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The refinement of zinnwaldite-1M in subgroup symmetry
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Abstract

The structure of a zinnwaldite-1M from the Sadisdorf Mine, D.D.R., has been refined in
C2/m, C2, and C1 symmetries. The composition is (K, eNag o5) (Al; s FeltsTig 01F€57:Mng o5
Mg, 01Lis 67)(Sis 0Aly 1 )O16(OH)g 76F; 1. The cell parameters are a = 5.296, b = 9.140, ¢ =
10.096 A, and 8 = 100.83°. Refinement in triclinic symmetry C1 using the ordered-model
approach gave atomic coordinates consistent with monoclinic C2 symmetry. In C2 symmetry,
octahedra M(2) and M(3) related by the pseudo-mirror plane are significantly different in size
(mean M—O.,F = 1.882,2.131 A) and, to a lesser extent, in electron count (11.5 and 13.5).
Octahedral Al completely occupies M(2), and the remaining Fe, Li, other cations, and
vacancies are nearly randomly distributed over M(3) and the trans octahedron M(1). The
(F,OH) atom has moved off the pseudo-mirror plane in order to coordinate more closely with
Al in M(2). It is anticipated that all fluorine-rich zinnwaldites and lepidolites will have a
similar ordering pattern. The cis-orientation of fluorine along the M(2): M(3) shared edge
allows a closer F—F approach around a small cation in either site than is possible along any
M(1) shared edge involving larger oxygen atoms. The larger M (1) and M(3) octahedra are
flattened considerably (¢ = 60.8°) in order to fit onto the smaller, more regular (¢ = 56.5°)
M(2) octahedron. The two nonequivalent tetrahedra differ slightly in size (mean 7—O =

1.646,1.639 A), are elongate, and rotated by 5.8°.

Introduction

Zinnwaldite is a Li,Fe,Al trioctahedral mica com-
monly found in greisens, associated veins, and in
some granites and pegmatites. It is defined by Foster
(1960) as having a Li content of 1.00 £+ 0.25 atoms
per formula unit (~2.50-4.50 weight percent Li,O),
in contrast to protolithionite with 0.50 + 0.25 atoms
and lepidolite with >1.25 atoms. Rieder (1968,
1970a) and Rieder et al. (1971) have studied a suite of
natural Li-Fe micas, from the Kru$né hory Moun-
tains (Erzgebirge) of Czechoslovakia and Germany,
that lie close to the join between polylithionite and
siderophyllite. As a result of this study Rieder
(1970a) proposed broadening the composition of
zinnwaldite so that it ranges from x = 1 to 3 in the
series KyoFeZ Li,_, (Al Fe*),(AlSi;_,)O0.(OH,F),,
where x = 0 for polylithionite and x = 4 for sid-
erophyllite. Most of the zinnwaldites were of the
I M structural type (Rieder, 1970b).

Rieder (1968) agrees with Foster (1960) that there
always is close to 1.0 small trivalent octahedral cation

! Present address: Dept of Geological Sciences, University of
[Hlinois at Chicago Circle, Box 4348, Chicago, Illinois 60680.

(Al,Fe**) per formula unit in zinnwaldite. Although
the larger octahedral cations (Li,Fe*",Mg,Mn) are
somewhat variable in number, they never exceed 2.0.
This ideal ratio of 1:2 led Rieder to postulate octahe-
dral ordering for zinnwaldite-1 M of the type found in
clintonite-1M (= xanthophyllite), wherein each small
M(1) octahedron on the mirror plane of the ideal
C2/m space group is surrounded symmetrically by six
larger M(2) octahedra in an overall 1:2 ratio. This
ordering was believed to account for the observation
that d(001) values for natural zinnwaldites are about
0.1 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. Clintonite-1M (= xanthophyllite) 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(1) larger than the
average M(2) site has been shown to be adopted even
in cases where the octahedral composition logically
might suggest the reverse pattern. An example is
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polylithionite-1M, in which there are two large oc-
tahedral Liions and one smaller Alion. However, the
ordering pattern found by Takeda and Burnham
(1969) consists of one large M(1) octahedral site on
the mirror plane with composition Li, goAl, 1; and two
smaller symmetry-related M(2) sites of average com-
position Li, 55Alg 4.

