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CHLORITE POLYTYPISM: III. CRYSTAL STRUCTURE
OF AN ORTHOHEXAGONAL IRON CHLORITE

Hrnuo Snrnozul lNn S. W. B.trrnv, Department of Geology,
U ni.aersity of Wisconsin, M ad'ison, Wisconsin.

Arstnacr

Iron chlorite from the Tazawa mine, Japan, 2[(Mgr.rFe:.+2+Alr t(Sir.?A11.tOto(OH)rl,
is an orthohexagonal Ib semirandom stacking type rn'ith a : 5.390 A, a : S.SSO A, c: 14.166

A, B:90'. The structure of a single chlorite Iayer (C2/m), in which the brucite sheet is

rotated by 180" relative to its orientation in the more common IIb tlpe layer, has been

refined. The results indicate that the talc network is distorted by 5" tetrahedral rotations

in a direction to form a favorable hydrogen bond system between the talc and brucite

sheets. This direction is in the opposite sense, relative to the talc octahedral cations, to

that found in most layer silicates. Sixty per cent of the octahedral iron is concentrated in

the talc sheet. The temperature parameters of the octahedral cations are strikingly

anisotropic, the thermal vibrations being larger parallel to the Z axis. The intensity

distribution along the kl3n streaks parallel to lhe Z* direction indicates the existence

of random layer rotations of 120o in addition to random b/3 layer displacements parallel

to the three pseudohexagonal Y axes.
The relative abundances of the chlorite polytypes described in Part I are reconsidered

in the light of the present results, and explained by the relative amounts of repulsion and

attraction between the ions in the structures.

INrnooucrroN

Part I of this study of chlorite polytypism (Bailey and Brown, 1962)
showed that four chlorite layer types with different ways of superposition
of the talc and brucite sheets are theoreticall;- possible and that layers
of the same type may be superimposed to form twelve regular one-layer
polytypes and six semirandom structures. Semirandom stacking is de-
fi.ned as an irreguiar sequence along Z* of the three relative stacking
positions that permit hydrogen bonding between the brucite and talc
surfaces and that are related by shifts of +b/3 along the three pseudo-
hexagonal Y axes. For each semirandom structure there are three regular
one-layer polytypes, two of which are always equivalent or enantio-
morphic. The powder pattern of a regular polytype is usually not dis-
tinguishable frorn that of its related semirandom structure because of
the weakness of the diagnostic hl3n reflections. For this reason it is
convenient to classify the regular polytypes, including most of the regu-
Iar two- and three-layer forms known so far, according to the geometry of
the semirandom structures. In the terminology of Bailey and Brown
these are the Io, Ib,IIa, and IIb structures with monoclinic-shaped cells
and the Ib and IIo structures with orthorhombic-shaped cells. The semi-
random structures occur in more abundance than the regular poiytvpes.

I Present address: Department of Geology, Kyushu LTniversity, Fukuoka, Japan.
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of the six theoreticai semirandom assemblages, only the two rro struc-
tures have not yet been recognized in nature.

Many structural studies of the common IfD layer type have been
made and the structure of a regular Io polytype was described as part
II of this study (Brown and Bailey, tg63). A chlorite believed to be the
orthohexagonal ID type in question in this paper was studied by von
Engelhardt (1942), who found the powder pattern of a ,,chamosite"

from Schmiedefeld could be indexed on the basis of an orthorhombic-
shaped cell. He proposed a structure having an orientation relation
between the talc and brucite sheets similar to that of the common IIb
chlorite, but with no shift between these sheets oI a/3 along the X axis.

The structure of von Engelhardt does not have an optimum hyorogen
bond arrangement between the brucite and talc sheets, and a more
plausible structure giving better agreement between the calculated and
observed Z0l structure amplitudes was proposed in Part I. In this pro-
posed 16 structure the brucite sheet is rotated by 180o relative to its
orientation in the common 116 t,"-pe layer and is positioned on top of the
talc sheet so that the octahedral talc and brucite cations superimpose
vertically. The present refinement was made to verify the rD structure
and to learn more about the bond lengths, interatomic forces, and layer
distortions in this chlorite. Although over 100 crystals from several dif-
ferent iocalities were examined, no crystals with regular layer sequences
were found. It has only been possible to determine the average structure
within a rD chlorite layer by refinement using the sharp fr: 3a reflections.
The nature of the semirandom stacking of adjacent layers has been
deduced from the intensity distribution along the kl3n streaks. The
results confirm the postulated orthohexagonal rb structure and also
indicate the necessity of some modification of the interpretation in part
I as to polytype relative stabilities.

ExpnuunNrAl WoRK

Throughout this investigation an iron-rich chlorite from the Tazawa
mine, Akita Prefecture, Japan, was used, which gives a powder pattern
very similar to those of the orthohexagonal iron chlorites described by
shirozu (1958). The chlorite occurs as lath-shaped flakes in hemispherical
aggregates with D-axis disordered kaolinite in a hvdrothermal ouartz-
copper vein.

