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Abstract

The crystal structure of margarite-2M, from Chester County, Pennsylvania, has been
refined as an ordered derivative structure in subgroup Cc of the ideal space group C2/c.
Because of the high pseudosymmetry involved, successful refinement by least-squares required
initial movement of atomic parameters away from those of the disordered phase towards
those of the possible ordered models predicted by a distance least-squares program. Ordering
of tetrahedral Si and Al is nearly complete in a pattern that violates centrosymmetry between
the two tetrahedral sheets within a 2: 1 layer. Compositionally similar tetrahedra in adjacent
sheets are related instead by a pseudo two-fold axis that extends laterally through the oc-
tahedral Al atoms and is normal to the direction of intralayer shift. The two tetrahedral sheets
differ significantly in Si,Al contents. A similar ordering pattern is theoretically possible in
muscovite-2M, also, but was not found to be adopted by muscovite from the Diamond mine,

South Dakota.

Introduction

Margarite, the dioctahedral brittle mica, has been
recognized only as the 2M, form. Takeéuchi (1965)
refined the structure for a specimen from Chester,
Massachusetts, using three dimensional film data. He
found the tetrahedral Si,Al cations to be disordered
over the two non-equivalent sites 7(1) and 7(2) of the
ideal space group C2/c. Since then, Gatineau and
Méring (1966) because of the absence of diffuse X-ray
scattering and Farmer and Velde (1973) because of
the sharpness of the infrared spectra and the absence
of Al-O-Al vibrations have suggested that margarite
should be ordered.

One way to resolve the conflicting evidence above,
as pointed out by Farmer and Velde, is to assume
that the tetrahedral cations are ordered in a lower
subgroup symmetry. Because of systematic absences,
the only possible subgroup is Cc. This paper reports a
successful refinement of margarite as an ordered
derivative structure in space group Cc. Because of the
similarities of the margarite and muscovite struc-
tures, the 2M, form of muscovite also was reex-
amined in subgroup symmetry.

Experimental

A margarite crystal 0.32 X 0.30 X 0.02 mm in size
from Corundum Hill near Unionville, Chester
County, Pennsylvania, was chosen for study because
of its sharp reflections and lack of streaking due to

stacking faults. Table 1 presents the results of
electron microprobe analysis, as averaged for two ad-
jacent crystals. Scanning electron microscopic (SEM)
analysis indicates that the crystals are homogeneous
and that all elements have been accounted for that
are present within the detection limits of the instru-
ment.

Intensities of 1,071 independent, non-zero reflec-
tions were measured with a Syntex P1 autodiffrac-
tometer in the variable-scan speed mode (Table 2).
Graphite-monochromatized MoK« radiation was
used, and only reflections for which I > 2a(I) were
considered observed. Two reflections were monitored
after every 50 measurements in order to check
electronic stability. The integrated intensity I was
calculated from I = [S — (B, + B;)/B;]T;, where S
is the scan count, B, and B, the background counts,
B, the ratio of background time to scan time, and T
the 20 scan rate in degrees per minute. (/) is defined
as equal to T[S + (B, + B,)/B.> + q(I}¥]"?, where g
is equal to 0.003, an estimate of the standard error
squared. Intensities then were corrected for Lorentz-
polarization effects and for absorption. Table 3 lists
the cell parameters based on least squares refinement
of 15 independent high 20 reflections.

Refinement

As a first step, the atomic coordinates of Takéuchi
(1965) were refined by the least-squares program
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TaBLE 1. Electron Microprobe Analysis of Margarite from

Chester County, Pennsylvania

Weight percent Cations per 22 positive charges

810, 31.58 Si 2.110 . 890} 4. 0001V
A1,0 49.29 . ’

203 A12+ 3.882 {1_992
Fe0 0.21 Fe 0.012 2.036"1
Mgo 0.32 Mg 0.032
Ca0 11.35 Ca 0.812 11
Na,0 1.46 Na 0.190 1.011
K,0 0.10 0.009
Sum of
oxides 94.31

ORFLS using the new data in the ideal space group
C2/c. The residual R, converged to 8.4 percent after
the scattering factors were adjusted for the composi-
tion indicated by microprobe analysis. Bond lengths
calculated at this stage confirmed Takéuchi’s earlier
finding of tetrahedral disorder in the ideal space
group.