This paper reports an X-ray refinement of one of
Rieder’s zinnwaldite specimens. This study was un-
dertaken, first, 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 possibility 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-
ful in showing tetrahedral ordering in margarite-2M,
(Guggenheim and Bailey, 1975) and both tetrahedral
and octahedral ordering in a dioctahedral 1M mica
(Sidorenko et al., 1975).

Experimental

Dr. Milan Rieder of Charles University kindly fur-
nished a suite of analyzed zinnwaldite samples. A
crystal from sample #40 from the Sadisdorf Mine
dump, D.D.R., was selected as giving the sharpest
reflections. The crystal 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 1) after the com-
pletion of data collection. The Li content and the
ratio of Fe?* to Fe®* were taken from the wet-chem-
ical analysis data for the bulk sample as reported
by Rieder (1970a). The resulting formula unit is
(Ko.90 Nag 05) (Alyo5 Fedis Tig o1 Fedhs Mg o5 Mgo.or Lip.er
[ Jo 28 )(Sis 09Alg 61)O16(OH)g 76Fy 2;.  This formula is
similar to that given by the bulk analysis, except for a
slightly lower Si content. Rieder er al. (1971) cite
2V, = 27° + 1° and the v refractive index as 1.595 +
0.001 for this specimen.

Unit-cell parameters of a = 5.296(1), b = 9.140(2),
¢ = 10.096(3) A, and 8 = 100.83(2)° were determined
by least-squares refinement of 15 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 MoK« radiation.
The data were collected in the 26:0 variable-scan
mode in four quadants of the limiting sphere from
2°<26<90°. Two standard reflections were mon-

Table 1. Chemical analysis of Sadisdorf zinnwaldite

Weight percent Cations per 22

Oxide et Microprobe Best data positive charges
510, 42,86 40,70 40.70 40001V
Al503 21.89 21,95 21,95

Ti0p 0.16 0.20 0.20

Feo0 2,78 2.85

Fe(z) 3 11.84} 15.04 {12.19

MnO 0.73 0.70 0.70 2,721V
MgO ber 0.04 0.04

Li90 2.19 Cna 2,19

Ca0 0.51 dpd 0.00

Nag0 0.26 0.36 0.36 Na 0.053} 0.953%1I
K0 9.85 9.29 9.29 K 0.900 :
oni 0.04 na 0.00

Hy0 na na na

Hy0™ 0.96 na 0.96

F 5.20 5.67 5.67

Sum of

Oxides  99.27 93.95 97.10

@wet chemical analysis by M. Huka and J, Obermajer, Geological
Surveg of Czechoslovakia, as reported by Rieder (1970a).
Trace. CNot analyzed. 9Below detection.

itored after every 50 reflections to check crystal and
electronic stability. Reflections were considered as
observed if I > 2a(I), where I was calculated from [ =
[S — (B, + B,)/B.]T,, S being the scan count, B, and
B, the background, B, the ratio of background time
to scan time, and 7, the 20 scan rate in degrees per
minute. ¢(I) 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 initial refinement and
for determining the best ordering models in both
monoclinic and triclinic subgroup symmetry. Final
refinement of the monoclinic models used a second
data set of 1,550 independent non-zero intensities
collected in the same manner from only two quad-
rants. These data were empirically corrected for ab-
sorption by comparing the data to complete y scans
(10° increments in ¢) for selected reflections spaced
at 26 intervals of 5°. 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 ¢ scans.

Refinement

Initial atomic coordinates in the ideal space group
C2/m were obtained from the structure of fluor-poly-
lithionite (Takeda and Burnham, 1969). After several
cycles of least-squares refinement with program
ORFLS using the first data set with reflections from
2° < 26 < 55°, scattering-factor adjustments to M(1)
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. 1 Octahedral ordering pattern of Sadisdorf zinnwaldite-1.M
in subgroup C2.

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

Refinement in subgroup symmetry initially fol-
lowed the method outlined by Guggenheim and Bai-
ley (1975) for margarite-2M,. 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 .their pseudosymmetrically-related positions by
postulating an ordering scheme in subgroup symme-
try that was still consistent with the parent space-
group refinement. The atomic coordinates of each
possible ordering model wére 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-
graphically independent (Fig. 1). 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)
smaller than M(3) to be much better than the reverse
model (wR = 8.9% versus 14.0%).
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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 7—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 of the 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 still 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 C1 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 fixed in position.