Although the diffraction spots with fr: 3n are sharp in the single crystal
photographs of certain crystals, the reflections with hl3n of every
crvstal are a complete streak parallel to the Z* axis, which makes it
impossible to choose the true X and Y axes of the unit cell as well as
the three-dimensional space group. The diffraction patterns about the
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Z* axis have trigonal symmetrl', which indicates the equivalence of the

[010], [310], and [310] directions, but the overall s]rmmetry of the slruc-
ture must be monoclinic or tricl inic according to the arguments in Part
I. The morphologicallv unique direction of the three possible Y axes,
namely the elongation direction of the lath-shaped crystal, was assumed
as true Y, and an orthorhombic-shaped celi with monoclinic symmetrv,
C2/m, was selected to examine the structure r'vithin a single chlorite layer.
No justif ication for an1' lo*"t symmetrl, ' is given by the ft: 3n reflections.

On oscil lation and precession photographs pairs of reflections having
the same hkl index but different I signs have almost identical intensities
in certain crystals and simulate orthorhombic sJrmmetry. This has been
found to be due to a twinning on (001) related by 180' rotation about
either the X or Z axes. The differences between the intensities of the
hkl pairs are variable from crystal to crvstal. 'Iherefore, a thin flake
(dimensions .07 X.20 X.008 mm) giving the greatest intensit,r '  differences
within the hkl pairs was used in collecting the intensity data for the
structure determination. Even this cr1'stal was partially twinned, as
revealed in the course of refinement.

The cell dimensions determined b1- the d-method of Weisz, Cochran,
and  Co le  (194S)  a re  o :5 .3s0+0 .002  A ,  D :9 .336+0 .005  A ,  c :14 .166
+0 .005  A ,  P -90 .00+0 .05 " ,  Y :712 .85  A ;  6  i s  exac t l y  a /3 .  The  un i t
cell formula estimated from these dimensions b1'use of the r-ra1. spacing
graphs of Shirozu (1958) is 2[(Mgr aFea,+2+AIr r) (Str zAl1.B)O10(OH)s],
r,vhich was used for the structure factor calculations. According to
Foster's (1962) classification the chlorite is a ripidolite.

Intensitv data for 247 observed reflections were collected by means of
multiple fiIm pack Weissenberg photographs of hol, h3l, and h6l reciprocal
levels taken with CuKa radiation. Because of the small size of the cr1-stal,
exposure times of 160 hor.rrs were required. The intensities of the sharp
fr:3ra spots and of the kl3n streaks rvere estimated visually by com-
parison with a standard multiple scale and were corrected for the Lorentz-
polarization factor. The photographs show an appreciable Wells effect
because of the large l inear absorption coefficient of 345/cm for copper
radiation. An absorption correction was made by a graphical means
based on the transmission factors calculated b1' Joel, Vera, and Gara-v-
cochea's method (1953). Weissenberg photographs were taken also
with CoKa and MoKa radiations. These r,r 'ere useful to confirm the
absorption corrections because the maximum absorption efiects for a
thin flake are given b1'reflections with different indices for the different
radiations.

Of the /z0l structure amplitude data calculated b1' Bailel ' and Brown
(1962) for the six chlorite strlrctures, those of the ID (0:90") assemblage
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agree best with the observed /z0l structure amplitudes, although ther e

are minor discrepancies due to the high Fe conlent of our specimen. 
'fhe

three regular one-laver poll ' t1'pes possible with this assemblage are

Ib- l  (13:90",  C2f  m), ID-3 (a:102",  C1),  and ID-5 (a:1O2",  C1),  a l i  o f

which have an identical atomic arrangement ivithin a single chlorite

lar.er, have an iclentical [010] projection, and give identical intensities

for the reflections rvith ft:3m (although the I indices change as the a

angle changes. Atomic parameters from the ID-1 modei were used to

place the observed structure amplitudes on an absolute scale and to

init iate refinement.

RortNplrnxt ol e SrNcrr Crrronrrn L.+vnn

Refinement of the structure was carried out using the Larson-Cromer

full matrix least squares and Fourier summation plograms (Los Alamos

Scientif ic Laboratory) as modified by J. J Finney and R. A. Eggleton

for r.rse on the Wisconsin CDC 1604 computer.
The regular stacking 16-1 model contains eleven cr1'stallographically

independent atoms in the unit cell. In the present structure, which has

semirandom stacking, the atoms repeating at intervals ol bf3 are

statisticatl l '  equivalent, i.a. indistinguishable by reflections with k:3n'
'fhese atoms were grouped together, therefore, and their y parameters

were fixed as in Table 2. In the first stage of refi.nement b-v the least

squares method, eleven positional parameters and seven isotropic ther-

mal parameters were allowed to varv, and the octahedral scattering

matter was assumed to be distributed equaliv between the talc and

brucite sheets. Onlr, the observed. reflections were used, and an arbi-

trary weighting system rvas used in rvhich smailer weights were given

to the reflections with small transmission factors and with very small or

ver.v large F values.
'Ihe init ial least squares ct'cie and F.,-F" [010] projection showed

definite shifts of the basal oxvgens of the tetrahedral network, uneven

distribution of the octahedral cations betrveen the taic and brucite

sheets, and thermal anisotroprr of the octahedral cations. Although fur-

ther least squares refinement, in which the uneven distribution and the

anisotropic thermal parameters of the octahedral cations were taken

into account, gave a reliabil i ty factor of R:12.87a, there remained

several reflections having unreasonable discrepancies between F. and F"

values. Comparison at this stage of the F, and F" values of hkl index

pairs involving opposite I signs showed a quantitative relationship that

could best be explained b,v a' 9/6 volume of the (001) twinning previ-

ously mentioned. Although the t"vinning affects all reflections, it is

most evident in those cases where a strong twin reflection is superim-
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posed on a weak reflection from the main portion of the crystal. A twin-
ning correction was made and proved reasonable, judging from the im-
proved agreement of the F. and Fc values and reduced R values during
subsequent refinement. The fina1 reliabil i ty factor was R:8.7/6. The
final Fo and F" values are listed in Table 1. Table 2 contains the final
atomic coordinates and temperature factors. Table 3 contains bond
lengths and angles computed from these coordinates.

