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Mica polytypism: similarities in the crystal structures of
coexisting 7M and 2M1 oxYbiotite
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Abstract

The crystal structures of coexisting lM and 2M1 oxybiotites were refined by the X-ray
diffraction method in order to examine the role of hydrogen in mica structures and
polytypism. The unit-layer structures of coexisting lM and 2M1 oxybiotites were found to
be identical within the limit of the accuracy of the structure refinement. This similarity
leads to the conclusion that they are ideally polytypic in spite of the complexity of unit-
layer structures such as micas.

The oxybiotites lack hydrogen and instead are enriched in ferric iron. The structural
parameters of the tetrahedral and octahedral layers have been found to be remarkably
similar to those of the hydrogenated structures. Comparison with hydrogenated biotite
suggests that the lack of hydrogen atoms mainly affects the interlayer configuration and
consequently eauses the interlayer separation to decrease. This feature can be attributed to
the fact that interactions between K* and H* are very extensive in hydrogenated biotites.

Introduction

Mica is one of the layer silicates in which hydro-
gen plays an important crystal chemical role. The
detailed structure analysis of a trioctahedral mica
was initiated by Tak6uchi and Sadanaga (1959).
Since then many reports have been published on the
crystal structures of various mica polytypes and of
various chemical compositions, and the structural
changes due to cation substitutions have been dis-
cussed. For example, the dimensional misfit be-
tween the octahedral and tetrahedral layers in mica
structures was treated by Radoslovich and Norrish
(1962). Tak6uchi (1965) compared the two brittle
micas, margarite and xanthophyllite.

The structural changes of micas due to cation
substitutions have been investigated by several
workers (Donnay, Donnay and Takeda, 1964; }Ja-
zen and Wones, 1972). The crystal structures of
micas at high temperature (Takeda and Morosin,
1975) and at high pressure (Takeda, 1977) have also
been studied. Although oxygen fugacity is another
important factor in crystallization of minerals in
nature, its effect especially that of hydrogen on
mica structures has not yet been tackled. Takduchi
(1965) suggested that the interaction between OH
groups and interlayer cations could possibly be
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correlated with the preference of basic polytypes in
micas.

Mica structures are based on the stacking of the
unit layers which comprise two tetrahedral layers
sandwiching an octahedral layer, and an interlayer.
Since hydrogen atoms lie nearly directly below or
above the interlayer cation in the hole oftetrahedral
layer, they should affect the structure of the unit
layer when a unit layer stacks upon another layer. It
is therefore suggested that the lack of hydrogen
atoms in mica crystals also effectively changes the
structure. The effect of the presence or absence of
hydrogen atoms on a crystal structure is also of
crystal chemical interest in general. Structural
changes caused by oxidation-reduction reactions
coupled with dehydrogenation-hydrogenation reac-
tions may occur but are not well understood.

Micas have many polytypes or polymorphs. Hen-
dricks and Jeferson (1939) studied the stacking
mode of layers in micas. Amelinckx and Dekeyser
(1953) attributed mica polytypism to a spiral Srowth
mechanism and gave some stacking modes, while
Smith and Yoder (1956) derived six basic regular
modes of stacking and gave a nomenclature of mica
polytypes, lM, ZMy ZMz, 2O, 3T and 6fl. The
stacking sequences of complex mica polytypes
were later determined by Ross, Takeda and Wones
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(1966). A complex mode of stacking sequence based
on probability was recently determined by Ohta,
Tak6uchi and Takeda (1978) in a valuevite mica.

These numerous detailed X-ray studies have
shown the high observation frequency of a limited
number of short-period polytypes in micas, such as
lM, 2M1 and 3?. This fact poses a question of
whether a structural control over the layer stacking
may exist during crystal growth. Such structural
control forces may be provided by the interaction of
interlayer cation and hydroxyl or fluorine ions, or
by the neutrality of the surface oxygen rings (Ta-
keda and Burnham, 1969; Takeda,Hagaand Sadan-
aga, I97l) or both. Gtiven (1971) discussed the
structural factors controlling stacking sequences in
dioctahedral micas.

In order to resolve this question, it is important to
examine the structural differences between the unit
layers of coexisting polytypes, since the chemical
compositions, temperature and pressure of crystal-
lization can be assumed to be similar for such
polytypes. Dissimilarities in the crystal structures
of coexisting IM and 2M1 biotites (hydrogenated)
were found by Takeda and Ross (1975), who dis-
cussed an origin of mica polytypism on the basis of
the unit-layer constraints coupled with spiral
growth mechanism. However, the structures of the
oxidized counterparts have been left unsolved bv
these authors.

In view of these developments on mica polytyp-
isms, in the present study we carefully refined the
cry stal structure s of coexistin g I M and. 2M 1 oxybio-
tites, which lack hydrogen atoms, and examined the
effects of the loss or addition of hydrogen atoms on
the unit-layer structures by comparing the struc-
tures of the oxybiotites with those of the hydroge-
nated oxybiotites determined by Takeda and Ross
(1975). Comparison of the unit-layer structure of the
lM polytype with that of the2Mlpolytype was also
made for both oxidized and hydrogenated mem-
bers, in order to elucidate the possible effect of
stacking sequences on the exact configuration of
the unit layer within the different polytypes, and the
role of the hydrogen on mica polytypism.

Experimental

Specimen description

The oxybiotite crystals used in this study occur in
a rhyodacite ash flow from Ruiz Peak area, Valles
Mountains, New Mexico. The oxidation caused the
biotite crystals to turn dark reddish brown. A

mineralogical description of the oxybiotite has been
previously reported by Takeda and Ross (1975),
who gave the chemical formula of the oxybiotite
based on wet chemical anlaysis as follows.

(IG. zz r Nao. r azB ao.ozz)

(Mg1.666Fefr $, 3Fel$55Mns.or0Ti0.342Ab. r63)

(A11, 15eSi2.3ar)or r.ozoFo. ros(OH)o.zrz

The chemical formula can be compared with that
of the hydrogenated oxybiotite, which was pro-
duced by adding hydrogen atoms into Ruiz Peak
oxybiotite (Takeda and Ross, 1975), as below.

(Ifu . zzzNao. r azB ao. ozz)

(Mg1.676Fefr . r rFeS jsrlvlns.s16Ti6.3aaAls. 1s6)

(A11. 1a3Si2.s5z)Or r. rzoFo. ros(OH)o.zr r

The main difference in the chemical composition
is that the original oxybiotite contains less hydrogen
and more ferric iron. The ratio of Mg/(Mg+Fe) is
about2l3.

Because of the difficulty in obtaining undeformed
fragments of layer silicates, single crystals suitable
for the X-ray difraction studies have been carefully
selected. A good single crystal of each of the lM
and 2Ml form was found from more than thirty
crystals examined. In addition to lM and 2M1
forms, more complex polytypes and twins were
found among the other crystals examined. The plate
of the lM oxybiotite used for X-ray intensity mea-
surement is 0.15 x 0.19 x 0.07 mm in size. and that
of 2Ml oxybiotite is 0.25 x 0.30 x 0.07 mm.

Crystal data

The crystals were mounted along c* and the
precession photographs of reciprocal lattice nets
hUl,0kl,lkl, hhland h3hl of the two specimens were
taken with Zr-filtered MoKa radiation. The photo-
graphs of the crystals used for the structure deter-
minations showed patterns of neither twinning nor
complex stacking arrangements. The presence cri-
teria and the symmetry of the difraction patterns
are compatible with possible space groups C2, Cm
or C2lm for the 1M oxybiotite, and Cc or Cllc for
theZMl oxybiotite. The space group adopted in the
final structure refinement for each mica is given in
Table 1.

The cell dimensions of lM and 2Ml oxybiotites
obtained by the present study are listed in Table 2,
together with those of hydrogenated oxybiotites
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oxybiotite
oxybiotite

Table 1. Selected crystal data* for oxybiotites lM and2My

px (gcm-3 ) sp.9r .  u  (cm-r1

MINEPAC system (Miyamoto et a1.,1974) and also
using program LINUs (Coppens and Hamilton,
1970). The atomic scattering factors used with
MTNEPAC were taken from cromer and Mann
(1968), and those used with LINUS from the Interna-
tional Tables for X-ray Crystallography VoL IV
(1974), the oxygen atoms being considered half-
ionized and all cations completely ionized. Anoma-
lous dispersion corrections were made by using the
coefficients taken from the above table. The
weights used in refinement are 1/o(F")2, where
o(F") is the standard deviation of lFol. The space
group C2lm was assumed and turned out to be
correct on the refinement.