Final refinement of the best C2 model and of the
C2/m average structure was accomplished with the
second data set in two stages, first using only 633
independent reflections with 20 < 55° from two
quadrants and incorporating absorption corrections.
Initially, pseudosymmetry-related atomic coordi-
nates were varied independently in two sets until 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 (f) for the
octahedral cations, as determined by alternating
cycles of electron-density difference maps and least-
squares refinement. The f 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 f values that gave flat difference maps also
satisfied the total octahedral-site composition for
half-ionized atoms and were correlated with: reason-
able isotropic B 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 final 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 26 < 90°. Fifty-seven
reflections known to be associated with strong white-
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Table 2. Observed and calculated structure amplitudes
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Table 2. continued radiation streaks were deleted from this data set for a
Joro 1or total of 1,493 reflections. Because the octahedral
s s 7109 o 200 3 s w2 e Cos coordination of the refined structure was known to be
=% 13 113 1loa 3 B: 70 -3 5 86 9% . . . . bl ters
R Soles 1ar o Taoe e li’g § o ;;‘ noticeably asymmetric, all of the variable parame
- 17 9 9 9 2 . . . .
R Tl 4w on MREREL were varied together in one set. No significant corre-
Ceo 7o o leoe 3 oy e S lation effects were indicated, and thetre were no signif-
3 274 270 -8 6 109 L34 1 87 76 . . . .
Do R R T P8 icant changes in atomic coordinates. The final un-
- 3 9 8 6% 1 10 - . .
-4 ERE I B H] T weighted and weighted R values were 5.7 and 6.3
SR R I Y 3o s percent respectively for the C2 ordered model, and
3 1 180 197 9 279 27a -6 8 121 l1s 4 62 82
Toianan L T PP 12.5 and 17.4 percent for the average C2/m structure.
-5 1 87 102 0 léa  laa 3 9 111 117 s 81 92 . N . . . . h
a1 it 3 m 2l R Hamilton’s (1965) residual-ratio test indicates that
- 1 £d ) 1 2 -6 1 0. . . . .
¢ 3an e DO e sl 3 the C2 model represents significant improvement
i g 'E% izs g ﬁg ?35 5 33 155 = ; Ef EE over the C2/m model at better than the | percent
- 43 1 .
T3 e Poee e 41z oam e s 1 ias significance level. Tables 2-4 list observed and calcu-
3 3 512 825 3 76 T0 9 139 131 . . .
EREIR ] @ 1% “ o e % lated structure amplitudes based on the anisotropic
G e i oo fi t Its in C2 symmetry, final atomic
:é H }gg ;55 . %é: u . refinement results 1n Y y, ]
B O g - coordinates, and calculated bond lengths and angles.
“ 4 181 214 -2 o 152 151 54 “8 180 176
- 4 184 101 -h 0 351 365 136 136 25; f;g N
BN L e S e G % o7 "% Tetrahedral ordering
B T e 5 'se 5 o h (1
g E ’}3 *ig SR 108 97 R The mean T—O bond lengths for tetra 'edra (1)
Toaonowm 3y K S and T(11) are 1.646 A and 1.639 A, respectively. The
-9 5 108 106 6 R .
FE R A - 1oy e e n standard deviations of the bond lengths (Table 4)
-2 6 389 IT4 -2 2 291 32 144 137 65 % . . . .
SRR R ws {;5 i }léé 172 were calculated, using the correlation matrix as input
6 6 18 130 3 8 1 . .
tosmsmy 3k I 13 1 to program ORFFE. The stan.dard deviation g, of an
R T Bt st 2 i 10 o individual 7—O bond length is 0.004 A, the standard
-3 7 93 93 2 - 10 56 131 116 104 91 R . .
R B s deviation of the mean valueis ¢, = ¢;//n = 0.002 A,
o 8 74 &5 -4 4 180 164 7% Ta 18 . . . . - . —
R R R e sl 21 20 and the standard deviation in their difference is ¢ =
-4 81 122 3 1 Ly 294 _ .
SR I B 125 13 ® o 20, = 0.0028 A. The observed difference of 0.007 A
Soramoan L fnn KR 65 between the two mean T—O values equals 2.500 for
= 1 ! -t . . . .
A T 7 e o 3 this accuracy, and is just significant at the 1 percent
=7 9 76 83 -1 7 78 :5 101 116 191 1:5 . l . f H n and
: if;’ i }SE 3 oe i3 ki ‘:;{ Zgz » level. From the regression analysis of Haze
4 1 2 0 9 .
TR B o cR Burnham (1973) for micas, the mean T—O values
I A ol % ' correspond to tetrahedral contents of 0.233 Al and
- 272 -1 9 6 6 20 . . .
ST R oo e 0.190 Al'in T(1) and T(11), respectively. This gives a
3 6 -7 9 62 Ls - . N
REE I i§ ,_ZIZ .53 , ‘0’ ‘; . % zz 55. total of 0.85 AI'Y per formula unit, in close agree-
4« 1 5 2 2 - . e . .
Cen ol leromaoszo0 ol -3 23l 230 ment with the composition Sij ¢0Alg o determ'mc'ed by
oase e - e Ak microprobe analysis. Thus, a small but statistically
- 1 1 61 . . . .
I T S Tora s significant ordering of tetrahedral cations is indicated
14 & 2 2
Tasoan oo owEoozo e by the refinement.
1 193 184 =1 3 180 153
1S % Lov ERE .
S Octahedral ordering
2 118 124 6 0o 128 171 2 - 90 Lk . .
Pl 3o dn il L an The most important structural feature of zinnwald-
2 1z 1 1 4 L1 -8 4 9 . . .
Pmle Lo Wl a3 ite is the unusual octahedral ordering pattern. The
1 L] 1 103 68 3 5 99 101
H .33 O O D :0; mean M—O,F values for M(1), M(2), and M(3) are
3 - .
NSO B B A N Y 2.132, 1.882, and 2.131 A, and the scattering powers
1 a53 a17 -2 2 121 121 2 6 243 228 ‘ ? ? ’ .
Pan B g i are 15.0, 11.5, and 13.5 electrons, respectively. The
-6 2 119 115 - 6 12 . . .
PR A B R S B L reduction in symmetry from C2/m to C2, therefore, is
4 1%9 170 -1 1 %44 557 3 7 (13 82 . . . . . d l
PR TR S A due primarily to the difference in sizes and, to a lesser
4 105 e? 5 3 19 a2 -6 8 82 107 . .
pinn 3 oM o e extent, in scattering powers of the M(2). and M(3)
I o 33w 1 cations across the pseudo-mirror plane (Fig. 1). M(1)
& “ 6 70 - 219 L3 . . N .
PO I T S S and M(3) are identical in size and have a difference in
& 275 ras -1 5 127 123 =2 12 13& 120