Because of the high pseudosymmetry when sub-
group Cc is assumed, one cannot merely expand the
parameter set over the inversion centers of C2/c¢ and
obtain reasonable results by least-squares refinement
from the coordinates of the disordered model. Even if
the parameters of pseudosymmetry-related atoms are
refined independently, it was found that the R factor
increased and convergence was not obtained. It
proved necessary to move the atoms away from their
pseudosymmetric positions by postulating their ap-
proximate positions for all feasible ordered models
and then to refine each model separately to determine
the correct one.

In Cc symmetry the two tetrahedral sheets within
the 2:1 layer no longer are equivalent, and two
different ordering models may be postulated for
margarite that are consistent with disorder in the
parent space group but full order in the subgroup.
Approximate atomic coordinates for each ordered
model were obtained by using the distance least-
squares program OPTDIS of W. A. Dollase (Univer-
sity of California, Los Angeles). The coordinates for
the disordered structure were used as input to this
program along with the bond lengths and bond
strengths that would be expected in the ordered
models between first and second nearest neighbors.

Subsequent refinement by ORFLS showed that the
procedure of producing artificially ordered models
removed the previous problems of high correlations
and lack of convergence. It was, however, still neces-
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sary to vary the parameters of pseudosymmetry-
related atoms independently. A fter intitial increase in
R, to about 10 percent, both ordered models con-
verged to better residuals than for the disordered
model. It was evident, however, that one ordered
model could be rejected because it was moving
towards the disordered model. Bonds around the
postulated Al'"Y became smaller and those around the
postulated Si'¥ became larger. This model was im-
plausible for crystallochemical reasons in addition, as
it segregated Si and Al in separate tetrahedral sheets.
The second model retained its postulated ordering
pattern during refinement and converged to a
residual of 7.5 percent with isotropic B values. Ap-
plication of Hamilton’s (1965) residual ratio test in-
dicates that this ordered model is a significant im-
provement over the disordered model at better than
the 1 percent significance level (Table 4).

An electron density difference map did not show
the position of the hydrogen atom, but did show the
presence of a density of approximately one electron in
the vacant octahedral position M(1) in accord with
the microprobe analysis of slightly over 2.0 oc-
tahedral atoms. Two final cycles of isotropic refine-
ment incorporating this one electron in M (1) plus the
hydrogen atom position calculated by Giese (in
preparation) and using corrections for anomalous
scattering did not affect the residual significantly.
Table 5 lists the final atomic coordinates and
isotropic temperature factors, as compared with
Takéuchi’s disordered structure.

Discussion

The basic structure determined in this study is very
similar to that of Takéuchi, except for the distortion
to lower symmetry resulting from the ordering
scheme. Pertinent data are summarized in Table 6.
Table 7 presents bond length and angle calculations.
No standard deviations of bond lengths are presented
because only half of the atomic coordinates were
varied in any one refinement cycle in order to reduce
correlation effects. A correlation matrix involving all
coordinates cannot be obtained, therefore, although
the results from the two sets of refinements must be
interrelated because the same data set was used for
each. The standard deviations of the bond lengths are
believed to be similar (approximately 0.003 to 0.005
A) to those obtained in other isotropic refinements
using diffractometer data with a similar ratio of
number of reflections to variable parameters.
Differences in isotropic B values for pseudo-
symmetry-related atoms (Table 5) are believed to be
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TABLE 2. Observed and Calculated Structure Amplitudes
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TaBLE 2, Continued
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artifacts resulting from separating the atoms into two
sets during refinement.

The resuitant mean 7-O bond lengths of 1.640 and
1.747 A in one tetrahedral sheet and 1.624 and 1.730
A in the other sheet indicate (1) nearly complete
ordering for the composition Si;;;Al s given by
microprobe analysis, and (2) a slightly asymmetric
distribution of Si,Al between the two sheets. The
ordering pattern is of special interest, and is il-
lustrated in Figure 1. Tetrahedra in the lower tetra-
hedral sheet (dashed) that would be related by inver-
sion centers (small open circles) to tetrahedra in the
upper sheet (full line) of the same 2:1 layer in the
ideal space group C2/c prove to be compositionally
different when refined in subgroup Ce. A pseudo two-
fold axis normal to the direction of intralayer shift
and passing laterally through the two octahedral Al
atoms can be seen to relate compositionally similar
tetrahedra in the two sheets instead. Giiven (1971a)
has pointed out for muscovite-2M, that ordering may
be inhibited in the ideal space group C2/c because
ordering would cause two apical oxygens (of Al-rich
tetrahedra) along the same octahedral shared edge to
be electrostatically unbalanced. This unstable situa-
tion is avoided in muscovite-3T, where the two
tetrahedral sheets are related by a true two-fold axis
instead of by inversion centers and where ordering of

