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The refinement of zinnwaldite-lM in subgroup symmetry
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Abstract

The structure of a zinnwaldite-lM from the Sadisdorf Mine, D.D.R., has been ref ined in

C2/m, C2, and Cl symmetries. The composit ion is (Ko roNao ou) (Al '  ouFeliuTio o'Fe3+"rMno ou
M g o o ' L i o 6 r ) ( S i 3 o n A l o r ' ) O ' ' ( O H ) . r n F ' r ' .  T h e  c e l l  p a r a m e t e r s  a r e  a  :  5 . 2 9 6 ,  b : 9 . 1 4 0 ,  c :

10.096 A, and B : 100.83'.  Refinement in tr icl injc symmetry Cl using the ordered-model
approach gave atomic coordinates consistent with monocl inic C2 symmetry. ln C2 symmetry,
octahedra M(2) and M(3) related by the pseudo-mirror plane are signif icantly dif ferent in size
(mean M-O,F =  1 .882,2 .131 A)  and,  to  a  lesser  ex ten t ,  in  e lec t ron  count  (11 .5  and 13 .5) .

Octahedral Al completely occupies M(2), and the remaining Fe, Li,  other cations, and
vacancies are nearly randomly distr ibuted over M(3) and the trans oclahedron M(l).  The
(F,OH) atom has moved off the pseudo-mirror plane in order to coordinate more closely with
Al in M(2). I t  is anticipated that al l  f luorine-r ich zinnwaldites and lepidol i tes wil l  have a
similar ordering pattern. The cis-orientat ion of f luorine along the M(2):M(3) shared edge
allows a closer F-F approach around a small  cat ion in either site than is possible along any
M(l) shared edge involving larger oxygen atoms. The larger M(1) and M(3) octahedra are
flattened considerably (ry'  :  60.8') in order to f i t  onto the smaller, more regular (/  :  56.5")
M(2) octahedron. The two nonequivalent tetrahedra dif fer sl ightly in size (mean T-O :

1 .646,1  .639 A) ,  a re  e longate ,  and ro ta ted  by  5 .8"

(Al ,Fes+) per  formula uni t  in  z innwald i te.  Al though
the larger octahedral cations (Li,Fe2+,Mg,Mn) are
somewhat variable in number, they never exceed 2.0.
This ideal  rat io  of  1:2 led Rieder to postu late octahe-
dral ordering for zinnwaldite-l M of the type found in
c l in toni te-  |  M ( :  xanthophyl l i te) ,  wherein each smal l
M(l) octahedron on the mirror plane of the ideal
C2/m space group is surrounded symmetrically by six
larger M(2) octahedra in an overall I :2 ratio. This
ordering was believed to account for the observation
that d(001) values for natural zinnwaldites are about
0.l A smaller than for synthetic specimens, which are
presumed to be disordered.

Approximately two dozen mica structures have
been refined that show octahedral ordering, either of
cations or, for dioctahedral compositions, of cations
plus vacancies.  Cl in toni te- lM (= xanthophyl l i te)  is
the only exception to the rule that the unique octahe-
dron M(1) on the symmetry plane of each layer is
larger than the two equivalent M(2) octahedra. The
"normal" ordering pattern with M(l) larger than the
average M(2) site has been shown to be adopted even

l  present address: Dept of Geological Sciences, University of in cases where the octahedral composit ion logical ly

I l l inois at Chicago Circle, Box 4348, Chicago, I l l inois 60680. might suggest the reverse pattern. An example is

Introduction

Zinnwald i te is  a L i ,Fe,Al  t r ioctahedral  mica com-
monly found in gre isens,  associated veins,  and in
some granites and pegmatites. It is defined by Foster
(1960) as having a L i  content  of  1.00 *  0.25 atoms
per formula uni t  ( -2.50-4.50 weight  percent  L i rO),
in  contrast  to  proto l i th ioni te wi th 0.50 + 0.25 atoms
and lepidol i te  wi th >1.25 atoms.  Rieder (1968,
1970a) and Rieder et al. (1971) have studied a suite of
natural Li-Fe micas, from the Kru5ne hory Moun-
tains (Erzgebirge) of Czechoslovakia and Germany,
that l ie close to the join between polylithionite and
siderophyll ite. As a result of this study Rieder
(1910a) proposed broadening the composition of
zinnwaldite so that it ranges from x : 1 to 3 in the
series KrFetr*Lin- , (A1,Fe3+ )r(Al,Si8-,)Oro(OH,F),,
where x = 0 for polylithionite and x = 4 for sid-
erophyll ite. Most of the zinnwaldites were of the
lM structural type (Rieder, l9'70b).

Rieder (1968) agrees wi th Foster  (1960) that  there
always is close to 1.0 small tr ivalent octahedral cation
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poly l i th ioni te- lM,  in  which there are two large oc-
tahedral  L i  ions and one smal ler  Al  ion.  However,  the
ordering pattern found by Takeda and Burnham
(1969) consists  of  one large M( l )  octahedral  s i te  on
the mirror plane with composition Li. 8eAl0 r, and two
smaller symmetry-related M(2) sites of average com-
posi t ion L io rbAlo.4b.

This paper reports an X-ray refinement of one of
Rieder's zinnwaldite specimens. This study was un-
dertaken, f irst, to test the Rieder ordering hypothesis,
because it would be of particular interest to find
another exception to the prevalent ordering pattern.
Second, even if the "normal" ordering pattern were
to be found, the composition appears so favorable for
ordering that the possibil i ty of crystallographically-
distinct M(2) sites should be investigated in subgroup
symmetry. Refinement in subgroup symmetry has not
been attempted often, but recently has been success-
fuf in showing tetrahedral ordering in margarite-2M,
(Guggenheim and Bai ley,  1975) and both tet rahedral
and octahedral ordering in a dioctahedral 1M mica
(Sidorenko et al., 1975).