scattering power that is probably significant.
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Table 3. Final atomic parameters

Atom Bequiv. B11 822 833 B12 813 B23
R(L) 0 0.5028(2) 0 1.93 0.0181(4) 0.0048(1) 0.0054(1) 0.0 0.0013(2) 0.0

M(1) 0 -0.0069(3) 1/2 0.64 0.0067(3) 0.0009(1) 0.00236(8) 0.0 0.0013(1) 0.0

M(2) 0 0.3217(3) 1/2 0.57 0.0050(4) 0.0014(1) 0.0017(1) 0.0 0.0006(2) 0.0

M(3) 1/2 0.1631(3) 1/2 0.62 0.0050(4) 0.0012(1) 0.0023(1) 0.0 0.0000(2) 0.0

(1) 0.0745(2) 0.1688(3) 0.2276(1) 0.52 0.0053(3) 0.0010(1) 0.0016(1) 0.0003(1) 0,0003(1) -0.00015(7)
T(11) 0.5844(2) 0.3323(3) 0.2275(1) 0.54 0.0044(3) 0.0009(1) 0.0022(1) 0.0002 (1) 0.0006(1) =0.00003(8)
o(1) 0.0289(6)  -0.0002(5) 0.1720(3) 1.40 0.0202(9) 0.0021(2) 0.0030(2)  =0.0000(6) 0.0002¢3) =0.0002(3)
0(2) 0.3248(7) 0.2350(5) 0.1725(4) 1.42 0.0125(9) 0.0053(3)  0.0029(3)  -0.0031(5) 0.0019(4) =0.0005(3)
0(22) 0.8177(7) 0.2641(5) 0.1597(4) 1.34 0.0117(9) 0.0046(3) 0,0031(3) 0.0028(4) 0.0010(4) 0.0007(2)
0(3) 0.1155(6) 0.1748(4) 0.2939(3) 0.71 0.0067(7) 0.0019(2) 0.0019(2) 0.0011(3) 0.0008(3) =-0.0001(2)
0(33) 0.6639(5) 0.3271(5) 0.3928(3) 0.75 0.0058(6) 0.0022(2) 0.0022(2) 0.0002(4) 0.0003(3) 0.0000(2)
F(1) 0.1089(5) 0.4715(3) 0.3989(3) 1.10 0.0108(7) 0.0025(2) 0.0032(2)  =0.0007(3) 0.0009(3)  0.0005(2)

Bequiv. calculated from anisotropic data according to Hamilton (1959). The anisotropic temperature factor form is exp
(—Zi}:jsijhjhj).