The refinement of lM oxybiotite was initiated by
using the positional parameters and isotropic tem-
perature factors of hydrogenated lM biotite (Ta-
keda and Ross. 1975). The distribution of cations
was assumed to be disordered. The adjustment of
scale for Fo and F" gave the conventional R value
equal to l6.2Vo. After 3 cycles of refinement of
atomic coordinates, convergence was obtained (R
: 10.9%). Three more cycles of refinement of
atomic coordinates and isotropic temperature fac-
tors resulted in convergence to the R value of 9.2Vo.
During these cycles of refinement, the y coordinate
of the M2 site shifted by over twenty times the
standard deviation for the parameter from the initial
position, in contrast with the other parameters
which shifted by less than ten times the standard
deviations. In addition to this change, the isotropic
temperature factor for the Ml site (1.35) was signifi-
cantly different from that for the M2 site (0.76). The
fact implies that the Ml srte may be more Mg-rich
than the M2 site. Three cycles of refinement of the
anisotropic temperature factors together with the
atomic coordinates resulted in convergence to R :

5.4%. The refinement of the site occupancy factors
was then carried out.

Table 2. Cell parameters of oxybiotites and hydrogenated
oxybiotites from Ruiz Peak, New Mexico

2
4

IM
2Mt

3 . 0 7  4
3 . 0 7 5

C2/n  26 .86
c2/@ 26.87

Dx: calculated densi ty
22 the number of formula units per ceII
Ep.gr . :  sPace grouP
U: linear absorption coefficient

(Takeda and Ross, 1975). The cell parameters were
obtained by the least squares refinements of 15
independent reflections, measured with a 4-circle
single-crystal^diffractometer using MoKa radiation
(I : 0.71069A) with graphite-monochromator. The
calculated densities. the number Z of formula units
per cell, and the linear absorption coefficients are
tabulated in Table 1.

Intensity measurements and data reduction

The crystals selected for the intensity measure-
ments revealed no detectable mechanical distortion
in their X-ray diffraction photographs. Such distor-
tion. common in micas. has been known to intro-
duce inaccuracies in the structure refinements. In-
tensity measurements for the specimens used in the
present work were made with a Syntex P21 auto-
mated four-circle single-crystal diff^ ractometer, us-
ing MoKo radiation (\ : 0.710694) monochroma-
tized by a graphite monochromator. The o>20 scan
technique was employed to measure intensities in
the range of 20 less than 75" in the variable scan
mode. Three standard reflections were monitored
every 100 reflections during the measurements. The
intensities of reflections with the indicies hkl and hkl
were measured for lM and ZMr oxybiotites. Inte-
grated intensities were colrected for Lorentz and
polarization effects and were reduced to structure
factors lFol. The absorption correction then was
made by the ecace program (Wuensch and Prewitt,
1965) with the linear absorption coefficient listed in
Table 1 for each crystal.

Structure refinements

Orybiotite lM i
The reflections for which | > 2o(I) were consid-

ered to be observed, and ll25 nonequivalent reflec-
tions were utilized in the following refinement. The
structure refinement was carried out using the full-
matrix least-squares refinement program in the

* Error in parentheses.
** uni t-cel l  pardeters of the unit  layer of the 2Mr

biot i te in the lM sett inq.

sett 9 3b ( A

oxybioti.te
r M  l M  5 . 3 2 0 4  ( 6 )  9 . 2 r 0  ( I )

, _  2 M r  5 . 3 1 7 5  ( 7 )  9 , 2 L 2 ( 2 1- " 1  r M r *  5 . 3 1 8 3  9 . 2 1 1
hyalrogenated oxybiotite

l M  I M  5 . 3 3 r ( 2 )  9 . 2 3 r ( 4 1

" , .  
2 M ,  5 . 3 2 9 1 2 t  9 . 2 3 4 ( 3 )

" ' ' 1  l M * *  5 . 3 3 1  9 . 2 3 r

1 0 . 1 0 4  ( 1 )  r 0 0 .  r o 2  ( 8 )  4 8 ' 1 . 4 6 ( 9 1
1 9 . 9 7 6 ( 3 )  9 5 . 0 9 ( r )  9 7 4 . 7 ( 3 1
1 0 . r 0 5  1 0 0 . 0 9  4 8 7 . 4

1 0 . 1 7 3 ( 4 )  r 0 0 . 1 6 ( 3 )  4 9 2 . 4
2 0 . 0 9 8 ( 7 )  9 s . 0 9 ( 3 )  9 8 5 . 1
r 0 .  1 5 8  r 0 0 .  1 4  4 9 2 . 6
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Manganese and ferrous iron have atomic scatter-
ing factors similar to those of ferric iron, and are
minor elements in the oxybiotite. Thus, the contri-
butions of manganese and ferrous iron were conve-
niently assumed to be the same as that offerric iron.
The preliminary refinement of the site occupancies
were made for Mg and Fe and also for Ti and Al
between the Ml and M2 sites. Several cycles of
refinements showed that Mg and Al were enriched
in the Ml site (R: 4.4Vo, wR : 5.35Vo) in accord
with the tendency deduced from the isotropic tem-
perature factors mentioned in the previous para-
graph. The refinement up to this stage was carried
out using the urNepec program system, and then
the program LrNUs was used for the subsequent
refinement.

During the course of the site occupancy refine-
ment, the following physical and chemical con-
straints were applied as developed by Finger (1969):
(1) the total fractional occupancy of a site must
equal 1.0 and(2) the site chemistry must agree with
the bulk chemistry. The derivatives were modified
with the use of these constraints.

It may be possible for Fe3* and Ti to occupy
tetrahedral sites. There is one tetrahedral site, I,
and two octahedral sites, Ml and M2, in the lM
polytype in space group C2lm. Silicon occupies
only the T site. Hence, the occupancy factors to be
refined are those of Al, Fe and Ti for T site, and Mg,
Fe, Ti and Al for Ml and M2 sites. Since Ti and Fe
have similar scattering factors as do Mg and Al,
simultaneous refining of the site occupancies of
these cations was not successful. Such site occu-
pancy refinement gives rise to very high correlation
coefficients between the parameters refined. Thus,
the site occupancies were refined step by step as
described below.

As a first trial, the occupancy of Fe3* in the Z site
was estimated. In this refinement, Al was treated as
Mg, because of the similarity in their scattering
factors, and Ti was assumed not to occupy the T
site. During the refinements, the occupancy param-
eters of Mg in Ml, Fe in M2 and Z were allowed to
vary. The other occupancy parameters were ob-
tained by the chemical constraints mentioned
above. Two cycles of refinements reduced residual
R to 4.4Vo and revealed that a part of the ? site was
occupied by Fe3* and that the Ml site was not
occupied by Ti. The same result has been obtained
by refining the Ti occupancy in the T site. There-
fore, Ti was assumed to occupy the M2 site in the
subsequent refinements. The occupancy factors of

Mg in M2 and Fe in T were refined again, and the
values thus obtained were fixed in the following
run.

After the readjustment of the occupancy factors
of Mg and Fe in the octahedral sites, the amount of
Mg and Al were estimated, fixing all other parame-
ters determined previously. By varying the occu-
pancy factors of Mg in Ml, convergence was
achieved, although the estimated standard devi-
ation of the varied parameter was large and was
about 0.1 in fractional occupancy.

Isotropic extinction correction was made with
LINUS. Two cycles of refinement introduced no
significant improvement of the value of R. After
three cycles of refinement, during which the scale
factor, the atomic coordinates, the anisotropic tem-
perature factors, the isotropic extinction coefficient
and the occupancy factor for Mg and Fe in the Ml
and MZ sites were varied, no further change of
parameters took place. The final conventional un-
weighted residual and the weighted one were 4.4Vo
and 5 .IVo respectively. The observed and calculated
structure factors are listed in Table 3a.I

Orybiotite 2Mr

The structure refinement was carried out using
the program LINUS in a way similar to the refine-
ment of the oxybiotite lM structure. Of the intensi-
ties measured,1676 nonequivalent reflections with I
= 2o{I) were used in the refinement. Space group
C2lc was assumed in the following refinement and
turned out to be correct. The refinement in Cc was
also carried out but did not show any evidence for
preference of Cc to C2lc. The atomic coordinates
and isotropic temperature factors of theZMr hydro-
genated oxybiotite (Takeda and Ross, 1975) were
used as starting parameters for the 2Ml oxybiotite.
After seven cycles of isotropic refinement (R :
7.7Vo) anisotropic temperature factors were includ-
ed and convergence was achieved in an additional
three cycles (R: S.lVo).

