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Abstract

The crystal structure of a Li,Be-rich mica from Zimbabwe, intermediate in composition
between the trioctahedral mica bityite-2M, [Ca(LiAl,)(AlBeSi,)O;4(OH),] and the diocta-
hedral mica margarite-2M, [CaAl,(Al,Si;)0,9(OH),], has been studied by single crystal X-
ray analysis (R; = 0.030, R, = 0.031) in space group Cc. On a statistical basis, the M(1) site
(mean M(1)-O = 2.14A) contains 0.55 Li and 0.45 vacancy, whereas the M(2) and M(3)
sites (mean M(2)-0, = 1.902, M(3)-O = 1.903A) are fully occupied by Al. In the tetrahedral
sites, the ordering of Al,Be relative to Si is nearly complete (mean T-O: 1.723, 1.721, 1.632,
1.628A) with a similar pattern to that found in margarite. This pattern violates the center of
symmetry of the ideal space group C2/c. Such ordering is not environmentally induced and
is a consequence of a more stable cation charge distribution. Hydrogen positions at p
values of 22° and 58° are associated at each hydroxyl and indicate the effect on the O—H
vector of vacancy and lithium substitutions in M(1), respectively. Apparent thermal
parameters are explained by positional deviations of atoms between dioctahedral and
trioctahedral regions. Generally, for all micas, the counter rotation of octahedral upper and
lower oxygen triads in M(2) is related linearly to the difference in size of neighboring
octahedra, and causes a small reduction in the lateral dimensions of the octahedral sheet.
Octahedral flattening is most greatly affected by the field strength of neighboring octahedral
cations, and less affected by either tetrahedral/octahedral misfit or the octahedral cation

size.

Introduction

Bityite, Ca(LiAly)(AlBeSiy)O,o(OH),, was de-
scribed by Lacroix (1908) using material from Mt.
Bity, Madagascar and again in 1947 by Rowledge
and Hayton using impure material from Londonder-
ry, Western Australia. Strunz (1956) gave X-ray
powder and optical data of the Mt. Bity material.
He found the structure to be a two layer modifica-
tion and illustrated also the complex nature of the
twinning found in this material. More recently,
reported occurrences of bityite or micas of inter-
mediate compositions between bityite and the di-
octahedral mica, margarite-2M;, Ca(Al)(Al,
Si,)0;9(OH),, have been noted from the Middle
Urals (Kutukova, 1959), three pegmatites in Zimba-
bwe (Gallagher and Hawkes, 1966), and a tin vein in
Uganda (Gallagher and Hawkes, 1966). Unpub-
lished data (Lin and Guggenheim) confirm that
material from Pizzo Marcio, Val Vigezzo, Piemon-
te, Italy is lithium and beryllium rich also. Infrared
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data of material from Salisbury, Zimbabwe and
Bikita, Zimbabwe have been presented by Farmer
and Velde (1973).

Although early workers (e.g., Holzner, 1936)
have suggested that certain micas intermediate in
composition may be composed of varying propor-
tions of interleaved dioctahedral and trioctahedral
layers, no such examples have been found. It is
generally agreed that a complete simple solid solu-
tion series between dioctahedral and trioctahedral
micas (where an octahedral cation substitutes for a
vacancy) does not appear to exist in nature, al-
though it has been documented in synthetic systems
(Toraya et al., 1978a). Cases do exist in nature
when the vacancy is ordered in the M(1) site (for
example, lepidolite-2M, as refined by Takeda et al.,
1971) but cations are disordered over the other
octahedral sites, thereby discounting a simple solid
solution relationship between two end members.
However, bityite represents a special case for sev-



LIN AND GUGGENHEIM: LITHIUM, BERYLLIUM MICA 131

eral reasons. Aluminum is known to strongly prefer
the M(2) site in the micas and because of the
coupled substitution of Be for Al in the tetrahedral
sites, a simple Li substitution for the vacancy is
possible without additional octahedral substitutions
or octahedral cation disordering effects. Further-
more, the ionic radius of lithium is nearly the same
size as the vacancy in aluminian dioctahedral mi-
cas. Thus, the topology of the octahedral sheet of
bityite would be similar to that of an aluminian
dioctahedral mica if lithium substitutes for the va-
cancy.

The distribution of tetrahedral cations is of inter-
est also. Margarite-2M; has been shown to adopt a
nearly complete ordered arrangement of Si and Al
in a pattern that violates the center of symmetry
(Guggenheim and Bailey, 1975). Because of the
similarities of the margarite and bityite structures
and chemistry, a similar ordering pattern would be
expected for bityite. Infrared data (Farmer and
Velde, 1973) appear to confirm that intermediate
members of the series are ordered based on spectra
suggesting the absence of Al-O-Al bonds linking
tetrahedra. In addition, second harmonic laser stud-
ies (Guggenheim et al., in prep.) indicate acentri-
city.

A single crystal X-ray refinement of the structure
of a Li,Be mica has been undertaken on a sample
from the Mops pegmatite, Salisbury district, Zimba-
bwe. The material replaces portions of a beryl
crystal and is either a late stage magmatic or a
hydrothermal alteration product. The optical prop-
erties are similar to that of margarite but with
refractive indices of @ = 1.639, 8 = 1.648 and vy =
1.650 (Gallagher and Hawkes, 1966).

