9 7 9 )

Kato  e t  aL  (19791
Toraya e t  aL ,  (L976)
f l a z e n  e r  a I ,  ( 1 9 8 1 )
la i {eda f f io  Koss  t ty l ) , /
lal{eda md Koss ( ry /) ,
K a t o  e t  a l ,  ( 1 9 7 9 )

ohta  e t  a l .  (L982)
ohta  e t  a I .  (1982)
Hazen md Burnhm (1973)
lonnay  eE aL,  \ t yo+)
Toraya e t  aL  ( I97?)
T a t e y e a  e t  a 1 .  ( 1 9 7 4 )

Toraya e t  aL  (1978)
t o r a y a  e T  a L .  \ r Y l o t
Toraya e t  a : . ,  (1978)
Tak6uch l  (1965)
Soko lova  e t  aL  ( I9?9)
S O K O ] O V a  e t  A L ,  \ L 9 / y t

Mccau ley  and.  Nemhm (1973)
Rober t  md Gasper ln  (1984)
Rozhdestvenskaya and
Frank-Kmenetsk l l  (1974)
r o r a y a  e E  a L .  \ L y o ) t
Toraya and Maruno (1983)
L ln  and Ba l tey  (1984)

1 0 . 9  h e - d 1  *

1 6 . 0  E e - d 1
? . 0  n e - d l
) , 5  n e - d l

I ? , O  n e - d 1
] 2 . O  m e - d l

5 . 0  E e - d 1
2 , 7  B e - d 1
9 . 9  n e - d l

I I .7  Ee-d l
6 , 4  h e - d l
4 .  5  ne-d .1

a u . 6  m e - d 1
1 2 . I  E e - d 1
1 1 . 1  n e - d 1
1 3 . 0  h e - d 1
1 6 . 8  m e - d l

?  . 5  B e - d l

5 , 1  n e - t r l
6 , 7  m e - t r l
) . 5  n e - t r L
6 , ?  n e - t r l
7 . 3  h e - t r 1

1 1 , 3  n e - t r l

9 . 0  n e - t r l
? . 2  n e - t r l

1 0 , 6  n e - t r 1
4 . 8  n e - t r l
4 , ?  h e - t r 1
3 . 8  h e - t r l

E I {
E S
E M
E M

X M
X M

x s
X M
X M
x l.,l
X M
X M

X M
x t l
X M
X M
X M
X M
x i l
X M
x 1 4

N M
N M

X S
X M
x s
x s
X M
X M
X  . M
X M
x s
X M
X M
X M
X M

E *t I!{ **t

E M
E I {

X M
X M
X M

E M
N M

X M
E M

X M
x I 4

x s

x l {
X M
X M
x s
X M
X M

x s
X ! I

he- t r1
ho- t r1
ho- t r1
h o - t r l
h o - t r 1
ho- t r1

ho- t r l
ho- t r1
ho- t r1
ho- t r1
ho- t r l
ho- t r1

1M
1M
1M
1M
1M
1M

1M
1M
1M
1M
2ilt
111

IM
2 M r
lM-
fM
1M
111

1M
1M
1M
1M
2Mt
1M

1 3 . 1
5 . 0
2 , O
? , 9
4 . 2
o . r

8 . 1
1 0 . 6

6 . 0

3 . 8  h o - t r l
3 , 0  h o - t r l
4  "4  ine- t r1
5 , 6  n e - t r 1

I 2 , I  h o - t r l

4 , 4  o e - t r l
3 . 9  n e - t r 1
4 , 4  m e - t r 1
9 . 3  h o - t r l
2 , 4  n e - t r l
9 , 2  n e - t r l

3 , 8  m e - t r 1
5 , 5  E e - t r l
3 , 7  h o - t r l

1 0 . 8  n e - t r l
1 1 . 5  E e - t r l
1 1 , 5  n e - t r l

7 , 1  h o - t r l
a  2  h ^ - f r t

12,O ne-dl

4 ,3  ho - t r l .
4 , 2  ne - t r l
4 . 5  E e - d 1

X M
X M
X M

A D

A D

1M
1M
2Mt

1M
1M
2Mt

*  d l  E  d loc tahedra l ,  t r l  =  t r loc tahed. ra l ,  ho  =  homooctahedra l ,  ne  =  nesooc tahedra l ,  he  =  he terooc tahedra l