TaBLE 3. Unit Cell Parameters
Takéuchi (1965) This study
a 5.123 & 5.1038(4) &
b 5.886 8.8287(7)
c 19.221 19.148(1)
8 95.5° 95.46(3)
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TAaBLE 4. Results of Refinement
In C2/c In Cc
R (%) 8.4 7.5
wR 10.7 9.5
variable parameters 40 76
data set 1,071 1,071

tetrahedral cations has been confirmed within the
ideal space group P3,12. The Cc ordered pattern in
margarite-2M, also avoids two unbalanced oxygens
on the same octahedral shared edge, but the two-fold
axis relating compositionally similar tetrahedra in the
two tetrahedral sheets does not hold for the structure
as a whole.

Tetrahedral cation occupancies as calculated from
the mean T-O values with the regression equation
given by Hazen and Burnham (1973) for micas are
listed in Table 7. The total tetrahedral Al calculated
in this manner (1.895 Al) is in excellent agreement
with that indicated by microprobe analysis (1.890
Al). There is a significant difference in calculated
tetrahedral compositions for the two tetrahedral
sheets within the 2 : 1 layer (1.049 and 0.846) due to
the fact that ordering is more complete in the 7(1) and
T(11)sites than in the 7(2) and T(22) sites. The sheets
are internally consistent structurally in that the more
Al-rich sheet also has a greater thickness and a
slightly larger rotation angle aie. (Table 6). The Al-
rich tetrahedra are slightly flattened (larger 7) relative
to their Si-rich counterparts, due to apical 7-O bonds
shorter than mean basal 7-O bonds (Tables 6, 7).
The bonds from the octahedral Al to the under-
saturated apical oxygens attached to Al-rich tetra-
hedra are shorter than those to apical oxygens of Si-
rich tetrahedra. The oxygen configurations about the
octahedral Al are distorted in nearly the same way as
in muscovite-2M,, as described by Takeda and Ross
(1975). Octahedral edges O(2)-0(22) and O(1)-OH(11)
are nearly parallel to the x-axis, but OH(1)-O(11) is
slightly more oblique than reported for muscovite.

Possible Ordering in Muscovite

The most detailed refinements of the 2M, form of
muscovite in its ideal space group C2/c¢ all have
shown similar mean T-O bond lengths as a conse-
quence of disorder of the tetrahedral cations (e.g.,
Burnham and Radoslovich, 1964; Giiven, 1971b).
Because of the similarity of muscovite-2M, to
margarite-2M,, the question immediately arises
whether muscovite also is ordered in subgroup sym-
metry Cc. Muscovite differs from margarite in its
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TABLE 5. Atomic Coordinates for Margarite

ca(l) 0.00 0.0942 0.25 1.14 0.00 0.0932(2) 0.25 1.02(3)
(1) 0.2479 0.2507 0.4996

M(2) 0.7469(7) 0.9187(4) 0.9997(2) 0.73(6)
M(3) 0.2518 0.0815 0.00 0.29 0.2510(7) 0.0863(4) 0.9998(2) 0.55(6)
ey 0.4628 0.9283 0.1432 0.53 0.4647(7) 0.9285(4) 0.1416(2) 0.99(7)
T(11) 0.5364(6) 0.0752(3) 0.8549(2) 0.58(5)
T(2) 0.4543 0.2575 0.1438 0.71 0.4567(6) 0.2572(3) 0.1444(2) 0.61(5)
T(22) 0.5500(7) 0.7437(4) 0.8573(2) 0.97(6)
0(1) 0.9547 0.4430 0.0553 1.25 0.960(2) 0.4436(9) 0.0512(4) 1.0(1)
0(11) 0.046(2) 0.5585(8) 0.9390(4) 0.5(1)
0(2) 0.3874 0.2524 0.0569 1.12 0.395(2) 0.2540(9) 0.0568(4) 0.9(1)
0(22) 0.619(2) 0.7489(9) 0.9447(4) 0.7(1)
0(3) 0.3597 0.0884 0.1788 0.40 0.367(2) 0.0974(9) 0.1775(5) 1.1(1)
0(33) 0.641(2) 0.9167(9) 0.8226(4) 0.6(1)
0(4) 0.2786 0.7839 0.1695 1.46 0.266(2) 0.7784(9) 0.1665(4) 0.5(1)
0(44) 0.711(2) 0.214(1) 0.8304(4) 1.1(1)
0(5) 0.2700 0.3903 0.1797 0.45 0.287(2) 0.3926(8) 0.1785(4) 0.4(1)
0(55) 0.737(2) 0.608(1) 0.8211(5) 1.4(2)
OH (1) 0.4492 0.5624 0.0505 0.87 0.448(2) 0.5693(8) 0.0488(4) 0.4(1)
cOH(ll) 0.543(2) 0.4417(9) 0.9468(4) 1.0(1)
H(1) 0.397 0.637 0.083 0.78
H(11) 0.603 0.363 0.917 0.78