Experimental

Table 1 presents the wet chemical analysis (Gal-
lagher and Hawkes, 1966) of crushed material from
the Mops pegmatite, Zimbabwe. In addition, four
grains from the same sample fraction were analyzed
with a MACS three spectrometer automated elec-
tron microprobe using RAP (for Al) and PET (for Si
and Ca) crystals. Up to six analyses per grain were
made using standards from the Smithsonian Institu-
tion (hornblende, Kakanui, New Zealand and anor-
thite, Great Sitkin, Alaska). Grains analyzed using
both standards separately produced comparable
results. Similar results were obtained from the
different crystals analyzed and individual crystals
appeared homogeneous. The data were corrected
using the Bence and Albee (1968) method and the

alpha values of Albee and Ray (1970). The excess
silicon reported in the wet chemical analysis is
undoubtedly due to the observable presence of
closely intergrown anhedral quartz (Gallagher and
Hawkes, 1966). The amount of excess quartz may
be calculated by comparing the wet and probe
Al,O; and CaQO data; approximately 8% of the
sample used in the wet analysis was due to included
quartz. Appropriate adjustments were made to
compensate (see Table 1) and the ‘‘best’’ data for all
elements are given.

A crystal, approximately 0.25 X 0.175 X 0.05 mm
in size, was chosen from the split of crushed
analyzed material. The crystal, mounted on the
fiber along the c* axis, gave only sharp reflections
indicating regular stacking. Precession photographs
showed monoclinic symmetry with systematic ab-
sences of the type k& + k # 2n for general reflections
and [ # 2n for A0l reflections. Models examining the
possible adoption of symmetry in C2/c and Cc were
investigated.

Data were collected on a Picker Facs-1 four circle
automated diffractometer using a graphite mono-
chrometer and molybdenum radiation. Nineteen
high-angle reflections in which Ka; could be re-

Table 1. Chemical analysis of the Li,Be mica from Mops
Pegmatite, Zimbabwe

Oxide Thet Probe 5gest Cations per 22 positive charges
$10, 36.1 31.26 31.26 Si 2.023
BeO 3.8 3na 4.1 Be  0.637 ) 4.0001Y
A1,04 40.8  44.37 44.37 Al 1.380
Li,0 1.9 na 2.1 A 2,044
Fep03 0.2 ‘4o.1 0.17 Li  0.547 ; 2.598VI
Ti0, 0.2 bd Fe3* 0.007
Mg0 0.1 bd
Ca0 12.7 13.64 13.64 Ca  0.946
Nay0 0.4 0.19 0.19 Na  0.024 0.971X11
K20 0.1 0.008 0.008 K 0.001
Hp0 4.7  na 5.1
F %54 na

100.8 .64 TTo00.94

1. from Gallagher and Hawkes (1966)
2. below detection

3. not analyzed

4, all iron assumed ferric

5. Be0, Li0 and Hy0 of wet analysis multiplied by 1.081 to
account for quartz contaminant (see text).
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solved were used to refine the unit cell parameters
(see Table 2). Intensity data were coliected using
the moving crystal, stationary counter technique in
the continuous @ scan mode (Lenhert, 1975) at
1°/min scan, 1.5° peak width and a 20 sec. per
background count. Intensity measurements in one
half of the reciprocal sphere were collected to
produce 7914 reflections with limitations of 4 = —10
to 10, k = —17to 17 and I = 0 to 37 and Sin g\ =
1.0. Crystal and electronic stability were monitored
by comparing a set of three standard reflections
taken after every 50 observations. The data were
corrected for Lorentz and polarization effects. Cor-
rections for absorption effects were calculated em-
pirically based on ¢ scans (10° increments in ¢) for
selected reflections taken at approximately 5° inter-
vals in 26. A comparison of ¢ scan data showed that
the maximum intensity decrease was 24%.

Only reflections in which I > 30(I) were consid-
ered observed where the standard deviation, o, of
the intensity, I, is defined as o(I) = [c + 0.25(t./
t)’(B; + By) + (pD)?1V%; c is the total integrated
counts in time t., B; and B, are the background
counts in time ty,, and p is arbitrarily chosen as 0.03
and I = [c — 0.5(t/tp)(B; + B,)]. These reflections
were symmetry averaged into two quadrants result-
ing in 1927 non-zero, independent intensities. Ten
reflections were removed from the data set because
of difficulties encountered in translating the paper
tape.

Refinement

The atomic coordinates from margarite in the
ideal space group, C2/c, were used as the initial
model for refinement in the crystallographic least-
squares program, ORFLS (Busing, Martin and Levy,
1962). The use of this model implies silicon and
aluminum (and beryllium) disorder in the tetrahe-
dral sites. Scattering factor tables were from Cro-
mer and Mann (1968), atoms were assumed to be
half ionized, and reflections were given unit
weights. As a first step, the M(1) site was left vacant
as is typical in dioctahedral micas. A three dimen-
sional Fourier difference map was generated after
several cycles of varying atomic coordinates fol-
lowed by varying isotropic temperature factors. A
positive anomaly, approximately 1 1/4 e/A>, was
detected at M(1). Since the calculation of bond
distances showed complete ordering of Al in M(2),
the entire electron density at M(1) was attributed to
all the octahedral elements in excess of two Al ions,
predominantly lithium. Additional cycles involved

Table 2. Unit cell parameters of the Mops mica compared to

margarite
Li, Be mica 1Margar-1'te
a (R) 5.058(1) 5.1038(4)
b (R) 8.763(3) 8.8287(7)
¢ (k) 19.111(7) 19.148(1)
g (°) 95.39(2) 95.46(3)

lfrom Guggenheim and Bailey, 1975

varying the isotropic temperature factor of M(1) and
the anisotropic temperature factors and atomic co-
ordinates (see Table 3) of the remaining atoms. A
second Fourier difference map was computed after
these cycles and the hydrogen positions located
(see the discussion below). No other significant
features were found. The final residual values are
given in Table 4. Bond lengths calculated at this
stage confirmed the assumptions made earlier re-
garding tetrahedral disorder in C2/c symmetry.