* *  X= x - ray  d l f f rac t lon ,  E= e lec t ron  d l f f rac t lon '  N= neut ron  d l f f rac t lm
* * *  M =  n l n e r a 1 ,  S =  s y n t h e t l c

Except  fo r 'Type ' ,  a l l  ln fo rna t lon  ls  taken over  f ron  the  or lg ina l  papers .



given in the original papers were checked and supplemented with
those for vacancy-anion in structures containing vac4nt sites. (2)
The lengths of anion-anion edges, checked and corrected, were
used to compute ratios Rl : tnean unslureil eilge/mean shareil
edge (Toraya, 1981) and Rz: huan of longer shareil eilgesfmean of
shorter shareil edges. (3) The IMEFIR, mean fictioe ionic radius of
Hoppe (1979) was calculated for each cation fromfct ioe ionic railii
(FIR), which are defined as bond lengths divided in proportion to
the radii of cation (rJ and anion (rj:

FIR, : d(M - AL*i. r"/(r" * r^,).

The IMEFIR"b" is a weighted mean of FIR,:
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is because these quantities are equal to patial ileriuatioes oI
d(M-O).b" with respect to atomic fractions X,. Correlation coef-
ficients were computed as 

I
12 : r.o - 

? 
(r,- r*"f 

l\(y, 
- y),.

Several computer programs were written and used to perform
these and other calculations.

Results

Regression analysis of bonil lengths 4nd 1MEFIR

These results are in fact by-products. In order to be able
to calculate lMEFlRob" for individual octahedra we
needed a radius of the vacancy. The most straightforward
way was to subtract 1.26A (crystal radius of oxygen in
coordination VI, Shannon, 1976) from the partial vacancy-
oxygen "bond length" obtained by multiple linear regres-
sion of bond lengths, d(M-O).b". The resulting radius of
0.97A was combined with the crystal radii of Shannon
(1976) to yield FIR, and rMEFIRobs reflecting proportions
of cations on individual sites. The rMEFIRob" thus ob-
tained, in turn, were subjected to multiple linear regression
yielding a set of partial IMEFIRi.

Our partial bond lengths (Table 3) compare fairly well to
bond lengths of Drits (1975) based on various layer silicates
(correlation coellicient 0.91). There is also a good agree-
ment between partial 'MEFIR, and the crystal radii of
Shannon (1976) (correlation coeflicient 0.95, Na+, Ca2+,
V3+ and Ya+ not included).

A few points merit mentioning. First, the partial "bond
length" for vacancy-oxygen and the partial IMEFIR, for
vacancy calculate with small errors. True, the vacancy is
among the most frequent "cations", which increases the
precision; but the main cause must be the tendency of the
octahedral sheet to impose a constant size on vacant sites.
By the same token, the presently obtained 0.96d applies to
the octahedral sheet of micas, but not necessarily even to
the same coordination in different structures (Barry and
Roy, 1967). Second, Table 3 has entries for Na+, Ca2+,
Zn2+, yt+ and Va*, which were reported in only a few
octahedra. The partial IMEFIRi for Na+ and Ca2+, al-
though exhibiting the biggest difference from Shannon's
radii, is the largest ofall and cannot be confused; thus the
presence of Na+ and Ca2+ in octahedral sheets must be
real. Third, the bond lengths are a product ofcrystal struc-
ture refinements only, but the rMEFIRob" are calculated
from bond lengths and input radii. As a check of consist-
ency, we calculated apparent ionic radii of oxygen by sub-
tracting partial TMEFIR, from the corresponding partial
d(M-O)r. A weight.ed mean with weights proportional to
the reciprocals of estimated variances equals 1.25A, which
is acceptably close to the 1.26A (Shannon, 1976) used at the
outset. Consequently, the lMEFIRou" ild the partial
TMEFIRi are directly comparable to ionic radii.

Distortions of octahedr a
The relationships obtained in the present review did not

warrant a separate treatment of dioctahedral and triocta-

wEISS ET AL:OCTAHEDRALCOORDTNATION rN MICAS

j = 6  I  t = 6rMEFIRob": 
I  w,.FIR,/ lw,

j = l  I  i = r

where w, : exp[l{FIRi/FIR_i,)6], FIR.,. being the smallest FIR,
in an octahedron. Hoppe's (1979) formula is a sum from one to
infinity, but we limited the summation to the six nearest ncighbors
because the second coordination sphere did not affect the values
obtaincd. (4) The octahcdral angle r/ and (5) the counter-rotation
D are defined and illustrated in Figure I (note that 6 is not identi-
cal with ar of Appelo, 1978). The thickness of the octahedral sheet
fo",, which is used to compute ry', is the difference between mean
vertical coordinates for, r€spectivcly, th€ top and bottom anion
triads in an octahedron. These data appear in Table 2.