a . . . . .
Coordinates for the "vacant site" M(l) were obtained from an electron density difference map. These are unrefined
coordinates included as fixed values in the final stages of refinement.

steudosymmetry—related atoms in one tetrahedral sheet are indicated by doubling the last digit of the symbol for the
corresponding atom in the other sheet.

Ccoordinates for the hydrogen atom are from Giese (1975}, and were treated in a fashion similar to those of M(1).

tetrahedral composition of Si;Al instead of Si;Al,.

[ : TABLE 6. Pertinent Structural Details for Margarite
Because of this difference, only one ordered model is

possible in subgroup Cc that would be disordered Tezligzgk)xi This study
when averaged over the sites of the parent space group
.. . . o b
C2/¢, and this is the same model that is adopted in oo () 20.4 20.76, 20.64 (20.70)
margarite. The maximum degree of order then possi- et 1.5 Six 110,78, 110.41 1, 45
g . 2 p 3,5 oy Al: 110.83, 110.88 :
ble is to have alternation of Si and Si, sAlss in adja- oet 58.9 8.8
Sheet thickness (&) b
cent tetrahedra. tetr:h:drz-lxl 3332 gggi 2.234 (2.263)
- . octahedra. o B .
This ordered model for muscovite-2M, has been Interlayer separation(R) 2.832 2.868
B . . A 0. .20
tested using the neutron diffraction data of Roth- Basal oxygen bz, o (%) v
. . Mean bond lengths(A)
bauer (1971) for a pegmatitic muscovite from the T--0 1.692  T(1)=1.747, T(11)=1.624 (1.686)
. . . 1.702 T(2)=1.640, T(22)=1.730 (1.685)
Diamond mine, South Dakota. The 774 reflections M(2,3)--0, OH 1.912  1.902, 1.910 (1.906)
Ca-—0 (inner) 2.458 2.455
from Rothbauer were used to refine the ordered Couter) 3027 3.428
model in subgroup Cc by exactly the same procedure .
as for margarite. The Coordinates reﬁned Smoothly The amount of tetrahedral rotation atet may be calculated

from o = 1/2|120" - mean 0, -0, -0 anglel
away from those of the ordered model back to those R bbb
The value referring to the more Al-rich tetrahedral sheet is

Of thc disordered mOdel’ i-e-a baCk tO Coordinates given first. The average values are in parentheses.
consistent with space group C2/c. It can be con- Crhe tetrahedral angle T is defined as T = 0
cluded that the ordered model of margarite-2M, does =~ ideally 109°28% _

H : The mean octahedral angle y, ideally 54°44', is calculated
not eXtend tO mUSCOVIte-zM‘ and that aVOIdance Of from cos Y = oct. thickness/2(M--0,0H), where M--0,0H is the mean
electrostatically unbalanced oxygens along the same of all octahedral cation to anion distances, including the vacant

site.
octahedral shared edge is not sufficient driving force

T

apical “"Opasal’
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TaBLE 7. Interatomic Distances and Angles

Bond lengths (&) Bond angles (°)

around T(1)

