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REDETERMINATION OF THE LEPIDOLITE-
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Abstract-The structure of a lepidolite-2M, from Biskupice, Czechoslovakia, has been redetermined. Vi-
olations of systematic extinctions and of monoclinic equivalences plus the results of a second harmonic
generation test indicate that the true symmetry most likely is cT. The deviation of the data set from C21c
symmetry. however. proved to be too small to permit a statistically significant refinement in cT. Refinement
in Cllc symmetry indicated no ordering of tetrahedral cations but ordering of octahedral cations so that
M( I) = Lio.."R2+o.o6Fe3+001and M(2) = Alo.5HLio.35Do.o7'The tetrahedra are elongated to form trigonal pyr-
amids with a rotation angle of 6.2°. The anomalous')rientation of the thermal ellipsoid for the F ,OH anion
plus the large equivalent isotropic B value of 2.58 for F,OH and of 1.74 for the interlayer K cation, whose
position is partly restricted in C2/c symmetry. suggest a lower symmetry than C2/c,

The compositions of this sample and of a second lepidolite-2M, from Western Australia fall outside the
stability field of lepidolite-2M, in the synthetic system. Structural control of the stacking sequence is dis-
counted on the basis of the structural similarity of the lepidolite unit layers. Crystallization parameters are
considered more important than composition or the structure of the unit layer in determining the stability
and occurrence of different layer-stacking sequences in lepidolite.
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INTRODUCTION

Lepidolite crystallizes in nature primarily as the 1M,
2M2, and 3T structural forms. Munoz (1968) was only
able to synthesize the 1M and 2Ml structures hydro-
thermally in the lepidolite-muscovite system. Although
both 1M and 2M! forms crystallized together at many
compositions, Munoz concluded that the 2M! struc-
ture was the more stable form for trilithionite
[K(Li1.5Ald(Si3AI)OlO(F ,OH)ZJ and probably also for
all micas on the join from trilithionite to muscovite
[KAI2(Si3Al)OlO(OH,F)ZL for 25% of the range from tri-
lithionite to polylithionite [K(Li2AI)Si40lOF2L and for
40% of the range from muscovite to polylithionite (Fig-
ure I). Munoz considered the apparent absence of le-
pidolite-2M! in nature as due to absence of the appro-
priate bulk compositions near trilithionite.

Trioctahedral lepidolite-2M! can be distinguished
from dioctahedral Li-bearing muscovite-2M! by its Li
content, cell dimensions, and X-ray diffraction inten-
sities (especially of type Ok!). To the best of our knowl-
edge, the only reported occurrence of lepidolite-2M! in
nature is in a Li-rich pegmatite near Biskupice, Czech-
oslovakia (Cerny et al., 1970). The structural refine-
ment of a specimen from this locality was reported by
Sartori (1977).

At the time of the Sartori publication we already had
obtained a specimen of the Biskupice lepidolite from
Dr. P. Cerny with the intention of refining the structure.
We decided to continue with our investigation for two
reasons. First, analysis of the Sartori paper indicated,
by comparison with our own data, that the diffraction
data had been collected using the normal beta angle for
a 2M! structure of approximately 95". But the beta angle
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is listed in the paper as 99°7.5', as determined by Cerny
et al. (1970) from a powder pattern, and we have ver-
ified that the bond lengths and angles reported in the
paper were calculated using the latter value. The latter
value is close to the normal value for a IM structure
and can be used to define an acceptable alternate cell
for the 2M! structure as well. Usage of one cell to col-
lect the data and a different cell to calculate the bond
lengths, however, leads to an obvious bias in the re-
sults. Recalculation of the bond lengths with our own
values of the cell dimensions showed differences from
the published values ranging from 0.003 A to 0.098 A,
with the magnitude of the error dependent on the di-
rection of the individual bond. The average errors were
0.027 A for individual T-O bonds, 0.032 A for M-O
bonds, and 0.062 Afor K-O bonds. Second, the Sartori
refinement was based on 590 reflections recorded by the
Weissenberg film method and could be refined only to
an R! value of 11.3%. The structure of this interesting
specimen is important enough to warrant a more de-
tailed structural refinement for comparison with other
lepidolite structures.

EXPERIMENT AL

The Biskupice lepidolite-2M! crystals proved to be
of marginal quality for an accurate structure determi-
nation. Precession and Weissenberg photographs were
taken of 35 crystal flakes, and the crystal showing the
best spot shapes was selected for data collection. This
crystal measured 0.3 x 0.2 x 0.03 mm. Cell dimen-
sions of a = 5.199(1) A, b = 9.026(2) A, c = 19.969(5)
A, and f3 = 95.41(2)" were obtained on the crystal by
least-squares refinement of 15 low- to medium-angle
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Weight percentage Cations per 110 (anhydrous)

Oxide Wetl Microprobe Wet Microprobe

Si02 52.80 53.12 K 0.78 0.80

AI2O" 19.94 20.17 Rb 0.06 0.06
Fe2O" 0.38 Cs 0.02 0.02
FeO 0.055 0.03 Na 0.04 0.004
MnO 0.88 0.63 Ca 0.01
MgO 0.63 0.02
Ti02 na2 0.01 Li 1.61 1.65
CaO 0.11 nd" Fe2+ 0.005 0.002
Li20 5.91 6.0()4 Mg 0.065 0.002
Na20 0.26 0.03 Mn 0.05 0.04
K20 9.00 9.15 Fe3+ 0.02
Rb20 1.36 1.365 Ti 0.001
Cs20 0.75 0.755 AI'v/) 1.17 1.24
H2O 2.85 na
F2 7.07 7.01 AI"V) 0.42 0.38