Among the above functions, R, and R, are easier to calculate
than ry' and 6. Fortunately, there is an excellent relation between ry'
and R, permitting an easy conversion ((t : 37.96 R, + 16.95, cor-
relation coellicient r:0.999, number ofdata n : l9E). practically
the same holds for 6 and R2 @ig. 2), where two relations appear,
one for larger and one for smaller cations (there is one larger
cation per two smaller in muscovite-typ€ structures, the inverse
holds for xanthophyllite-type). Data for homooctahedral micas,
which are a trivial case common to both series. cluster near the
origin, but yield a good regression relation. The d values required
can be obtained from R, by means of appropriate equations in
Figure 2. For the sake of fucidity we preferred {r and 6 throughout
this paper.

Multiple linear regressions of bond lengths and 1MEFIR are
based on equations of the type

d(M - o)"b" : 
? 

r(r - o),.x,

where the atomic fractions X, e < 0.0; 1.0 > and lX,: 1.6.

Bond lengths metal-oxygen d(M-O), or IMEFIR, odtained by
regression will be referred to as partial, to differentiate them from
experimental ones for octahedra occupied by one cation only. This

lc' view down cr

{, = orc cos(foc r / za(M-A)obs) 6. lg+iE -"o1. 1...E-o*t"-"o;
Fig. l. Octahedral angle ry' and counter-rotation d represent

distortions of the octahedral sheet. Angles e, are measured in pro-
jection onto the ab plane, (trl-A;.o" is the mean cation-anion
bond length in an octahedron.
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Table 2. Data for individual octahedra

No. 7(tt-l lous ,t, o lMertnobs A(A-A)obs Rl R2 toct * No. A(Ir-A)obs o o 
1unr1no6" 

z{e-l)oo" n, Rz toct'

7fi

3 .LJO  L . r?5  1 .020  2 ,114  33  r i f l  2 . r 01  5q ,1  O 'OO O '855  2 ,969  r . 086  1 ' 000  2 ' 219
i . z i a  t . o++  t . t 5+  "  i z  z , t os  sa . z  o .$  0 .95?  2 ' 9?5  r . o8? -  r ' o02
i ' . z i o  i . oe t  1 . i z z  ) u i r  z . o? i  5s .2  o .oo  0 .q45  ? .222  \ . ! \ 2  L .000  2 . r 2?
I , o t+z  t . a tZ  t , ooo  z . t gz  

-  
i i  z . od i  S9 .o  0 .51+  0 .840  2 ,9 r5  r , r 0?  r ' o07

2 .8 I9  1 .045  1 .089  j 1  n  2 .066  59 ,2  o .oo  0 ,838  2 ,9a9  r , r r )  r . 000  2 .117
3 . r8g  r . v+  r . ooo  2 .158  

- -  
i ,  2 ' 063  59 .1  o ' 18  o ' 837  2 .9 r )  L ' L r r  t ' 333  

, . r r ,i ' . isz t - .otz I .nt  
-  

36 Mr 2.062 t9.9 9 '99 o.qt i  ? '2\2 ! ' !o^2 ! '
l : i 64  i : i 6b  i . oo6  z . r o+  

-  
i z  z . o$  5a .a  o .o4  o ' 846  2 .9 rb  1 ' 103  r ' 001

2 .?36  1 .054  I . \ 86  j ?  Aa  2 .085  59 .o  o .oo  0 .846  2 .9 !5  \ , ! o -9  1 .000  2 .11 t7
3 . ro8  1 .165  f . ooo  2 .12 r  

'  
i i  z . oa5  59 ,0  o ' 02  0 .84?  2 .9115  1 ' 109  1 ' 0o1

i . i e i  1 . os ( ,  1 . 1+ l  f i  i l  i ' . - 061 .  99 ' o  o ' oo  o .a+6  z ' 9 r2  I ' r oe  1 ' 0oo  2 ' 124
t . i ab  r . r g l  r . ooo  z .o9?  