Refinement procedures in Cc symmetry follow
the method outlined by Guggenheim and Bailey
(1975, 1978) and summarized by Guggenheim
(1981). In short, it involves the testing of each
artificially ordered model with atomic coordinates
derived by a distance least-squares program in the
lower symmetry. X-ray intensities are then used for
each model in a full-matrix least-squares refinement
program. The ordered model as found in margarite
(Si in T(11) and T(2), Al in the other tetrahedral
sites) is the only ordering scheme which does not
segregate Al and Si into separate tetrahedral sheets
but is still consistent with a disordered arrangement
in C2/c symmetry. Because of the two layer stack-
ing sequence and the c glide plane, the ‘‘converse’’
model of silicon in T(1) and T(22) may be made
congruent to that of the margarite structure by
rotation and an origin shift. The effect of Be on the
starting model was considered too subtle to require
modelling since statistically, if complete ordering of
Be occurs, only one half of a Be atom can occupy
one tetrahedral site.

The calculation of bond lengths at the end of the
isotropic refinement in Cc symmetry showed the
Al-rich tetrahedra to be smaller than in margarite. A
Fourier difference map indicated also that the scat-
tering power in these sites should be less and the
scattering factor tables were adjusted (t0 9.5 and 9.1
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Tabie 4. Results of refinement

In c2/¢ In cc
Anisotropic Isotropic Anisotropic

]R 0.045 0.138 0.052 0.132 0.030

2R 0.054  0.302 0.051  0.262 0.031
3g00dness-of-fit 1.8 0.02 1.75  0.01 1.08
variable parameters 88 88 76 76 174
4data set 1917 3492 1917 3492 1917

TR, = (2| [Fol-|Fe||)/z|Fol

2R = {[Zw(|Fo|-|Fc|)2]/2w|Fo|2}l/z; for the data set of 1917 reflections, w=1; for the

data set of 3492 refiections, if F >10, then w=1/(oxF2); if F <10, then w=1/(ox10xF)

and if F=0, then w=1/(163x10) where 163 is the o of the weakest non-zero reflection.

The total number of reflections for F > 10 is 1859.

See text for significance.

3g0odness-of-fit: [zw] |Fo|-|Fc]| |2/Z(n-m)]%‘where n=number of independent data and m=number

of parameters.

4cOmp1ete data set:

3492; Data set for which I>3c considered observed:

1917.

electrons/A%) to include Be. No significant differ-
ences were found between the two Al,Be-rich tetra-
hedra. The anisotropic refinement proved success-
ful and, after a Fourier difference map was
calculated, the hydrogen positions were located,
although not included in the refinement.

Correlation coefficients in Cc symmetry are com-
parable to those observed in the margarite refine-
ment and may be grouped into three classes. The
highest correlations, from |0.900| to |0.956|, result
generally from parameter interactions between
M(Q2) and M(3) and between the x parameters of
pseudosymmetry-related tetrahedral cations. Cor-
relations from [0.850] to [0.900| involve interactions
between the other parameters of the pseudosym-
metry-related tetrahedral cations and the x parame-
ters of pseudosymmetry-related anions, and those
correlations below |0.850| involve the other varia-
bles. The latter class of correlations were mostly
near zero. Higher correlations involving interac-
tions for the x parameter and, consequently, the
higher standard deviations associated with the posi-
tional parameters are probably related to the rela-
tively lower values of the 4 index for reflections in
the data set.

A comparison of the weighted residual for the

anisotropic C2/c refinement and the isotropic Cc
refinement shows that the latter refinement involv-
ing fewer variables has a significantly lower value.
The difference increases substantially (Table 4) if a
data set is used in which weak and zero reflections
are emphasized. These reflections are proportional-
ly more greatly affected by the small imaginary
component of the structure factor in a noncentric
structure than the more intense reflections (Scho-
maker and Marsh, 1979). For this case, such a test
is quite appropriate because the phases for the
weaker k # 3n reflections tend to be controlled by
those atoms that do not repeat at b/3 intervals, i.e.
the oxygen atoms, which deviate more from centro-
symmetry. These results and the conclusions inde-
pendently derived from infrared data and the SHG
experiments indicate that the correct space group is
Cc.

Table 5! lists the observed and calculated struc-
ture amplitudes and Table 6 gives the calculated
bond lengths and angles. Values in Table 6 were

To receive a copy of Table 5, order Document AM-83-213
from the Business Office, Mineralogical Society of America,
2000 Florida Avenue, N.W., Washington, D.C. 20009. Please
remit $1.00 in advance for the microfiche.
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calculated from orRFEE (Busing et al., 1964) using
the correlation coefficients.

Discussion

Giese (1979) has defined the hydrogen bond an-
gle, p as the angle between the O—H vector and
(001) as measured with respect to the M(1) site. For
margarite, which has a vacant M(1) site, Giese
predicts that p is small and the hydrogen vector
nearly parallel to the (001) plane. Although both the
interlayer cation and the complete occupancy of Li
in M(1) for end member bityite would affect the
hydrogen position in a complex way, one would
predict qualitatively that the hydrogen vector is
substantially elevated from the (001) plane relative
to margarite because of the associated charge in the
M(1) site of bityite. The final Fourier difference
maps for both C2/c and Cc models suggest two
plausible hydrogen locations near each hydroxyl
position. We designate these peaks as Hy, for low
and Hy; for high elevations relative to M(1) and the
(001) plane. The locations of these peaks in Cc
symmetry are: H(1)y: 0.456, 0.638, 0.044; H(1).:
0.404, 0.642, 0.064; H(11)y: 0.540, 0.370, 0.908; and
H(11): 0.592, 0.362, 0.938.

The hydrogen peaks designated H; are the
strongest peaks in the difference map at approxi-
mately 0.28 e/A3. The Hy positions are associated
with peaks of 0.18 e/A? in magnitude and are similar
in value to peaks associated with atom positions.
These latter peaks near atom positions suggest that
the “‘thermal’’ ellipsoids incompletely describe the
atomic thermal vibrations. Peaks apparently associ-
ated with random background effects are slightly
lower in magnitude. We note, however, that the
standard deviation for peak height in the difference
map (Lipson and Cochran, 1950, p. 334) is 0.12
e/A3, and the conclusions regarding hydrogen peak
positions should be considered tentative.

