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ABSTRACT

Colorless flakes of a new 2:1 layer silicate were obtained from reaction of augite in NaF-
MgF, melts at approximately 900°C. Assuming a mica-type structure, electron-microprobe
analyses yielded a mineralogical formula close to Na, (Mg, Tiy os)[Feo1Al; 4Si, sO50,F55]
with the layer charge of brittle micas and the unusually high number of four alkali ions in
the interlayer region. Single-crystal X-ray and electron diffraction patterns give the cell
dimensions a\/3 = b = 9.24 and d,,, = 9.81 A, characteristic for trioctahedral mica-type
(2:1) layers. The infrared spectrum resembles that of fluorphlogopite and is consistent with
the high Al-Si substitution in the tetrahedral sheet. Despite the high layer charge, the
material readily hydrates to the first hydration state with d,,, = 12.18 A. Ion exchange is
successful with K+, yielding a stable hydrated phase of dy,, = 12.81 A, and with alkyl-
ammonium ions, yielding highly expanded two-layer complexes, but not with divalent
inorganic cations. On the basis of 00/ monodimensional structure refinements as well as
a comparison of calculated and observed intensities on the 02//02/ and 11//11/ reciprocal
lattice rows, and using the geometric relations for mica-type layers, models are proposed
for the organization of cations and water in the interlayer space. The original anhydrous
phase is characterized by a layer stacking with displacement in the (001) plane and Na
deeply immersed in the ditrigonal holes above and below the central plane of the interlayer
space. This arrangement provides four interlayer cation sites per unit cell, twice as many
as for the mica structure, so that the unusually high number of interlayer cations may be
accommodated. It is suggested that the same stacking might also occur in other mica-type
silicates, which would have important implications for the interpretation of their crystal

chemistry.

INTRODUCTION

Most 2:1 layer silicates (with a few exceptions such as
sepiolite) contain mica-type layers forming distinct struc-
tural units that can separate along the stacking direction
and adsorb matter between them whenever the cohesion
forces across the interlayer space are small compared to
those within the layer. The considerable differences in the
properties of these silicates can be related to the chemical
composition of the 2:1 layer, which determines such im-
portant parameters as the layer charge and its distribu-
tion, as well as the dimensions and the geometrical details
for the different parts of the layer (see, e.g., Radoslovich
and Norrish, 1962; Donnay et al., 1964).

The origin of the present work goes back to a series of
earlier experiments that concerned the synthesis of mica-
type silicates from fluoride melts and that were conducted
with the aim of obtaining materials of definite layer
charges. In the course of these experiments, a new layer
silicate, hereafter informally referred to as Na-4-mica, was
identified among the reaction products of augite in
NaMgF; melt (Gregorkiewitz, 1972). Preliminary char-
acterization of Na-4-mica led to the postulation of trioc-
tahedral 2:1 layers, similar to those in fluorphlogopite,
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but with an unusually high Al-Si substitution in the tet-
rahedral sheet and charge compensation by three to four
Na ions in the interlayer region (Gregorkiewitz et al.,
1974).

Because no mica with more than two interlayer cations
per unit cell had ever been observed, and because the
existence of such a phase would be of considerable inter-
est for mineralogy, further experiments were undertaken
in order to substantiate the existence of Na-4-mica and
thoroughly characterize both its structure and chemical
properties. Most of these experiments were performed on
a few milligrams of the original material (Gregorkiewitz,
1972), but at a later stage, the synthesis was improved by
using pure oxides instead of augite, and additional ex-
periments could be realized with the new material when
greater quantities were required.