'  
i a  2 .065  59 ' o  o ' L2  o ' 84?  2 ' 9L6  L . r og  r ' oo2

2.725 r ,052 I '2oI  39 v i1-  2.061 59,3 O,oo O.8l+? 2,9r l -  I . rL7 1.000 2.1-02
j . : : 66  r . r g3  1 .ooo  2 ,094  "  i i  i . oeo  Ss . )  o ' o?  0 .846  2 ' 909  1 .116  1 ' 001
i . z za  t . o5 -5  t . : - gz  40  i 7  z . : - z z  s i . s  o .oo  0 .853  3 .090  ] . 9q9  r ' 0o0  2 ' 255
t . r 5g  i . t s i  i . ooo  z .oeq  nz  z .nJ  5z ,a  0 .41  0 .849  2 .98?  r , 0?6  r . 0o5
2 .732  I . o59  L rg?  41  l i t  2 . 101  58 .4  o ,oo  0 .845  2 .968  \ . 99^?  L ,000  2 .20 )
3 . r?6  LJ ,8 \  1 .ooo  2 .124  nZ  Z .OgO 5A .Z  0 .43  O '841  2 .955  r , 08?  r 'O05
2 .?L+?  t . oso  t , r e5  +z i 1  i ' oaz  3e .a  o .o6  o . sz9  2 .91 t7  r . ! 9?  1 ' 000  2 ' 163
t ' . 'ogb 1.14a t - .oo6 z.v+ 

-  
i i  i ' .ozg sa.z o.)4 o.82? 2.936 L.099 r .oo4

2 .?67  1 ,052  r . r 38  U1  v t  2 .095  58 .6  o .oo  o .e3?  2 .96 r  ! . 09?  l . ooo  2 .185
J. t4? r . r?8 r ,o)4 2.1:-3 

-  
v i2 ?.o81 58,4 o ' l+o 0 '833 2 '949 t .09^3 r .0o5

2 .?o i  L .o I+o  r . \ s r  44 i l  , - . 0 r l 2  i l . o  o .oo  o .Q : !  ? ' 2 \ t  + .99?  1 .000  2 .18?
i . i g \  l . osa  1 .16 : i  i z  z . oe+  se .o  0 .06  0 ' 856  2 .91?  1 .083  r "o00
3 . I 3 I t  a I ? I  Lo00  2 . I 2?  45  n r  2 .o7?  5q .B  o .oo  o .q5g  ? .21y  ! . \ 92  r . oo0  2 .152
2 . ? 6 8  r . 0 5 6  r . r 5 5  ' i i  

i . 6 i t  i a . a  o . o z  o . e 3 a  2 . 9 3 4  1 , 1 0 3  1 . 0 0 0
3 .025  1 ' o9o  t ' . ooo  2 ' 2+9  t o  i i  i ' obe  sg . z  o .oo  0 .815  2 ' 946  L ' r Lz  r ' 000  2 ' 139
i .aa1 t ,o+e t ,osz iz  z 'oea 5b.g 0,?6 0.8o? 2.921'  t ' rot+ r '009

2 '?0?  r . o t7  \ ' \ 7 - \  -  ^ - ,  5 r  t i r  2 . \ 2 r  58 .6  o .oo  0 .809  2 .929  \ . 929  1 .000  2 .208
3 .991  1 .181  t . 006  2 .0?+  ' -  

i 2  2 .1o1  se . l  o . ez  o .go i  z . i 6e  r . o9o  : - . o r r
2 .690  r . o52  r . 169  5z  i i  i , 7oz  s t . l  o . oo  o .?90  2 .97 )  \ . ! \ ? ,  1 . ooo  2 .15 ,
2 .g?2  r . 7 j 8  r . ooo  2 .096  

-  
n2  2 . r o i  t 9 ' i  o , 03  o .?90  2 ' 972  r . L t6  t , o0o

2 '72?  \ ' 983  \ . 9?^ r ^  ^  ^ . -  5Jv i L  2 .058  5? .8  o .oo  0 .851  2 .902  \ . 9? ,9  L .ooo  2 .193
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t  octahealral  thlckness

hedral micas, so this traditional division was abandoned in
favor of a more expdient one based on the symmetry of
occupancy of individual octahedral sites: in homooctahe-
ilral micas crystallochemical entities (cations) in all three
octahedra are identical; two are identical and one different
in mesooctohedral: and all are different in heterc'
octahedralr. We considered two octahedra as identical if

I These terms are introduced for purposes of this paper and are
not meant for general use unless approved by the I.M.A.

the cations inside them are chemically identical (or' if the
chemical identity is not stated explicitly, if they have the
same scattering power) and if theh mean metal-anion bond
lengths differ by <l estl given by the authors of the struc-
ture refinement. Our set contains 7 heterooctahedral' 39
mesooctahedral, and 20 homooctahedral micas.