Si 3.58 3.62
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Figure I. Two possible interpretations of discontinuities
along joins in the synthesis study of Munoz (1968). Squares
are natural two-phase micas, the asterisk is Biskupice-2M) of
this study, and the circle is Londonderry lepidolite-2M).

reflections on an automated single crystal diffractom-
eter. Cerny et al. (1970)give refractive indices ofNa =
1.537, N,B = 1.552, and Ny = 1.554 for Biskupice le-
pidolite-2Mt. The optic axial plane is listed as normal
to (010) with 2V = 22°_28°. The measured and calcu-
lated densities are 2.828 glcm3. Table I shows that an
electron probe analysis of a flake cleaved from the same
crystal as the platelet used for the structural refinement
compares favorably with the wet chemical analysis of
bulk material given by Cerny et al. (1970) for this spec-
imen. The latter composition has been used for this
study and is shown on Figure I as an asterisk near the
polylithionite-trilithionite join.

Reflection intensities were measured in all eight oc-
tants of the limiting sphere to 2(} = 60° on a Nicolet P2t
automated single crystal diffractometer with graphite-
monochromatized MoKa radiation. The data were col-
lected in the 2(}:(}variable-scan mode. One standard
reflection was checked after every 50 reflections to
check electronic and crystal stability. A total of 5532
non-zero intensities was recorded. Reflections were
considered observed if I > 2a(l). The integrated inten-
sity I was calculated from I = [S - (BI + B2)/BrT"
where S is the scan count, B, and B2 the backgrounds,
Br the ratio of background time to scan time, and Tr the
2() scan rate in o/min. a(l) was calculated from standard

counting statistics. Integrated intensities were correct-
ed for Lorentz and polarization factors and for absorp-
tion. The latter correction was empirical and based on
comparison of the data to complete t/1scans (10° incre-
ments of cp)for selected reflections spaced at 2(}inter-
vals of about 5°. The resulting structure amplitudes
were averaged according to the requirements of both
monoclinic and triclinic symmetry for refinement pur-
poses.

REFINEMENT

For purposes of data collection the crystal was as-
sumed to be C-centered, as indicated by the preliminary
film data. The ideal space group for the 2M, structure
is C2/c. Analysis of the reflection indices and intensi-
ties, however, showed the presence of 12 hOe reflec-

Table I. Chemical analyses of Biskupice lepidolite-2M ,.

-0 = 2F

Total

101.99
-2.98
99.01

98.82
-2.95
95.876

t Cerny et al. (1970).
2 Not analyzed.
3 Not detected.
4 Determined by atomic absorption.
5 Values taken wet chemical analysis.
6 Total does not include water.

tions (and 7 Friedel equivalents) that violated the sys-
tematic absences required by the c-glide plane (out of
175 hOe observed), and 29 hke and hke reflection pairs
(and 22 Friedel equivalent pairs) that violated mono-
clinic intensity equivalences (out of 4292 total hke ob-
served). A second harmonic generation test of the sam-
ple by Bish et al. (1979) did not produce a signal, thus
indicating centrosymmetry. These data indicate that
the true space group is most likely CT, but the de-
viation from C2/c symmetry is very small. Refinements
were conducted in space groups C2/c, C2, cl, and Cl.

Initial C2/c refinement

Reflections violating monoclinic symmetry and the
c-glide extinctions were deleted from the data set for
this initial refinement, leaving a total of 971 observed
and non-equivalent monoclinic reflections. The final
atomic coordinates of Sartori (1977) were used as input,
but with disordered octahedral cations. Scattering fac-
tors appropriate for 50% ionization were taken from
Cromer and Mann (1968). Least-squares refinements
with both sigma and unit weights were attempted; unit
weights were found to give the most consistent results.
The improvement with unit weights is believed due to
the presence of two classes of reflections for layer sil-
icates-strong k = 3n reflections and weaker k ¥ 3n
reflections. Because sigma is proportional to the square



T (I) 0.4620 (4) 0.9230 (2) 0.1342 (I) 0.69 0.0027 (6) 0.0018 (2) 0.00075 (4) -0.0009 (2) 0.0004 (I) 0.00005 (9)
T (2) 0.9572 (4) 0.7550 (2) 0.1342 (I) 0.78 0.0036 (6) 0.0016 (2) 0.00090 (5) ~O.oool (2) 0.0003 (I) 0.00004 (9)
M (I) 0.25 0.75 0.0 1.89 0.0122 (46) 0.0045 (15) 0.0018 (4) -0.0036 (20) 0.0014 (11) -0.001 I (6)
M (2) 0.7569 (6) 0.5860 (4) 0.0000 (2) 0.66 0.0022 (10) 0.0017 (3) 0.00075 (7) 0.0001 (5) 0.0003 (2) 0.000'2 (I)
K 0.0 0.0891 (3) 0.25 1.74 0.0122 (8) 0.0052 (3) 0.00138 (5) 0.0 0.0002 (2) 0.0
0(1) 0.4433 (II) 0.9262 (6) 0.0529 (3) 1.31 0.0074 (18) 0.0042 (6) 0.00 II (I) -0.0029 (9) 0.0003 (4) 0.0002 (2)
0(2) 0.9173 (II) 0.7527 (6) 0.0529 (3) 1.31 0.0062 (19) 0.0051 (7) 0.0010 (I) -0.0001 (8) 0.0002 (4) 0.0006 (2)
0(3) 0.9398 (12) 0.5882 (7) 0.1667 (3) 1.53 0.0146 (21) 0.0024 (6) 0.0014 (I) 0.0013 (9) 0.0009 (4) -0.00001 (27)
0(4) 0.2358 (10) 0.8230 (6) 0.1631 (3) 1.24 0.0030 (16) 0.0045 (6) 0.0012 (2) -0.0005 (8) 0.0001 (4) 0.0002 (2)
0(5) 0.7362 (12) 0.8542 (7) 0.1662 (3) 1.52 0.0102 (20) 0.0042 (6) 0.0013 (2) 0.00 13 (9) 0.0004 (5) -0.0001 (2)

F 0.4454 (14) 0.5720 (8) 0.0497 (3) 2.58 0.0347 (30) 0.0083 (8) 0.0008 (I) 0.0098 (13) 0.0002 (5) 0.0004 (3)

! Calculated from B"'IuiL = 4/3 [{311/(a*)2+ {32/(b*)2 + {3,.:,�(c*)2].
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Atom Be-quh-.1

Table 2. Atomic parameters for C2/c symmetry.

