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Abstract—The crystal structure of the dioctahedral celadonite mica 1M (space group C2/m; R, 2.98%;
184 unique reflections) is refined from the oblique-texture el ectron diffraction patterns obtained with the use of
imaging plates. The maximum characterizing the location and potential of the hydrogen atom of the hydroxyl
group oriented into the unoccupied trans octahedron at an angle of 4.4° with respect to the ab planeisreveaed
from the difference Fourier-potential syntheses. The O—H interatomic distance is equal to 0.98 A. The super-
structure reflections observed in the selected-area electron diffraction patterns for a number of particles arise
from the superposition of two cells, namely, the main cell with a broken base-centered symmetry and the base-
centered supercell with the triple parameter a. These reflections are caused by the ordered distribution of the
trivalent and divalent cations Fe and Mg over the octahedral cis positions. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Celadonites bel ong to dioctahedral potassium micas
in which the octahedral positions 2 : 1 in layers are
amost equally occupied by trivalent and divalent cat-
ionswith apredominance of the Fe** cations among the
octahedral cations. Celadonite has the ideal crysta
chemical formula K(Fe**,Al)(Mg,Fe**)Si,0,,(OH),.
Upon limited replacements of Si by Al inthetetrahedra,
thelayer chargeisdetermined by the content of divalent
cationsin the octahedra.

Structural investigations of celadonite have been
carried out only by electron diffraction methods
because of the finely dispersed form of the celadonite
samples. Zvyagin [1] was the first to perform an
electron diffraction study of celadonite of the polytypic
modification 1M (Pobuzh’e, Ukraine). More accurate
structural data were obtained for the celadonite
1M from the Krivorozhskii iron-ore basin (Ukraine)
[2]. The parameters of the base-centered monoclinic
cell of celadonite with the crystal chemica for-

mula (K s3Nag o Cag 4)( Feils Fe(2>.36Mg0.41A10.05)Ti0.01

(Si; 04Al5,00)0;0(OH), are as follows; a = 523 A, b =
9.05;A,c=10.15A, and B = 100°35'. According to the
ratio Mg/(Mg + Fe?*) = 0.53, the sample studied issim-
ilar to ferroceladonite [3]. The use of the oblique-tex-
ture electron diffraction patterns recorded with a high-
voltage electron diffraction camera, as well as the
visual evaluation of the intensities in micrographs with
multiple exposures, made it possible to determine the
statistical distribution of the octahedral cations over the
cis positions in the celadonite structure (space group
C2/m, R = 10.8%); the average interatomic distances

M-O = 2.04, A, T-0 = 1.63 A, and K-O = 3.07; A;
and the angles of ditrigonal rotation of the octahedron
bases ¢ = 2.3° and tetrahedron bases Yy = 1.3° [2].

Using the electrometric recording of the intensities
of reflections in the oblique-texture electron diffraction
patterns, Tsipurskii and Drits[4] refined the structure of
the celadonite 1M from Zaval’ e (Pobuzh’'e, Ukraine).
It wasfound that this celadonite has a structure with the
parameters of the base-centered monoclinic cell
a=5.223A,b0=9.047A,c=10.197 A, and B = 100.43°
and the crystal chemical formula

(Kos9Cag 10)( Fecs).go Fe§.32MgO‘73A10.05)(Si3.94A10.06)010(OH)2

(R=5.1%). The reveded lowering of the symmetry to
C2 was explained by the predominant location of Fe**
cations in one of the two nonequivalent cis octahedra.
The average interatomic distances are as follows:
M-0 = 2.027 and 2.060 A, T-O = 1.616 and 1.618 A,
and K-O = 3.103 A. The angle of ditrigonal rotation of
the octahedron basesis equal to 0.54°, and the angles of
ditrigonal rotation of the tetrahedron bases are 3.9° and
1.3°. The hydrogen atom inside the empty trans octahe-
dron (the angle between the O—-H bond and the layer
plane is 14°) was located from the difference Fourier-
poteEtial syntheses. The O-H interatomic distance is
0.8A.

In thisrespect, it was of special interest to refine the
celadonite structure from the oblique-texture electron
diffraction patterns obtained with imaging plates.
Experience on the application of digital imaging plates
(DITABIS, Germany) in the study of layered minerals
has opened up strong possibilities for their use in elec-
tron diffraction investigations. Owing to the wide
dynamic range and the linearity of signal transmission,
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al intensities of the reflections observed in the oblique-
texture electron diffraction pattern can be recorded with
the use of only oneimaging plate [5]. The refinement of
the crystal structure of brucite Mg(OH), (R = 3.4%)
from the oblique-texture electron diffraction patterns
made it possible to revea fine features in the brucite
structure, such as the statistical distribution of hydro-
gen atoms over three positions located around the
threefold axes, and clearly demonstrated the efficiency
of using imaging platesin electron diffraction structure
analysis, specifically in the study of hydroxyl-contain-
ing minerals[5].