Experimental

Dr.  Mi lan Rieder of  Char les Univers i ty  k indly  fur-
nished a suite of analyzed zinnwaldite samples. A
crystal from sample fi40 from the Sadisdorf Mine
dump, D.D.R. ,  was selected as g iv ing the sharpest
ref lect ions.  The crysta l  is  0.4 X 0.3 X 0.05 mm and
light amber in color. The composition of the crystal
used for the structural analysis was determined by
electron microprobe analysis (Table l) after the com-
pletion of data collection. The Li content and the
ratio of Fe2+ to Fe3+ were taken from the wet-chem-
ical analysis data for the bulk sample as reported
by Rieder (l970q). The resulting formula unit is
(Ko.no Nao ou) (Al,.o, FeSlru Tio or Fe3+", Mno.ou Mgo.o, Lio.u,
Uo r rXSir  .eAl0 e l )O1o(OH)o rnF,  , , .  This  formula is
similar to that given by the bulk analysis, except for a
slightly lower Si content. Rieder et al. (1971) cite
2V. :  27"  + 1o and the "y ref ract ive index as 1.595 +
0.001 for this specimen.

Unit-cell parameters of a : 5.296(l), b = 9.140(2),
c  = 10.096(3)  A,  and B :  100.83(2)o were determined
by least-squares refinement of l5 high-angle reflec-
tions measured on a Syntex P2, autodiffractometer.
Two intensity data sets were collected. First, the in-
tensities of 2,993 non-zero reflections were measured,
using graphite-monochromatized MoKa radiation.
The data were collected in the M'.0 variable-scan
mode in four quadants of the l imiting sphere from
2"<20<90o. Two standard reflections were mon-

Table l .  Chemical  analysis of  Sadisdorf  z innwaldi te

Wei gh t
aLiet Mlcroprobe Best data

f a t i ^ n c  ^ a r  , )

poslt lve charges

si02 42.86
41203 2L89
TLOZ 0 ,  16_
I e r 0 1  2 . 7 8 1
Fe6 

'  
r r .e+J

MnO 0 .73
Mco bt.
L12O 2 . I9
cao 0 .51
Na20 0 .26
K 2 0  9 . 8 5
P r o s  0 . 0 4
H;o+ oa
H20-  0 .96
r  5 . 2 0
Sun of
ox ides  99 ,27

40.70
2 L . 9 5
0 . 2 0

1 5 . 0 4

0 . 7 0
0 . 0 4

cna
dba

0 . 3 6
9 . 2 9

5 . 6 7

9 3 . 9 5

40.70
2 L . 9 5
0 . 2 0

1 2 . 8 5
1 r 2 . 1 9

0 . 7 0
0 . 0 4
, 1 0

0 . 0 0
0 . 3 5
9  , 2 9
0 . 0 0

0 . 9 6
5 . 6 7

9 7 . r 0

4.ooorv

z. lz tvr

6 . 9 5 3 X I I
N a  0 . 0 5 3 \
K  o . 9 o o  J

awet chemical anaTgsis bg M. Htka and J. oberMjer.  Geofogicaj
surveq of czechosfovakia. as retrbtted bq Riedet (1970a).

brr"ce. cNot anaTqzed. diefow detect ion.

i tored after every 50 reflections to check crystal and
electronic stabil ity. Reflections were considered as
observed if I > 2o(I), where l was calculated from 1 :

[S - (B' + B")/ B,]7,, S being the scan count,  ̂ B' and
B" the background, B, the ratio of background time
to scan time, and T, the 2A scan rate in degrees per
minute. o(1) was calculated from standard counting
statistics. Integrated intensities were corrected for
Lorentz and polarization effects, but not for absorp-
tion. This data set was used for init ial refinement and
for determining the best ordering models in both
monocl in ic  and t r ic l in ic  subgroup symmetry.  F inal
refinement of the monoclinic models used a second
data set  of  1,550 independent  non-zero in tensi t ies
collected in the same manner from only two quad-
rants. These data were empirically corrected for ab-
sorption by comparing the data to complete ry' scans
(l0o increments in @) for selected reflections spaced
at 20 intervals of 5o. Absorption is a major factor
because of the platy nature of the crystal. A maxi-
mum intensity decrease of 49 percent was observed
for some reflections during the ry' scans.

Refinement

Init ial atomic coordinates in the ideal space group
C2/ m were obtained from the structure of f luor-poly-
l ithionite (Takeda and Burnham, 1969). After several
cycles of least-squares refinement with program
ORFLS using the first data set with reflections from
2" < 20 < 55o, scattering-factor adjustments to M(l)
and M(2) were made as a result of three-dimensional
electron-density difference maps. Additional least-
squares refinement reduced R, to 12.5 percent. At this
stage M(1) was significantly larger than M(2), and
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Fig. I Octahedral ordering pattern of Sadisdorf zinnwaldite-lM
in subgroup C2.

the average (F,OH) atom had an unusually high tem-
perature factor of 3.0 A'z. This is the "normal" order-
ing pattern, so subsequent refinement concentrated
on subgroup order ing models.

Refinement in subgroup symmetry init ially fol-
lowed the method outl ined by Guggenheim and Bai-
fey (1975) for margarite-2Mr. Because of convergence
problems, it is best not to start refinement in sub-
group symmetry by using atomic coordinates of
higher symmetry. Instead, atoms were moved away
from,thei r  pseudosymmetr ica l ly- re lated posi t ions by
postu lat ing an order ing scheme in subgroup symme-
try that was sti l l  consistent with the parent space-
group refinement. The atomic coordinates of each
possible ordering model were determined from a dis-
tance-least-squares program, and those results were
then refined by varying the parameters of pseudo-
symmetry-related positions independently. The latter
precaution actually may not be necessary, since in the
later stages of refinement it proved possible to vary
all of the parameters together without significantly
high correlations.