/322 f312

root of the number of counts measured, the usual
weighting scheme with w = l/u2 unduly emphasizes
the importance of one class of reflections relative to the
other.

After several cycles of refinement of positional co-
ordinates with program ORFLS, bond lengths indicat-
ed disorder of the tetrahedral cations but order of the
octahedral cations with M(\) larger than M(2). The
scattering factors for the octahedral cations were ad-
justed to fit the ordering pattern found by Sartori with
M(1) = Lio.92Do.oH and M(2) = AI0.5HLio.:!5Fe3+0.01
(Mg,Mn,Fe2+)0.06' Additional refinement varying posi-
tional coordinates and isotropic temperature factors
and then anisotropic temperature factors reduced the
residual R, to 9.5% for unit weights. The anisotropic
factor for M(1) was non-positive definite at this stage.
The structure would not refine further, and the hydro-
gen protons were not apparent on difference electron
density maps.

cT refinement

The reflections violating monoclinic symmetry and
the c-glide extinctions were added to the data set, and
the former monoclinic equivalences were removed to
create 1742 observed non-equivalent reflections for tri-
clinic refinement. Subsequent least-squares cycles and
electron density difference maps indicated slightly
more electron density was needed in M(J) and less den-
sity in M(2). The ordering pattern was changed to
M(\) = Lio.93(Mg,Mn,Fe2+)0.o6Fe3+0.01 and M(2) =
Alo.5HLio.35Do.07'Reflections that showed the greatest
differences between Fo and Fe were noted to have
Fo> Fc consistently. Because the monitored check
reflections indicated that the crystal had slipped twice
during data collection, requiring new orientation matrix
determinations by an automatic centering routine, the
reflection data collected prior to each recentering were
corrected at this time by a decay function to insure that
all reflections were on the same scale factor.

With the new data set small semi-circular areas rep-
resenting about 0.2 electrons above background were
located on difference electron density maps at locations
approximately those expected for the hydrogen protons
associated with the OH groups. During subsequent
cycles of least-squares refinement, the hydrogen posi-
tions (weighted according to the relative proportion of
F and OH by analysis) were refined along with those of
all other atoms, but the isotropic temperature factors
of the hydrogens were held constant at 2.0. Refinement
ceased at RI = 9.5% with all anisotropic temperature
factors positive. No tetrahedral cation ordering was in-
dicated. Because of the increased number of parame-
ters, this refinement does not represent a statistically
significant improvement over that in C2/c. As a result,
further refinements were attempted in C I and C2 sym-
metries.

C I and C2 refinements

In space group C 1 the two M(2) octahedral sites are
no longer related by symmetry and were designated
M(2) and M(3). Two octahedral ordering patterns were
postulated and their ideal atomic positions determined
by the distance-least-squares program OPTDIS (W. A.
Dollase, Department of Geology, University of Cali-
fornia, Los Angeles, California 90024). In the first or-
dering pattern M(2) = AI1.oand M(3) = Alo.16Lio.7oDo.'4
and in the second pattern the contents of the two sites
were reversed. The content of M( I) was held at its pre-
vious value. Each ordered model was refined through
several least-squares cycles by varying only the M(2)
and M(3) cations and their coordinating anions. Re-
finement ceased at 16.4% for model I and at 17.8% for
model 2, indicating that Cl is not the correct space
group.

The position of K( I) was held constant in order to fix
the origin in this non-centrosymmetric space group, but
the positions and temperature factors of all other atoms
were varied. The residual R, decreased to 8.7% with



Octahedron M(I)

to M(l)
0(1) (x 2) 2.111(6)
0(2) (x 2) 2.110(6)
F (x 2) 2.100(6)

mean 2.107

0(1)-0(2) (X 2) 3.151(8)
F (X 2) 3.198(9)
0(2)-F (X 2) 3.199(9)

3.183

Octahedron M(2)

to M(2)
0(1) 1.985(7)

1.966(6)
0(2) I. 978(7)

I. 969(7)
F I. 982(8)

1.981(8)

mean 1.977

0(1)-0(2) 2.950(8)
2.920(8)

F 2.899(10)
2.929(9)

0(2)-F 2.941(9)
2.887(9)

mean (unshared) 2.921

0(1)-0(1) 2.613(9)
0(2) 2.809(8)
F 2.739(9)

0(2)-0(2) 2.608(12)
F 2.736(8)

F-F 2.483(12)

mean (shared) 2.665
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Table 3. Calculated bond lengths and angles.
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Bond lengths (A) Bond angles (0)

Tetrahedron T(I)
to T(1)

0(1) 1.618(6)
0(3) 1.634(6)
0(4) 1.630(6)
0(5) 1.628(6)

mean 1.628

0(1) 1-0(3)
0(4)
0(5)

0(3)-0(4)
0(5)

0(4)-0(5)

2.703(9)
2.706(8)
2.685(9)
2.616(9)
2.615(9)
2.611(9)