INrp'npnpr,q,TroN oF SrnB,q,rs wrr:r. k+3n

The [010] projection of a layer sil icate is usually identical with the
[310] and [310] projections in the ideal scheme, even after taking the
distortion of the hexagonal network into account. In the case of the
Tazawa chlorite overail equivalences are recognized between reflections
with the following indices: 201 and I3I;401 and26I;601 and39I;33t,O6t,
and 33i; 53t, l9t and,467. This means that the reflections with ft: 3n are
not affected b.v possible rotations oI l20o about the Z* axis (coincident
with the Z axts in this stucture). Any rotations that may occur have to
be determined from the reflections with k*3n.

It has been stated previously that streaking of the kl3n reflections
parallel to the Z* axis indicates random b / 3 layer displacements parallel
to the three Y axes. The randomness ma1' be restricted to l inear dis-
placements so that the direction of stagger of each of the talc sheets is
maintained constant along one of the three X axes. In this case the in-
tensity distributions along the kl3n streaks should change in accor-
dance with the variation of the structure amplitudes along the reciprocal
rods parallel to Z*. This is the observed situation for the La Capelada
Cr-chlorite examined by Garrido (1949). Figure 1c-e illustrates for a
16 type laver how the intensity should vary with increasing I value
(nonintegral) for the 021, l1l, and tt l streaks (120'apart) if only l inear
b/3 interlayer displacements along the three Y axes are involved. This
intensity distribution should be very similar for all laver types because
onlv the tetrahedral cations and basal oxygens are involved. The ob-
served intensitv distribution for our specimen (Fig. 1a) agrees only with
the mean (Fig. 1b) of these three calculated F2 curves, and can be ex-
plained onlv b-v superposition of the three directions by 120o layer rota-
tions. Layer rotations of 120o are geometrically equivalent to the three
o/3 shifts that are possible at the octahedral junction within the talc
sheets. Although these shifts are along the three X axes, the resulting
positions are related to each other by displacements of * bf 3 along the
three Y axes.

The observed intensity distribution along k,l3n streaks for the Tazawa
ID chlorite probably can be explained solely by 120o layer rotations,
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H K L  F o  F c  H K F o  F c  H K  L  F o  F c  H K Fo Fc

0 0  2 1 6 7  1 6 9  4 0  t 2  4 8  5 2
0 0  3  9 8  - 9 3  4 0  1 4  3 6  4 7
0 0  4 2 4 0  2 4 2  4 0  - 1  7 r  6 5
0 0 5 1 1 3 i 0 4 4 0 - 2 2 0 9 1 9 7
0 0  6  4 0  3 3  4 0  - 3  1 6  - 7

0 0  7  6 4  - 6 2  4 0  - 4  9 2  9 2
0 0  8  3 9  3 8  4 0  - 5  5  - 4

0 0  9  5 1  4 8  4 0  - 6  1 5 0  1 6 9
0 0  l o l 2 5  1 2 7  4 0  - 7  3 1  3 3
0 0  1 1  2 7  2 7  4 0  - 8  6 2  6 7
0 0  1 2  1 0 6  1 0 1  4 0 - 9 3 0 - 2 8
0 0  1 3  1 1  - 1 0  4 0  - 1 0  3 4  3 1
0 0  1 4  9 9  7 9  4 0  - 1 1  1 1  1 1
0 0  1 5  1 1  1 4  4 0  - 1 2  4 L  4 6
0 0  1 6  9 2  7 7  4 0  - 1 3  1 6  1 4
0 0  1 8  1 3 2 4 0 - 1 4 2 6 2 5
2 0 0 7 5 8 1 6 0 0 1 3 3 1 2 0
2 0  |  4 1  3 8  6 0
2 0  2 3 1 6  2 9 1  6 0
2 0  3  4 3  4 2  6 0
2 0  1 2 \ 0  2 r 3  6 0
2 0  5  4 9  - + 7  6 0
2 0  6 2 1 8  2 3 0  6 0
2 0  7  6 t  6 7  6 0
2 0  8 1 2 7  1 3 1  6 0
2 0  9  5 3  - . 5 6  6 0  - 1  1 9  1 0
2 0  1 0  1 6  1 2  6 0  - 2  6 9  6 4
2 0  1 1  2 1  2 2 6 0 - 3  1 6 - 1 1
2 0  1 2  ' r 8  8 +  6  0  - 4  5 6  6 3
2 0  1 3  2 1  1 8  6 0  - 5  2 0  2 1
2 0  t 4  2 7  1 8  6 0  - 6  5 0  5 1
2 0  1 5  1 1  - 1 1  6 0 - 7 8 - 7
2 0  1 6  6 2  6 3  6 0  - 8  1 2  1 3

1 3  - 1 3  2 2  r 7  0
l 3  - r 4  2 4  1 3  0
1 3 - 1 5  1 1  - 1 1  0
1 3  - 1 6  6 L  6 3  0
1 3  - 1 7  2 5  3 1  0
3 3 0 2 9 2 2 5 1 0
3 3
3 3
3 3
3 3
3 3
3 3
3 3
3 3