The present paper deals with the results of the miner-
alogical and chemical characterization of Na-4-mica; the
relevance of this new phase to the crystal chemistry of
micas is also discussed. Unless otherwise stated, the data
in this paper refer to the original material. Data related
to the material synthesized using pure oxides, as well as
a more thorough study on the formation conditions of
Na-4-mica, will be the subjects of a forthcoming paper.
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TasLE 1. Analytical data for augite and Na-4-mica
Na-4-mica and its derivatives**
Na phases, after leaching Hydrated phase, after K Hydrated phase, after
with water at 60°C for exchange at 60°C for treatment with Mg and Sr
Augite* Oh 12h 60 ht 50 h 144 h 300 h Butkf Rimst
mass percent
Na,0 0.57 13.52 10.12 10.76 3.00 1.30 1.15 10.15 5.10
K,0 0.29 0.11 0.07 0 11.32 15.06 14.47 - —
Ca0 22.63 0.32 0.05 0.03 0 0 0.02 0.20 0.46
SrO — — - — - — — 0.55 6.36
MgO 14.29 26.08 25.16 26.07 24.71 25.45 24.88 29.37 26.02
MnO 0.14 0.02 0 — 0 4] 0 — —
TiO, 0.30 0.33 0.43 0.31 0.37 0.22 0.40 (0.31) (0.31)
FeO 3.03 1.00 1.30 — 0.98 1.18 1.24 — —
Fe,0, 1.62 — — 1.45 - — — (1.34) (1.34)
ALO, 4.96 18.77 19.10 19.22 18.65 18.39 18.50 20.50 18.02
Si0, 51,67 29.08 28.58 30.17 28.71 30.11 28.26 28.39 26.79
F - 6.73 6.30 7.00 6.20 6.82 6.46 7.26 6.14
Cl — - — 0.01 0.14 0.05 0.14 — —
O = Fit - —2.83 —2.65 —2.95 —2.61 -2.87 -2.72 —3.06 —2.59
Total 99.50 93.13 88.46% 92.07 91.47 95.71 92.80 95.01 87.95
H,0 0.53 (<9.6) (9.6) 9.6§ (>7.8) 7.88§ 7.8§ (9.6) ?
Atoms per 24 negative ions (per 6 oxygens in the case of augite)
Na 0.04 4.03 3.13 3.19 0.94 39 0.36 2.94 1.64
K 0.01 0.02 0.01 — 2.33 2.99 2.97 — —
Ca 0.89 0.05 0.01 0.01 — — — 0.03 0.08
Sr — — —_ — — — — 0.05 0.61
Mg 0.78 5.98 5.98 5.95 5.93 591 5.97 6.54 6.42
Ti 0.01 0.04 0.05 0.04 0.04 0.03 0.05 0.04 0.04
Fe?+ 0.09 — — — — — — — —
Fed* 0.05 0.13 0.17 0.17 0.13 0.15 0.17 0.15 0.17
Al 0.22 3.40 3.59 347 3.54 3.38 3.51 3.61 3.51
Si 1.90 4.47 4.56 4.62 4.63 4.69 4.55 4.24 4.43
(e} 6 20.73 20.82 20.61 20.84 20.64 20.71 20.57 20.78
F — 3.27 3.18 3.39 3.16 3.36 3.29 3.43 3.22
Gonr (A) —= 11-12.2 12.18 12.18 12.81:94% 97% 100% 12.18 77
12.18:6% 3% 0%
X,y — 12,2 7,1 8,1 4,1 8,1 8,1 10, 1 7,1
Note: — = not determined; () = presumed on basis of other analyses.

* Wet-chemical analysis (Sinno, 1952) for augite crystals from 1944 eruption, collected near Boscotrecase, Mt. Vesuvius, Italy. Contains traces of Zr.
** Electron-microprobe analysis. Given figures correspond to average values from x points on y crystals. Wavelength-dispersive instrument, 15 kV,
beam current 20 nA, beam diameter 20 um, take-off angle 52.5°. Time of measurement 2 + 20 + 2 s for background + peak + background. Data
reduction and correction procedures from Ziebold and Ogilvie (1964) and Albee and Ray (1970). Standards were albite BH3 for Na, microcline BH1 for
K, olivine A1D for Mg, spessartine BH5 for Mn and Fe, ilmenite BH7 for Ti, garnet DD1 for Al, clinopyroxene A1P for Ca and Si, fluorite CaF, for F,

and sodalite for Cl. Analyst: G. Vezzalini.
+ Analyst: K. Norrish.
} Crystal of poorer quality.
t —%F x 15.9994/(2 x 18.9984).