2.656

2.708(8)
2.702(9)
2.692(9)
2.624(9)
2.624(9)
2.619(9)

2.662

around 0(3)
around 0(4)
around 0(5)

mean

around T( I)
0(1)-0(3) 112.4(3)

0(4) 112.8(3)
0(5) 111.6(3)

0(3)-0(4) 106.5(3)
0(5) 106.5(3)

0(4)-0(5) 106.5(3)

mean 109.4

around T(2)
0(2)-0(3) 112.2(3)

0(4) 112.7(3)
O(5) 111.8(3)

0(3)-0(4) 106.6(3)
0(5) 106.3(3)

0(4)-0(5) 106.8(3)

mean 109.4

Tl to T2

around M(l)
0(1)-0(2) (x 2)

F (x 2)
0(2)-F (x 2)

mean (un shared)

0(1 )-0(2) (X 2)
F (X 2)

0(2)-F (x 2)

mean (shared)

0(1)-0(2)

0(1)- F

0(2)-F

mean (un shared)

0(1 )-0(1)
0(2)
F

0(2)-0(2)
F

F-F
mean (shared)

around M(2)

132.0(4)
136.9(4)
132.7(4)

133.9

96.6(2)
98.8(3)
98.9(2)

98.1

83.4(2)
81.2(3)
81.1(2)

81.9

96.2(3)
95.8(3)
93.9(3)
95.8(3)
96.0(3)
93.9(3)

95.3

82.8(3)
90.8(3)
87.4(3)
82.7(3)
87.7(3)
77. 6(3)

84.8

mean

Tetrahedron T(2)

to T(2)
0(2) 1.617(6)
0(3) 1.645(6)
0(4) 1.628(6)
0(5) 1.634(7)

mean 1.631

0(2)-0(3)
0(4)
0(5)

0(3)-0(4)
0(5)

0(4)-0(5)

mean
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Table 3. Continued

innerto K
0(3) (x 2)
0(4) (x 2)
0(5) (x 2)

Interlayer cation

outer
3.215(6)
3.269(6)
3.228(7)

3.237mean

2.951(6)
2.984(6)
2.957(7)

2.964

unit weights, but bond length calculations gave a num-
ber of unreasonable values. Thus, C2 is not considered
to be the correct space group.

Final refinement as C2/c

Analysis of the atomic coordinates of the cT refine-
ment showed that for all atoms the coordinates were
within two standard deviations of the positions that
would be generated by C2/c symmetry and consider-
ably less than one standard deviation for all but three
parameters. The deviation of the data set from C2/c
symmetry isjudged to be too small to permit refinement
in a lower symmetry. Final refinement in C2/c sym-
metry used the corrected monoclinic data set, input of
the hydrogen proton, and the octahedral ordering pat-
h \1determined during refinement as cT. The residual
decreased from 9.5% to 9.1% with unit weights. Elec-
tron density difference maps were flat at all atomic po-
sitions at this stage. The fact that the residual did not
decrease to the expected range of 4-5% is attributed to
the quality of the crystal. Table 2 contains the resulting
atomic coordinates and thermal parameters for the C2/
c refinement.' The hydrogen proton position at coor-
dinates 0.58, 0.48, 0.07 is not included in Tab]e 2 be-
cause of some doubt as to the reality of its determina-
tion (see next section).

DISCUSSION OF RESULTS

Table 3 gives calculated bond lengths and angles
based on C2/c symmetry. Figure 2 gives a polyhedra]
representation of the structure. The tetrahedral cations
are disordered. The octahedral cations are ordered in
the normal pattern for micas with M( I) larger than M(2)
(Bailey, 1975). M-O,OH,F bond lengths calculated
from the theoretical radii of Shannon (1976) are within
0.0] A of the observed values for a composition of
M(1) = Lio.93(Mg,Mn,Fe2+)0.06Fe3+ 0.0' and M(2) =
Alo.58Lio.35Do.07(with the vacancy included as Li and
using FO.760Ho.24per analysis). The composition de-
rived from the structure is in good agreement with that
derived by chemical analysis (Table I). The ordering of
Al into M(2) is consistent with the hypothesis of Gug-
genheim and Bailey (1977) that the small cation in

,
A list of observed and calculated structure amplitudes can

be obtained from the authors upon request.

F-rich lepidolites and zinnwaldites should be ordered
into the M(2) or M(3) sites, but no ordering between
M(2) and M(3) could be proven in lower symmetry in
this study. The individual bond lengths in Tab]e 3 are
different in most cases from those given by Sartori
(1977), but in some cases the mean bond lengths are
similar because of compensating :t errors in the Sartori
results. Many conclusions in the latter study, however,
remain valid.

Table 4 lists other important structural features. The
amount of tetrahedra] rotation is small (ex = 6.2°) be-
cause of the relatively good fit of the lateral dimensions
of the tetrahedral and octahedral sheets. The tetrahedra
are elongated to form trigonal pyramids with longer api-
cal-to-basa] oxygen bonds (mean = 2.698 A) than bas-
a]-to-basa] oxygen bonds (mean = 2.614 A). As in oth-
er ]epido]ites, the tetrahedral cation is closer to the
apical oxygen than to the basal oxygens so that the tet-
rahedral angles are unusually large (T = 112.2° and
112.3°).