The size and scattering power of M(2) are consis-
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(1) 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 Prewitt (1969, 1970) as 2.133 A. The size of a
vacancy was taken as 0.80 A in this calculation. The
observed values from Table 4 are 2.133 A for mean
M(1)—0O and 2.117 A for mean M(3)—O. A better
overall fit for calculated sizes and electron counts is
obtained by moving all the smaller and lighter Al out
of M(1) into M(3) and replacing with a correspond-
ing amount of Fe?*. The calculated M—O values
then become 2.140 A for M(1) and 2.127 A for M(3),
and the calculated electron counts become 13.9 and
13.1, respectively. Despite the good fit, this should
not be considered a unique solution.

The (F,OH) atom has a high temperature factor (8
= 3.0 A?) when refined in C2/m symmetry. Figure 1
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 1.1
AZ (Table 3). The M(3)—(F,OH) distance of 2.159 A
(Table 4) is larger than the M(3)—O distances (2.109,
2.125 A). This octahedral irregularity, to be discussed
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(1) 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(1) shared edge. Thus, the smaller Al can be ac-
commodated more readily in either M(2) or M(3)
than in M(1). The small amount of tetrahedral 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(1) that parallels the F—F
shared edge between M(2) and M(3) involves two
O(3) atoms apical to 7(1) cations in the upper and
lower tetrahedral sheets (Fig. 1). Because of Al con-
centration in T(1), 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 Al'Y in T(11) 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 will be deflected
from the sheet normal to point away from M(2) in a
direction between M(1) 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 predicting that zinn-
waldite would show octahedral ordering, although
the observed ordering pattern is rotated 120° from
that predicted. Rieder emphasized the smaller 4(001)
values of natural zinnwaldites relative to synthetic
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Table 4. Calculated bond lengths and angles

Bond lengths (K) Bond angles (°)

Tetrahedron T(1)

0(1) 1.646(4) 0(1)--0(2) 2.655(5) 0(1)--0(2) 107.8(2)
0(2) 1.640(4) 0(22)  2.653(5) 0(22) 107.4(2)
0(22) 1.646(4) 0(3) 2.721(4) 0(3) 111.1(2)
0(3) 1.653(4) 0(2)--0(22) 2.664(6) 0(2)--0(22) 108.3(2)
Mean 1.646 0(3) 2.727(5) 0(3) 111.8(2)
0(22)--0(3)  2.706(5) 0(22)--0(3)  110.2(2)
Mean 2.688 Mean 109.4
Tetrahedron T(11)
0(1) 1.637(4) 0(1)--0(2) 2.649(5) 0(1)--0(2) 107.9(2)
0(2) 1.639(4) 0(22) 2.654(5) 0(22) 108.2(2)
0(22) 1.638(4) 0(33) 2.715(4) 0(33) 111.7(2)
0(33) 1.643(3) 0(2)--0(22) 2.638(6) 0(2)--0(22) 107.2(2)
Mean 1.639 0(33) 2.712(5) 0(33) 111.4(2)
0(22)--0(33) 2.691(5) 0(22)--0(33) 110.2(2)
Mean 2.677 Mean 109.4
Interlayer cation K(1) T(1) to T(11l)
0(1)x2  2.994(3) 3.286(3) around 0(1)  139.1(2)
0(2)x2 2.999(4) 3.291(5) around 0(2) 139.4(2)
0(22)x2 2.978(4) 3.177(4) around 0(22) 130.5(2)
Mean 2.9%0 3.251 Mean 136.3
(inner) (outer)
Octahedron M(1l)
0(3)x2 2.127(4) 0(3)--0(33)x2 96.8(1)
0(33)x2 2.138(4) F(l)x2 100.0(1)
F(1)x2 2.130(3) 0(33)--F(1)x2 97.9(1)
Mean 2.132 Mean (unshared) 98.2
0(3)--0(33)x2 3.189(4) 0(3)--0(3) 77.3(2)
F(1)x2 3.261(4) F(1)x2 88.3(1)
0(33)--F(1)x2 3.219(4) 0(33)--0(33) 89.6(2)
Mean (unshared) 3.223 F(1)x2 74.4(1)
0(3)--0(3) 2.656(6) Mean (shared) 82.1
F(1)x2 2.967(4)
0(33)--0(33) 3.013(6)
F(1)x2 2.579(4)
Mean (shared) 2.794
Octahedron M(2) |
0(3)x2  1.889(4) 0(3)--0(33)x2 93.5(1)
0(33)x2 1.895(3) F(1)x2 92.6(1)
F(1)x2 1.862(3) 0(33)--F(1)x2 91.1(1)
Mean 1.882 Mean (unshared) 92.4
0(3)--0(33)x2 2.755(4) 0(3)--0(3) 89.4(2)
F(l)x2 2.712(3) 0(33)x2 88.6(1)
0(33)--F(1)x2 2.681(4) 0(33)--F(1)x2 86.7(1)
Mean (unshared) 2.716 F(1)--F(1) 85.4(2)
Mean (shared) 87.6
0(3)--0(3) 2.656(6)
0(33)x2 2.643(4)
0(33)--F(1)x2 2.579(4)
F(L)--FQ1) 2.524(5)
Mean (shared) 2.604
Octahedron M(3)
0(3)x2 2.109(3) 0(3)--0(33)x2 98.6(1)
0(33)x2  2.125(4) F(l)x2 96.7(1)
F(1)x2 2.159(3) 0(33)—-F(1)x2 99.3(1)
Mean 2.131 Mean (unshared) 98.2
0(3)--0(33)x2 3.209(4) 0(3)--0(33)x2 77.3(1)
F(l)x2 3.189(4) F(1)x2 88.1(1)
0(33)-—F(1)x2 3.265(4) 0(33)--0(33) 90.3(2)
Mean (unshared) 3.221 F(1)--F(1) 71.5(1)
Mean (shared) 82.1
0(3)--0(33)x2 2.643(4)
F(1l)x2 2.967(4)
0(33)--0(33) 3.013(6)
F(1)--F(1) 2.524(5)
Mean (shared) 2.793