§ The value for H,O was obtained by thermogravimetric analysis on samples from synthesis using pure oxides (Gregorkiewitz and Vezzalini, to be

published).

RESULTS
Synthesis

The starting material for the synthesis of Na-4-mica
was natural augite crystals from the 1944 eruption of Mt.
Vesuvius, Italy. The composition of this mineral was
studied by Sinno (1952, 1956), and a typical analysis is
given in Table 1, showing about 5% Al-Si substitution in
the tetrahedra of the pyroxene chain. For reaction, finely
ground augite powder was placed in a Pt crucible together
with a 1:1 mixture of NaF + MgF, (both puriss. Merck).
The crucible was heated in an open furnace at 1080°C for
approximately 4 h and then cooled down at a rate of
10°C/h until 850°C was reached.

The product was a heterogeneous mixture of crystalline

phases, which could be separated under the petrographic
microscope. Identification of the pure phases was made
by X-ray diffraction using powder methods and a Gan-
dolfi camera. The following phases were found: colorless,
transparent cubes of neighbourite (NaMgF;) as a major
constituent of the mixture; transparent, light-yellow grains
of chondrodite (Mg,(SiO,),F,); dark hexagonal plates of
hematite (Fe,0,); dark octahedra of magnetite (Fe,O.);
and thin, colorless flakes of Na-4-mica, of hexagonal out-
line and about 0.1-2 mm in diameter. In total, about 20
mg of Na-4-mica were isolated for use in the character-
ization experiments. A repetition of the synthesis was
successful, but Na-4-mica of this batch had a smaller
crystal size and was only used to prove its identity with
the former product.
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Chemical composition

The results of electron microprobe analysis on various
crystals of Na-4-mica are shown in Table 1. Analyses
were performed on the original material (stored at am-
bient conditions after synthesis) and after increasing pe-
riods of leaching in water at 60°C.

There is a clear variation in the Na content, indicating
4 Na per unit cell in the original material and 3.2 Na
after leaching. This phenomenon could be due to the dis-
solution of a second phase during leaching, but no vari-
ation was observed for the Na content in different flakes
of the original material, and exactly 4 Na per unit cell
were also found for a perfectly transparent dry crystal
from a later synthesis (to be published) where impurities
could be excluded beyond any doubt. Another explana-
tion for the different Na content might be sought in the
migration and/or evaporation of Na,O under the electron
beam, and its possible dependence on the hydration de-
gree of the crystals. However, variations for the Na,O
percentage proved to be negligible within the time of data
collection, and samples of the original material with dif-
ferent hydration degree gave exactly the same results. Fi-
nally, the lower Na content for the leached materials is
also confirmed by comparison with the K-exchanged
samples (Table 1), which show the same number of alkali
ions (3.2-3.3 per unit cell), accompanied by a slight ex-
cess of multivalent cations which sum to 14.2-14.3 in-
stead of 14.0 as required for full occupation of octahedral
and tetrahedral positions.

According to these results, the oxide contents are con-
verted to the mineralogical formulae in Table 2, assum-
ing that in the leached materials interlayer alkali is par-
tially replaced by multivalent cations. The latter could be
supplied from dissolution of small quantities of Na-4-
mica, whereas the 2:1 layer is apparently not affected by
this process.

Because Na-4-mica hydrates in contact with water (see
below), the hydration degree of the crystals to be used in
the analysis was examined by X-ray diffraction and is
reported in Table 1 by their interlayer spacings d,,,. For
the pure one-layer hydrates with d,,, = 12.18 A (Na phase)
and 12.81 A (K-exchanged phase), the water content was
found to be 9.6 and 7.8% (Table 1), which gives totals,
after summation to the dry constituents, of about 102%.
Similar totals have also been found for the one-layer hy-
drate of Ba-Llano-vermiculite, which has a well-known
hydration degree and was used as a test material under
the same experimental conditions (to be published). Both
Na-4-mica and Ba-Llano-vermiculite release the main part
of their intracrystalline water at 80-90°C, and it can be
assumed that water loss under the electron beam is re-
sponsible for the high totals.