Observed values of p in Cc symmetry are (low
and high, respectively) 23.2° and 57.3° for H(1) and
19.8° and 58.8° for H(11). The O—H distances are
H(1): 0.73A and H(11): 0.71A for H;, and H(1):
1.04A and H(11): 0.97A for the Hy positions. These
distances involve an average associated oxygen
position; the actual position of the oxygen is depen-
dent on the occupancy of M(1), either a lithium ion
or a vacancy. The average distance of 0.86A com-
pares favorably to O—H distances derived from
other X-ray refinements. The multiple locations for
the hydrogen position near each associated oxygen
position emphasize that the crystal is composed of

dioctahedral (Li-poor) and trioctahedral (Li-rich)
unit cells. Except for the hydrogen position, which
must differ considerably in lithium-rich or lithium-
poor unit cells, the other atom coordinates repre-
sent average positions. Such average positions
would be expected to influence the thermal parame-
ters, which are described and discussed below.

There is no significant positional difference for
the M(1) site between the ideal (C2/c) and subgroup
(Cc) refinements. Neither the R value nor the
isotropic temperature factor changed appreciably
when, at the end of the refinement procedure in Cc
symmetry, the positional parameters were re-set
artificially to the ideal C2/c Wyckoff position of
YaVuls, In addition, estimated standard deviations
for the positions of this site at the end of the
refinement procedure are less than 3o from the ideal
position. However, the bond lengths and angles
given in Table 6 are calculated using the refined
position.

Figure 1 gives a polyhedral representation of the
structure projected down the a axis and Figures 2
and 3 illustrate polyhedral structural components
projected on (001). The octahedral cations (Fig. 2)
are ordered with M(1) being larger than M(2) as is
normal for most micas. The mean M—O,OH bond
lengths (M(1), 2.14A; M(2), 1.902A and M(3),
1.903A) are in good agreement with calculated
values (M(1), 2. 148A; M(2) and M(3), 1.905A) based
on the observed chemical analysis and the ionic
radii from Shannon (1976) for a composition of M(1)
= Li0_55mo_45 and M(2) and M(3) = Al]()o The
radius of the vacant site was taken as 0.80 A for this
calculation. This composition for the M(1) site is in
excellent agreement also with the observed scatter-
ing of 1.3 ¢/A® at this position obtained from a
Fourier difference map and the expected value of
1.4 ¢/A®. The excess of 0.044 Al in the chemical
analysis (Table 1) is probably related to the uncer-
tainty involved in the various analytical procedures,
although the possibility that the excess Al enters the
M(1) site cannot be ruled out.

The scattering power for each of the tetrahedral
sites is: T(1), 9.5; T(11), 11.7; T(2), 11.9; and T(22),
9.1 e/A3. The lower scattering power and larger T—
O distances for T(1) and T(22) indicate that these
sites contain predominately Al and Be, whereas
T(11) and T(2) are essentially Si. Actual site occu-
pancies are impossible to calculate from this refine-
ment because of the three possible elemental substi-
tutions and the difficulty in obtaining an accurate
ideal tetrahedral distance for Be-O (Be-O distance
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Table 6. Interatomic distances and angles

Table 6. (continued)

Bond Lengths (&) Bond Angles (°)

Bond Lengths (A) Bond Angles (°)

Octahedron M(1)

MO0 Ine fes nR wen 301
I 0 . )
o%e) 2.02%3) 0(2)--0(11) 2.933E6) 0(2)--0%13 g;%t;
0(11)  2.25(3 0(66 2.788(6 (6 1
oﬁzz% 2.178 0(6)——0%113 2.778(6% 0(6)--083 33{‘;
0(66)  2.13(3) 0(22) .698(6) 0 i
Mean Tz Mean (shared} = Mean (shared) a1
o(1)--0(2 3.275(7)  0(1)--0(2 100(1)
e 3.237((7% e 103(1)
0(2)~-0(6) 3.217(7)  0(2)--0(6) 100(1)
0(11)--0(22)  3.268(7)  0(11)--0(22) 95(1)
0{66)  3.244(7) 0(66) 96(1)
0022)--0(66)  3.269(7) 0(22)--0(66) 99(1)
lean 3.252 lean
(unshared) {unshared)
Octahedron M(2)
MO o VToan  ameg CUTNGR wEG
0(6) 1.903(5)  0(2)--0(22) 22473% o(n--g(gé) géégg
0(11)  1.954(5 0(66 2.788 .
0%22% 1.869%5% 0(6)--0(11) 2.778%6% 0(6)--0(1D) 92.1(2)
0(66)  1.902(5 0(66 2.356(3 0 .5(2)
Mean o I.WZ() Mean (S}Earzsd) 2.608 Mean (shared} B
0(1)--0(2 2.772(6)  0(1)--0(2) 94.2(2)
Nl 2.741%7) o6 93.8(2)
0(2)--0(6) 2.807(8)  0(2)--0(6) 94.0(2)
0(11)--0(22)  2.785(7)  0(11)--0(22) 93.5(2)
@008 3i%le  own--068 i
0(22)-- 2 =2 :
Mean o Mean 5

(unshared) (unshared)

Octahedron M(3)