specimens as evidence for ordering, and also noted
that the natural specimens were more F-rich than the
synthetic specimens, which were grown in equilib-
rium with a buffer of low fluorine fugacity. The dif-
ference of 0.1 A noted in the d(001) values by Rieder

probably is due primarily to the presence of fluorine.
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 fluorophlogopite relative to hydroxyphlogopite,
where octahedral ordering cannot be a factor. It
should be noted also that the clintonite-1M (xan-
thophyllite), the model for the Rieder ordering pat-
tern, actually has an octahedral sheet not appreciably
different in thickness (2.148 A) than for disordered F-
poor trioctahedral micas (range 2.09-2.22 A).

We suggest that the ordering pattern observed in
this study, namely with the small cation in either
M(2) or M(3), should be found in all F-rich zinnwal-
dites and lepidolites. Some evidence for this view can
be found in the anomalously high B values for the (F,
OH) atom in micas that show the ‘“‘normal” ordering
pattern, with M(1) larger than the average M(2,3)
atom, but that have not been refined in subgroup
symmetry, namely B = 278 A? in fluor-poly-
lithionite-1M (Takeda and Burnham, 1969), B = 2.92
and .77 A? in lepidolite-2M, (Takeda et al., 1971;
Sartori et al., 1973), and B = 2.32 A%in lepidolite-1M
(Sartori, 1976). Additional evidence comes from the
cell dimensions of zinnwaldites. Bailey (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 8 angle for 1M
micas larger than ideal. It is possible to obtain values
of ¢sinf3, a, and @ for 11 zinnwaldites from graphs
presented by Rieder (1968, 19706) and Rieder et al.
(1971). In all cases the “normal” ordering pattern is
predicted, including specimen # 40 whose structure is
presented here (Bops = 100.83°, Bigea = 100.07°). For
three synthetic annites the observed and ideal § an-
gles are approximately equal, as should be true where
the octahedra are of similar sizes. ’

Structural distortions

Important structural features of zinnwaldite-1M
are summarized in Table 5. Tetrahedra 7(1) and
T(11) 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. 1). The
individual ¢ values of 60.8° (ideal = 54.73°) for M(1)
and M(3) are among the largest recorded for micas to
date, and are a measure of the amount of flattening
required to fit these large Fe,Li-rich octahedra onto
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Table 5 Important structural features of zinnwaldite