For subgroup C2, the M(2) site and its pseudo-
symmetrically-related M(3) site become crystallo-
graphical ly  independent  (F ig.  l ) .  Three-dimensional
electron-density difference maps at this stage in-
dicated M(3) had approximately four more electrons
per site than M(2). Only two ordered models are
compatible with the average structure in the parent
space group C2/m, namely M(2) can be smaller or
larger than M(3). Atomic coordinates for these two
models were derived, using the DLS program OPT-
DIS written by W. A. Dollase of the University of
California at Los Angeles. Subsequent cycles of
ORFLS refinement indicated the model with M(2)
smaf ler than M(3\ to be much better than the reverse
model (wR : 8.970 versus 14.OVo).

There is only one independent tetrahedral site in
the parent space group C2/m. Although there are two
independent tetrahedra in space group C2, mean Z-O
distances for both proved to differ by only 0.01 A,
so that any ordering of Si,Al must be very small. The
twofold axis passing through the 2:1 layer in space
group C2 relates tetrahedra on one side ofthe octahe-
dral sheet to tetrahedra on the other side. It is implicit
in space group C2, therefore, that both tetrahedral
sheets must be identical. To determine whether tet-
rahedral ordering is present in sti l l  lower symmetry or
whether both tetrahedral sheets are the same in com-
position, four models representing all possible tet-
rahedral ordering patterns were postulated for tri-
clinic Cl symmetry. The four models were tested with
the four-quadrant intensity data of set one, and each
converged back from the postulated ordered atomic
coordinates to the more disordered structure of C2
symmetry with equivalent tetrahedral sheets. For all
refinements involving noncentrosymmetric space
groups,  one atom was f ixed in  posi t ion.

Final refinement of the best C2 model and of the
C2/m average structure was accomplished with the
second data set in two stages, f irst using only 633
independent reflections with 20 < 55o from two
quadrants and incorporating absorption corrections.
Init ially, pseudosymmetry-related atomic coordi-
nates were varied independently in two sets unti l the
final stages of refinement. Then a full matrix refine-
ment was used. No significant differences in atomic
positions resulted from this refinement relative to
that using the first data set, so final refinement con-
sisted primarily of adjustment of isotropic temper-
ature factors (B) and of scattering factors (fl for the
octahedral cations, as determined by alternating
cycles of electron-density difference maps and least-
squares refinement. The/and B values proved inter-
related in that an increase of one electron in octahe-
dral scattering power would increase B for that same
site by approximately 0.25, and the reverse for a
decrease. Refinement was terminated for both models
when / values that gave flat difference maps also
satisfied the total octahedral-site composition for
half-ionized atoms and were correlated with'reason-
able isotropic I values. Unweighted R for the iso-
tropic C2 ordered model was 6..1 percent and for the
average C2/ m structure was 12.2 percent at this stage.
In the second stage of f inal refinement, both the C2
ordered model and the C2/m average structure were
refined with anisotropic temperature factors, using
the second data set out to 20 < 90o. Fifty-seven
reflections known to be associated with strons white-
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Table 2.  Observed and calculated structure ampl i tudes
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Table 2.  cont inued radiation streaks were deleted from this data set for a
total of 1,493 reflections. Because the octahedral
coordination of the refined structure was known to be
noticeably asymmetric, all of the variable parameters
were varied together in one set. No significant corre-
lation effects were indicated, and thele were no signif-
icant changes in atomic coordinates. The final un-
weighted and weighted R values were 5.7 and 6.3
percent respectively for the C2 ordered model, and
12.5 and 17.4 percent for the average C2/mstructure.
Hami l ton 's  (1965) res idual - rat io  test  ind icates that
the C2 model represents significant improvement
over the C2/m model at better than the 1 percent
significance level. Tables 2-4 l ist observed and calcu-
lated structure amplitudes based on the anisotropic
refinement results in C2 symmetry, f inal atomic
coordinates, and calculated bond lengths and angles.

Tetrahedral ordering

The mean Z-O bond lengths for  te t rahedra Z( l )
and ( l  l )  are l  .646 A and 1.639 A,  respect ive ly .  The
standard deviat ions of  the bond lengths (Table 4)
were calculated, using the correlation matrix as input
to program ORFFE. The standard deviat ion o l  of  an
individual 7'-O bond length is 0.004 A, the standard
deviation of the mean value is o, : ot/ yti : 0.002 A,
and the standard deviation in their difference is o :

f2o, :0.0028 A.  The observed d i f ference of  0.007 A
between the two mean 7'-O values equals 2.50o for
this accuracy, and is just significant at the I percent
level. From the regression analysis of Hazen and
Burnham (1973) for micas, the mean I-O values
correspond to tet rahedral  contents of  0.233 Al  and
0.190 Al  in  Z( l )  and I (11) ,  respect ive ly .  This  g ives a
total of 0.85 AIIV per formula unit, in close agree-
ment with the composition Si, orAlo ' determined by
microprobe analys is .  Thus,  a smal l  but  s tat is t ica l ly
significant ordering of tetrahedral cations is indicated
by the refinement.