Morphology and optics

The crystals have the shape of incomplete hexagons
with some well-developed angles of 120°, and the outline
of hexagons was frequently recognized both on the sur-
face and in the interior of the flakes, similar to the phlog-

£

Fig. 1. (A) Microphotograph of Na-4-mica flake (transmitted
light with phase contrast). (B) Transmission-electron micrograph
of ground and H,0O-dispersed Na-4-mica.

opite crystals described by Sunagawa and Tomura (1976).
Sometimes, one or several regions with a spiral-like
texture can be distinguished (Fig. 1A), and electron
micrographs of the finely ground sample (Fig. 1B) reveal
aggregates made up of oriented intergrowths of thin, hex-
agon-shaped single crystals. As a curiosity, a few flakes
have chondrodite epitaxially grown on their surface, an
observation that has also been made for synthetic fluor-
phlogopite (Kdppen, 1950).

Viewed perpendicular to the (001) plane under the po-
larizing microscope, most flakes appear isotropic, but in
some instances, a very faint optical anisotropy is detect-
ed. In most of these cases, the extinction azimuth varies
from place to place, and only a few samples show well-
delimited regions with constant extinction azimuth, oc-
casionally also in twin orientation to another region (ro-
tation about ¢* by 60° or 120°). Thus, the optical behavior
seems compatible with polytwinned growth of biaxial
crystals of small 2V, but uniaxial symmetry with internal
stress cannot be excluded as an alternative.

Cell dimensions and diffraction symmetry

Single-crystal X-ray diffraction photographs were re-
corded for several flakes of original dry Na-4-mica and
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TaBLE 2. Crystallographic data for Na-4-mica and its hydrated
and K-exchanged derivatives

All phases: One-layer triclinic setting. Diffraction symmetry = 1C*.
Modulated streaks [| ¢* on hk with k = 3n.

9.81-A dry phase
Nay, o(MGs 0 Tio o5)[F€0 1Al 4Sis 5020 7F 0]
molar mass: 857.8 g/mol. w{(CuKa, MoKa) = 94.6, 10.3 cm™.

a=>5.34(5) A « = 90.0(21 zZ=1
b=9.24(5) A 8 =100.3(2r Peae = 2.943 glem?
c=9.97(6) A v =90.0(2° Pae = 2.914 g/om?
Oy = 9.81(2) A b/a = 0.999\/3

V = 484.0(5.3) A Beae = 100.3(1)

A two-layer monoclinic setting with ¢ = 19.70 A and ¢’ = 95.2° can also
be established (see text).

12.18-A hydrated phase
Naa.z(Mgs SSTiO.OSFeO 15A|0 IO)[AIG ASiA SOZD 7F3 3] 43H20
molar mass: 924.0 g/mol. u{(CuKa, MoKa) = 79.9, 8.8 cm™.

a=5.35(5) A « = 90.0(2F Z=1

b=9.24(5) A 8 = 98.5(2) Pea = 2.55 gfom?

c=12.32(6) A v = 90.0(2 e = 2.53 glcm?

oo = 12.18(2) A b/a=0.977\/3
V =602.1(6.6) A° Bae = 98.3(1)°

12.81-A hydrated and K-exchanged phase
KG DNaO.3(M95 95Ti0 05Feﬂ 15A|0 10)[AI3 ASi4 5020.7':3.3] < 40H20
molar mass: 969.2 g/mol. w(CuKa, MoKa) = 112.6, 12.4 cm™".

a=>5.39(5) A o = 90.02 Z=1

b=9.32(5) A 8 = 97.8(2y Peae = 2.50 glcm®

c=12.94(6) A v = 90.02y Poss = 2.50 glcm?

iy = 12.81(2) A b/a = 0.998\/3
V = 643.5(7.0) A* Beae = 98.0(1)°

B.ue = arctan(—3dy,/8). poss and 3 for the anhydrous phase were deter-
mined on crystals synthesized from pure oxides. The number of H,O mol-
ecules was taken from the results of structural calculations (see text) and
is similar to the values obtained by thermogravimetric analysis.