The M(1) and M(2) octahedra are flattened and dis-
torted. The values of t/J= 60.7° for M(1) and 58.6° for
M(2) compared to the ideal value of 54. 73° are measures
of the flattening. The M(1) octahedron is severely dis-
torted with (0"0)2= 72.8° relative to M(2) with (0"0)2=
40.2° (Table 4) and to the ideal value of 0° because of
the need for the large M(1) octahedron to share edges
with the smaller M(2) octahedra. The M(2) octahedron
is distorted to a lesser degree and has alternate long and
short edges depending on whether the adjacent octa-
hedron is M( I) or M(2). The lengthening of edges shared
with M(1) pulls anions away from their ideal positions
and causes the bond lengths from M(2) to the upperO(I)
and 0(2) anions to be longer than those to the lower
anions (Table 3, Figure 2).

The substitution of F for OH in the octahedra] sheet
causes another distortion of the structure. F is smaller
than OH and allows a closer approach of the anion to
the octahedra] cation. The F-F shared edge is short-
ened and pulls the F ,OH atoms away from their ideal
positions directly under and over the K atoms in (001)
projection (Figure 2).

The large equivalent isotropic B value of2.58 for the
(FO.760Ho.24)atom (Table 2) is a result of positional dis-
order of the two species involved plus a possible indi-
cation that the actual symmetry is lower than C2/c. Fur-
ther evidence for the latter idea is the large B = 1.89
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Figure 2. Polyhedral representation of the lepidolite structure. Only the lower tetrahedral sheet and the octahedral sheet of
the first layer are shown.

value for M(\), whose position is fixed at 1/4,3/4,0 in
space group C2/c, whereas for M(2), whose position is
not restricted by symmetry, B = 0.66 despite the larger
substitution of atomic species in M(2). The similarly
unrestricted tetrahedral cations have B = 0.69 and 0.78
despite more substitution than in M(I). The partly re-
stricted K site at 0,y,1/4 also has a large B value of 1.74.

The hydrogen bond angle p is defined by Giese (1979)
as the angle between the O-H vector and (001) as mea-
sured with respect to the M(I) site. The composition of
the M( I) and M(2) sites suggests that the hydrogen pro-
ton should point away from the octahedral sheet and
away from M(2) toward the lower charge in M( I) with
a predicted value from Giese's trioctahedral equation
of 68. 7° (Table 4). The observed angle is 151.SOwith the
hydrogen vector nearly parallel to (001) and pointing
away from M(\). Although it is possible that this ori-
entation is dictated in some manner by the layer stack-
ing sequence, the large discrepancy more likely means
that the hydrogen proton has not been located accu-
rately, both because of its zero scattering power and its
dilution by 76% F in that position. X-ray methods do
not detect the hydrogen proton itself, only the hump of

excess electron density in the host oxygen caused by
polarization by the proton. The O,F-H distance indi-
cated by the determined positions is 1.2 A.

Table 51ists the orientation of the anisotropic thermal
ellipsoids for the structure. The major axes of the ther-
mal ellipsoids for all atoms except F ,OH are oriented
approximately normal to the layers. The major axis of
the ellipsoid for F,OH is halfway between X and Y in
the XY plane. This cannot be due entirely to positional
disorder ofF and OH, because no similar effect is noted
for the tetrahedral and octahedral cations. We suggest
that this is additional evidence for a lower symmetry
than C2/c and possibly for a domainal structure with a
preference of AI to be associated with F (Kampf, 1977;
Guggenheim and Bailey, 1977).

STABILITY OF THE 2M! STRUCTURE IN
LEPIDOLITE

Levinson ( 1953) noted a relationship between natural

mica structures and their Li20 contents. Micas with
less than about 3.3% Li20 were found to have the nor-
mal dioctahedral muscovite structure in his survey,
those with 3.4-4.0% Li20 were termed transitional and



Tetrahedral rotation ate, CO) 6.2

Tetrahedral angle T'et
CO) T (I): 112.3

T (2): 112.2

Octahedral flattening !/Joel (0) M (I): 60.7
M (2): 58.6

Octahedral distortion CO)' RMS (tTO)"
M (I): 5.7 72.8
M (2): 4.3 40.2

Table 5. Anisotropic thermal ellipsoid orientations.

rms (A) Angle to axeS n
displace-

Atom Axis ment X Y Z

T(I) rl 0.049 (8) 155 (6) 115 (6) 82 (3)
r2 0.092 (5) 115 (6) 25 (6) 90 (7)
r3 0.123(4) 92 (4) 93 (7) 172 (3)

T(2) rl 0.068 (6) 173 (18) 97 (18) 84 (3)
r2 0.082 (5) 97 (18) 7 (17) 91 (4)
r3 0.134 (4) 90 (3) 92 (4) 174 (3)

M(I) rl 0.094 (29) 134 (25) 134 (21) 95 (17)
r2 0.138 (23) 132 (25) 56 (23) 56 (15)
r3 0.204 (21) 105 (13) 63 (18) 145 (14)

M(2) rl 0.053 (13) 179(16) 89 (16) 84 (6)
r2 0.082 (8) 89 (17) 12 (9) 102 (9)
r3 0.124 (6) 90 (5) 102 (9) 166 (8)

K rl 0.129 (4) 172 (5) 90 (0) 92 (5)
r2 0.147 (4) 90 (0) 0(0) 90 (0)
r3 0.167 (4) 82 (5) 90 (0) 178 (5)

0(1) rl 0.076 (15) 148 (8) 121 (7) 83 (7)
r2 0.142 (II) 65 (14) 131 (25) 54 (33)
r3 0.155 (10) 72 (16) 123 (26) 143 (33)

0(2) rl 0.092 (14) 177 (7) 93 (12) 87 (15)
r2 0.124 (II) 90 (18) 131 (12) 41 (12)
r3 0.160 (10) 87 (7) 139 (12) 131 (12)

0(3) rl 0.095 (12) 73 (II) 163 (II) 94 (8)
r2 0.140 (10) 157 (13) 107 (12) 70 (15)
r3 0.169 (9) 105 (14) 92 (8) 159 (15)