M(3)--0(1) 1.863(5) 0(1)—-0(11) 2,475(3) 0(1)--0(11) 80.6(2)
0(2) 1.945(5) 0(6 2.713(7) 0{66 92.7(2)
0(6) 1.886(5) 0(2)——0(11) 2.938(6) 0(2)--0(11) 97.5(2)
0(11)  1.962(5) 0(22 2.473(3) 0(22 80.7(2)
0(22) 1.873(5) 0(6)- 0(22) 2.698(33 0(6)--3%23 ?%;(g)
0(66 1.886(5 66 2.356 . g )
Mean > I.§U3( : Mean (shared) .60 Mean (shared) B
0(1)--0(2 2.756(7) 0(1)--0(2) 92.7(2)
W 0%6} 2.813(7) 06, 97.2(2)
0(2)--0(6) 2.776(7)  0(2)--0(6) 92.8(2)
0(11)--0(22)  2.750(6)  0(11)--0(22) 91.6(2)
0 2.779(7) 0(66) gég(%)
0(22)--0(66, 2.776(7 0(22)--0(66 -
M:gan) (28) 2.775( ) lean ¢ .
(unshared) (unshared)
Interlayer Cation T(1) to T(2}
Ca(1)--0(3) 2.429(6) 3.406(6) around 0(3) 120.6(3)
0(4) 2.465(5) 3.538(6) around 0(4) 125.3(4)
0(5) 2.436(5) 3.381(5) around 0(5) 119.6(3)
0(33)  2.391(5) 3.414(6) Mean 5
0(44)  2.446(5) 3.522%3 T01) to T(22)
0(s5 2.423(5 3.363 ]
Mean (i_rn(lerg 5 (outer) 3.437
around 0(33) 119.1(3)
around 0(44) 124.3(3)
around 0(55) 119.2(3)
Mean 120.

of 1.65A according to Shannon, 1976; Be-O dis-
tance of 1.634A according to Baur, 1981). However,
two equations, one involving bond lengths and the
other scattering power, may be solved simulta-
neously if the ideal Be-O distance is assumed to
equal that of Si-O, so that there are two unknowns
only. For this calculation, Si-O, Be-O and Al—(o)
ideal distances are taken as 1.608, 1.608 and 1.771A
(Hazen and Burnham, 1973), respectively and the
resulting chemical composition based on the X-ray
refinement is Ca, ¢Lig sy sAl,e (Beg.ss
Al, 685i;.74)010(OH), with T(1) = Sig osAlp 71Be€¢ 24,

Tetrahedron T(1)

around T(1)
T(1)--0(1) 1.728(5) 0(1)--0(3) 2.791(6) 0(1)--0(3) 108.6(3)
0(3) 1.709(6) 0(4) 2.858(6) 0(4) 112.3(3)
0(4) 1.714(6) E% 2.814%% 0@3) ggg iggggg
0(s. 1.739(6 0(3 ——0 4 2.818 Es o
Mean @ Yﬂz&l & 2.802(7) o(5. 108.7(5)
0(4 ——0 5 2.788(8 0(4)--0(5) 107.7
a0 ER WY
Tetrahedron T(11)
around T(11)
T(11)-6(11) 1.624(4)  0(11)--0(33) 2.666(6)  0(11)--0(33)  109.6(3)
0(33) 1.638(5) 0(44) 2.692(6) 0(44) 111.0(3)
0(44) 1.642(5) 0(55) 2.658(6) 0(55)  109.8(3)
0(55) 1.624(6, 0(33)--0(44) 2.687(6) 0(33)--0(44) 110.0(3)
Mean 5 0(55) 2.646(7) g(gg) }ggi(g)
0(44)--0(55 2.644(7 0(44)-- 103
M(E,an) 6 o Mean) .
Tetrahedron T(2)
around T(2)
T(2)--0(2) 1.644(4) 0(2)--0(3) 2.655(7) 0(2)--0(3) 109.0(3)
0(3) 1.618(6) 0(4) 2.687(6) 0(4) 110.1(2)
oS Leue  om-om  senty om0 108503
5 1.614 (6, 0(3)--0(4 o oo g
Mean 'R = ro 0(5) 2,632(7) G g(g) }?gg(g)
0(4)--0(5 2,667(7) S g
v " WA T
Tetrahedron T(22)
around T(22)
T(22)-0(22) 1.712(4) 0(22})--0(33) 2.800(6) 0{22)--0(33) 108.6(3)
0(33) 1.735(5) 0(44) 2.848(6) 0(44) 112.7(2)
R G S
1.728(6, 0 i 5 = .
Mean & 5 L &) 0(55) 2.787(7) 0(55 107.2(3)

0(44)--0(55)  110.7(3

(55)
2.828(7 g
5 Mean 109.45

0(44)--0(55)
Mean

* Values in parenthesis represent estimated standard deviations (esd) in terms
of the least units cited for the value to the immediate left, thus 2.10(3}

indicates an esd of 0.03.

T(11) = Sigg1Beo.0sAlg.15, T(2) = SiggsAly 2 and
T(22) = Al 70Beg 30. These results are in fair agree-
ment with the chemical analysis (Table 1), which is
not surprising in view of the discussion above and
the uncertainty associated with the chemical analy-
sis. Figure 1 illustrates the spatial relationships of
the Si-rich and Al,Be-rich tetrahedra. Unlike mar-
garite, there is no observable difference between
the compositions of the two independent tetrahe-
dral sheets.

The coupled substitutions involving the Li and Be
ions reduce the lateral dimensions of both octahe-
dral and tetrahedral sheets to a greater extent than
the dimensions along either [001] or [001]* (Table
2). The octahedral sheet appears more affected than
the tetrahedral sheet as suggested by the greater
tetrahedral rotation angle found in the Mops mica in
comparison to margarite (Table 7). This also has the
result of propping apart the basal oxygen surfaces
thereby increasing the interlayer separation (to
2.910A) and elongating the octahedral coordination
of the Ca ion along [001]* (., = 53.25°.