The method of site occupancy refinements was
similar to that employed for the lM oxybiotite,
except for the following difference. All silicons
were distributed equally over the two nonequiva-
lent tetrahedral sites, T1 and 72. The scale factor.
the atomic coordinates, the anisotropic temperature

rTo receive a copy of Table 3a and 3b, order Document AM-
82-198 from the Business Office, Mineralogical Society of Ameri-
ca, 2000 Florida Avenue, N.W., Washington, D. C. 20009.
Please remit $1.00 in advance for the microfiche.
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factors, the occupancy parameters for Si and Al in
tetrahedral sites and those for Mg and Fe in octahe-
dral sites, and the isotropic extinction coefficient
were refined in the final five cycles. The final
unweighted conventional residual is 3.9% and the
weighted one 4.5Vo. The observed and calculated
structure factors are listed in Table 3b.

Results

The atomic coordinates and aniosotropic tem-
perature factors for the lM andZMr oxybiotites are
presented in Table 4a, 4b, and 4c. The observed
coordinates of the unit layer of the 2Ml polytype in
the lM setting are compared in Table 4a with the
observed 1M coordinates. The transformation of
the 2M1 coordinates to the lM setting was per-
formed by the same procedure as that for the 2M1
hydrogenated oxybiotite (Takeda and Ross, 1975).

The results of the site occupancy refinements are
listed in Table 5. The various bond lengths, selected
bond angles and associated standard deviations
(Table 6) were computed from the atomic positions
by the oRFFE program (Busing, Martin and Levy,
19@). The variance-covariance matrix of the final
refinement and the standard deviations of the unit-
cell parameters were used for these computations.
The magnitudes and orientations of thermal ellip-
soids (Table 7) are also calculated by onnnB. The
projections of the structures on (001) of the unit

Table 4a. Atomic coordinates of 
;;J_Oto,n". 

lM and 2Mr in the

Table 4b. Atomic coordinates of oxybiotite 2Mt in the ZMr
settrng

Atomi

MI
tr2
K
T I
T2
otI
02r
022
031
032
o4

0 . 7 5
0 . 2 3 2 r -  ( r )
0 . 0
0 . 4 6 2 4  ( 1 )
0 . 9 5 4 5  ( 1 N
0 .7  42 t  (4 )
0 . 2 4 1 6  ( 4 )
0 . 4 3 5 2  ( 4 )
0  . 4 3 0 9  ( 3 )
0 . 9 3 9 2  ( 3 )
0 . 9 3 3 3  ( 3 )

u

0  . 2 5
0 . 0 7 7 s 0  ( 7 )
0 . 0 8 3 2  ( 1 )
0 . 2 4 9 0 2 ( 9 )
0 . 4 1 6 3  ( r )
0 . 3 1 3 9  ( 2 )
0 . 3 s 1 2  ( 2 )
o  . 0 8 2 2  ( 2 1
0 . 2 4 ? ?  ( 3 )
0 . 4 1 7 2  ( 3 )
0 . 0 8 2 7  (  3 )

a

0 . 0
- o .  o 0 o 0 r  ( 3 )

0 . 2 5
0 . 1 3 8 s 0  ( 4 )
0 . 1 3 8 5 7 ( 4 )
0 . 1 6 6 4  ( 1 )
0  . 1 6 7 7  ( 1 )
0 .  1 6 7 s  (  1 )
0 . 0 s 4 7 3  ( 9 )
0 . 0 s 4 6 5  ( 9 )
0 . 0 4 9 9 4  ( 9 )

* Estimated standard deviations are given in
parentheses and are expressed in units of
last  d ig i t  s tated.

layers for the lM and 2M1 oxybiotites (Fig. I and
Fig. 2) are drawn with the oRTEp program (Johnson,
1965).

In order to elucidate the effect of the loss or
addition of hydrogen on mica structures, it is neces-
sary to compare various layer thicknesses in a unit
layer. Let us define the d values representing vari-
ous layer thicknesses (Fig. 3) as follows:

d(u) represents unit-layer thickness, d(u) : 4901,
for the lM polytype and d(u):d(001)12 for the 2M1
polytype;

Table 4c. Anisotropic temperature factors* Buxl0a and
equivalent isotropic 

"-ffi;ffi:"."ctors 
B of Ruiz Peak

Aton gl t ' 2 2 ' 2 3 B
equrv.

oxybiot i te lM

t4l
MI

M 2
tq2

K
K

T
T I
a 2

- r 3- 1 2
I M
2M:.

1M
2"r

IM
2"1

IM
2Mt
- . , 1

1M
2Mt

1M
2Mt
2Mf

IM
2M,
2Ml

IM
2Mt

o2
02 r
022

o3
03l-
032

o4
o4

0 . 0
- 0  . 0 0 0 0 5

0 , 0
0 .  0 0 0 1

0 . 0
0 . 0

0 . 0 7 3 0 ( r )
o  . 0 7 3 2
0 . 0 7 3 r

0 . 0 r 7 7 ( 6 )
0 . 0 1 6 7

0 . 3 2 1 7  ( 4 )
0 . 3 2 2 3
o  . 3 2 2 r

0 . r . 2 9 8 ( 3 )
0 .  1 2 8 7
0 . 1 2 8 8

0 . r 3 3 5 ( 5 )
0 . 1 3 2 4

0 . 0
- 0 . 0 0 0 0 5

0 .  3 4 s 3 8  ( 9 )
0 . 3 4 5 r 3

0 . 1 6 7 3 3 ( 8 )
0 .  1 6 7 3 3
0 .  1 6 7 3 4

0 . 0
0 . 0 0 0 3

o , 2 3 r s  ( 2 )
0 , 2 3 1 5
0 . 2 3 0 9

0 . 1 6 9 7 ( 2 )
0 .  1 5 9 8
0 .  r 5 9 r

0 . 4 9 9 8

0 . 5
0 .  5 0 0 0

0 . 5 0 0 0

0 . 0
0 . 0

0 . 2 2 2 8 3 ( 7 )
0 . 2 2 2 9 9
0 . 2 2 2 8 6

0 , 1 6 5 5 ( 3 )
0 . 1 6 7 r

0 . 1 5 4 s ( 2 )
0 . L 6 4 7
0 .  1 6 5 1

0 . 3 9 0 5  ( 2 )
0 . 3 9 0 5
0 . 3 9 0 7

0 . 4 0 0 6 ( 3 )
0 .  4 0 0 r

s r  ( i )  1 5  ( 1 )
7 7 ( 2 \  1 8 . 6 ( 6 )

r 6 4  ( 3 )  s 6  ( 1 )
4 6  (  3 )  1 5  ( 1 )
4 9  ( 3 )  1 7  ( 1 )

r 0 2  ( 7 )  4 7  ( 2 1
1 0 3  (  7 )  4 5  ( 2 1
1 5 3 ( 7 )  2 8 ( 2 1

s 4  ( s )  1 7  ( 2 )
s 3  ( s )  1 8  ( 2 )
7 1  ( s )  2 3  ( 2 1

oxybiot i te

7 . r ( 3 )  0
6 . 8 ( 1 )  1 6

1 7 . 8 ( 3 )  0
6 . s ( 3 )  3 ( r )
6 , 3 ( 2 1  3  ( r )
8 . 9 ( s )  - 1 5 ( 3 )
8 . 8  ( s  )  2 4  ( 3 1
8 . 5 ( 4 )  - r ( 4 )
6 . 4 ( 4 )  r I ( 3 )
6 . 0  ( 4 )  1 4  ( 3 )
5 . 5 ( 4 )  2 0 ( 3 1

r ' { r  4 0 ( 4 )  1 2 ( 1 )  3 3 ( r )
N r 2  3 3 ( 2 )  2 8 . 6 ( 9 )  3 0 . 8 ( 7 )
K  1 6 7  ( 5 )  s 3  ( 2 )  7 5 1 2 1
T  4 s ( 2 )  l s . 8 ( 5 )  3 r . 3 ( 6 )
o l  1 4 6  ( r 0 )  2 5  ( 3 )  4 r  ( 3 )
0 2  9 8  ( 6 )  4 4 ( 2 )  4 0 1 2 )
0 3  4 9 ( 5 )  1 5 ( 2 )  3 r ( r )
0 4  5 7  ( 7 1  2 2 ( 2 1  3 0  ( 2 )

o  r 2 l 2 \  0
0  7 . 3 ( 9 )  0
o  2 3 ( 2 1  O
0 . 4 ( 9 )  8 . 7 ( 8 )  0 . 1 ( 6 )
0  6 ( 4 )  0