0(4) rl 0.064 (18) 174 (6) 95 (8) 89 (6)
r2 0.134 (10) 93 (8) 19 (16) 108 (17)
r3 0.161 (9) 84 (6) 108 (17) 162 (17)

0(5) rl 0.110 (12) 30 (17) 120 (17) 94 (10)
r2 0.139 (10) 60 (17) 31 (17) 87 (20)
r3 0.162 (10) 86 (14) 85 (18) 175 (15)

F,OH rl 0.117 (12) 113 (10) 55 (13) 133 (18)
r2 0.141 (10) 117 (8) 56 (13) 43 (18)
r3 0.257 (10) 143 (3) 127 (3) 88 (3)

contents of 5.06%, 5.56%, and 6.37%, so that it is def-
initely a second example of lepidolite-2M,.

The Biskupice sample consists of small to medium
size flakes of pink to purple color. Single crystal X-ray
diffraction study showed both 2M, and 1M polytypes
to be present in a ratio of about 4: 1. The Londonderry
sample is quite different in appearance and consists of
larger plates and books several centimeters in lateral

extent that are colorless in thin flakes and maroon in
thicker sections. The lepidolite crystals in the bulk of
the pegmatite are uniaxial 3 T polytypes, and the biaxial
2M, crystals of similar composition are minor in abun-

dance and segregated in occurrence (Simpson, ]927).
The compositions of the Biskupice and Londonderry

2M,lepidolites are plotted on Figure 1; both lie outside

the stability field of 2M, lepidolite in the synthetic sys-
tem of Munoz (1968). Based on the present state of
knowledge, composition does not seem to be the pri-

mary factor governing the formation of the 2M, struc-
ture.

Several structural features of the Biskupice lepido-

Table 4. Structural features of lepidolite-2M!.
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Sheet thickness (A)
tetrahedral
octahedral

Interlayer separation (A)

Basal oxygen dz (A)

Intralayer shift
Layer offset
Resultant shift

f3 ideal CO)

2.256
2.061

3.365

0.067

0.358a", 0.358a2
-0.003a" -0.OO3a,
-0.362a,

94.98

I RMS octahedral distortion parameter is defined by Dol-
lase (1969) as the rms-deviation of the 15 octahedral angles
from their ideal values. tTO is defined by Robinson et al.

'2(1971) as (tTO)"= ~ (0, - 90)"/11, where 0, is the observed 0-
M-O angle.

,~!

contained a mixture ofdioctahedral muscovite-2M, and
a 6-layer trioctahedrallepidolite (now termed the 2M2
structure), those with 4.0-5.1% Li20 generally had the
2M2 structure, and lepidolites with greater than 5.1%
Li20 had one of the structures now known as 1M and
3T. Munoz (1968) advocated the separation of struc-
tures by plotting their compositions in the triangular
diagram Ms-PI-Tl (Figure I). This plot allows consid-
eration of the tetrahedral Si ,AI ratio and the number of
octahedral vacancies, as well as octahedral Li content.

Levinson (1953) also noted several occurrences of a
2M, "lithian muscovite" that he believed to be restrict-
ed to trioctahedral lepidolites with low Li20 contents
and to dioctahedral muscovites with relatively high
Li20 contents, although the upper and lower limits of
Li20 could not be given with certainty. These "lithian
muscovites" were characterized by refractive indices
in the lepidolite range and by Oke intensities in which
the 021 reflection was intensified and 020, 022, and 061
were decreased relative to the normal muscovite-2M,
pattern (illustrated in Levinson's Figures 1 and 2). Le-
pidolite-2M, from Biskupice has these same character-
istics, but in contrast to Levinson's samples, the Bis-
kupice lepidolite has a high Li20 content of 5.91%. In
a survey of more than 50 lepidolite samples available
in the University of Wisconsin collections, one addi-
tional sample was found that gave a similar Oke dif-
fraction pattern. This sample was a biaxial lepidolite
from the Grosmont Mica Mine, Londonderry, Western
Australia. Three analyses of this material gave Li20



Table 6. Comparison of structural features for nine micas.

Oct. flattening
Sheet Oct. distortione)

thickness (A) ,W)

Basal
RMSCations oxygen 0-(8)'

StructUre Li an TC) ~z(A) Tet. Oct. M(l) M(2) M(l) M(2) M(l) M(2)

Lepidolite-2M I
(this study) 1.63 6.2 112.3 0.067 2.256 2.061 60.7 58.6 5.7 4.3 72.8 40.2

Lepidolite-I M
(Sartori, 1976) 1.69 7.4 112.2 0.063 2.255 2.060 60.8 58.5 6.0 5.6 74.6 41.2

Lepidolite-2M 2
en

(Sartori et al., 1973) 1.69 6.5 111.9 0.086 2.241 2.074 60.8 58.4 6.7 4.6 74.1 39.5 ~~::;

Fluor-polylithionite-I M '"0
(Takeda and Burnham, 1969) 2.00 3.0 113.8 0.030 2.247 2.095 60.1 58.1 5.5 4.2 59.9 32.2

::;
~::;

Lepidolite-3 T 1.60 7.7 112.2 0.127 2.257 2.059 59.7 M (2) 60.9 5.3 M (2) 5.4 86.0 M (2) 88.3 Q..

(Brown, 1978) M (3) 57.7 M (3) 5.0 M (3) 22.0 ~2:.