Bonds from the octahedral aluminum to the un-
dersaturated apical oxygens linked to the Al,Be-
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8! TETRAHEDRAL CATIONS
ALUMINUM (octahedrat)

LITHIUM AND VACANCY (octahedral)
OXYGEN

[ N N}

CALCIUM (interlayer)
@® HYDROXYL GROUP

Fig. 1. Polyhedral representation of the Mops pegmatite mica
X-ray structure projected down the a axis illustrating the
tetrahedral ordering (Al,Be tetrahedra are shaded) pattern.

rich tetrahedra are significantly shorter (by approxi-
mately 0.085A) than the bonds from the octahedral
aluminum to the apical oxygens of Si-rich tetrahe-
dra. As in margarite, aluminum octahedra avoid
having either two undersaturated or two saturated
apical oxygens on a shared edge.

%o  0(2)

7 &Y, 1
OH(N
P (4
|M(2) @)

iy __________"‘ML‘—'——— 20(1)
Y v 0(22)
%&\ / ©MG3) \
= ﬁ Qg

qﬂml
»
8 o)

Fig. 2. Projection of the octahedral sheet on (001), showing
apparent thermal vibration ellipsoids. The thermal motion of the
M(1) site as illustrated has no physical significance.

Octahedral structural distortions

Comparison of the octahedral sheets of the Mops
mica to that of margarite shows two significant
octahedral distortions that may be attributed to the
partial vacancy substitutions by lithium. One of
these distortions is the counter rotation of upper
and lower oxygen triads of the octahedra; the other
involves the degree of the octahedral flattening as
measured by the angle .

Newnham (1961) recognized a counter rotation of

Fig. 3. Projection of the oxygen network of the tetrahedral
sheet on (001), showing apparent thermal vibration ellipsoids.
Arrows by O(1) and O(2) show directions in which positional
deviations are expected to occur as a result of tetrahedral
corrugation produced by the differing M(1) size in dioctahedral
and trioctahedral unit cells.
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Table 7. Structural details for the Mops mica compared to margarite

Parameter Li, Be Mica 4Margarite
Ytet (%) Ssheet 1: 21.6 20.9
(%]120° -mean 0,-0,-0, angle) Sheet 2: 21.7 20.6
Lrtet )
= (mean O__. . -T- angle) Sheet 1. T(1): 109.8 110.8
apical obasal T(2): 109.5 1110
Sheet 2. T(11): 110.1 110.2
T(22): 110.3 110.2
Bideal (°)
= [180° - cos-1 (a/3c)] 95.06 95.10
2 o
¥ (%) Ca: 53.25 54.13
[cos y=
oct. thickness/2{(M--0,F,0H)] M(1}: 61.36 vacancy: 61,63
M(2): 57.37 56.87
M(3): 57.39 57.11
Mean 58.71 58.54
Sheet thickness (R)
tetrahedral Sheet 1. 2,239 2.270
Sheet 2. 2.243 2.240
octahedral 2.051 2.080
Interlayer separation (A) 2.910 2.876
Basal oxygen A2y (1:8] Sheet 1. 0.160 0.196
Sheet 2. 0.162 0.183

ideal value: 109.47°

ideal value: 54.73°

1

2

3. sheet 1 contains T(1) and T(2), sheet 2 contains T(11) and T(22)
4

. data from Guggenheim and Bailey (1977)

upper and lower oxygen triads (see Fig. 4) of the
M(2) octahedron in dioctahedral layer silicates and
attributed such distortions to cation-to-cation repul-
sions. More specifically, Radoslovich (1963) sug-
gested that shortened shared edges produce such
rotations. In 1978, Appelo defined the rotation
angle, w, to describe such rotations as the deviation
from 30° of the AI-Al-O angle in plan. In margarite,
the octahedral rotation angle for each aluminum
octahedron is 7.4°, and in the Mops mica it is 6.2°.
Such a relationship suggests that w increases as
M(1) increases in size with respect to M(2) and
M@3). For 26 recently published refinements in
which M(1) is larger than M(2), a plot of w versus
the ratio of the sizes of M(1) to M(2) produces a
correlation coefficient for the linear regression of
99.56% (and a high level of confidence at the 0.01%
level) indicating that @ of the M(2) site linearly
increases as the difference between the sizes of
M(1) and M(2) increases. Implicitly, octahedral
cation charges and shortened shared edges are
important insofar as they affect the sizes of the
octahedra. Based on this regression analysis the

empirical formula for w for M(2), or M(3), and the
misfit between M(1) and either M(2) or M(3) is:

W, = —49.365 + 49.317 x MF

where W, is the empirically derived angle and MF is
the misfit parameter, the latter being the ratio of the
mean M(1)—O,0H,F distance to the mean M(2)—
O.OH.F distance.

‘

Fig. 4. Counter rotation of upper and lower oxygen triads of
the octahedra are illustrated for the M(1) site (o = 0°) and for the
M(2) site (w = 6.2°).
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| P [P TP, |

L i
24 25 26 t 14 8 2%

SUM OF FIELD STRENGTHS

Fig. 5. Plot of tan s against the sum of the field strengths of neighboring octahedra. Sheet misfit, TM, is given in listing below.
Squares, circles and triangles are for germanite, trioctahedral and dioctahedral micas, respectively. (1) Rothbauer, 1971, 1.08; (2), (3)
Guven, 1971, muscovite: 1.08, phengite: 1.07; (4) Zhoukhilistov er al., 1973, 1.07; (5) Guggenheim and Bailey, 1978, 1.12; (6) this
study, 1.13; (7) Joswig, 1972, 1.07; (8) Hazen and Burnham, 1973, phlogopite: 1.07; (9) Rayner, 1974, 1.07; (10) Donnay et al., 1964,
1.07; (11) Hazen and Burnham, 1973, annite: 1.05; (12) Takeda et al., 1975, biotite-2M,: 1.07; (13) Toraya et al., 1978b, 1.05; (14)
Takeda et al., 1975, biotite-1M: 1.07; (15) Toraya et al., 1976, 1.05; (16) McCauley et al., 1973, 1.07; (17) Swanson and Bailey, 1981,
1.08; (18), (19) Guggenheim, 1981, lepidolite-2M,: 1.08, 1M: 1.08; (20) Takeda et al., 1971, 1.07; (21) Takeda et al., 1969, 1.07; (22)
Toraya et al., 1977, 1.05; (23) McCauley et al., 1973, 1.07; (24) Toraya et al., 1978¢c, 1.12; (25), (26) Toraya et al., 1978a, Li-poor mica:

1.11, Li-rich mica: 1.11.