- r 9  ( 3 )  1 7  ( 3 )  - 5 1 2 1
L ( 2 ,  1 r  ( 2 )  - 1 ( r )
0  r 0 ( 3 )  0

0 .  7 I
0 . 8 5

0 . 7 5

1 .  3 7
0 .  7 5
0 .  8 4o l

o I1

M I
M 2
K
T I
t 2
O I I
Q2L
022
0 3 I
o32
o4

2tr

1 . 4 ( 6 )  0  0 . 7 4
0 . 0 ( 4 )  0 . 9 ( 3 )  0 . 8 6
4 . 3 ( 8 )  o  2 . r 9
0 . 7 ( 4 )  o . o ( 4 )  0 . 6 9
0 . 3 ( 4 )  0 . 4 ( 4 )  0 . 7 1
L ( 2 \  r . s ( 9 )  1 . 3 9

- L ( 2 \  - 3 . 2 1 9 ' )  r . 3 7
8  ( 1 )  0  ( r ) r  1 , 3 6
r  ( r )  - 1  ( r )  0 . 7 3
0 ( r )  - r ( 1 )  0 . 7 2
0 ( r )  - 3 ( 1 )  0 . 8 9

* Both forng are l isted in the 1M sett ing to faci l i tate
comparison. The atomic cooldinates for the 2Mr polytype
in the 2Mr sett ing are given in Table 4b,

** sLanalard Aeviat ions for the IM fom are given in
parentheses: those of Lhe 2l ' t ,  fom are l isted in Table 4b.

*  B i i  i s  i n  t h e  e x p r e s s i o n-' 
exp [ - { Br rn2, B zzk2 + B r rL2,2B I 2hk+2 Br3rh+2 6 2 3kr) ]
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MI
IM T12

T

Table 5. Site occupancy factors for coexisting oxybiotites lM
and,2M1

Site Mg f e i

0 . 5 2 4 ( 5 )  0 . I 9 0  0 . 0  0 . 1 8 6
0 . 5 0 7  0 .  2 8 9  0 . 1 5 8  0 . 0 3 5

0 . 0 2 4  0 . 0  0 . 2 6 6  0 . 7 1

0 . 6 L 2
0 . 5 1 3

0 . 0 0 8
0 . 0 2 8

loss of hydrogen reduces the c edges of the micas,
we compared the thicknesses of each layer compo-
nent to see which one is most responsible for the
shortening of the c edges. The d values of the lM
and2Ml polytypes are in good agreement with each
other within the same species (Table 8). There is a
significant difference with respect to d values be-
tween oxybiotite and hydrogenated oxybiotite as
can be seen in Table 8, where the difference in d
values are designated as Ad and each mean Ad is
obtained by averaging over lM and 2M1 polytypes.

The unit-layer thickness d(u) of the oxybiotite is
significantly shorter than that of the hydrogenated
oxybiotite, mean Ad(u) being 0.063A. Among the
three mean values of Ad(i), Ad(t) and Ad(oa), which
contribute to the mean Ad(u), the mean Ad(i) is the
largest. The difference in c edges between oxybio-
tite and hydrogenated oxybiotite is about 0.07A in

Table 6a. Interatomic distances (A; and angles (") for tetrahedral
sites of Ruiz Peak oxvbiotites

lM polytype 2M, polvtvpe

r - o r  r . 6 5 r ( r )  r r - o 1 l  1 . 6 s 3 ( 2 )  r 2 - o 1 1  1 . 6 4 8 ( 2 )
- o 2  I . 6 5 0 ( 2 )  - O z L  l . 6 s r ( 2 )  - o 2 L  I . 6 4 9 ( 2 \
- o 2 ,  r . 6 s I ( 2 )  - O 2 2  1 . 6 s 3 ( 2 )  - o 2 2  L . 6 4 6 ( 2 ' t
- o3  1 .668 (2 )  - o31  L .667 (21  -o32  L .670 I2 l

Mean  1 .655 ( I )  Mean  I . 655 (1 )  l , l ea  1 .653 ( I )
(Mea  1 .655 )

M1
pr2

2Mr- T l

T2

0 . 2 0 0  0 . 0  0 .  r 8 8
0 . 2 9 6  0 . 1 5 8  0 . 0 2 3

0 . 2 8 0  0 . 7 r 2 ( 8 9 )
0 . 2 6 4  0 . 7 0 8

* Fe=Fe3++Fe2++!,tn

d(t): tetrahedral layer thickness calculated from
the z coordinates of basal and apical oxygens of
tetrahedra;

d(i): interlayer thickness calculated from the z
coordinates of basal oxygens of tetrahedra;

d(oa): octahedral layer thickness calculated from
the e coordinates of only the tetrahedral apical
oxygens; the d(oa) differs from commonly used
octahedral layer thicknesses, d(oc), which are cal-
culated from the z coordinates of all oxygens bond-
ed to the octahedral cations:

d(h): octahedral layer thickness calculated from
the z coordinates only of oxygens bonded to hydro-
gens;

d(kh) K-04 (oxygen bonded to hydrogen) distance
along the vector normal to the (001) plane.

It is easy to find the following relations among the
d values from the above definitions.

d(u) : 41iS * 2d(t) + d(oa) : d(h) + zd(kh)

The calculated d values for the lM and, 2M1
oxybiotites using the atomic coordinates in Table 4a
and 4b, and the cell dimensions in Table 2 are
shown in Table 8 together with those for the \M and
2M1 hydrogenated oxybiotites using the atomic
coordinates given by Takeda and Ross (1975). The
value of the difference of d between the oxybiotite
and hydrogenated oxybiotite is designated as Ad,
and each mean Ad is obtained by averaging the
values of Ad for the lM andZMl polytypes.

Comparison of the structures of oxybiotite and
hydrogenated oxybiotite

Role of hydrogen in the biotite structures

The oxybiotite specimens are nearly lacking in
hydrogen while the hydrogenated ones contain
about 35 percent of the hydroxyl ion. Because the

aroud T aroud TI aroud T2
o l - o 2  1 0 8 . 4 9 ( 1 3 )  o 1 1 - o 2 1  1 0 8 . ? 5 ( 1 2 )  o u - o 2 l  r 0 8 . 5 7 ( 1 2 )
o r -o2 ,  108 .66 (13 )  01 l -O22  108 .77 ( l l )  OLL -Ozz  108 .69 (1 t )
o 2 - o 2 '  r 0 8 . 6 8 ( 8 )  O 2 I - O 2 2  1 0 8 . 6 s ( 1 2 )  O 2 L - O 2 2  1 0 8 . 8 8 ( 1 1 )
o 3 - o r  1 I 0 . 5 6 ( 1 2 )  O 3 I - o 1 1  r 1 0 . 4 1 ( 1 1 )  O 3 2 - O I 1  1 1 0 . 2 1 ( 1 1 )

- o 2  1 1 0 . 1 5 ( 1 0 )  - O 2 l  r 1 0 . 3 2 ( 1 1 )  - O 2 1  1 I 0 . 2 1 ( 1 1 )
-o2 '  I 10 .26 ( I 0 )  - o22  r09 .88 (12 )  -O22  LLO.24 (L2 )

Mean 109.47 Mean 109.46 Mean LO9.47

T t o T .  T I t o T 2
a r o m d  0 1  L 3 7 . 9 - 1 ( 2 O \  x 4  a r o u n d  o l l  1 3 8 . 0 7 ( I 5 )

0 2  1 3 6 . 4 5 ( 1 4 )  x 8  o 2 I  1 3 6 . 4 3 ( 1 5 )
o 2 2  1 3 6 . 5 2 ( 1 3 )

M e a n  1 3 6 . 9 6  U e a n  1 3 7 . 0 4

0 2 f - O I f - O 2 "  1 0 5 . 5 2 ( r 3 )  x 2  o 2 L - O I L - o 2 2 '  1 0 5 . 1 6 ( 1 0 )
o I " - O 2 - O 2 '  1 0 5 . 5 0 ( 1 3 )  x 4  o L L - o 2 L ' - o 2 2 '  r 0 5 . 1 8 ( I 0 )

o t l -o22, -o2L r05 .  13  (9 )
M e a n  1 0 5 . 5 f  M e a n  I 0 5 .  1 6

2 . 6 8 6 ( 3 )  o r r - o 2 r  2 . 6 7 6 ( 3 1
2 . 6 8 8 ( 3 )  O L L - O 2 2  2 . 6 ? 6 ( 3 )
2 . 5 8 4 ( 3 )  o 2 l - o 2 2  2 . 6 8 0 ( 3 )
2 . 6 8 6  M e a n  2 . 6 7 7