As a reconnaissance, we examined the relations between

9,6, and rMEFIR"b". A plot of * vs. 1MEFIR.b" (Fig. 3) is
quite interesting. First, not a single octahedron is ideal, the

closest to ideality being flattened by about 1f (all occupied
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x = R 2

Fig. 2. Relations between ratio R2 (mean of longer shareil edgesl
mean of shorter sharcd edges) and counter-rotation d, permitting
an estimation of d from Rr. For more clarity, homooctahedral
micas are not plotted; however, the corresponding regression
equation is included.

with Al). There is no self-apparent reason why octahedra
combined in a sheet should be geometrically ideal, but it is
interesting to note that a regression line through all data
points reaches the ideal geometry for IMEFIR.'" * 0.52A.
Second, the plot suffers from more scatter than one would
expect from such precise data. It does not diminish ifjust
structures with a small R factor are plotted or if we plot
only data for octahedra lying on a plane of symmetry
(6 :0", all open and most solid circles in Fig. 3). Hence the

scatter is not a matter of the precision of refinement nor is
it associated with the magnitude of counter-rotation d.
Third, and most interesting, there is an overall tendency for
larger cations to occupy more flattened octahedra. In fact,
there might be one relationship for cis octahedra and an-
other, moderately different, for trans (see regression lines in
Fig.3).

The last point is at variance with the conclusion of
Hazen and Wones (1972,Fig.7) based on micas with octa-
hedral sheets fully occupied with Fe2+, Co2+, Cu2+,
Mg2+, and Ni2+, respectively. Hazen and Wones (1972)
used the formula derived by Donnay et al. (1964)

s i n / :
3#d(M - ^)'

obviously unsuitable for micas with different cations in dif-
ferent octahedra whose contributions to the b parameter
tend to cancel each other. Although more general, our for-
mula (used e.g. by Guggenheim and Bailey, 1977) must give
practically the same results as that of Hazen and Wones for
their micas. This is seen on homooctahedral micas in
Figure 3, which outline a poorly correlated trend similar to
that of Hazen and Wones (L9721. The only safe conclusion
that can be drawn from Figure 3 is that the octahedral
angle {r is not a simple function of the size of the cation
inside an octahedron (see also Lin and Guggenheim, 1983).

A plot of counter-rotation d vs. lMEFIRoo" indicates no
meaningful relationship at all. There is very little improve-
ment even if octahedra with 6 : 0' (lfing on a plane of
symmetry) are left out. More strikingly than {,6 of an
octahedron is in no simple relation to the size of its oc-
cupant.

Both distortion functions could still be related to each

Table 3. Partial bond lengths and partial 1MEFIR for octahedral cations in micas, and distribution of cations between larger and
smaller octahedra
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Fig. 3. Relation bctween rMEFIRob" (cation radius) and octa-
hedral angle ry'. Angle rlr fior a geometrically ideal octahedron
would be realized for TMEFIR.* x0.524'.

other. To test if they are, we transformed {r and 6 values to
dimensionless and mutually comparable rlrr, and 6,. by sub-
tracting the respective means and dividing by correspond-
ing standard deviations. When plotted against 1MEFIR.6"'
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Fig. 4. The difference between transformed octahedral angle {tn
and counter-rotation d,, plotted as a function of rMEFIRob".

o z 4 6 8 l o t 2
a6 , "

Fig.5. Differences of ry' in a sheet, that is lry'(Ml)-{t(M2)1,
lt/(Mz) - '/(M3) l, | '/(M3) - ,/(M1) L plotted against correspond-
ing differences of 6. Inasmuch as both variables are a function of a
common cause rather than of one another, no lines were fitted
through the data points. A total of 198 points is shown, 59 of
which plot at the origin.