Octahedral ordering

The most important structural feature of zinnwald-
ite is the unusual octahedral ordering pattern. The
mean M-O,F values for M(l), M(2), and M(3) are
2.132,  1.882,  and 2.131 A,  and the scat ter ing powers
are 15.0,  11.5,  and 13.5 e lect rons,  respect ive ly .  The
reduction in symmetry from C2/m to C2, therefore, is
due primarily to the difference in sizes and, to a lesser
extent, in scattering powers of the M(2) and M(3)
cat ions across the pseudo-mirror  p lane (Fig.  I  ) .  M( l )
and M(3) are identical in size and have a difference in
scattering power that is probably significant.
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-6  l0  tO6 lO2

l l r a 3 9 ,
- r  l l  l o !  l o l

t l t 6 r r 0
- 5  l l  l o 9  9 5

o  l t  t 2 9  l t o
2 1 2 7 . 6 6

- 4  l ?  1 7 3  1 6 6

l 7

l 2 ?  r l .

2 t l  2 t6
I  l t  t o 6

a l  t 6

26t  2 f6

2 t t  2 2 5

l r e  l r a

a l  1 2

l l

2C l  2a2

7a t t
7 6  2 t

t 9 l  1 6 l

2 t9  2 t t

2 t l  2 ! 0
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Table 3.  Final  atomic parameters

Atom 822BrrB
e q u 1 v .

K ( 1 )  0
M ( 1 )  0
M ( 2 )  0
M ( 3 )  L / 2

r ( 1 )  0 . 0 7 4 5 ( 2 )
r (11)  0 .5844(2)

0 ( 1 )  0 . 0 2 8 9 ( 6 )
0  (2 )  0 .3248(1)
o ( 2 2 )  0 . 8 1 7 7 ( 7 )

0 ( 3 )  0 . 1 1 s 5 ( 6 )
0 ( 3 3 )  0 . 6 6 3 9 ( 5 )
P ( 1 )  0 . 1 0 8 9 ( 5 )

0  1 . 9 3
1 / 2  0 . 6 4
r / 2  0 . 5 7
r / 2  0 . 6 2

0 . 2 2 7 6 ( t )  0 . 5 2
0 . 2 2 7 5 ( r )  0 . 5 4

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

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

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

0 . 0 0 s 3 ( 3 )  0 . 0 0 1 0 ( 1 )
o .  oo44 (3 )  o ,  ooo9 (1 )

0 . 0 2 0 2 ( 9 )  A . A O 2 r ( 2 )
0 . 0 1 2 s ( q )  0 . 0 0 5 3 ( 3 )
0 . 0 1 r 7 ( 9 )  0 . 0 0 4 6 ( 3 )

0 . 0 0 6 7 ( 7 )  0 . 0 0 1 9 ( 2 )
0 . 0 0 s 8 ( 6 )  o . O O 2 , ? - ( 2 )
0 . 0 1 0 8 ( 7 )  0 , 0 0 2 5 ( 2 )

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

0 , 0 0 1 6 ( 1 )  0 . 0 0 0 3 ( 1 )
0 . 0 0 2 2 ( 1 )  0 . 0 0 0 2 ( 1 )

0 . 0 0 3 0 ( 2 )  - 0 . 0 0 0 0 ( 6 )

0 , o o 2 c ( 3 )  - 0 . 0 0 3 1 ( s )

0 . 0 0 3 1 ( 3 )  0 . 0 0 2 8 ( 4 )

o . o o 1 9 ( 2 )  0 . 0 0 1 1 ( 3 )
0 . 0 0 2 2  ( 2 )  0 . 0 0 0 2  ( 4 )
0 . 0 0 3 2 ( 2 )  - 0 . 0 0 0 7 ( 3 )

0 . 0 0 1 3 ( 2 )  0 . 0
0 . 0 0 1 3  ( 1 )  0 . 0
o .  0 0 0 6  ( 2 )  0 . 0
o . 0 0 o o ( 2 )  0 . 0

0 . 0 0 0 3 ( 1 )  - 0 . 0 0 0 1 5 ( 7 )

0 . 0 0 0 6 ( 1 )  - 0 . 0 0 0 0 3 ( 8 )

0 . 0 0 0 2 ( 3 )  - 0 . 0 0 0 2 ( 3 )

0 . 0 0 1 9 ( 4 )  - 0 . 0 0 0 s ( 3 )

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

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

0 . o o o 3 ( 3 )  o . 0 0 c o ( 2 )
0 . 0 0 0 9 ( 3 )  0 . o o o s ( 2 )

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

0 . 3 2 1 7 ( 3 )
0 . 1 6 3 1  ( 3 )

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

-o .  oo02 (5  )
0 . 2 3 5 0  ( 5 )
0 . 2 6 4 L ( 5 )

o .  r 7 4 8  ( 4 )
0  . 3 2 7  7 ( 5 )
o  . 4 7 L 5  ( 3 )

B . calculated from anisctropic data according to Hamil tan (1959).  The anisotropic Xenpetatute factor fot tu is exp
e a u f v .  - - _ - _ _ * ' " -  - _ - '

( - L ; L ; B ; ; h ; h ; ) .

The size and scattering power of M(2) are consls-
tent with complete ordering of Al into this site. To a
first approximation, the remaining octahedral cations
and vacancies of the formula unit can be considered
randomly distributed over M(l) and M(3). For this
random distribution the distance of the average cat-
ion from its oxygen neighbors, neglecting the (F,OH)
contacts, was calculated from the radii of Shannon
and Prewi t t  (1969,  1970) as 2.133 A.  The s ize of  a
vacancy was taken as 0.80 A in th is  calculat ion.  The
observed values from Table 4 are 2.1 33 A for mean
M(l \ -O and 2.117 A for  mean M(3\-O.  A bet ter
overall f i t for calculated sizes and electron counts is
obtained by moving all the smaller and lighter Al out
of  M( l )  in to M(3)  and replac ing wi th a correspond-
ing amount of Fe'+. The calculated M-O values
then become 2.140 A for  M( l )  and 2.127 A for  M(3) ,
and the calculated electron counts become 13.9 and
13.1,  respect ive ly .  Despi te the good f i t ,  th is  should
not  be considered a unique solut ion.