( M e a n  2 . 6 8 2 )

2 . 7 2 7  ( 3 ' , ,  0 3 2 - 0 1 1  2 . 7 2 L ( 3 )
2 . 7 2 3 ( 3 1  - o 2 L  2 . 7 2 2 ( 3 ' , ,
2 . 7 r 8 ( 3 )  - O 2 2  2 . 7 2 0 ( 3 1
2 . 7 2 3  M e a n  2 . 7 2 L

(Mean 2 .722)

1 3 4 . 3 9 ( 1 4 )  x 2  0 2 l r - o l l r - o 2 2 r  1 3 4 . 8 I ( 1 1 )
1 3 4 . 5 4 ( 1 3 )  x 4  o I L - o 2 L - o 2 2 t  I 3 4 . 7 9 ( 1 1 )

o l I - O 2 2 ' - O 2 1 ,  1 3 4 . 9 2 ( r 0 )
1 3 4 . 4 9  M e a n  1 3 4 . 8 4

or-o2 2.678 13) O11-o2r
ol-o2'  2.683(2 ' t  OLI-O22
o2 -o2 ,  2 .682 (L l  O2 I -o22
M e a n  2 . 6 8 L  M e i l

o3 -o r  2 .72e (3 )  03 I -o11
- o 2  2 . 7 2 O ( 3 \  - Q 2 L
-o2 '  2 . 723  (3 ' t  - o22

I i lean 2.724 Mean

o2_o1 r  ' _o2 r  '
02-o2'-o i l

Mean

x 4
x4
x 4

x2
x2
x2

x2
x2
x2

( te t rahedra l  ro ta t ion  ang les) *
d  7 . 2 5  d  ' 1  

. 4 2
( M e a n  7 . 3 4 )

*e  =  |  I20o-mean (ob-ob-oo)  ang le l  xo .5
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Table 6b. Interatomic distances (A) and angles (") for octahedral
sites of Ruiz Peak oxvbiotites

IM polytype polytype

tween the interlayer cation and a proton, it is
reasonable to postulate that the interlayer cation
may move towards the center of the oxygen ring,
resulting in a shortening of the interlayer thickness
of the oxybiotite structure (Fig. a).

Because the b edge of the mica layer has been
known tp affect the interlayer configuration, we
first compare the cell dimensions of oxybiotite with
those of hydrogenated oxybiotite. The a and b cell
edges of the two species in Table 2 reveal that the
difierences are about 0.014 and 0.02A respectively,
both of which are within five times the standard
deviations. The octahedral cation Fe2* is replaced
by Fe3* with a small ionic radius in oxybiotite. The
mean lengths of the octahedral shared O-O edges
averaged over lM and2Mlpolytypes of oxybiotite,
2.768 (Ml site) and 2.754L (M2 site), are shorter
than those of hydrogenated oxybiotite, 2.789 (Ml
site) and 2.7754 (M2 site). However the mean
lengths of the unshared edges for the-two crystals
are not as different, 3.097 and 3.103A for the Ml
site, and 3.059 and 3.067A for the M2 site, respec-
tively. For this reason the cell parameters of the a
and b axes are not shortened very much in oxy-
biotite.

Table 6c. Interatomic distances (A) for interlayer sites of Ruiz
Peak oxybiotites

IM polytype 2Ml polytype

(  inner )

M1-O3

_o4
Mean

o3-o3
o3-o4

Mean

o3-o3
o3-04

M2-03

_ o 3 ,

Mean

03-03

03-03 |
04-03

o.4-c4
Mean

c3-03

04-c3

o4-c3 '

Mean

Y

2  . 0 9 9  ( 2 1  x 2
2 . O 9 3  1 2 \  x 2
2 , 0 3 7  1 2 ) x 2
2 . 0 7 6

2  . 7  9 7  ( 3 1  x 2
2 . 7 5 8  ( 3 ) x 2
2 . 7  4 9  l 3 ' t  x 2

3 .  1 2 2  (  3 )  x 2
3 . 0 8 3  ( 3 )  x 2
3 . 0 8 3 ( 3 ) x 2
3 . 0 9 6

2 .  L 3 7  ( 2 1
2.  L42 t2 l
2 . 0 9 r  ( 2 )
2 . O 9 r  ( 2 )
r . 9 5 0  (  2 )
r . 9 4 7 ( 3 )
2 . O 5 0

2 . 1 0 0 ( 2 ) x 4

2 . 0 3 I  (  3 )  x 2
2 . Q 7 7

2 . 8 0 6 ( 3 ) x 2
2 . 7 4 8  ( 3 1  x 4

2 . 7 6 ' t

3  .  L25 (4 )  x2
3 . 0 8 5  (  3 )  x 4

3 . 0 9 8

2 .  L 4 2  ( 2 1  x 2

2.O88 l2 l  x2

I . 9 4 7  ( 2 \ x 2

2 . O 5 9

2 . 7  8 0  ( 4 1  x 2

2 . 8 0 6 ( 3 ) x l
2 . 7  4 8  ( 3 1  x 2

2 . 6 5 6 ( 5 ) x t
2 . ' 1 5 3

3  .  O 4 4  ( 2 1  x 2

3  . 0 4 4  ( 2 1  x 2

3 . 0 8 9  (  3 )  x 2

3 . 0 5 9

(octahedral
5 6 . 9 8

Ml octahedron
M l - O 3 I

_o4
Mean

(shared edges)
o 3 l _ o 3 2  |

o 3 1 - O 4 '
o 3 2 - O 4  t

Mean

(wshared edges)
03 1-03 2
03I-04
032-O4
Mean

M2 octahedron
142-O3I

, - 0 3 2 '
c o 3 I ,
- u 3 z
_o4
-c4 '

Mea

(shared edges)
c 3 1 - 0 3 l  '  2  . 7  8 2  ( 4 )
c32-o32 '  2 .751 (4 ' , )
0 3 1 - 0 3 2  '  2 . 7 9 7  ( 3 '
0 4 ' - o 3 1  2 . 7 5 8 ( 3 )
0 4 , - o 3 2  2 . 7 4 9  ( 3 \
o 4 - o 4  '  2 . 6 5 ' t  ( 4 )
[ tean 2 .7  55

(uahared edges)
03r -o32
o 3 1 ' - o 3 2  |
04-03 l
0 4 t  - 0 3 2 1
04-032
0 4 ' - 0 3 1 '
llean

flattening agles) *
Y

3 . 0 4 5 ( 2 )
3 . 0 4 5  ( 2 )
3 . 0 4 s  ( 3 )
3 . 0 4 7  ( 3 )
3 . 0 8 6  ( 2 )
3 . 0 8 8  (  3 )

5 5 . 9 6
( M e i l  5 5 . 9 7 )

*s in2 ,y  =  n / l l ( t * ro2) l , ro  =  (shared o-o) , / (unshared o-o)

the lM setting and over thirteen times the standard 
Mean

deviation. This difference is comparable with that of K -or
the unit-layer thickness d(a), i.e., Ad(u). It should 

-o2

be noted that more than two thirds of Ad(u) is Mean

attributed to Ad(i). Thus, the loss or addition of or_o2
hydrogen atoms mainly affects the interlayer thick- o2_o2,
ness.

This structural change can best be interpreted if
the orientation of the O-H bond is known. Although
no direct information on the position of the hydro-
gen atom in the hydrogenated oxybiotite structure
has been given from the X-ray data (Takeda and
Ross, 1975), it can be predicted from the study of
phlogopite structure (Rayner, 1974) by neutron dif-
fraction. The O-H vector of the hydroxyl group is
considered to be nearly perpendicular to the plane
of the silicate sheets, that is to say the proton is
projecting from the octahedral layer towards the
positively charged potassium. Since the removal of
hydrogen reduces the repulsive force acting be-

K  - O I  2 . 9 6 6 1 3 \ x 2
-o2  2 .960(2rx4

2 . 9 6 3  ( 2 1  x 2
2  , 9 6 0  ( 2 ' t  x 2
2  .958 (2 ' )  x2
2 . 9 6 0

3 .  3 1 4  (  3 )  x 2
3 . 2 9 0 ( 3 ) x 2
3 . 2 9 6 ( 2 )  x 2
3 .  3 0 0

4 . 1 2 9 ( 5 ) x t
4 . r 2 4  ( 3 \  x 2
4 . 1 0 0 ( 3 ) x 2
4 . 0 9 5 ( 4 ) x l
4 . I 1 2