Parameter Value
a o
0Ltet( ) 5.8
P (O
tet T(1l): 111.0
T(11): 111.1
e ©
Bigea1 (7 100.07
c,d o
Yoer (7 M(1), M(3): 60.8
M(2): 56.5
Mean: 59.5
d, .
Sheet thickness (K)
tetrahedral 2,252
octahedral 2.078
Interlayer separation (X) 3.333
Basal oxygen Azave (A) 0.124
Intralayer shift —0.3543l
Layer offset -0.00421l
Resultant shift —0.35831

8Tetrahedral rotation is calculated from o = 1/2\120° ~ mean

Ob-Ob—Ob angle |

bThe tetrahedral angle is defined as T = ~T

~Opasa1’
The ideal value is 109.47°.

oapical-
“The mean octahedral angle, ideally 54.73°, is calculated from
cosy = oct. thickness/2(M--0,F,0H).
dIncludes the position of F(1} in the calculation.
-1
g = 180° - cos " (a/3c) .

ideal

the adjacent smaller and thinner octahedron (y =
56.5°) around the Al in M(2). The sheet thicknesses
are similar to those found in other F-rich trioctahe-
dral micas.

Apparent thermal vibrations

Tables 6 and 7 list the orientations of the thermal
ellipsoids 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
positions. Also like phlogopite, equivalent isotropic
temperature factors of the apical oxygens [O(3) and
0O(33)] are considerably smaller in magnitude 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
AI™Y—O bond lengths than are the apical oxygens.

In phlogopite most of the atoms are elongate along

Z*. In 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
positional disorder for (F,OH). NMR studies of
phlogopites with varying amounts of F and OH in-
dicate (1) a tendency for F—F pairing along 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). It is
interesting to note in the Sadisdorf zinnwaldite speci-
men that OH makes up 39 percent of the F,OH total
and that Fe?* 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 crystal consists of OH—OH pairs
located closer to Fe** in M(1) and M(3) than to Alin
M(2), and 61 percent consists of F—F pairs located

Table 6. Orientations of thermal ellipsoids relative to crystal axes

rms (8) Angle (©) with respect to
Atom displacement X Y Z
K(1) r 0.143(2) 90 0 90
ré 0.156(2) 150(6) 90 109(6)
3 0.168(2) 120(6) 50 19(6)
M(1) ry 0.062(¥) 90 0 90
Ty 0.091(2) 163(5) 90 62(5)
5 0.110(2) 73(5) 90 28(5)
M{2) r 0.078(4) 90 0 90
Ty 0.082(3) 178(13) 90 T7(13)
T3 0.093(4) 88(13) 90 13(13)
M(3) Ty 0.071(5) 90 0 90
v, 0.080(3) 156(5) 90 103(5)
™5 0.110(3) 115(5) 90 13(5)
(1) r, 0.063(4) 102(5) k(L) 80(4)
Ty, 0.084(3) 1L5(11) 95(6) 113(12)
5 0.094(3) 122(11) 103(4) 25(11)
T(11} r 0.061(4) 100(8) 10(8) 88(3)
v 0.078(3) 169(7) 100(8) 84 (L)
3 0.104(3) oL (k) 91(3)} 7)
o(1) ry 0.095(5) 89(k) 7(13) 83(12)
r, 0.121(4) 99(3) 83(13) 159(5)
ry 0.171(%) 9(3) 89(h) 110(3)
0{2) ry 0.106(6) 1hs(T7) 118(9) 62(21)
T, 0.117(6}) 99(19) 111(11) 151(21)
Ty 0.167(5) 123(4) 36(4) 97(5)
o{22) r, 0.102(6) 132(7) 53(h) 106(10)
r; 0.127(6) 61(9) 94 (9) 161(10)
rq 0.157(5) 56(5) 37(L) 82(7)
0(3) r, 0.076(6) 130(8) 41(8) 76(12)
o 0.098(5) 96(22) 86(18) 162(18)
3 0.106(5) Lo(9) 50(8) 100(25)
0(33) r, 0.087(5) 26(18) 106(26) 81(11)
r, 0.097(5) 105{(26) 164(27) 93(27)
5 0.107(5) 110(12) 90(26) 9(12)
F(1) ry 0.096(5) 72(7) 25(5) 110(5)
r; 0.121(4) 1h5(12) 84(9) 113(13)
5 0.134(%) 118(13) 66(5) 31(10)
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Table 7. Bond lengths corrected for thermal motion