The (F,OH) atom has a high temperature factor (B
: 3.0 A'z) when refined in C2/m symmetry. Figure I
shows that  in  C2 symmetry the (F,OH) atom has
moved off the mirror plane to coordinate more
closely with Al in M(2). At the same time the equiva-
lent isotropic -B value for (F,OH) has decreased to l. l
A ' (Table 3) .  The M(3)-(F,OH) d is tance of  2.159 A
(Table 4) is larger than the M(3)-O distance s (2.109,
2.125 A).  This  octahedral i r regular i ty ,  to  be d iscussed
in more detail below, was the reason for using only
the oxygen contacts in calculating the octahedral cat-
ion distributions mentioned in the preceding para-
graph.

The (F,OH) atom is located in the trans-orienta-

tion at opposite apices of the M(l) octahedron but in

the cis-orientation along a shared edge between the

M(2) and M(3) octahedra (Fig. 1). Because fluorine is

smaller than oxygen, two (F,OH) atoms can approach

each other more closely along the shared edge be-

tween M(2) and M(3) than can two oxygens along
any M(l) shared edge. Thus, the smaller Al can be ac-

commodated more readily in either M(2) ot M(3)

than in M( l ) .The smal l  amount  of  te t rahedral  order-

ing present in this crystal also favors location of a

high-charge cation in M(2). The shared octahedral
edge between M(2) and M(l) that parallels the F-F

shared edge between M(2) and M(3) involves two

O(3)  atoms apical  to  (1)  cat ions in  the upper and

lower tetrahedral sheets (Fig. l). Because of Al con-

centrat ion in  Z( l ) ,  the apical  O(3)  anions are under-

saturated and thus favor a trivalent cation in M(2).

Reversal of the tetrahedral ordering pattern by plac-

ing more AI IV in  ? ' ( l l )  would favor  octahedral  Al  in

M(3) instead of M(2), and the particular pattern

adopted may be a random choice from crystal to

crystal. This also may lead to domain structures. It is

anticipated that the O-H dipole wil l be deflected
from the sheet normal to point away from M(2) in a

direction between M(l) and M(3) and toward the

undersaturated O(3)-O(3) shared edge of the next

M(2) octahedron.

Ordering model

Rieder (1968) was correct  in  predict ing that  z inn-

waldite would show octahedral ordering, although

the observed ordering pattern is rotated l20o from

that predicted. Rieder emphasized the smaller d(001)
values of natural zinnwaldites relative to synthetic
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Table 4. Calculated bond lengths and angles
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probably is due primarily to the presence of f luorine.
Calculation of the octahedral sheet thickness in the
present study by considering the apical oxygens sepa-
rately from the (F,OH) atom does result in a dif-
ference of 0.1 A. In addition, Yoder and Eugster
(1954) showed a decrease in basal  spacing of  0.18
A for f luorophlogopite relative to hydroxyphlogopite,
where octahedral ordering cannot be a factor. It
should be noted also that the clintonite-lM (xan-
thophyl l i te) ,  the model  for  the Rieder order ing pat-
tern, actually has an octahedral sheet not appreciably
different in thickness (2.148 A) than for disordered F-
poor t r ioctahedral  micas ( range 2.09-2.22 A) .

We suggest that the ordering pattern observed in
th is  s tudy,  namely wi th the smal l  cat ion in  e i ther
M(2)  or  M(3) ,  should be found in a l l  F-r ich z innwal-
dites and lepidolites. Some evidence for this view can
be found in the anomalously h igh B values for  the (F,
OH) atom in micas that  show the "normal"  order ing
pattern, with M(1) larger than the average M(2,3)
atom, but that have not been refined in subgroup
symmetry, namely B 2.78 A'z in fluor-poly-
f i t h i on i t e - lM  (Takeda  and  Bu rnham,  1969 ) ,  B  : 2 .92

and 1.77 A'z in lepidol i te-2M2 (Takeda et  a l . ,  l97 l ;
Sartori et al., 1973), and B : 2.32 A'in lepidolite-lM
(Sartor i ,  1976).  Addi t ional  ev idence comes f rom the
cel l  d imensions of  z innwald i tes.  Bai ley (1975) has
shown that the "normal" ordering pattern necessarily
gives rise to an intralayer shift larger than the ideal
value of -a/3 and, unless compensated by an offset
of adjacent layers, to an observed p angle for lM
micas larger  than ideal .  I t  is  possib le to obta in values
of csinB, a, and 0 for 1 I zinnwaldites from graphs
presented by Rieder (1968, 1970b) and Rieder et al.
(1971).  In  a l l  cases the "normal"  order ing pat tern is
predicted, including specimen I 40 whose structure is
presented here (Bo6" :  100.83",  lneat :  100.07 ' ) .  For
three synthetic annites the observed and ideal B an-
gles are approximately equal, as should be true where
the octahedra are of  s imi lar  s izes.