4 . 2 6 2  ( 3 1  x 2
4  , 2 5 ' l  ( 3 1  x 2
4 . 2 5 8 ( 3 1  x 2
4 , 2 5 9

3 . 3 2 5 ( 3 ) x 4
3 . 3 0 9  ( 4 )  x 2
3 .  3 2 0

3 . 9 8 1 ( 2 )

3  . 7 9 5  ( 2 1  x 2
3 . 7 9 4 ( 1 ) x 2
3 . 7 8 3 ( 1 ) x 2
3.782 (L ' ,  x2
3 . - l g 7  l L l x 2
3 . 7 4 G  ( 2 ] x 2
3 . 7 8 8

2 , 9 6 2

(outer)
3 . 3 0 6  ( 3 ) x 2
3.288 l2 l  x4

3 . 2 9 4

(  Ia te ra l )
4 . I 0 9 ( 3 ) x 4

4 . 1 0 ? ( 4 ) x 2

4 . 1 0 8

(basaI )
4  . 2 7  0  ( 3 )  x 4

4  . 2 6 4  ( 4 1  x 2
4 . 2 6 8

3 . '182  l r ' ,  x4
3 . 7 8 5  ( t )  x 4
3 . 7 9 5 ( 1 ) x 4

K  - O 1 l

Mean

K -Ort
-02t

Mean

ort-or1'
oLL-O22

02r-o2L,
llean

011- 02 I
olI-02 2
02L-022
!{ean

K -Tf
-r2
-T1  ,
-r2r
- T 1 r '
- T 2 i  I

Mean

Mean

01-02

02-02 l
Meil

oI-01
o2-o2
l,iean

K -O4

K - T

- T , ,

Mean

(shortest interlayer Iengths)
3 . 3 3 9 ( 6 ) x 2  O r r - 0 2 1
3.296(4)x4  022-822
3.  310 Mean

tdilEtances to 04)
3 . 9 8 s  (  3 ) K -o4

( d i s t a n c e s  t o  T  s i t e s )
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Table 7a. Magnitudes and orientation of thermal ellipsoids of Table 7b. Magnitudes and orientation of thermal ellipsoids of
oxybiotite lM oxvbiotite 2M,
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ms (A)
Af.on i\xis Displacement

Anqle  (o )  w i th  respec t  to :
a- b' asin8

rtTls (A) Angte (o) with respect to:

t r
r 2
r 3

r I

r -

rr
t2
r -

rr
r2
r3

9 0
r 8 0

t1
r2
x a

r t
t2
r3

tr
t 2

r l
x2

0 . 0 7 I ( 4 )  2 ( 2 1
0 . 0 7 3 ( 4 )  9 0
o .  r 2 9  ( 3 )  8 B  ( 2 )

0 . 0 6 6  ( 2 )  4  ( 1 )
0 . 1 r r  ( 2 )  9 0
o . r 2 5  ( 2 1  9 4  ( 1 )

0 . r 5 0 ( 4 )  9 0
0 .  I s 2  ( 4 )  1 7 8  ( 2 )
0 . 1 9 4 ( 2 )  9 2 ( 2 ' ,

0 . 0 7 8  ( 2 )  9  ( 1 6 )
0 . 0 8 3 ( 2 )  9 8 ( r 7 )
0 . 1 2 5 ( r )  9 3 ( 1 )

0 .  1 0 6  ( 5 )  9 0
0 . I 3 7 ( 5 )  r 3 4  ( t s )
0 . I s 2 ( 5 )  1 3 6 ( r 5 )

0 . I 0 4  ( 4 )  2 8 ( 4 )
0 .  r 3 5  ( 4 )  7 l  ( 6 )
0 . 1 5 2 ( 3 )  1 1 0 ( 4 )

0 . 0 7 8 ( 4 )  1 2 6 ( 4 1 )
0 . 0 8 2  ( 4 )  r 4 4  ( 4 1 )
0 . r 2 s ( 3 )  9 0 ( 3 )

0 . 0 8 8 ( 6 )  1 ( 7 )
0 . 0 9 7  ( 5 )  9 0
0 . I 2 2 ( 5 1  8 9  ( 7 )

0  9 0
9 0  9 4  ( 3 )
9 0  4  ( 3 )

3s (  1)  9e (2 ' , )
L2L (4 ' )  r3r  (  12 )
1 0 6  ( 5 )  4 3  ( r 1 )

9 0  s 5  ( 2 1
180  90

9 0  4  ( 2 1

r l

r 3

- l
, 2

I

ir
- 3

9 0
1 8 0

9 0

90
r B 0

9 0

9 0
9 0

r l

; 2
I

f . l

;3

; 2

9 8  ( 1 7 )
L ' | 2  ( L7  \
9 0 ( 2 )

0
9 0
9 0

6 2  ( 4 1
r 2 4  ( 8 )
4 ' t  ( '1 \

3 7  ( 4 r )
r 2 6  ( 4 r )
9 4  ( 4 \

92 (2 ' )
9 0

2  ( 2 )

8 6  ( r )
9 0
4  ( t )

9 0
9 2  ( 2 )

2  ( 2 \

8 7  ( r )
9 0  ( 2 )

3 ( 1 )

9 0
136  ( r s )
4 6  ( 1 s )

8 9  ( s )
1 3 9  ( 9 )
1 3 1  ( 9 )

8 7  ( 4 )
9 2  ( 4 \
4  ( 4 )

9L ( '7 |
9 0
1 ( 7 )

0 . 0 8 0 ( 3 )
0 . 0 8 5  ( 3 )
0  . r 2o  (2 )

0 . o 7 2 ( 2 ' , ,
0 . r r s  ( r )
0 . r 2 0 ( l )

0 .  1 s 3  (  2 )
0 . 1 s 6 ( 2 )
0 . 1 8 9  (  2 )

0 . 0 7 5  ( 3 )
0 . 0 8 6 ( 3 )
0 .  r r s  (2 )

0 , 0 8 0  ( 3 )
0 . 0 8 8 ( 3 )
0 . 1 1 3 ( 2 )

0 . 1 r 2 ( 4 )
0 . r 3 r ( 4 )
0 . 1 s 2 ( 4 )

0 . r 0 3 ( 4 )
o.L27 (A' , t
0 . r 5 9 ( 4 )

0 . r 0 9 ( 4 )
0 . 1 2 7 ( 3 )
0 . r s 4 ( 3 )

0 . 0 6 7 ( 5 )
0 . r 0 r ( 5 )
0 , 1 r 5  ( 4 )

0 . 0 6 4  ( 7 )
0 . r 0 0  ( 6 )
0 . 1 r 5  (  s )

0 . 0 6 9  ( 6 )
0 . r 0 9 ( 4 )
0 . 1 3 0 ( s )

90
r 7 5  ( 3 )
e 4  ( 3 )

r24  ( r )
1 2 4  ( 9 )
r 2 8  ( 8 )

4  ( 2 \
9 0
e 4  ( 2 1

r 3 4  ( 8 )
r 3 s  ( 7 )
e 7  ( 2 1

1 3 9  ( 8 )
r 3 0  ( 8 )

9 9  ( 2 )

z t  l J t
9 4  ( 1 0 )

I r 7  ( 4 )

1 4 5 ( 4 )
r 0 4  ( 8 )
L 2 2  ( 3 )

8 9  ( 5 )
6 8  ( s )
2 2  ( 6 )

r J z t o ,
r 3 5  ( 7 )
r 0 r  ( r I )

r 3 s  ( 4 )
r 2 s  ( 8 )
1 1 6  ( 8 )

1 3 3  ( 4 )
r 1 8  ( 9 )
L24  (6 )

4 4  ( 8 )
r 3 4  ( 7 )
9 r ( 3 )

9 4  ( 2 )
9 6  ( 3 )

7  ( 2 1

ol l

The mean inner K-O and mean lateral O-O
distances 2.961 and 4.1104. for oxybiotites aver-
aged over lM and 2M1 polytypes are shorter than
those for hydrogenated oxybiotites, 2.972 and
4.1461.. If the change of interlayer configuration
affects the tetrahedral layer configuration, the effect
should be seen in differences in the tetrahedral
rotation angles a and of the interlayer basal O-O
distances. However these differences are not pres-
ent because the loss of hydrogen atoms in the
oxybiotite structure causes the interlayer cation to
come closer to the tetrahedral layer resulting in
decrease of the interlayer thickness (interlayer sep-
aration) without affecting the tetrahedral layer
configuration. The mean cr angle7.34'and the mean
interlayer basal oxygen distance 4.264lfor oxybio-
tites are in good agreement with those for hydro-
genated oxybiotites, 7 .62" and 4.261 A, respectively.