3 9 3 0 0
155 143 0
+6 -40 0

to7 106 0
50 47
84 9 l

1 6  1 1

32 26
72 67
30 -26

5 5  5 7
33 33
62 61
1 5  - 1 6

1 2  1 1

3 3  10  100 114
3 3  1 1  3 9  3 9
3 3  1 2  6 5  6 3
3 3  1 3  2 6  - 2 4

3 3  1 , +  6 5  6 6
3 3  1 5  2 1  2 5
3 3  - 1  3 8  2 8
3 3 -2 155 143
3 3  - 3  L 6 - 3 7
3 .i -4 108 108
3 3  - 5  5 1  4 7
3 3  - 6  8 6  8 7
3 3  - 7  2 t - 2 1  2

0 1 7 2 6 3 0 1
0  - 1  3 9 - 3 4  1
0 - 2 5 3 4 3  1
0 - 3 5 0 5 2  1
o -4 127 126 1

2 0 - 5 1 6  1 5  1
0 - 6 8 8 9 7  1
o - 7  1 5 - 9  1
0 -8 182 205 1
0 - 9 5 6 6 t 1
0 -to 124 133 I
0  -11  42  -47  I
o - 1 2  5 7  5 4  1
0 - 1 3 2 2 2 1  1
0 - 1 4  7 5  7 0  1
0  -16  1 ,9  -9  1
0 - 1 ?  6 - 1 0  1

4  0  0  49  51  1
4 0  1 7 4 - 6 8  1
4 0  2  6 4  6 0  |
4 0 3 ' 1 4 7 4  1
4 0 4 1 0 3 1 O 7 1
4 0  5  3 0  - 2 6  1
4 0  6  6 4  6 2  1
4 0  7  2 2  2 0  1
4 0  8 1 3 2  1 5 0  1
4 0  9  3 0  2 4  1
4 0  1 0  7 8  8 4  1
4 0  1 1  1 6 - 1 8  1

o 7 7 7 7
1 39 -34
2  t t  + 5

3 5 0 4 9
4 121 129
J  l 5  l l

6 92  103
I  t o  - t z

8 187 207
9 5 3 6 1

10 129 137
11 44  -50

t2  56  53
13 21 ,  21
1,+ 7+ 73
1 6  1 8  - 9

t7  7  - r0
-1  39  .35
-2 294 288
-3 42 43
-4 198 2I0
-5  45  -49
-6 199 230
-7  65  69
-8  119 130
-9  49  -58

- 1 0  1 7  9
- 1 1  2 2  2 3
-12 77 83

-8 't6 7
-10  99  109
- 1 1  3 7  3 9
-12 63 58
-13 26  -23
-t4 65 63
- 1 5  1 8  2 6

0 6 1 6 2
1 3 5 3 0
2 130 124
3 1 5 1 0
4 8 6 8 8
5  1 8  - 1 1

6 95 103
7 3 t 2 9
8 6 9 7 1
9 2r  -21 ,

t0  15  15

3
3
3
3
3
3
3
J

5
J

5
5
5
5
5
5
5
5
5 3  1 1  8  5
5  3  -1  40  -29

5 3  - 2  4 5  3 8
5 3  - 3  3 +  3 2
5 3  - 4  8 5  8 9
5 3  - 5  7  1
5 3  - 6  2 7  3 6
. 5 3  - 7  4  - 4

5 3 -8 100 108
5 3  - 9  3 4  3 6
5 3  - 1 0  5 4  6 l
5  3  - 1 1  2 l  - 2 5

0 6  1  2 8  2 7
0 6  2 t 3 5  1 3 6
0 6  3  4 6 ' 4 2
0 6  4 1 0 8  1 0 5
0 6  5  5 0  4 6

6 6 8 9 8 3
6 7 2 2 - 2 4
6 8 1 8 8
6 9 1 1  8
6 10 108 108
6 1 1 4 0 3 5
6 1 2 7 1 5 9
6 13  29  -23

6 t 4 6 3 6 2
6 1 5 2 2 2 3
6 0 5 3 5 2
6
()
6
6
6
6
6

1 1  6 1
2r1 202
2 !  - 6

90 95
1 6  - 1 0

1 3 9  r 7 r
38  32

6 8 6 6 7 0
6  9  3 l - 3 2
6 1 0 3 6 3 3
6 1 1 1 4 1 0
6 t 2 4 6 5 0
6 1 3 1 8 1 2
6 t + 2 5 2 9
6  - 1  7 5  - 6 8

6 - 2 6 1  6 2
6 - 3 7 1 7 1

-4  98  101
-5  29  -28
-6 46 58
- 7  1 8  1 9
-8  138 14s

6 - 9 2 7 2 3
6 -10  80  82

- 1 1  2 t  - 1 8
-12 52 50
- 1 3 6 5
- t4  38  46

0 6 5 5 9
6  |  4 3 - 3 2
6 2 4 7 4 0
6 3 3 6 3 2
6 4 9 5 9 3
6 6 3 8 4 2
6 7 1 5 - 1
6 8 107 1r2
6 9 3 4 3 3
6 1 0 5 6 6 s
6  1 1  2 5  - 2 6