Biotite- IM "'<(Takeda and Ross, 1975) 7.6 110.4 0.014 2.271 2.138 59.2 58.9 4.9 4.7 40.6 37.2

Biotite-2M I
(Takeda and Ross, 1975) 7.6 110.3 0.016 2.269 2.135 59.1 58.8 4.3 4.5 41.4 40.3

Zinnwaldite-I M
(Guggenheim and Bailey, 0.67 5.8 Ill. I 0.124 2.252 2.078 60.8 M (2) 56.5 7.1 M (2) 3.0 97.4 M (2) 8.0

1977) M (3) 60.9 M (3) 7.0 M (3) 98.4

Muscovite-2M I
(Giiven, 1971) 11.4 I I 1.0 0.223 2.339 2.103 57.0 9.8 4.8 106.2 57.3

Q
::,

'"
'"::,;:
::,.
(j

is'"
'"a::
s.

'"e.
'"
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lite-2M, have been compared with those of four other
lepidolites, three other trioctahedral micas, and a di-
octahedral muscovite to determine if these features in-
fluence the stacking sequences. The results are shown
in Table 6. Although expected differences between the
lepidolites, other trioctahedral micas, and muscovite
exist, the Biskupice lepidolite-2M, specimen cannot be
distinguished from the other lepidolites on the basis of
Li content, tetrahedral twist angle, tetrahedral bond
angle, basal corrugation, octahedral sheet thickness,
octahedral flattening, or octahedral distortion.

Takeda and Ross (1975) analyzed the structures of
coexisting 1M and 2M, biotites and found a difference
in the unit layers of the two structures. The apical oxy-
gens and OH groups forming the upper and lower oc-
tahedral triads were found to be shifted as units along
the :!: Y directions so that the octahedral shared edges
were rotated by about 6°. They suggested that these lay-
er differences resulted from the atomic and geometric
restraints imposed by adjacent layers arranged in dif-
ferent stacking sequences. Although the lepidolite-1M
in the Biskupice sample has not been analyzed struc-
turally, comparison of the Biskupice lepidolite-2M,
with the polylithionite-IM of Takeda and Burnham
(1969) and with the lepidolite-l M of Sartori (1976)
shows no differences of the sort described above for
biotite. This relationship can be seen qualitatively in
Figure 2, where the octahedral shared edges are essen-
tially parallel to the X-axis rather than being rotated.
The unit layers of the 1M and 2M, lepidolites are sim-
ilar. The present data agree with those reported by Sar-
tori (1976) who concluded, on the basis of comparison
of the structural details of I M and 2M21epidolites of the
same composition, that the structure does not exert a
strong control on the stacking sequence of layers.

Chaudhry and Howie (1973) in a study of lepidolites
from the Meldon aplite concluded that a segregation of
structural types could be found according to crystalli-
zation environment. They found 2M21epidolites in vol-
atile-rich low-temperature pegmatites and pegmatitic
veins cutting the aplite, whereas the 1M lepidolites
were in the relatively volatile-poor and higher-temper-
ature environment of the aplite itself. No information
is available on the nature of the Biskupice pegmatite of
the present study, but Simpson (1927) pointed out for
the Grosmont pegmatite of Western Australia that the
lepidolite in the bulk of the pegmatite is uniaxial. The
biaxial lepidolite, identified in the present study as the
2M, structural form, is restricted to the footwall in the
immediate vicinity of thin veins of topaz, suggesting an
analogy with the Meldon lepidolites cited above.

Baronnet (1975) studied the microtopography of mi-
cas, including F-polylithionite, as synthesized under
both dry and wet conditions. Micas in the dry system
tended to grow almost entirely layer-by-Jayer, whereas

those grown in an excess of water developed abundant
screw dislocations after initial layer-by-Iayer growth.
Although these observations offer no specific clues as
to the conditions that favor crystallization of the 2M,
structure, they do indicate a difference in the mecha-
nism of crystal growth under different conditions.
Thus, the evidence to date suggests that one or more
of the parameters of crystallization (temperature, pres-
sure, volatiles, degree of saturation, and rate of cooling)
are more important than the composition or the struc-
ture of the unit layer in determining the stability and the
occurrence of different layer stacking sequences in le-
pidolites.
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Pe31OMe--CrpYKTypa EHcKynHI.\KOrO (qexOCJIOBaKH~) JIenHijOJIHTa-2M, 6bIJIa nOBTopHO onpeijeJIeHa c

60JIbIIIOH TO'lHOCTblIO. HapYIIIeHH~ CHCTeMaTH'IeCKHX 3KCTHHKl.\HH H MOHOKJIHHHbIX 3KBHBaJIeHTHOCTH,

a TaK)I(e pe3YJIbTaTbI aHaJIH3a no reHepHpOBaHHIO BTOpH'IHOH rapMoHHKH YKa3bIBaIOT, '�TO HCTHHHa~

cHMMeTpH~ 3TO, HaH60JIee Bepo~THo, CI. OTKJIOHeHHe rpynnbI ijaHHbIX OT C2/c cHMMeTpHH, OijHaKo,

CJIHIIIKOM MaJIO, '�T06bI ijOnycTHTb CTaTH'IeCKH 3Ha'lHTeJIbHOe YJIY'IIIIeHHe cL YJIY'lIIIeHHe B C2/c

cHMMeTpHH YKa3bIBaeT Ha Heynop~ijO'leHHOCTb TeTpa3ijpH'IeCKHX KaTHOHOB, a ynop~ijO'leHHOCTb

OKTa3ijpH'IeCKHX KaTHOHOB, TaK '�TO M(I)
= Lio.9:JR2+ o.o.FeHo.o, H M(2) = Alo,5HLio,:J5Do,07' ,lJ,JI~ 06pa30-