The approach of an interlayer cation to the tetra-
hedral basal oxygen ring would be expected to
shorten the K-O4 distance or d(kh), but it does not
because the 04 oxygen itself has moved. In spite of
the fact that the values of d(kh) for oxybiotites are
comparable with those for hydrogenated oxybio-
tites, the values of d(h) are remarkably different
from each other. The absence ofthe O4-H bonding
in oxybiotite gives 04 a residual negative charge
which strengthens the bonding of 04 to octahedral

OzL rr

O22 rr

J

o3l  11

- 3

O32 11
- 2

J

04 - l

s 0  ( 8 )  9 9 ( 3 )
1 4 0 ( 8 )  9 4 ( 4 ' ,

8 8  ( 4 )  1 0  ( 2 )

6 4  ( 6  )  8 4  ( 1 0 )
7 0  ( 9 )  r 5 9  ( 8 )
3 4  ( 5 )  7 0  ( 8 )

s 5  ( 4 )  9 0  ( 8 )
r 1 0  ( 7 )  l s s  ( 5 )
r 3 8  ( 4 )  6 5  ( s )

4  ( 1 r )  86  (11 )
87  (Lz l  158  (5 )
92 (41  58  (6 )

4 2 ( 6 1  8 8  ( 7 )
r 3 0  ( 9 )  1 0 7  ( 1 7 )
1 0 3  ( 1 4 )  1 7  ( 1 7 )

4 s  ( s )  e 0  ( 7 )
1 2 4  ( 1 0 )  1 2 7  ( r 3 )
I 1 5  ( 1 0 )  3 7  ( 1 3 )

4 4  ( 3 )  8 3  ( 7 )
1 0 8  ( 6 )  1 4 6  ( r o )
L28 (41  57  (9 )

cations, resulting in shortening of d(h) (Fig. 4). The
presence offerric iron in an octahedral cation site in
oxybiotite, in contrast with that of ferrous iron in
hydrogenated oxybiotite, may shorten d(h) and
d(oa) due to the smaller ionic radius. The differ-
ences in d(oa) between the two species are much
smaller than that of d(h). Hence the difference of
d(h) is in large part attributed to the loss or addition
of hydrogen atoms. The replacement of ferrous iron
by ferric iron has a secondary role.

Octahedral cation ordering in oxybiotites

Partial cation ordering in octahedral sites Ml and
M2 is found inthe lM oxybiotite as well as in those
of the 2M1 vaiey. Mg is enriched in Ml, Fe3+
preferentially occupies M2, andTi is present only in
M2 (Table 5). The occupancy factor for A1 indi-
cates the enrichment of Al in Ml,butthis indication
is not conclusive because the standard deviation in
the occupancy refinement is, 0.1, relatively large.
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Fig. 1. Projection of the unitlayer structure on (001) for lM
oxybiotite. Ellipsoids enclose 85% probability distribution.

Since this example is the first cation ordering of Mg
and Fe found in a common natural trioctahedral
mica, there are no data on the ordering of Mg, Fe3+
and Ti in micas to compare with the present data.
Considering the mode of the ordering of Al and Li
found in fluor-polylithionite (Takeda and Burnham,
1969) and in lepidolite (Takeda, Haga and Sadan-
aga, l97l), it is suggested that hiehly charged cat-
ions may have a preference for M2.In xanthophyl-
lite (Tak6uchi and Sananaga, 1966), however, the
octahedra abolt Ml are slightly smaller than those
abott M2; the Al atoms appear to be incorporated
with Mg in Ml, while Mg atoms are distributed over
the M2 positions.

Hazen and Burnham (1973) found no preference
of Fe (mainly consisting of Fe2+) for Ml or M2 in
annite. Ferrous iron in the hydrogenated oxybiotite
(Takeda and Ross, 1975) distributes randomly over
the MI and M2 sites. Preference of Fe for Ml or M2
may depend on whether Fe is in the ferrous or ferric
state. Another possible explanation is that the de-
gree of Fe ordering may depend on the temperature
of crystallization since the hydrogenated biotite was
treated at high temperature for the hydrogenation
process.

In any event, it is evident that the Mg, Fe and Ti
cations order in the octahedral sites in the oxybio-
tite, and thus it will be interesting to examine the
cation ordering in biotites which contain Mg, Fe or
Ti in various ratios.

Compared to those of the Ml site, the thermal
ellipsoids of the M2 cations both of oxybiotites lM

and 2M1 (Table 7, and Fig. I and 2) are more
elongated parallel to the b directions in the lM
setting. This elongation of the ellipsoid may be
ascribed to the positional disorder caused by a little
more concentration of Fe3* and Ti in the M2 site
than in the MI site. Since these cations have smaller
ionic radius than Mg, the mean Mz-O bond length is
smaller than the mean MI-O, and the M2 octahe-
dral cation approaches the 04 oxygen (Fig. 4). On
the other hand, the cations of Fe3+ and Ti have
higher charges than Mg, and tend to repel each
other. This tendency can give rise to the positional
disorder along the line connecting the two nearest
M2 sites. This direction of elongation is in agree-
ment with that of the thermal ellipsoids.

Polytypism of oxybiotites lM and,7.lll1

Unit-layer structures

The similarity of the cell dimensions and bond
lengths of the IM and.2M1 crystals indicates that
the two crystals may have similar chemical compo-
sitions. The cell dimensions of the lM polytype
agree, within three standard deviations, with those
of the2Ml polytype inthe lM setting (Table 2). The
mean tetrahedral, octahedral, and inner and outer
potassium-oxygen bond lengths of the two struc-
tures are essentially identical. The comparative
values for averaged bond lengths (Table 6) for the
lM and 2Ml polytypes, respectively, are: tetrahe-
dra l  (1 .655,  1 .6554) ,  oc tahedra l -Ml  (2 .077 ,
2.07 6A), octahedral-M2 (2.059, 2. 0604), inner K-O
(2.962,2.960A), and outer K4 (3.294,3.3004).

The site occupancy factors of the two structures
(Table 5) are essentially identical to each other. The
tetrahedral rotation angles (Table 6a), octahedral

Fig. 2. Projection of the unitJayer structure on (001) for 2M1
oxybiotite. Ellipsoids enclose 85Vo probabilitv distribution. The z
coordinate of M2 is 0.0.
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c sinB

Lo
Fig. 3. Definition of d representing various layer thicknesses

in mica structure.

flattening angles (Table 6b), and the tiltings of the
tetrahedra of the two structures (Table 8) are also
identical within the accuracy of the refinements, the
tilting of the tetrahedra being not pronounced in
either of the polytypes.

A closer examination of Table 6 reveals that the
comparative values of each interatomic distance or

angle for the both types are in good agreement with
each other. A comparison of the atomic coordinates
of the lM structure with those of the 2M1 structtne
converted to the lM setting (Table 4a) emphasizes
that the unit-layer structures are remarkably identi-
cal for both types, the maximum departure of the
atomic coordinates between the two types being
four standard deviations.

It is concluded that the structures of oxybiotites
lM and2Ml are ideally polytypic within the accura-
cy of structure refinements at the present time. The
crystals of these two polytypes with similar chemi-
cal composition coexist in the same specimen and
hence presumably there was no diference in tem-
perature, pressure, and oxygen fugacity of crystalli-
zation. The polytypic structures of oxybiotite con-
trast greatly with the dissimilarities found in the
crystal structures of the hydrogenated oxybiotites
(Takeda and Ross, 1975) as shown in Figure 5. The
difierence may be attributed to the presence or
absence of hydrogen in the mica structure. In the
2Ml oxybiotite crystal there may be no strain intro-
duced by the geometrical and atomic restraints
associated with stacking, in contrast with the pres-
ence of the strain proposed by Takeda and Ross
(1975) for 2Ml polytypes of the hydrogenated oxy-
biotite.