the sum tr, * 6r, shows no functional dependence. The
points concentrate about tr, * 6r,: 0 and spread parallel
to the lMEFIRoo" axis. Even though there is considerable
scatter, the pattern is that corresponding to a case where

{tr, and 6,, in an octahedron compensate each other. There-
fore, we plotted {r, - 6r, vs. lMEFIRoo" (Fig. 4). The result
is a fairly tight positively sloping linear relation. Inasmuch
as positive values of rlrr, and 6,. correspond to larger-than-
average octahedral angles (flatter octahedra) or counter-
rotations, respectively, positive tr, - 6r, represents octa-
hedra with more flattening than counter-rotation, while
negative {., - 6r, marks more upright octahedra with con-
siderable counter-rotation. Puzzling at first sight, the result
is a predictable consequence of the octahedral sheet's uni-
form thickness.

An important hint comes from the plot of Ad vs. Atl
(Fig. 5). Despite some recalcitrant points belonging to he-
terooctahedral micas, the plot shows an impressive corre-
lation between the differences of d and ry' in the octahedral
sheet. It supports the conclusion anticipated when inter-
preting relations between rlr, 6, and lMEFIRoo": both dis-
tortions in a particular octahedron are due to interaction
in the whole sheet rather than the octahedron alone (analo-
gous conclusions were drawn from 26 refinements by Lin
and Guggenheim, 1983, who approached the problem from
a different angle). Consequently, to unravel the causes of
distortions, variables representing the whole sheet have to
be employed.

One such variable is a measure of scatter (we opted for
the esil divided by the mean), the mean is another. In Fig-
ures 6 and 7 the abscissae represent the scatter of bond
lengths d(M-A).b" and the scatter of lMEFIRob" in individ-
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that IMEFIRoI' o m€ro scalar, implies a spherical entity,
while the bond lengths allow for the more realistic aniso_
tropism. Second, Figure 7a indicates that once there is an
ordering among the octahedral cations, bond lengths are
its direct consequence and they, in turn, determine the
counter-rotation d. A different form of the same was ob_
served by Lin and Guggenheim (1983) who correlated
counter-rotation o) (Appelo, 1978) with the ratio
d(Ml-Nld(M2-A). Finally, the fact that correlations be-
tween pairs of independent variables as good as those in
Figures 6a and 7a can be obtained signifies that the octa-
hedral sheet cannot be under much stress from both the
interlayer and the tetrahedral sheet. In other words, the
octahedral sheet must be the most rigid element in the

occuponcy
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o rTr€so- I hetero-
.  co inc id ing  oB .

@

Y = o x + b
o b r n
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Fig. 6. Measure of scatter of ry' angle in a sheet, esd(r!)l|, plot-
ted against the same function of bond length d(M-A).r" (a) andlMEFIR.b" 0).

ual octahedral sheets. Along the ordinate is plotted the
scatter of r/ (Fig. 6) and d (Fig. 7). Inasmuch as uniformity
of bond lengths or lMEFIRor" (no scatter) signifies a 5:
0', Figure 7 yields a nonzero 5 if there is scatter; 5, in turn,
is easily converted to 6 for individual octahedra in ho-
mooctahedral and mesooctahedral micas. However, uni-
formity of bond lengths or lMEFIRobs does not spell an
unequivocal ry' and therefore the plot in Figure 6 is as far as
we can go without introducing another variable.

Several valuable general conclusions can be drawn from
Figures 6 and7. First, the correlations including scatter of
d(M-ALb" are considerably better behaved than those in-
cluding scatter of lMEFIRob". This has to do with the fact

x= esd('MEFtRog5)/ 'M 
EFlRo6.

Fig. 7. Mean counter-rotation 5 in a sheet plotted against the
measure of scatter (esillmean) of bond lengths d(M-A)oo" (a) andrMEFIR.b"(b).
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Table 4. Constants in regression equations for predicting octahedral angte ry' from mean bond lengths d(M-A).6" and 1MEFIR"*.*
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" ,  

l l lEFrRoo"{  v l l )  + a j  
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*r  Sone of  the errors (not  shom) exceed the assoclated constants '  apparent ly  due to paucl ty

o f  da ta .
and mesooctahed. ra l  !01cas ,  and M2 1s  8eomet r1ca l l y
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+ t *  M ?  t a  h ^ t  d a f t h p d

l den t lca l  w l th  M1
honooctahedral
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1n
1n

structure of micas, subject to only subordinate influence
from the rest of the structure (see also Radoslovich and
Norrish, 1962).