EXPERIMENTAL TECHNIQUE

The structure of the previously studied celadonite
samplefrom Krivoi Rog [2] wasrefined from thedigital
oblique-texture electron diffraction patterns measured
using a high-voltage electron diffraction camera with
imaging plates (resolution, 25 ym) and a DITABIS
laser scanner. The intensities of diffraction reflections
were estimated from the radia intensity distribution
profiles obtained with the MICRON program package
(DITABIS) [5]. The reflection profiles were approxi-
mated according to the Gaussian-Lorentzian Sum
(Area) formula after subtracting the background (the
PeakFit program). The intensities of the diffraction
reflections were determined as the areas under the
approximating curves. Partially overlapped or closely
spaced reflections were separated using the profile
analysis. Theintensities of the reflections coinciding in
the oblique-texture electron diffraction patterns were
determined under the assumption that they are propor-
tional to the corresponding values IF,,12. The struc-
ture amplitudes were calculated from the intensities
according to the following formulafor local intensities:

IFnIe = Ihkexp/ AnigAnkoPs Where the indices hkO

refer to the reflections of the same ellipsis as the reflec-
tionswith theindiceshkl and p isthe multiplicity factor
[6]. The structural calculations were performed with
the AREN-90 program package [7] and the electron
atomic scattering factors for neutral atoms. We used
184 unique reflections with the maximum indices| = 12
in 12 ellipses up to sin6/A = 0.69 A-L. The parameters
of the base-centered monoclinic cell [a = 5.227(2) A,
b=9.053(2) A, ¢ =10.153(3) A, and B = 100.53(3)°]
were calculated from the electron diffraction patterns
measured with TICl as an internal standard. The analy-
sisof theintensities demonstrated that scattering for the
majority of the reflections occurs according to the kine-
matic law. The intensities of eight strong reflections
were corrected for primary extinction in the Blackman
two-wave approximation [8] for the calculated average
effective thickness of crystallitest,, = 490 A.

The celadonite structure was refined in the space
group C2/mand also in the space group C2 in order to
reveal the possible ordering of octahedral cations. As
the starting models, we used the atomic coordinates
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taken from [4] for the celadonite structure refined in the
space group C2; the atomic coordinates in the space
group C2/m, which were determined by averaging the
coordinates of the atoms related by the m pseudoplane
in the space group C2 [4]; and the atomic coordinates
obtained in [2]. It should be noted that, in the starting
models with space group C2, we varied the distribu-
tions of octahedral cations over two nonequivalent cis
positions. It turned out that, when refining the models
in the space group C2, the standard deviations of the
coordinates of the atoms located in the vicinity of them
pseudoplane are considerably larger than those of the
other atoms. Moreover, the average T-O distances in
two tetrahedra also differ from each other. Crystal
chemically, thisis not justified in terms of the insignif-
icant substitution of Al atomsfor Si atomsin tetrahedra
of the celadonite structure. For this reason, further
refinement of the celadonite structure was carried out in
the space group C2/m. A similar situation was consid-
ered in detail when refining the structure of the musco-
vite IM [9].

After theleast-squares refinement of the non-hydro-
gen atoms and their thermal parametersin the anisotro-
pic approximation, the maximum associated with the
hydrogen atom of the hydroxyl group was reveaed
from the difference Fourier-potential syntheses(Fig. 1).
The final refinement of the celadonite structure was
performed in the anisotropic approximations for al the
atoms to R = 2.98%. The atomic coordinates and the
anisotropic thermal parameters are presented in
Table 1. Theinteratomic distances are given in Table 2.
The projection of the structure onto the ab plane is
depicted in Fig. 2.

RESULTS AND DISCUSSION

It is established that celadonite from Krivoi Rog is
characterized by a statistical distribution of octahedral
cations with the average interatomic distance M—O =
2.042 A and the shortest distance M—OH = 2.025 A.
The octahedraare dightly oblate; the average distances
(0—0)p.e and (0-0) 440 are equal t0 2.945 and 2.831 A,
respectively; and the height of the octahedral sheet is
2.263 A. The octahedron bases are rotated through the
angle ¢ = 2.56°.

Thetetrahedraare elongated a ong the normal to the
layers. The average distances (O—0)pe and (O—O)g4e
are equal to 2.613 and 2.665 A, respectively. The tetra-
hedral cations are displaced to the O, atom shared by
the octahedral and tetrahedral sheets. The T-Ogy, and
(T-Opae), distances are equal to 1.598 and 1.623 A,
respectively. The average T-O distanceis 1.617 A. The
surface of the basal tetrahedral oxygen atoms is puck-
ered. The O, aom lying in the m plane is located
0.032 A closer to the octahedral sheet as compared to
the other O, atom.