Effect of the addition of the hydrogen atom to the
layer stacking

It has been shown that the unit-layer structures of
the coexisting lM and2Ml oxybiotites are identical

Table 8. Layer thicknesses (A) of oxybiotites and hydrogenated oxybiotites

d(u)

d  ( u ) 4 ( i ) d  ( t ) { {oa t d (ocl d  ( h ) d (kh)  Az*

oxybiotite
IM

2MI

9 . 9 4 7

9 . 9 4 9

3 . 2 8 7

3 . 2 9 5

2 . 2 4 r

2 . 2 3 9

2 . L 7 8

2 . L 7 7

2.  r11_

2 . 1 1 3

1 . 9 7 8

I . 9 8 7

3 . 9 8 5  0 . 0 2 1

3 . 9 8 1  0 . 0 2 4

hydrogenated
oxybiotite

1M

2Mr

1 0 .  0 1 3

1 0 . 0 0 9

3 . 3 3 4

3 . 3 3 5

2 . 2 4 4

2 . 2 4 3

2.L9 ] -

2 . ] -86

2 . 1 3 8

2 . 1 3 5

2 . 0 3 3

2 . 0 3 4

3 . 9 9 0  0 . 0 I 4

3 . 9 8 8  0 . 0 1 4

1M

2"r

0 . 0 6 6

0 .  0 6 0

0 . 0 4 7

0 . 0 4 1

0 . 0 0 3

0 . 0 0 4

0 . 0 r 3

0 .  0 0 9

o . o 2 7

0 . o 2 2

0 . 0 5 5

0 . 0 4 7

0 . 0 0 s  0 . 0 0 7

0 .  0 0 7  0 .  0 I 0

Mean 0 . 0 6 3

*  Lzz t i l t ing of  tetrahedra

0 . 0 4 4 0 . 0 0 4 0 . 0 1 1 o . o 2 5 0 . 0 5 r 0 . 0 0 6  0 . 0 0 9
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Fig. 4. Schematic diagram showing the effect of the lack of
hydrogen and the replacernent of Fe2* by Fe3* on the oxybiotite
structure. Arrow indicates the direction of the shifts of atoms.
Dashed circles are for hydrogenated oxybiotite and open circles
are for oxybiotite.

to each other. The study of the structures of lM and
2M1 hydrogenated oxybiotites (Takeda and Ross,
1975), however, showed structural dissimilarities
with respect to the octahedral configuration be-
tween the unit layers of two polytypes. The differ-
ence can be summarized by noting that the struc-
ture of the unit layer of the ZMr polytype is
characterized by a shifting, relative to the unit layer
of the lM polytype, of the upper and lower triads of
octahedral oxygen atoms as a unit along the lb
directions. Since the cations in octahedral sites in

the hydrogenated oxybiotite distribute randomly in
both polytypes, the structural differences cannot be
attributed to the deformation of the octahedra by
the different scheme of cation ordering. The pres-
ence ofa hydrogen atom is considered to be respon-
sible for the structural differences found inthe 2Mr
hydrogenated oxybiotite.

The axis of the O-H bond in the structure of lM
phlogopite (Rayner, 1974) is perpendicular to (001)
plane. The same orientation is expected to be found
in the structure of the lM hydrogenated oxybiotite
because the repulsion forces isotropically acting on'
a hydrogen atom, as a proton, by the first nearest
neighbor cations together with the second and third
nearest neighbour cations are considered to be the
same for the lM polytype (Fig. 6a). The hydrogen
atom in the ZMr structure receives a different (i.e.
anisotropic) repulsion force especially by the sec-
ond and third nearest neighbour interlayer cations
(Fig. 6b). The anisotropic repulsion force may
cause the hydrogen atom to move along the b
direction inthe2Mr unit cell away from the position
directly under the interlayer K atom. When the
hydrogen atom moves towards +b direction in this
way, the oxygen end of the O4-H bond shifts in the
opposite direction -b (Fig. 6c). This shift of 04 will
cause 031 andO32, which form the triad of octahe-
dral oxygens, to shift in the same direction (Takeda
and Ross, 1975).

r'-\ KlU*

r3
csino f ry o

l M 2 M 2 M t
I
L \ '

g:' q3 *in
M 2  M 2

br" ,
0 3 1

0 3 2

(b)
Fig. 5. Projection onto (001) of the Ml and M2 octahedral edges of the lM (dashed lines) and 2Mr (solid lines) structures of (a)

oxybiotites and (b) hydrogenated-oxybiotites (from Takeda and Ross, 1975). The oxygen-oxygen distances are given, with those of
the lM polytype enclosed in parentheses.

2 M l  ( t M )

(a)

N o
ci  Ml i;ixa;""' - a
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Fig. 6. Schematic diagrams showing the interaction of a
hydrogen atom with other cations (a) for the lM and, O) for the
2M1 biotites, and (c) showing the tilting of the axis of O-H bond
estimated from the 2M, biotite structure. Large open circles,
dashed ones and open thick ones respectively indicate the first
nearest neighbour interlayer cation, the second and the third to
the hydrogen atom (middle circle with cross), along the stacking
vectors indicated by arrays. Small open circles in (a) and (b)
indicate the first nearest octahedral cations. Large open arrow
indicates the shift of the hydrogen atom.

Discussion

This study presents information on the structural
changes in micas induced by dehydrogenation-hy-
drogenation reactions due to changing oxygen fu-
gacity. The effect of the lack of hydrogen atoms on
mica structures has been elucidated by the compari-
son of the structures of 1M and 2Ml oxybiotites
with those of the lM and2Ml hydrogenated oxybio-
tites previously reported.

Because the tetrahedral rotations and the octahe-
dral flattening of the oxybiotites and hydrogenated
ones were found to be nearly identical, it can be
stated that the lack of hydrogen mainly affects the
interlayer configuration and causes the interlayer
separation to decrease. This structural change re-
sults because the structure is free from the coulomb
repulsion between K+ and H+. A similar aspect, in
terms of the interlayer separation, of the replace-
ment of hydroxyl by fluorine in the lM fluorophlo-
gopite was reported by McCauley, Newnham and
Gibbs (1973). Another structural change caused by
the addition of hydrogen is exemplified,by the 2M1
hydrogenated oxybiotites (Takeda and Ross, 1975).
The structural differences between their unit layers
can be interpreted in such a way that the hydrogen
atoms interact with the nearest neighboring cations

including not only first and second, but also third
nearest neighbors.

With regard to mica polytypism, the comparison
of the unit-layer structures of the coexisting lM and
2M1 oxybiotites leads to the conclusion that they
are ideally polytypic in spite of such complex unit-
layer structures as micas. This similarity between
the unit layers of the two polytypes is in great
contrast with the structural dissimilarities found
between the lM and2Ml polytypes of the hydroge-
nated members. Very precise refinement is required
to detect a slight difference between the structures
of the oxybiotite polytypes, so that great care was
exercised in the refinement. The accuracy is be-
lieved to be better than that of the structure refine-
ment of the hydrogenated oxybiotites (Takeda and
Ross, 1975).

On the other hand, it has been believed that some
structural control may be operative for formation of
a regular stacking sequence of such basic polytypes
as lM and 2M1. A high observation frequency has
been noticed for a limited number of short-period
polytypes in micas. However, since no remarkable
structural dissimilarity, making structural control of
stacking sequence possible, was found in the oxy-
biotites, it is necessary to seek another reason for
the predominance of the lM and 2M1 polytypes.
The offset of the 04 oxygen or fluorine from the
potassium position, which was proposed as an
interaction controlling polytypism for lepidolite
(Takeda, Hagaand Sadanaga, 1971), was notfound
in the oxybiotite. The comrgation of tetrahedra
considered as a structural factor controlling stack-
ing sequence in the dioctahedral micas (Giiven,
1971) was not found either. The tight configuration
around the interlayer cations implies a strong inter-
action between the neighboring layers. Therefore,
this situation coupled with the difference in the
second nearest neighbor configuration may produce
some forces to propagate the short period for the
basic polytypes.

The structural control in oxybiotite may be relat-
ed to the presence of hydrogen atoms during crystal
erowth. There is compelling evidence that the crys-
tals may have contained hydrogen atoms when they
were crystallized or when the platelet crystal was
produced at the initial stage of crystal growth. This
is supported by the occurrence description for the
oxybiotite from Ruiz Peak (Takeda and Ross, 1975)
that the oxidation is inferred to have taken place
during and after eruption of the lava in which the
oxybiotite occurs. Thus, the mechanism proposed
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for the hydrogenated biotites can be applied to the
oxybiotites.

Up to now, ditrigonal distortion has been consid-
ered to have a primary role on structural control of
mica polytypism. Recently, it has been pointed out'
by Takeda and Morosin (1975) that the ditrigonality
may become small, and virtually identical for many
micas at high temperature where crystal growth
actually took place. The present study shows quan-
titatively the amount of structural shift induced by
the insertion of hydrogen to the mica structure, and
suggests that since the electrostatic force acting
around the interlayer and the octahedral layer is
different due to the loss or addition of hydrogen
atoms, it may be more important to consider anoth-
er structural factor controlling stacking sequence
such as the interaction of interlayer cations with
hydroxyl ions as suggested by Tak6uchi (1965).
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