Spurred by the preceding, we performed a final set of
calculations to obtain regression equations suitable for pre-

dicting octahedral angle rlt and counter-rotation 6 in octa-
hedra Ml, M2, and M3 (where defined) from either bond
lengths or lMEFIRoo, (or cation radii) for all octahedra in
a sheet. The size constraints inherent in the definition of
mesooctahedral and homooctahedral micas dictate the
number of constants necessary: it is highest in heteroocta-
hedral micas and lowest in homooctahedral. For heterooc-
tahedral micas an approach was adopted according to
which M3 is always the larger cis cation' Although the
group of heterooctahedral micas would benefit from more
data, the equations (Tables 4, 5) afford realistic estimates of
octahedral geometry for detected (e'g., Mtissbauer) or an-
ticipated ordering schemes and allow the user to fathom
octahedral distortions before the results of a structural re-
finement are available. Possible ordering in micas other
than homooctahedral, which must be decided upon before
the equations in Tables 4, 5 are applied, can be devised

according to the distribution of individual elements be-

tween larger and smaller octahedra (Table 3). Better predic-

tions should make better results easier to obtain, improv-

ing thus our understanding of the structural details in this

important mineral grouP'
in conclusion let us observe that although plots with

impressive correlations have been obtained, in some there

is more scatter than one would expect. Of course, scatter

other possible cause may be the practice of refining struc-

tures in supergroup rather than subgroup symmetries (see

Guggenheim and Bailey, 1977). As a consequence, possible

octahedral orderings in some micas may have been sup-
pressd or overlooked and the distortion functions may

have become somewhat unr€alistic. No correction short of

a new refinement is possible here, but future projects

should benefit from the hindsight and, hopefully, yield data

with less bias.
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Table 5. Constants in regression equations for predicting counter-rotation d from mean bond lengths d(M-A)"r"and IMEFIR"b".*

M l c a s  ( n )  + *

Heterooc tahedra l -  (7 )  +**  I i lesooc tahedra l  ( j9 )

Equatlon for Regress lon  based on

lt,tEFrRoo" Z( M-A ) obs

Regress lon  based on

lMEFrRoo"  
A( i l -A)obs

6( r , t r )

"1

)

r

-16.5 -r.3
-129.6  -4 r .2

2 5 . 4  4 0 . 9
8 7 . 4  3 . 3
0 . 9 5 6  0 . 9 9 9 ?

6 ( M 1 )  =  O o

due to synnetry

6 ( M 2 )

al

^?

a ^
J

a ) l

r

- 1 2 2 . 0  4 L 5
-+49,7  2 t+ , I
- r82 .2  -30 ,4

5 6 0 . 6  - 6 6 . 8
0 , 9 2 8  0 . 9 0 0

5 6 .  5  5 8 . 8
- 3 5 . 5  - 3 2 . 9

* *+*  * * * *

- r ? . o  - 5 3 . 2
o . 9 3 r  0 . 9 4 9

6 ( M 3 )

1 . 4
- 2  5 r . 8

-48.6
2 r 7  , 0

0 . 9 9 7

4 9 . 4
- 4 ? , 3

- 8 . 5

2 . 9

0 . 9 9 9

****

"1
uz

)
a J ,

r

*  6  (Ml ,  M2,  u3  )  =  a r lunntRobs (  MI  )  *  r r lMEFrRoo"  { ruz  )  +  
" r luunrRobs 

(M3 )  +  a4

6 ( M I , M 2 , M 3 )  = e r  E ( M l - A ) o r "  *  ^ z ; ( M z - A ) o b s  +  a ,  Z ( w i 3 - l ) o b s  +  a 4

* r  Hot rooc tahedra l  n lcas  are  no t  lnc luded because the l r  M2 1s
g e o m e t r l c a l l y  l d e n t l c a 1  w l t h  1 . 1 1 ,  h e n c e  6 ( M 1 ) = 6 ( U Z ) = O o

**+  Some o f  the  er ro rs  (no t  shown)  exceed the  assoc la ted  cons tan ts .
apparent ly  due to  pauc l ty  o f  da ta .

r *+*  y I3  1s  no t  de f lned 1n  nesooctahedra l  n lcas ,
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