6 - L 3 8 3 0
6 -2  131 122
6 - 3 2 0 7
6 - 4 8 4 8 2
6 -5  19  -10

6 -6  91  104
6 - 7 3 6 2 9
6 - 8 6 1 6 9
6  - 9  2 6  - 2 r

6  - i 0  1 9  1 4
6  - 1 1  9  6
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Tl.nt-E 2. PcstrtoNlr, AND'IEMpERATURE PARAMETERs wrrH SreNoann Der,tartoxs

Atom Parameter Atom Parameter

2M1 ,4M2

[re u'(ug, at) 
"]

2M3, 4X{1

[ne,'1ug,al) "1

x . 0 0
5' .o, l /s .0
z  . 0  . 0
8,, .0074 .0011
B:: .0035 .0015

B:: .0029 .0002
Blr- .0020 .0026
BB-.0008 .0007
Br, .0002 .0007

x . 0 . 0
y  . 0 , 7  / 3  0
z  . 5  . 0
Brr .0082 0012
Brz .OO27 .0017
Bar .OO29 .0002
Br2- .0018 .0029
B1r - .0010 .0008
Bx- .0001 .0008

8T
(si 67A1 33)

8Or ,4(OH) ,

40:

8 (OH) , , 4 (OH)3

.3328 .0009
1/3 .0
.1949 0004

r . 4 2  . 1 1

.3349 .0015
I / s , . o  . 0
.0770 .0006

1 . 8 9  . 1 9

.094 .003

.236 .003

.236 .001
2 . 1 3  . 3 4

x

v

B

X

v

B

x
v

B

x .310 .004
y  1 / 2  . 0
z  .236 .002
B  1 . 5 1  . 4 7
x  .1656 .0017
y  1 / 6 , 1 / 2  0
z .4303 .0007
B  2 . 5 8  . 2 1

without call ing at ail upon linear interla)'er displacements along the Y
axes. But it is considered unlikel;- that random 120" rotations would
take place if the layer stacking were strictly regular or that regular 120o
rotations would take place if random layer displacement were involved.
A combination of shifts within the talc sheets (equivalent to rotations)
and between talc sheets is most l ikely. Thus the refined structure is an
average structure from several points of view and it is possible that, in
addition to the y coordinates already mentioned, the r parameters of T,
of Or and (OH)t, and of (OH), and (OH)r ltr Table2 should be replaced
by ideal values of +, +, and f respectively'. The coordinates determined
by refinement for these atoms dilfer from the ideal values by less than
one stdndard deviation.

It was assumed erroneously in Part I, because of the existence of
unique layer types even in semirandom stacking systems, that the
brucite sheet always maintains one fixed position (a or b) on top of the
talc sheet below. Garrido (1919) makes a similar assumption for the Cr-
chlorite he examined. Further analysis of random interla.ver shift systems,
however, shows that this relationship is not necessarl. to explain the
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Teslo 3.INrBnarourc Drsrancns wrrn Maxruuu DrnncuoNar- SuNnann DnuerroNs
rN A,q.wl BoNo ANcr,rs rm DBontrs

Bond length c- Bond length o-

T -Or

T -Or

' I -Os

Mean

M,l fo, I
> - iv,J i(or4,]

Mean

xr,\ /(onl,)
u,/-\1onr,/

X[ean

Oz-(OH)z
os-(oH):

\Iean

Or-T-Or

or -T-03
Oz-T-Or

o:-T-os

Mean

r .670 .006
/r.oso \  nrn
1r .684 )  

- - -

1 .668 .017

1 . 6 7 0

{3 ?33Xi} ."
2. r02

i z.o+ax+\ nn.,
l 2 . O s s x 2 J ' - - "

2 .050

2-848X.4 .020
2 . 8 5 6 x 2 . 0 1 8

2.851

Angle

l r ro.as
l .110 .76
t 'o.a
108.38

lroT .s7
i  108. e8

109.46

( t  tzc )
or-oz \ ; '  ; : ;  i .020

t z .  r w  )
o,-o,  2.7M .018
oz- ou 2.708 .027

(t aqJ )
oz-o ,  \ ; ' ; ; ;  1 .026)

Mean 2 .726

o,l fo, l,  - ,
(oH),J l(oH), J

(oH),\ /1oH), \
(oH.r,/-\(on), /

(s.rrzxo )
j 2 .832X4x f .008
12.8t6x.2*)

13 . r r2x6  I
12.674X4+l .009
12.622X.2*)

T-Or-T
T-Or-T

Mean

Angl'e
137.48X2
137 .87

r37 .6r

* edge shared by trvo octahedra.

observed diffraction patterns and is unlikely from a structurai view-
point. Just as there are six possible hydrogen bond positions (divided
into two sets distinguished by- "even" and "odd" numbers in the termi-
nology of Part I) for articulation of a talc sheet on top of a chlorite
layer below, there are also six similar positions for placing a brucite sheet
on a talc sheet within the layer. Three of these six possibilities correspond
to o positions and the other three correspond to b positions. Random
adoption within the different layers of, say, the three a sites by a type
I brucite sheet would still permit identification of that crystal as being
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the Io structural type. The basis for the original assumption of a fi.xed
brucite position is not valid, but in practice it is impossible to differen-
tiate between the fixed and the random cases. Because of the symmetrical
nature of the brucite sheet, in which all atoms repeat at intervals of
bf 3, there will be no difference in the diffraction intensities whether the
random b/3 interlayer shifts occur relative to both sides of the brucite

o r ? t a 3 6 7 t t
l +

Fro. 1. Intensity distribution along hl3n streaks.