T()--0(1)*  1.733 0(1)~-0(3) 2,853  0(1)--0(3) 110.69
0(3) 1.735 0(4) 2.898 0(4) 112.02
0(4) 1.762 0(5) 2.856 0(5) 109.79
0(5) 1.758 0(3)~-0(4) 2.868 0(3)--0(4) 110.18
Mean 1.747 0(5) 2.803 0(5) 106.73
(= 0.853 A1)  0(4)--0(5) 2.833  0(4)--0(5) 107.23
Mean 2.852 Mean 109.44

a around T(11)
T(11)--0(11)" 1.614 0(11)--0(33) 2.643  0(11)--0(33) 108.64
0(33) 1.640 0(44) 2.698 0(44) 113.40
0(44) 1l.614 0(55) 2.661 0(55) 110.30
0(55) 1.629 0(33)--0(44) 2.654 0(33)--0(44) 109.35
Mean 1.624 0(55) 2.663 0(55) 109.16
(= 0.098 A1)  0(44)--0(55) 2,588 0(44)--0(55) 105.90
Mean 2.651 Mean 109.46

a around T(2)

T(2)--0(2) 1.677  0(2)--0(3) 2,708  0(2)--0(3) 109.98
0(3) 1.629 0(4) 2.699 0(4) 110.53
0(4) 1.606 0(5) 2,734 0(5) 110.71
0(5) 1.647 0(3)--0(4) 2.612  0(3)--0(4) 107.65
Mean 1.640 0(5) 2.639 0(5) 107.30
(= 0.196 Al)  0(4)--0(5) 2,674  0(4)--0(5) 110.57
Mean 2.678 Mean 109.46

around T(22)

T(22)--0(22)% 1.676 0(22)--0(33) 2.779  0(22)--0(33) 108,56
0(33) 1.747 0(44) 2.889 0(44) 113.56
0(44) 1.777 0(55) 2.790 0(55) 110.52
0(55) 1.719 0(33)--0(44) 2.845 0(33)--0(44) 107.68
Mean 1.730 0(55) 2,772 0(55) 106.17
(= 0.748 A1)  0(44)--0(55) 2.865 0(44)--0(55) 110.04
Mean 2.823 Mean 109.42
Ca(1)--0(3) 2.436 3.391
0(4)  2.509 3.541
0(5) 2.430 3.375
0(33) 2.404 3.432
0(44) 2.470 3.514
0(55) 2.479 3.313
Mean (innmer) 2.455 (outer) 3.428
M(2)--0(1) 1.853 0(1)--0(2) 2.774 T(1) to T(2)
0(2) 1.930 0(22) 2.844 around 0(3) 119.22
OH(1) 1.877 OH(1) 2.730 around 0(4) 126.38
0(11)  1.927 0(2)--OH(1) 2.803 around 0(5) 118.56
0(22) 1.912 OH(1l) 2.839 Mean 121.39
OH(11) 1.910 0(11)--0H(1) 2.801
Mean 1.902 0(22) 2.760 T(11) to T(22)
OH(11) 2.737 around 0(33) 119.63
0(22)--0H(11) 2.753 around 0(44) 125.17
Mean 2.782 around 0(55) 119.89
(unshared) Mean 121.56
0(1)--0(11)  2.451
0(2)—0(22)  2.455
OH(1)--0H(11) 2.346
Mean (shared) 2.417
M(3)--0(1) 1.870 0(1)--0(2) 2,764
0(2) 1.942 OH(1) 2.837
OH(1l) 1.890 OH(11) 2.778
0(11)  1.999 0(2)--0(11) 2,997
0(22) 1.870 OH(1) 2.797
OH(11) 1.893 0(11)--0(22) 2.758
Mean 1.911 OH(11) 2.776
0(22)~-OH(1) 2.753
OH(11) 2.740
Mean 2.800
(unshared)

aApical oxygen

for the ordering in this case. Possible adoption by
muscovite of symmetry still lower than Ce, which
would require violation of systematic absences and
would permit complete order, has not been in-
vestigated.

S. GUGGENHEIM AND S. W. BAILEY

FiG. 1. Tetrahedral ordering pattern within upper 2:1 layer of
margarite-2M, in subgroup Cc. Al-rich tetrahedra = ruled lines
and dots; octahedral Al = solid circles; inversion centers of ideal
space group = small open circles; pseudo 2-fold axis = dashed ar-
rows. From Bailey (1975).

It is encouraging to note here, as in the margarite
refinement, that use of the ordered-model approach
to avoid pseudosymmetry effects does not bias the
least-squares refinement towards the ordered model
so greatly that an incorrect model cannot be iden-
tified.
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