For asmall angle of ditrigonal rotation of the tetra-
hedron bases () = 0.5°) and asmall interlayer displace-
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Fig. 1. Difference Fourier synthesis sections passing
through the hydrogen atom and parallel to (a) the ab plane
and (b) the bc plane of the celadonite structure. The con-
toursaredrawn at an interval of 10V. Numbersindicate the
potential at the maximum.

ment (t = 0.003), the interlayer cations K are located in
a nearly regular hexagonal prism with average (K-
O)imer @d (K-0)er distances equal to 3.084 and
3.107 A, respectively [(K-0),, = 3.096 A]. For asmall
interlayer displacement t, the value of —ccosf/a =
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Fig. 2. Schematic drawing of the celadonite structurein the
normal projection onto the ab plane. Heavy solid linesindi-
cate the upper bases of the octahedra, heavy dashed lines
correspond to the lower bases of the octahedra, thin solid
lines represent the upper bases of the tetrahedra, and thin
dashed lines show the lower bases of the tetrahedra.

0.355 (the idedl value is 1/3) is provided by the intra-
layer displacement s = 0.321.

Compared to our earlier work [2], this study of the
celadonite structure with modern digital methods used
for recording the diffraction patterns made it possible to
substantialy refine a number of fine features in the
celadonite structure. In particular, it should be noted
that the data obtained in our present work confirmed
neither theincrease in the average T-O distance nor the
ratio between the T-Ogpec aNd (T—Opaee)a, distances,
which werefound in [2].

The fact that we succeeded in determining the loca
tion and specific features of the hydrogen atom of the
OH hydroxyl group is of particular importance. As can
be seen from the difference Fourier-potential syntheses
(Fig. 1), the maximum attributed to the hydrogen atom
has an anisotropic shape and is extended in the ac
plane. This agrees with the established anisotropy of

Table 1. Atomic coordinates and anisotropic thermal parameters (A2 x 1074 for the celadonite structure

Atom x/a y/b zlc Bi1 B, Bas B, B3 Bos

K 0.5 0 0.5 48(14) 18(5) 34(5) 0 12(11) 0

M 0.5 0.1663(2) | O 44(7) 16(3) 18(3) 0 8(7) 0

T 0.4139(3) | 0.3329(2) | 0.2736(1) | 53(8) 19(3) 18(3) 4(9) 16(7) 0

0(1) 0.1879(6) | 0.2507(3) | 0.3348(3) | 81(16) 36(6) 24(4) -18(11) 7(11) 5(6)

0(2) 0.4426(7) | 0.5 0.3315(3) | 108(19) 20(7) 34(6) 0 11(17) 0

0O®3) 0.3684(5) | 0.3257(3) | 0.1137(3) | 115(16) 28(5) 32(4) 22(13) | 22(12) -13(7)

O(4) 0.3954(7) | O 0.1126(4) | 56(20) 21(6) 30(6) 0 13(18) 0

H 0.204(6) | O 0.105(3) | 579(141) | 54(39) 137(46) 0 19(114) 0
CRYSTALLOGRAPHY REPORTS Vol. 50 No.6 2005
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Table 2. Interatomic distances (A) in the celadonite structure
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Octahedron
M-O(3) x 2 2.044(3) Base edges Side edges
-0(3) x2 2.057(3) 0O(3)-0O(3) x2 2.951(4) O(3)-0(3) 2.895(4)
—O(4) x 2 2.025(3) 0O(3)-0(4) x 2 2.931(4) 0O(3)-0(4) x 2 2.917(4)
Average 2.042 O(4)-0(3) x 2 2.952(3) 0O(4)-0(4) 2.708(5)
Average 2.945 O(3)-0O(3) x2 2.774(3)
O@4)H 0.98(2) Average 2.831
Tetrahedron
T-0O(1) 1.613(4) Base edges Side edges
-0O(1) 1.638(3) O(1)-0O(1) 2.163(4) O(3)-0(2) 2.686(4)
-0(2) 1.619(2) -0(2) 2.603(3) -0O(1) 2.633(4)
—-0(3) 1.598(3) 0(2-0(1) 2.623(3) -0(1) 2.674(4)
Average 1.617 Average 2.613 Average 2.665
Interlayer spacing
K-O(1) x 4 3.077(3)
—0O(2) %2 2.097(3)
—-O(1) x4 3.102(3)
-0(2) x 2 3.118(4)
Mean 3.096

Note: O and O' are the oxygen atoms related by the symmetry elements.

thermal vibrations of the hydrogen atom and reflects
different configurations of the Fe and Mg trivalent and
divalent cations distributed statistically over the cis
positions in the nearest environment of the hydrogen
atom. The O—H bond is oriented toward the empty octa-
hedron and forms an angle of 4.4° with the ab plane
(the hydrogen atom is dlightly displaced inside the
empty octahedron). The O-H interatomic distance is
equal t0 0.98(2) A.