Several mechanisms have been suggested for the
cause of octahedral flattening, which is described
by the angle () between a line drawn perpendicular
to the basal plane and a line joining opposite apices
of an octahedron (Donnay et al., 1964). Hazen and
Wones (1972) have suggested that octahedral flat-
tening is, in part, a function of the octahedral cation
radius. Since M(2) and M(3) are aluminum-rich
octahedra in both the Mops mica and in margarite,
the ¢ angles for each octahedron should be the
same. However, the values for the M(2) and M(3)
octahedra for the Mops mica are 57.37° and 57.39°,
and 56.87° and 57.11° for M(2) and M(3) of marga-
rite. There is, thus, a greater degree of M(2) and
MQ3) flattening in the lithium-rich mica, which sug-
gests that the neighboring octahedral occupancy of
M(1) may influence the value of . This evidence
supports the conclusions of McCauley et al. (1973)
that octahedral flattening is caused by the shorten-
ing of shared edges with respect to unshared edges
because of cation—cation repulsions. Another cause
for octahedral flattening, the partial increasing of
the lateral dimensions of a smaller octahedral sheet
so that it may mesh to a larger tetrahedral sheet,
was suggested by Radoslovich and Norrish (1962)
and confirmed by Toraya et al. (1978c) in a study of
germanate micas.

In order to determine the relationship between
octahedral flattening and both the effect of neigh-
boring cations and the difference in octahedral/
tetrahedral lateral dimensions, a multiple regression
analysis involving 26 refinements was used to estab-
lish an equation relating tan ¢ to two parameters.
These two parameters are: (1) the sum of the field
strengths, FS (i.e., the ratio of valence to cation
radius) of neighboring octahedra and (2) TM, which
reflects the difference between the ideal lateral
dimensions of the unrestrained tetrahedral and oc-
tahedral sheets. The latter parameter, assuming
regular octahedra and tetrahedra and a = 0° (see
Table 7 for the definition of a) is given by TM =
(4D)/(3D,), where D, and D, are refined values for
the tetrahedral and octahedral bond lengths (see
McCauley and Newnham, 1971). Figure 5 shows
that tan , which is equal to the ratio between the
octahedral thickness and its lateral dimension, in-
creases as the surrounding field strength increases.
Dioctahedral, trioctahedral and germanate micas
were considered separately. The scatter of points,
particularly for the trioctahedral micas, is related,
in part, to assumptions of cation site occupancy
required to calculate field strength. The analyses for
both trioctahedral and germanate micas shows that
tan ¢ depends significantly on the neighboring field
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Table 8. Orientations and magnitudes of the apparent atomic
vibration ellipsoids relative to crystal axes

ms (&) Angle (°) with respect to
Atam Axis displacement X b L
Ca(1) T1 0.091(1):l 93(1) 86(3) 5(3)
Ty 0.131(2) 156(13) 114(13) 86(2)
Ty 0.139(2) 114(13) 25(12) 93(3)
M(2) T 0.060(6) 133(14) 46(27) 100(37)
Ty 0.066(5) 96(29) 114(34) 153(22)
Ty 0.081(5) 136(12) 126(12) 65(15)
M(3) T 0.056(6) 146 (10) 112(8) 60(12)
T2 0.078(5) 113(15) 100(28) 150(12)
Ty 0.085(5) 114(15) 24(16) 88(26)
T(1) Ty 0.066(7) 129(21) 116(3) 46(20)
T1 0,079(7) 134(20) 91(11) 130(21)
Iy 0.134(4) 109(4) 26(3) 71(4)
T(11) Ty 0.01(2) 109(5) 38(8) 57(10)
1§ 0.051(5) 99(8) 60(9) 147(10)
ry 0.077(5) 22(6) 68(6) 93(7)
T(2) Ty 0.052(5) 84(12) 94(5) 12(10)
Ty 0.068(5) 165(6) 104(4) 80(12)
T3 0.111(3) 103(4) 14(4) 83(3)
T(22) 7y 0.02(2) 107(6) 18(6) 93(8)
Tz 0.076(5) 83(18) 93(8) 177(8)
Ts 0.088(6) 19(9) 72(6) 90(19})
o) r 0.04(1) 104(19) 87(15) 10(23)
) 0.062(9) 41(12) 128(9) 80(24)
Ty 0.100(7) 53(9) 38(9) 87(6)
0(11) T 0.03(1) 96(12) 104(5) 14(5)
T2 0.070(9) 169(9) 80(9) 88(12)
T3 0.108(7) 81(8) 17(6) 77(5)
0(2) T 0.063(8) 78(13) 70(23) 27(12)
T, 0.078(9) 63(15) 149(20) 80(23)
T3 0.104(7) 150(13) 112(13} 65(8)
0(zz2) T 0.05(1) 107(10) 145(12) 58(13)
T2 0,080(7) 98(27) 119(16} 148(13)
T3 0.092(8) 19(16) 108(18) 93(23)
0(3) T 0.073(9) 75(13) 121(7) 38(12)
3 0.101(8) 34(13) 108(14) 122(13)
T3 0.126(8) 61(13) 37(9) 73(9)
0(33) Ty 0.05(1) 133(7) 123(17) 57(13)
T2 0.071(9) 78(13) 141(16) 128(14)
T3 0.122(7) 45(5) 108(6) 55(6)
0(4) T 0.074(9) 55(11}) 90(8) 40(11)
T 0.104(8) 42(13) 64(17) 125(13)
Ty 0.124(8) 111(14) 26(17) 74(12)
0(44) ™ 0.06(1) 88(16) 147(7) 58(7)
T2 0.087(8) 176(13) 94(15) 87(14)
T3 0.112(7) 94(13) 57(7) 33(7)
0(5) T, 0.065(9) 40(13) 110(9) 62(17)
T2 0.086(7) 64(16) 110(12) 150(17)
T3 0.113(7) 62(8) 28(9) 99(11)
0(55) T 0.069(9) 53(47) 72(42) 48(24)
T2 0.075(8) 48(45) 135(25) 108(40)
T3 0.115(7) 116(7) 130(8) 48(7)
0(6)= OH T 0.05(1) 31(22) 83(11) 65(20)
T2 0.07(1) 59(23) 113(8) 144(17)
T3 0.122(7) 84(6) 24(7) 114(7)
0(66)= OH b1y 0.04(2) 126(6) 132(12) 59(1z)
T2 0.08(1) 77(10) 133(13) 136(12)
T3 0.121(8) 39(6) 108(7) 62(8)