I
F I

a) "O2l," observed.
b) Mean of c), d), and e)

c) 021, calculated.
d) 1Tl, calculated.
e) 1-11, calculated.

sheet or to only one side. There is no diffraction evidence for random dis-
placements oI * a/3 in chlorites. For this reason it is not permissibie to
mix the o with the D sets in the articulation of one side of the brucite
sheet or to mix the "even" with the '(odd" sets in articulation of the
other side. Despite the inabiiity to recognize interla.ver shifts relative to
both sides of the brucite sheet, there is no structural validity in rvell-
crystallized chlorites for suggesting that one side of the brucite sheet is
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any different than the other side and should be articulated differently
to its neighboring talc sheet. Any asymmetric bonding of this sort would
imply differences in the two adjacent talc sheets, which is likely to be a
rare situation.

DrscussroN or RBlrNno SrnucrunB

The results of refinement indicate that the talc tetrahedral network,
which was assumed to be ideally hexagonal at the start of refinement, is
distorted by rotations of the tetrahedra in the (001) plane by an average
angie of 5.0o, as shown in Fig. 2b. The direction of rotation is such that
the basal tetrahedral oxygens move toward the positions of the nearest
hydroxyls in the adjacent brucite sheet and away from the octahedral

cl llo

A *- of t.lr. ot t..zss

O Dructrr iydrcryl ol r..45!

Fre. 2. Structural features of four chlorite layer types in
[001] projection, including tetrahedral rotations.

X Tolc ocl .  col lon c l  t .O

O Brucl ta cof ton ol  t ' .5OO

l---
lo ,
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cations in the talc and brucite sheets. In relation to the positions of the

talc octahedral cations, this direction of rotation is in the opposite sense

to that found in the Io and IID chlorites (Fig. 2) and also to that in most

layer sil icates. In Part I i t was assumed that the orthohexagonal Ib

structure would have the same direction of rotation of tetrahedra as in

the Io and IIb types and, as a result, a relatively unfavorable hydrogen

bond distance had been deduced between the talc basal oxygens and the

brucite hydroxyls. In the light of the present findings, this conclusion

and its implication as to stability of the Ib structure must be changed.
This point is discussed further in the next section.

The angle of tetrahedral rotation (a) can be calculated from a knowl-
edge of the observed 6 parameter and the ideal tetrahedral D parameter
(Radoslovich, 1961) according to

a : corl [a(ous)/a(tet')]. (1)

Brown and Bailey (1963) suggest deriving the tetrahedral 6 parameter

for known structures from the measured tetrahedral basal oxygen-oxygen
distances A and B.

b(tetr) : (A * B)cos(30'* o) -| (A * B)cos(3O'- o), (2)

or by untwisting to a:0"

6(tetr) : (A + B)V3. (3)

For the Tazawa chlorite the observed 6 of 9.336 A and the ideal tetra-

hedral b from (3) ol 937A A predicts a rotation angle from (1) of 5.2",

which agrees closely with the observed value of 5.0".
It is known that the (Si, AD-O distance varies nearly lineariy with

the tetrahedral Si, AI composition, and standard values of Si-O:1.62
A and AI-O: 1.77 hhave been suggested recently for layer sil icates by

Smith and Bailey (1963). According to these end values, the mean T-O

bond length of 1.670 A for the Tazawa chlorite would be equivalent to

Sio.ozAlo.sa in each tetrahedron. This tetrahedral composition agrees ex-

actly with the value Siz.zAIr.: that was estimated from the basal spacing

of 14.166 A. tne symmetry does not allow Si,Al ordering because there

is only one independent tetrahedron.
The octahedral composition of the Tazawa chlorite estimated from the

b length has 3.4 atoms of Fe per 6.0 actahedral positions. The p. and
po-p" electron density [010] projections indicate that 60/6 of the Fe is

concentrated in the talc sheet. Trial-and-error estimation from the po-p"

maps indicates that Fe makes rp 67/6 of the talc octahedral cations and

47/6 ol the brucite cations. This gives 3.4 Fe per 6.0 octahedral cations,

in agreement with the b parameter estimation. The octahedral Mg and

A1 in the remaining octahedral sites are indistinguishable, but if Mg is
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assumed to behave similarly to Fe, then the proportions of the cations
in the two octahedral sheets would be:

talc sheet
brucite sheet

Fe2 6Mgs.sAlo z
Fer.aMgo sAlr r

This octahedral composition indicates the excess negative charge due to
the substitution of Al for Si in the tetrahedral sheets is compensated
primarily by substitution of Al for Fe and Mg within the brucite sheet.
Cation ordering within each sheet is not determinable bv use oI k:3n
reflections alone.

The cation compositions of the two octahedral sheets are consistent
with the fact that the brucite sheet is thinner than the talc octahedral
sheet, 1.98 A relative to 2.I8 A. Sheet thickness is not a simple function
of cation radius alone, because the cation-anion distances and angles in
these sheets may also be affected by local charge balance and by struc-
tural requirements (Radoslovich, 1963). The difference in sheet thick-
ness is much greater than the difference in average M-O bond }ength
in the two sheets. The brucite sheet appears to be compressed along Z*
and stretched in the XY plane because of its greater trivalent ion con-
tent and its accordingly greater cation repulsion parallel to (001).
The resultant lateral dimensions of the brucite octahedra are identical
to those of the talc octahedra (Table 3), so that there is a good fit be-
tween the sheets despite the different compositions.