It should be noted that, among the dioctahedral
micas, only the celadonite structure is characterized by
the displacement of the hydrogen atom of the hydroxyl
group inside the empty octahedron. In muscovites, the
hydroxyl group is oriented toward the empty octahe-
dron at an acute angle (15°-17°) with respect to the
plane of the layer from the octahedral sheet [10]. The
orientation of the hydroxyl group into the empty octa-
hedron in the celadonite structure favors the interaction
of the interlayer K cation with the oxygen atom of the
hydroxyl group (the interatomic distance K—OH =
3.870 A is the shortest among those observed in the
mica structures). In the mica structures, thisis the only
oxygen atom that is located in the octahedral sheet at a
sufficiently short distance from the interlayer cation
and, moreover, is not shielded by the basal oxygen
atoms. For arelatively weak interaction of the K cation
with the basal oxygen atoms due to an insignificant
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substitution of Al atoms for Si atoms in the tetrahedra,
the interaction of the K cation with the oxygen atom of
the hydroxyl group isan important factor stabilizing the
celadonite structure. This can be judged, in particular,
from the small interlayer spacing (3.325 A as compared
to ¢ = 3.40 A in muscovites), which is observed when
the basa oxygen atoms of the adjacent tetrahedral
sheets are superposed in the projection onto the ab
plane. This superposition is favored by the small nega-
tive charge of the O, aoms. In the present work, the
angle of deviation of the O—-H bond from the plane of
the layer into the empty trans octahedron is smaller
than that obtained in [4]. It seemslikely that this devia-
tion is associated both with the high content of trivalent
cations in the octahedral sheet and with the deficit of
interlayer cationsin the structure of the celadonite from
Krivoi Rog.

An interesting feature of the celadonite from Krivoi
Rog is that the selected-area electron diffraction pat-
terns of a number of band-shaped single-crystal parti-
cles extended along the a axis exhibit triads of weak
additional reflections between strong reflections attrib-
uted to the main base-centered cell (Fig. 3). Similar
electron diffraction patterns were also observed earlier
[11]. Theintensity ratio of reflectionsin triads (Fig. 3)
varies both for different particles and within a single
particle (theintensity of central reflections can be either
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Fig. 3. Selected-area electron diffraction pattern of asingle
celadonite particle (theab planeis oriented perpendicular to
the incident beam). Triads of weak reflections extended
along the a axisare seen. The central reflectionsin triadsare
attributed to the main cell with abroken base-centered sym-
metry. The extreme reflections correspond to the base-cen-
tered supercell with ag = 3ay and by = bg.

higher or lower than that of the extreme reflections, and
the former reflection are always more smeared than the
latter reflections). This indicates that the appearance of
additional reflections is caused by the superposition of
two cells. In triads, the extreme reflections correspond
to the base-centered supercell with the triple parameter
a, whereas the central reflections are attributed to the
main cell with a broken base-centered symmetry. This
feature of the celadonite apparently can be associated
with the ordered distribution of trivalent and divalent
cations Fe and Mg over the cis positions. The two mod-
els proposed for cation ordering are consistent with the
observed intensity distribution. According to these
models, when the octahedral cations are in the ratio
Fe**: Fe** : Mg=2:1: 1, the Fe* cations occupy one
system of octahedral cis positions (related by the C
trandation in the main cell), whereas the Fe?*, Mg, and
(Fe?*, Mg) cations (the base-centered cell with ag= 3a,
and b = by) or the Fe** and Mg cations (the main cell
with a broken base-centered symmetry) alternate in an
ordered manner along the a axis in the other system of
Cis positions.
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CONCLUSIONS

Thus, the above analysis of the selected-area elec-
tron diffraction patterns of single crystals confirmed the
tendency (revealed from the oblique-texture electron
diffraction patterns in [4]) toward ordered distribution
of trivalent and divalent octahedral cations in celado-
nite and demonstrated that the Fe** and Mg?* divalent
cations are also ordered. The superstructure reflections
observed only for particular particles most likely indi-
catethat, in the vast majority of the celadonite particles,
regions with ordered cations are characterized by inco-
herent scattering. This leads to an averaged structure
with a statistical distribution of octahedral cations, as
was established in the refinement of the celadonite
structure from the oblique-texture electron diffraction
patterns obtained with the use of imaging plates.
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