0(3)%2
0(33)x2
F(1)x2

Mean

0(3)-0(3)
F(1)x2

0(33)-0(33)
F(l)x2

Mean
(shared)

0(3)=x2
0(33)x2
F(L)x2

Mean

0(3)-0(3)
0(33)x2

0(33)-F(1)x2

F(1)-FQ@)

Mean
(shared)

0(3)x2
0(33)x2
F(1)x2

Mean

0(3)-0(33)x2
F(l)x2

0(33)-0(33)

F(1)-F(1)

Mean
(shared)

0(1)
0(2)
0(22)
0(3)

Mean

0(1)
0(2)
0(22)
0(33)

Mean

0(1)x2
0(2)x2
0(22)x2

Mean (inner)
0(1)yx2

0(2)x2
0(22)x2

Mean (outer)

NN NN

NN

PR e NN W NN

o R

(SRS NEN]

NN W NN

=R

NN NN

W oW ww

Distance (Z)

Correlation

high

128(4)
140(4)

.142(3)
137

660(6)
971(4)
019(6)
583(4)

798

890(4)
896(3)
866(3)

.884

.660(6)
L645(4)
.583(4)
.527(5)

.607

.109(3)
126(4)
.161(3)

.132

L645(4)
.971(4)
.019(6)
.527(5)

.796

.655(4)
L649(4)
L654(4)
654 (4)

.653

L645(4)
647 (4)
L645(4)
.645(3)

. 646

none

M(1) octahedron

2.136(4)
2.148(4)
2.149(3)
2

144
2.667(6)
2.977(4)
3
2

.025(6)
.590(4)

2.804

0(3)-0(33)x2
F(1)x2
0(33)-F(1)x2

Mean
(unshared)

M(2) octahedron

1.898(4)
1.904(3)
1.874(3)
1

.892
.667(6)
.652(4)

.590(4)
-537(5)

.615

NN N

0(3)-0(33)x2
F(1)x2
0(33)-F(1)x2

Mean
(unshared)

M(3) octahedron

2.117(3)
.133(4)
.169(3)

.140

NN

.652(4)
.977(4)
.025(6)

.537(5)

.803

W N

~

0(3)-0(33)x2
F(1)x2
0(33)-F(1)x2

Mean
(unshared)

T(1l) tetrahedron

1.664(4)
1.656(4)
1.663(4)
1.661(4)

1.661

0(1)-0(2)
0(22)
0(3)

0(2)-0(22)
0-(3)

0(22)-0(3)

Mean

T(11l) tetrahedron

1.655(4)
1.656(4)
1.654(4)
1.651(3)

1.654

0(1)-0(2)
0(22)
0(33)

0(2)-0(22)
0(33)

0(22)-C(33)

Mean

Interlayer cation K(1)

991(3)

.997(4)

975(4)

.988

.294(3)

292(5)
177¢4)

.254

3.007(3)
3.013(4)
2.991(4)
3

.004
.307(3)

3
3.307(5)
3.193(4)
3

.269

Distance (K)

Correlation

high

3.189(4)
3.275(4)
3.220(4)

3.228

2.755(4)
2,714(3)
2,683(4)

2.717

3.210(4)
3.189(4)
3.267(4)

3.222

660(5)
655(5)
717 (4)
664(6)
723(5)
702(5)

687

NN NN

2.650(5)
2.659(5)
2.711(4)
2.637(6)
2.708(5)
2.688(5)
2

.676

none

3.195(4)
3.279(4)
3.226(4)

3.233

2.762(4)
2.721(3)
2.690(4)

2,724

3.215(4)
3.196(4)
3.273(4)

3.228

674(5)
670(5)
732(4)
677(6)
738(5)
716(5)

701

NN NN NN

666(5)
673(5)
726(4)
652(6)
722(5)
701(5)

690

SIS RN SR N

closer to Al in M(2) than to Li and the remaining
cations in M(1) and M(3). Under this interpretation
the bulk of the thermal ellipsoid of (F,OH) is deter-
mined by the positions of the F (61 percent), and the
elongation toward M(1) and M(3) is produced by the
closer approach of the OH (39 percent) to the Fe in
those sites. In addition to the elongation of (F,OH)
along the M(1) and M(3) bonds, the M(1) site is
observed to be elongate along the M(1)—(F,OH)
bond.
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