The temperature factors of all the atoms are large, presumably be-
cause of the average nature of the structure. In addition, the octahedral
cations in both the talc and brucite sheets are elongated approxirrately-
parallel toZ* (andZ).The other atoms appear to beisotropic;but this
may only be a result of the average structure: It has not been possible
to obtain the y parameters of any atoms. other than the basal 02, using
onlv ft:32 reflections. Certain of the r parameters are also uncertain
because of the 120o layer rotations. As an example, consider'the effect
of these limitations on the brucite hydroxyls. The O-OH interlayer
distance of 2.85 A obtained using the ideal positions listed in Table 3 is
shorter than the 2.90 to 3.00 A distances found in most other layer
silicates. Suppose that each of the three OH groups in an octahedral
triad is elongated parallel to Z* and is shif ted away from its ideal position
in the (001) plane by a small 'rotation of the triad aboutZ* so that t lre
actual O-OH distances are about 2.95 A. The average structure cannot
distinguish between the three OH groups and would indicate an average
OH centered at its ideal position.-This average OH would have a large
isotropic temperature factor if the magnitudes of the positional shifts
in (001) approximately balance the elongation along Z*. We favor this
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interpretation and consider each B value to incorporate the effects both
of thermal vibration and of positional shifts. The effect is more marked
for the brucite hydroxyls than for the other atoms, as would be expected
because of the known rotations of brucite octahedra in other chlorites.

Atom elongation parallel to Z or Z* has not been mentioned for other
Iayer sil icates and is not evident on published electron density maps.
Thermal vibration should be easier in this direction for a layer structure,
but the magnitude of the effect (twice as great along Z as in the XY
plane for the octahedral cations) suggests some other factor must also
be involved. Octahedral ordering and local charge balance between
superposed cations, not determinable by the use oI k:32 reflections,
may cause some positional variations along Z within each octahedral
sheet. These variations would be accentuated in the average structure
by the random layer rotations and displacements.

RBr,,lfive Sre.errrrrns

In Part I the relative abundances of the six chlorite structures were
interpreted according to their relative stabil it ies as estimated from two
structural features: 1) amounts of repulsion between the brucite cations
and the talc tetrahedral cations, and 2) Iengths of the hydrogen bonds
from the brucite hydroxyls to the talc surface oxygens. The orthohexag-
onal ID structure, the second most abundant variet-v after the IID
chlorite,lvas considered to have a minimum amount of cation repulsion,
as does the 116 type, but to have a relativell '  unfavorable interlayer
hydrogen bond. The O-OH bond length was not known at that t ime
but lvas deduced from the assumption that the direction of rotation of
the talc tetrahedra relative to the talc octahedral cations would be the
same as that observed for most other layer sil icates. The results of the
present studv of the Tazawa chlorite, however, indicate that the actuai
rotation direction is in the opposite sense to the assumed direction and,
as a consequence, the orthohexagonal ID chorite has a relatively strong
hydrogen bond system. The measured O-OH distance of 2.85 A (fabte
3) is slightly shorter than those found for the other chlorite strucrures,
2.92 A for the two IID pol.vtypes (Steinfink, 1958a,0) and,2.90 A for Io
polvtype (Brown and Bailey, 1963), but this value is partly based on
ideai coordinates. To a first approximation these distances can be con-
sidered to be equivaient and to have litt le efiect on the relative stabil-
i t ies.

Because the present study suggests that the direction of tetrahedral
rotation in chlorites will aiways be such as to minimize the interlayer
hydrogen bond lengths in all chlorite la1.er types, some additional stabil-
ity factors must be sought to explain the relative abundances of the
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structures. Figure 2 suggests three other structural features that may
affect the stabii it ies:

1) repulsion between the superposed talc and brucite octahedral cations in the ID
type layer,

2) attraction between the superposed talc octahedral cations ancl brucite hydroxyls
in the Io and IIb type layers, and

3) relative distances of the attractions from the talc surface oxygens to the talc octa-
hedral cations and to the brucite cations.

The first two factors were neglected in Part I of this study because of the
six to seven Angstrom distance over which they must operate. The last
factor is dependent on the direction and amount of rotation of the talc
tetrahedra. The effects of all the repulsive and attractive forces men-
tioned are summarizedfor the four layer types in the chart below, where
a plus or minus sign indicates the stabil ity is either enhanced or decreased
bv the effect.

Atoms
concerned, Distonce IIb Ib Ia

T -Me  4 .4  A

IIa Type oJ lorce-- t
fcation repulsion
l -
)

+ cation-anion attraction

+ (-) I difference of attraction due to
I

f rotation of tetrahedra
l)

Mr-Mn 7 .1
M r - ( O H ) B  6 . 1  +
Mr-Os 3 .4  +

Ms-Os 3 .9

T: tetrahedral cation, M1: f llc octahedral cation, M6: brucite cation
Os: talc surface oxygen, (OH;": 5.,t.ite hydroxyl

Repulsion between the superposed brucite and tetrahedral cations is
sti i l  considered to be the most important structural factor in reducing
the stabii it ies of the Io and IIo layers relative to the ID and IID layers.
This factor alone does not predict any stabil ity differences between 16
and IID layers or between Ia and IIo layers. The other interatomic forces
listed in the chart suggest that the 116 layer should be more stable than
the Ib layer and that the Ia layer should be more st:rble than the IIo
layer. This gives an order of stabil ity that is in accord with the observed
relative abundances of layer types, namely 116, Ib, Ia, and IIa.