Structural distortions

Important structural features of zinnwaldite-lM
are summarized in Table 5.  Tetrahedra Z( l )  and
I( I I ) are similar in shape, only slightly elongate, and
rotated by 5.8'. The small octahedron M(2) contain-
ing Al is nearly regular in shape, but M(1) and M(3)
are considerably flattened and distorted (Fig. l). The
indiv idual ry '  va lues of  60.8 '  ( ideal  :  54.73") for  M( l )
and M(3) are among the largest recorded for micas to
date, and are a measure of the amount of f lattening
required to fit these large Fe,Li-rich octahedra onto

0 ( 1 )
0 ( 2 )
0 ( 2 2 )
0 ( 3  )
Mean

Octahedron M( l )
0 ( 3 ) x 2  2 . 1 2 7 ( 4 )  0 ( 3 ) - - 0 ( 3 3 ) x 2
0 ( 3 3 ) x 2  2 . 1 3 8  ( 4 )  F ( 1 ) x 2
F ( I ) x 2  2 . 1 3 0 ( 3 )  0 ( 3 3 ) - - F ( 1 ) x 2
Mean 2.132 Mean (unshared)

0 ( 3 ) - - 0 ( 3 3 ) x 2  3 . 1 8 9 ( 4 )  0 ( 3 ) - - 0 ( 3 )
F ( 1 ) x 2  3 , 2 6 I ( 4 )  I ( 1 ) x 2

0 ( 3 3 ) - - F ( 1 ) x 2  3 . 2 I 9 ( 4 )  0 ( 3 3 ) - - 0 ( 3 3 )
Mean (unshared)  3 .223 I (1 )x2

0(3) - -0 (3)  2 .656(6)  Mean (shared)

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

I ( l )x2  2&(4)
Mean (shared)  2 ,794

octahedron M(2)  |
0 ( 3 ) x 2  1 . 8 8 9 ( 4 )  0 ( 3 ) - - 0 ( 3 3 ) x 2
0 ( 3 3 ) x 2  1 . 8 9 5 ( 3 )  F ( 1 ) x 2
F ( 1 ) x 2  1 . 8 6 2 ( 3 )  0 ( 3 3 ) - - F ( 1 ) x 2
Mean f.882 Mean (unshared)

0 ( 3 ) - - 0 ( 3 3 ) x 2  2 . 7 5 5 ( 4 )  0 ( 3 ) - - 0 ( 3 )
I ( 1 ) x 2  2 . 7 L 2 ( 3 )  0 ( 3 3 ) x 2

0 ( 3 3 ) - - p ( 1 ) x 2  2 , 6 8 L ( 4 )  0 ( 3 3 ) - - r ( 1 ) x 2
Mean (unshared)  2 .116 I (1 ) - -F(1)

I Iean  (shared)

0 ( 3 ) - - 0 ( 3 )  2 . 6 5 6 ( 6 )
0(33)x2  2 .643(4)

0 ( 3 3 ) - - r ( 1 ) x 2  2 . 5 7 9 ( 4 )
r ( 1 ) - - F ( 1 )  2 . 5 2 4 ( 5 )
Mean (shared) 2,604

octahedron M(3)

Tet rahedron T(1)

r . 6 4 6 ( 4 )  0 ( 1 ) - - 0 ( 2 )  2 . 6 s s ( 5 )  0 ( 1 ) - - 0 ( 2 )
1 .640(4)  o (22)  2 .653(5)  o (22)
r . 6 4 6 ( 4 )  0 ( 3  )  2 . 7 2 L ( 4 )  o ( 3 )
1 . 6 5 3 ( 4 )  o ( 2 ) - - O ( 2 2 )  2 . 6 6 4 ( 6 )  O ( 2 ) - - O ( 2 2 )
r , 6 4 6  o ( 3 )  2 . 7 2 7  ( 5 )  o ( 3 )

0 ( 2 2 ) - - 0 ( 3 )  2 . 7 0 6 ( s )  0 ( 2 2 ) - - 0 ( 3 )
Mean 2,688 Mean

0 ( 3 ) - - 0  ( 3 3 ) x 2
F ( 1 ) x 2

0  ( 3 3 ) - - I ( 1 ) x 2
Ifean (unshared)

0 ( 3 ) - - 0 ( 3 3 ) x 2
I  (1  )x2

0  ( 3 3 ) - - 0 ( 3 3 )
r  (1 ) - - r  (1 )
Mean (shared)

1 0 7  . 8  ( 2 )
r07  .4  (2 )
1 1 1 . 1 ( 2 )
1 0 8 . 3 ( 2 )
1 1 1 . 8  ( 2  )
llgJ(2)
1 0 9 . 4

9 6 .  8  ( 1 )
r00 .  0  (1  )

9 7 . 9 ( 1 )
9 8 . 2

7 7 . 3 ( 2 )
8 8 . 3 ( 1 )
8 9 . 6 ( 2 )
7 4 . 4 ( r )
8 2 , I

9 3  . 5  ( 1 )
9 2  . 6  ( r )
9 r  .1  (1 )
9 2 . 4

8 9  . 4 ( 2 )
8 8 . 6 ( 1 )
8 6 . 7  ( 1 )
8 5 . 4  ( 2 )
8 7 , 6

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

7 7 . 3 ( L )
8 8 . 1 ( 1 )
9 0 . 3  ( 2 )
7 1 .  5  ( 1 )
8 2 . 1

Tetrahedron T(11)
0 ( 1 )  r . 6 3 7  ( 4 )  0 ( 1 ) - - 0 ( 2 )  2 . 6 4 e ( 5 )  0 ( 1 ) - - 0 ( 2 )  L o l  . e ( 2 )
0 ( 2 )  1 . 6 3 9 ( 4 )  O ( 2 2 )  2 . 6 5 4 ( s )  O ( 2 2 )  1 0 8 . 2 ( 2 )
o ( 2 2 )  1 . 6 3 8 ( 4 )  0 ( 3 3 )  2 . 7 1 s ( 4 )  0 ( 3 3 )  7 1 L . 1 ( 2 )
0 ( 3 3 )  1 . 6 4 3 ( 3 )  O ( 2 ) - - O ( 2 2 )  2 . 6 3 8 < 6 )  O ( 2 ) - - O ( 2 2 )  r O - 1 . 2 ( 2 )
M e a n  r . 6 3 9  0 ( 3 3 )  2 . 1 1 2 ( 5 )  0 ( 3 3 )  I r 1 . 4 ( 2 )