BaHH~ TpHrOHabH'IX nHpaMHij C yrJIOM nOBopOTa 6,2° TeTpa3ijpbI ~BJI~IOTC~ BbIT~HYTbIMH. AHOMaJIbHa~

opHeHTal.\H~ TepMaJIbHOH 3JIJIHnCOHijbI ijJI~ F,OH aHHOHa, a TaK)I(e 60JIbIIIa~ BeJIH'IHHa 3KBHBaJIeHTHOro

H30TponHoro B = 2,58 ijJI~ F,OH H I ,74 ijJI~ Me)l(CJIOHHOrO KaTHOHa K, nOJIO)l(eHHe KOToporo B

C2/c cHMMeTpHH '�aCTH'IHO OrpaHH'IeHO, YKa3bIBaIOT Ha 60JIee HH3KYIO cHMMeTpHIO, '�eM C2/c.
CocTaBbI 06pa31.\0B '�eXOCJIOBal.\KOrO H ijpyroro 3anaijHO-aBCTpaJIHHCKOro JIenHijOJIHTa-2M, HaXOMTC~

BHe nOJI~ YCTOH'IHBOCTH JIenHijOJIHTa-2M, B cHHTeTH'IeCKOH CHCTeMe. CTpYKTypHoe perYJIHpOBaHHe

nOCJIeijOBaTeJIbHOCTH YKJIaijKH CJIOeB HrHopHpyeTc~ Ha OCHOBe CTPYKTypHoro nOij06H~ 3JIeMeHTapHblx

CJIOeB JIenHijOJIHTa. no cpaBHeHHIO C COCTaBOM HJIH CTpYKTypOH 3JIeMeHTapHoro CJIO~, KpHCTaJIJIH3a-

I.\HOHHble napaMeTpbI C'IHTaIOTC~ 60JIee Ba)I(HbIMH ,I.\JUI onpeijeJIeHH~ YCTOH'IHBOCTH H HaJIH'IH~

pa3JIH'IHbIX nOCJIeijOBaTeJIbHOCTeH YKJIaijKH CJIOeB B JIenHijOJIHTe. [E. C.]

Resiimee--Die Struktur eines 2M,-Lepidolit von Biskupice, Tschechoslowakei, wurde verfeinert. Die Ver-
letzung der systematischen Ausloschungsregeln einerseits und der monoklinen Aquivalenzen andererseits
sowie die Ergebnisse eines Testes auf Erzeugung der zweiten harmonischen Analyse weisen darauf hin,
daB die wahre Symmetrie vom Typ cl ist. Die Abweichung der Daten von der C2/c-Symmetrie erwies sich
jedoch als zu klein, urn eine signifikante statistische Verfeinerung in cl zu erlauben. Die Verfeinerung in
der C2/c-Symmetrie deutete auf keine Ordnung der Tetraederkationen hin, jedoch auf eine Ordnung der
Oktaederionen, so daB M(I) = LiO.93R2+o,06Fe3+0.0' und M(2) = Alo,..Lio,35Do,07ist. Die Tetraeder sind so
gestreckt, daB trigonale Pyramiden mit einem Rotationswinkel von 6,2° entstehen. Die anomale Orienti-
erung des thermischen Ellipsoids fiir das F,OH-Anion und der groBe aquivalente isotrope B-Wert von 2,58
fur F,OH, sowie von 1,74 fUr das Zwischenschicht-Kalium-Kation (dessen Lage zum Teil auf C2/c-Sym-
metrie beschrankt ist) deuten auf eine niedrigere Symmetrie als C2/c hin.

Die Zusammensetzung dieser Probe und eines weiteren 2M,-Lepidolit von Westaustralien liegen im syn-
thetischen System auBerhalb des Stabilitatsfeldes von 2M,-Lepidolit. Die strukturelle Beeinflussung der
Stapelfolge ist abhangig von der strukturellen Ahnlichkeit der Lepidolitschichten. Die Kristallisationsbe-
dingungen werden fUr die Stabilitat und das Auftreten verschiedener Abfolgen der Einheitslage im Lepidolit
fur wichtiger gehalten als die Zusammensetzung oder die Struktur der Einheitsschicht. [U. W.]

Resume--La structure d'une lepidolite-2M, de Biskupice, Tchecoslovaquie, a ete redeterminee. Des vio-
lations d'extinctions systematiques et d'equivalences monocliniques, plus les resultats d'un test de seconde
generation harmonique indiquent que la symmetrie reelle est vraisemblablement c1. La deviation des don-
nees de la symmetrie C2/c, cependant, a prouve etre trop petite pour permettre un rafinement statistique-
ment significatif dans c1. Un rafinement dans la symmetrie C2/c n'a indique aucun rangement de cations
tetraedres, mais un rangement de cations octaedres tels que M(I) = Lio,93R2+o.06Fe3+0.0'et M(2) =
Alo,5HLio,35DO,07'Les tetraedres sont allonges pour former des pyramides trigon ales avec un angle de rotation
de 6,2°. L'orientation anormale de l'ellipsoide thermique de l'anion F,OH plus la large valeur equivalente
isotropique de B de 2,58 pour F ,OH et de 1,74 pour Ie cation intercouche K dont la position est partiellement
restreinte dans la symmetrie C2/c, suggere une symmetrie plus basse que C2/c.

Les compositions de cet echantillon et d'une seconde lepidolite-2M, d' Australie de I'Ouest tombent en
dehors du champ de stabilite de lepidolite-2M, dans Ie systeme synthetique. Le controle structural de la
sequence d'empilement est rejete it cause de la similarite structurale des couches unitaires de lepidolite.
Les parametres de cristallisation sont consideres etre plus importants que la composition ou la structure
de la couche unitaire dans la determination de la stabilite et l'occurence de differentes sequences
d'empilement de couches dans la lepidolite. [D.l.]
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