It is necessary to consider not only the interatomic forces within each
type of chlorite layer, but also how the manner of stacking of individual
layers to form the six semirandom structures or the several regular
polytypes mav afiect these forces. Figure 3 i l lustrates in [010] projec-
tion the.layer sequences and some of the vertically superposed attractive
and repulsive forces in these structures. The la1'er sequences and inter-
atomic force distributions are symmetrical throughout the Ia (P:97"),
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Ib (B:90") ,116 (P:97") ,  and I Ia  (p:97")  s t ructures so that  rhe stabi l i ty
ratings in the chart above should be valid for the three-dimensional
structures as well as for the individual layers. The ID (g:97") and Ifo
(p: 90') structures are not symmetrical and require special comment. rn
both of these structures the brucite sheet is positioned asymmetricaily
so that it bears an o relationship to the talc sheet on one side but a D
relationship to the talc sheet on the other side. rn terms of the distribu-
tion of interatomic forces the Ib (B:97.) layer sequence is best de_
scribed as a regular alternation of Ia and ID layers and the IIa (B:90')
sequence as a regular alternation of rlo and rrD layers. This emphasizes
the fact that there is repulsion between tetrahedral and brucite cations
on one side of the brucite sheet but not on the other side for both struc-
tures. For this reason the stabil ity of the 16 (0:97") structure is expect_
ed to be lower than that of the orthohexagonal 16 structure described in
this paper, whereas the IIo (B:90.) structure shouid be more stable
than the rra (B:97o) form. The chart berow summarizes the stacking
sequences for the six structures and compares their observed abun-
dances with the relative stabil it ies of the laF.s involved, 1 through 4 as
deduced from the preceding chart.

Pobtlype

Ia-eve\, P:97o
Ib-odd, B:96o
Ib-even, B:97"
(or Io-odd)
Il.a-odd, B:97o
Ilo-even, B: Pgo
(or 116-odd)
flb-even, B:P/o

Storking
Sequence

Iaf-Ia
rb+rb
IalIb

IIaIIIa
IIa*IIb

Layer Specimens obsenterl
Stabilities in Part I

3+3 10
2+2 37
3+2 13

1+4 0
4+1  0

rr6+rrb 1+ 1 243

in a later paper in this series. Shirozu (1958) has recognized alternation of
rb and rrD chlorites on a microscopic scale, although in this case the
compositions of the two types are not identical. rt is interestins to note
also that the (001) twinning found to be so common in orthohe*agonul
rD chlorite has the effect of rotating the brucite sheet relative to the talc
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sheet and thereby creating aIb-IIb sequence across the twin boundary.

Figure 3a-c helps to explain Shirozu's (1963) observation that ortho-

hexagonai ID chlorites readily transform to the monoclinic-cell 16 or to

the Ia structure on grinding. These transformations only require linear

shifts of the talc and brucite sheets relative to one another. Transforma-

tion to aIIaor IIb structure is structurally more diff icult, and would re-

quire rotation of the sheets in addition to shifts.

Shirozu also observed that the powder patterns of some unground

chlorites containing Ia arrd Ib t-vpe layers mav be diffuse with broadened

and asl,mmetric20t reflections. This could be due to adoption by a type

I brucite sheet of a few wrong stacking positions. For example, a regular

sequence of ID-odd layers to form the orthohexagonal ID structure

girres an intense 202 reflection at about 2.50 A. Introduction of a few

Ib-even sequences in a packet thick enough to give its own diffrac-

tion pattern would cause a small peak to form at about 2.44 A on the

shoulder of the 2.50 A peak. This new peak is the strong 203 reflection

of the monoclinic Ib chlorite. If the stacking mistakes were distributed

instead at random through the crystal, there would be only a single,

average 202/203 peak. It would be broadened and shifted to an inter-

mediale position between 2.50 and 2.4+ i\. simiiar regular or random

systems could also involve introduction of some Io-even sequences, for

which the strongest 201 reflection occurs at about 2.39 A. It would not

be surprising to find stacking mistakes of this sort in Io and Ib type

chlorites because of the evidence that these structures result from low

temperature, metastable cr1'stallizations.
It was pointed out in Part I that chemical composition ma)- also in-

fluence the stability of chlorite structures. The fact that the orthohexag-

onal Ib chlorites tend to have high Fe contents (Shirozu, 1960; Bailey

and Brown, 1962) ma1' be due to the rotation of the tetrahedra away from

the talc and brucite octahedral cations in this structure. It is possible

that Fe might be favored in the ID relative to the Ia or IIb structures

because Fe2+ is slightly larger than Mg and therebv weaker in its attrac-

tive force toward the rotated surface oxvgens (Fig. 2). Local balance of

electrostatic forces consequent upon tetrahedral and octahedral cation

ordering can also influence stability, as suggested by Brown and Bailey

(1963) for a Ia chromium chlorite. The same pattern of ordering and

local charge balance has now been demonstrated by a detailed refi.nement

of the Ia vermicuiite structure (Shirozu and Bailey, 1966)'
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