0 ( 2 2 ) - - 0 ( 3 3 )  2 , 6 9 1 , ( s )  0 ( 2 2 ) - - 0 ( 3 3 )  7 r o . 2 ( 2 )
Mean 2 .671 Mean 109.4

In te r layer  ca t ion  K(1)  T(1)  to  T(11)
0 ( 1 ) x 2  2 . 9 9 4 ( 3 )  3 . 2 8 6 ( 3 )  a r o u n d  0 ( 1 )  1 3 9 . 1 ( 2 )
O ( 2 ) x 2  2 . 9 9 9 ( 4 )  3 . 2 9 L ( 5 )  a r o u n d  0 ( 2 )  1 3 9 . 4 ( 2 )
o(22)x2  ! . ! lp (4 )  3 .1 ,11  (4 )  a round 0(22)  130.  s (2 )
Mean 2 .990 3 ,25 I  Mean 136.3

( inner )  (ou ter )

0 ( 3 ) x 2  2 . 1 0 9 ( 3 )
0 ( 3 3 ) x 2  2 . 1 2 5 ( 4 )
I ( 1 ) x 2  2 . I 5 9 ( 3 )
m e a n  2 -  |  t l

0 ( 3 ) - - 0 ( 3 3 ) x 2  3 . 2 o 9 ( 4 )
I ' ( 1 ) x 2  3 . 1 8 9 ( 4 )

0 ( 3 3 ) - - F ( 1 ) x 2  3 . 2 6 s ( 4 )
Mean (unshared)  3 .221

0 ( 3 ) - - 0 ( 3 3 ) x 2  2 . 6 4 3 ( 4 )
F ( 1 ) x 2  2 . 9 6 7  ( 4 )

o ( 3 3 ) - - 0 ( 3 3 )  3 . 0 1 3 ( 6 )
F ( 1 ) - - F ( 1 )  2 . s 2 4 ( 5 )
Mean (shared)  2 .193

specimens as evidence for ordering, and also noted
that the natural specimens were more F-rich than the
synthetic specimens, which were grown in equil ib-
rium with a buffer of low fluorine fugacity. The dif-
ference of 0.1 A noted in thed(001) values by Rieder
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Table 5 Important  st ructural  features of  z innwaldi te Z* . ln zinnwaldite the elongation is along Z* and Z.
However, some atoms also appear to be elongate
along the bonds to them. Most significantly, the
(F,OH) atom is elongate along the bonds to both
M(1) and M(3), and this suggests a small amount of
posi t ional  d isorder  for  (F,OH).  NMR studies of
phlogopi tes wi th vary ing amounts of  F and OH in-

d icate ( l )  a  tendency for  F-F pai r ing a long the same
octahedral edge rather than a random distribution,
and (2) preferential location of Fe'+ in sites close to
OH groups (Sanz and Stone,  1977.)  This is  in  accord
also with the known preference of Al for F rather
than for  OH, as summarized by Kampf (1977).  I t  is

interesting to note in the Sadisdorf zinnwaldite speci-

men that OH makes up 39 percent of the F,OH total
and that Fe2+ also makes up 39 percent of the total
occupancy of  M(1)  + M(3) .  This  may indicate a local
clustering or domain structure, in which 39 percent of
the volume of  the crysta l  consis ts  of  OH-OH pairs
located closer to Fe2+ in M(l) and M(3)than to Al in

M(2), and 6l percent consists of F-F pairs located

Table 6.  Or ientat ions of  thermal  e l l ipsoids re lat ive to crystal  axes

" "  
(8)

displacement

?aramete t Value

* t e t '  '

b '  ( ' )
t e t '

- i d e a l '  '

" ' d , J r o " a { . )

dsheet  
th tckness  (L )

te  t rahedra l

oc tahedra l

rn te r layer  separa t ion  (E)

Basa l  oxveen Az  (A)
ave

Io t ra layer  sh i f t

L a y e r  o f f s e t

Resu lcanE sh i f t

5 . 8

T ( 1 ) :  1 1 1 . 0
T ( 1 1 ) :  1 1 1 . 1

1 0 0 . 0 7

M ( 1 ) ,  l , r ( 3 ) :  6 0 . 8
M ( 2 ) :  5 6 . 5
M e a n : 5 9 . 5

2  . 2 5 2
2 . 0 7 4
3 . 3 3 3
0.L24

-0 .  354a1
-0 .004aI

-0 .358a l

a _
?et rahedfa l  ro ta t fon  Js  ca lcuJated

O - - o - - a .  a n q T e  l .
b b D

b
def ined as

r h e  i d e a T  v a f u e  i s  1 0 9 . 4 7 " .

c _ .
Ihe  rean ac tahedra)  ang le ,  idea f fq

cos i l ,  =  oc t .  th  i  ckness /  2  (M- -O.F ,Oh )  .

d --fnc. ludes 
Lhe Ipsi t ion of F(f)  in the calcufaxion.

" 8 . ,  -  =  f g a "  -  e s - f  ( a / 3 c ) .
a d e a l

the adjacent smaller and thinner octahedron (ry' :

56.5 ' )  around the Al  in  M(2) .  The sheet  th icknesses
are similar to those found in other F-rich trioctahe-
dra l  micas.