1 Values in parenthesis represent estimated standard deviations (esd) in terms
of the least units cited for the value to the immediate left, thus 0.091(1)
indicates an esd of 0.001.

strengths and the effect of tetrahedral/octahedral
misfit (at the 0.01% significance level) with a corre-
lation coefficient of 96.18%. For the trioctahedral
silicate micas, the empirical equation is:

tan ¢y = —0.0803 + 0.0201=FS + 1.3181TM

where 2FS and TM are the sum of the neighboring
field strengths and the misfit parameter, respective-
ly. For dioctahedral micas, tan ¢ depends only on
the field strength (correlation coefficient of 98.07%,

significance level of 0.01%) and the empirical equa-
tion is:

tan ¢ = 1.213 + 0.0202FS

where 2FS is defined above. These analyses sug-
gest that field strength of neighboring octahedra is
perhaps more important an influence on the magni-
tude of ¢ than either octahedral cation size of that
site or tetrahedral/octahedral sheet misfit.

Octahedral flattening and octahedral rotation act
in opposition to one another. The former produces
larger upper and lower triad edges, thereby increas-
ing the lateral dimensions of the octahedral sheet.
On the other hand, the net effect of the counter
rotation of the upper and lower triads of an octahe-
dron is to reduce the lateral size of the octahedral
sheet. However, this effect is small for the Mops
mica, reducing the b cell dimension by approxi-
mately 1%.

Apparent thermal vibrations

The magnitudes and orientations of the apparent
atomic vibration ellipsoids are presented in Table 8
and illustrated for the octahedral sheet in Figure 2
and for the tetrahedral sheet in Figure 3. All the
atoms in the asymmetric unit have rms displace-
ments elongated significantly, the smallest being
that of the interlayer cation with the ry/r; ratio of
1.5. Both the large magnitudes of the ellipsoids and
their elongations suggest that there is a contribution
to the temperature factor from positional disorder
as has been suggested above based on the evidence
from the hydrogen positions and Fourier difference
map peaks. Clearly, since localized areas are either
dioctahedral (i.e., containing vacancies) or triocta-
hedral (i.e., containing lithium), micas with sub-
stantial vacancies in M(1) on the average must have
attributes characteristic of both dioctahedral and
trioctahedral micas.

Except for the hydroxyls, the apparent vibration
ellipsoids of the oxygen atoms coordinating the
M(2) and M(3) sites (see Figure 2) may be described
approximately as elongate parallel to (001) in a
direction perpendicular to a line established by the
octahedral cation and that anion. Such orientations
are consistent with the positional differences caused
by the counter rotation of upper and lower oxygen
triads between the octahedra of the dioctahedral
and trioctahedral components of the crystal. Alter-
natively, these same anions may be described in
plan as radiating away from or toward the M(1)
cation, consistent with the size of M(1) varying in
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its occupancy. It is interesting to note also that the
apical oxygen elongations of O(1) and O(2) as
shown in Figure 3 (note associated arrows) are
consistent with the tetrahedral corrugation along
the [110] direction, which produces an out-of-plane
tilt about, for example, the O(4) basal oxygen. An
analogous situation occurs also for the other tetra-
hedral sheet. Basal oxygens (Fig. 3) are elongate in
directions consistent with the different tetrahedral
rotations expected in the dioctahedral and triocta-
hedral end members.

Conclusions

A mica which shows a coupled substitution with
one cation found in the octahedral sheet and the
other in the tetrahedral sheet offers a special oppor-
tunity to study the effect of a single substitutional
variable on each of these sheets. In this regard, the
lithium for vacancy substitution in the octahedral
sheet produces an apparent intermediate structure
between the dioctahedral and trioctahedral end
members. We anticipate a similar phenomenon for
lithian muscovites (‘‘rose muscovites’’) in which
small amounts of lithium enter the muscovite struc-
ture. However, X-ray refinements may not neces-
sarily indicate the disposition of dioctahedral and
trioctahedral regions. For example, domains of
Li,Be-rich regions and Li,Be-poor regions may be
present and would remain undetected in this study.

Although octahedral flattening adjusts the lateral
octahedral sheet dimensions to coordinate with the
adjacent tetrahedral sheet, flattening of a particular
octahedral site cannot be predicted by determining
the occupancy of that site alone. Occupancies of
surrounding octahedra have a substantial impact on
the distortion of that site. Indeed, distortions in-
volving the counter-rotation of octahedral triads are
also related to neighboring octahedra and involve
their size differences.

Margarite is a primary or retrograde mineral of
low to medium grade metamorphic regimes. In
contrast, the Mops mica is either a late magmatic or
hydrothermal alteration product of beryl. The simi-
larity of the tetrahedral ordering patterns and the
diverse occurrences suggest that such ordering is
not environmentally induced and is a consequence
of a more stable cation charge distribution.
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