Apparent thermal vibrations

Tables 6 and 7 l ist the orientations of the thermal
ell ipsoids and the calculated bond lengths after cor-
rection for thermal effects. The apparent thermal mo-
tions of zinnwaldite resemble those of phlogopite
(and annite) in some aspects and are unique in others.
Like phlogopite, the apparent thermal motions are
large in both magnitude and anisotropy. Hazen and
Burnham (1973) suggest that such apparent thermal
motions are due, in part, to local variations in atomic
posi t ions.  Also l ike phlogopi te,  equivalent  isot ropic
temperature factors of the apical oxygens [O(3) and
O(33) l  are considerably smal ler  in  magni tude than
those of the basal oxygens. These differences in ther-
mal magnitudes may be related to the differences in
bond lengths between tetrahedral Al and Si and to
lack of appreciable tetrahedral order. The basal oxy-
gens are coordinated to two tetrahedra and are,
therefore, more affected by the different Si-O and
Allv-O bond lengths than are the apical oxygens.

In phlogopite most of the atoms are elongate along

f r o m u = L / 2 1 7 2 0 " - r e a A

'  -ap ica l  '  -basaf '

5 4 - 7 3 " ,  i s  c a f c u l a t e d  f r o m

Atom

A n g l e  \ " ,  v l r n

z

K ( 1  )  1 1
t 2
t 3

M ( I  )  . 1
t 2

" 3
M ( 2 )  . 1

" zt 3

M ( 3  )  ' l
t 2

"3
T ( 1 )  t l

t 2
t 3

T t l l  )  
" t, 2
t 3

0 ( 1 )  
" lt 2
t 3

O ( 2 )  1 1
t2
t3

o \ 2 2 )  
" lt 2
t3

o ( 3 )  ' l

"2
" 3

o ( 3 3 )  
" 1tz

" 3
F ( 1 )  r l

t z
t 3

0 . 1 4 3 ( 2 )
o .11612)
0 . 1 6 8 ( 2 )

0. 052 ( rf)
0 . 0 9 L ( 2 )
0 . 1 1 0 ( 2 )

0 . 0 7 8 ( l + )
0 . 0 8 2 ( 3 )
0 . 0 9 3 ( l +  )

0 . 0 7 1 ( 5 )
o . o 8 o ( 3 )
0 . 1 1 0 ( 3 )

0 . 0 6 3 ( j + )
o . o 8 l r ( 3 )
0 . 0 9 ) + ( 3 )

o .  051(  )+  )
o . o T 8 ( 3 )
o . r o l + ( 3 )

0 . 0 9 5 ( 5 )
0 . 1 2 1  ( r +  )
0 . 1 7 1 ( ) + )

o . 1 0 6 ( 6 )
o . 1 I T ( 6 )
0 . 1 6 7 ( t )

0 . 1 0 2  (  6  )
o . r z 7  ( 6 )
0 . r 5 7 ( 5  )
o . o T 6 ( 6 )
0 . 0 9 8 ( t )
o . r 0 6 ( t )

o .  o8T ( I  )
0  . 097  \ 5  )
o . r oT (  t  )

0 . o 9 5 ( r )
0 . 1 2 1 ( 4 )
o . r : ) + ( t+ )

9 0 0 9 0
r t o ( 6 )  9 0  1 0 9 ( 5 )
r 2 o ( 5 )  9 0  1 9 ( 6 )

9 0 0 9 0
1 6 3 ( 5 )  9 0  6 z ( j )

7 3 ( r )  9 0  2 8  (  5  )

9 0 0 9 0
r 7 8 ( r 3 )  9 0  T T ( r 3 )

8 8 ( r - 3 )  9 0  r : ( r : )

9 0 0 9 0
r r5 (5)  90  ro :  ( :  )
1 1 L ( r )  9 0  r 3 ( t )
r o 2 ( 5 )  : - t + ( l + )  B o ( ! )
r r+ t ( 1 ] )  9 r r c )  ] 1 : ( r z )
122 (1 r )  l o : ( t + )  2 t ( u )

1 o o ( 8 )  r o ( 8 )  8 B ( 3 )
1 6 9 3 )  r o o ( 8 )  8 \ ( - ,
9 )+ ( t , )  9 t ( 3 )  7 (_ ,
89 ( )+  )  T (13 )  B3 ( r2 )
99 (3 )  83 (13 )  t ">s ( r )
9 ( 3 )  B 9 ( r + )  u o ( : )

l ) l t ( T )  118 (9 )  62 (2L )
9909 )  r 11 (1 r )  1 t1 (21 )

r z : ( [ )  3 5 ( ) + )  9 7 ( r )

r : z ( z )  t 3 ( )+ )  105 (10 )
6 r (9 )  9 \  (  9  )  161  (10  )
j 6 ( r )  3 7 ( \  )  B 2 ( 7 )

r3o (8 )  )+1 (8 )  76 ( l . 2 )
96 (22 )  86 (18 )  152 ( rB )
) ] o ( 9 )  t o ( 8 )  l o o ( 2 t )

26 (18 \  105 (26 )  81 (11 )
roj (26) 16\(21) 93(27)
r r o ( r2  )  90 (26 )  9O2)

I 2 ( 7 )  z > ( > )  u o ( 5 )
L \ jOz )  B )+ (9 )  113 (13 )
r r 8 ( r3 )  66 ( j )  3 r ( r o )
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Table 7. Bond lengths corrected for thermal motion
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closer  to A1 in M(2)  than to L i  and the remain ing
cat ions in  M( l )  and M(3) .  Under th is  in terpretat ion
the bulk of  the thermal  e l l ipsoid of  (F,OH) is  deter-
mined by the posi t ions of  the F (61 percent) ,  and the
elongat ion toward M(1)  and M(3)  is  produced by the
closer  approach of  the OH (39 percent)  to  the Fe in
those s i tes.  In  addi t ion to the e longat ion of  (F,OH)
along the M( l )  and M(3)  bonds,  the M( l )  s i te  is
observed to be e longate a long the M(| ) - (F,OH)
bond .
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