its one-layer hydrate, as well as for the hydrated K-ex-
changed derivative. Weissenberg and Buerger precession
cameras were used, in most cases with CuKa (A = 1.5418
A) radiation in order to achieve sufficient resolution. For
all three phases, the unit-cell dimensions (Table 2) indi-
cate a structure based on mica-type layers, with hexago-
nal dimensions b = a\/3 =~ 9.3 A within the layer plane
and a basal spacing d,,, that increases from 9.81 to 12.81
A as a function of the interlayer content. Both Weissen-
berg (a and b) and powder-diffractometer readings (dy;,)
were calibrated against external Si standards. Electron dif-
fraction patterns (Fig. 2A) for selected crystallites of the
hydrated Na-4-mica showed hexagonal symmetry within
the layer plane and confirm the a and b dimensions ob-
tained from X-ray experiments. As for phlogopite, the

(_

Fig. 2. (A) Electron diffraction pattern for a single crystallite
of hydrated Na-4-mica. (B) O-level precession photograph for
anhydrous Na-4-mica (a crystal synthesized from pure oxides
was used) taken perpendicular to [110] when referred to the 2M,
individual (see text). (C) 0-level precession photograph for hy-
drated Na-4-mica taken perpendicular to the bisectrix between
the a axes of the two individuals. Indices 44/ correspond to in-
dividual 1 and A4/ to individual 2 (see text).
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Fig. 3. Infrared absorption spectrum of Na-4-mica as com-

pared with synthetic fluorphlogopite. 1:3435, 2:1638, 3:982,
4:828, 5:678, 6:462, 7:341 cm~..

9.3-A period was found perpendicular to the edges of the
hexagon that is defined by the basal face of the crystals.

Precession photographs taken at three different orien-
tations of the same flake (perpendicular to ¢*, b or (310),
and a or (110)) were combined to explore the intensity-
weighted reciprocal lattice. In all cases, reflections with
k = 3n are sharp and distinct, whereas the remainder are
diffuse and form streaks parallel to ¢* (Figs. 2B, 2C). The
positions of the sharp reflections comply with the unit
cells of Table 2, and their intensities are consistent with
both monoclinic (2/m) and trigonal (31m) Laue sym-
metry. The diffuse reflections, on the other hand, show
periods along c* that are smaller than ¢, = Md,, and
cannot be explained by the simple unit cells of Table 2.

For dry Na-4-mica, the diffuse reflections show a pe-
riod of Y, with a characteristic sequence of intensities
that repeats after every six periods (Fig. 2B), and their
Laue symmetry is approximately 2/m. Theoretical dif-
fraction patterns were then constructed for the polytypes
IM, 2M,, 2M,, and 3T, as well as for all possible twins
that can be generated by n-60° or n-120° rotations about
c* between adjacent layers. Comparison of symmetry and
absences (both systematical and the pseudo-absences cor-
responding to the “structural presence criteria’ of Ross
et al.,, 1966) pointed out that the diffraction pattern of
dry Na-4-mica can be explained by the assumption of a
2M, polytype, which has its layers at orientation —60°
and 60° (the angle gives the direction of the layer stagger
as defined in Takeda, 1967), coexisting with equal
amounts of a 1M polytype in two orientations (—60° and
60°) at 120° between them. In addition, considerable dis-
order in the sequence of the individual polytypes must
be assumed to account for the diffuse streaks on Ak rows
with k # 3n. Rotations of 60° as well as a 2M, polytype
can be excluded.

Other than for the dry phase, the diffuse reflections of
hydrated Na-4-mica show a period of Y{, along c¢* (Fig.
2C). Using the same procedure as above, the diffraction
patterns of several different flakes were analyzed. The de-
gree of stacking disorder varies from flake to flake, but in
all cases, absences are consistent with the assumption of
a twin composed of two individuals with a 1M cell and
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Fig. 4. Infrared absorption frequencies #(T-O) of mica-type

silicates with trioctahedral layers (Mgg)[(Al,Si);0,,X,] as func-
tion of the Al-Si substitution in the tetrahedral sheet. 1—curve
for stretching vibration parallel to the layer plane (usually peak
maximum) as obtained from published data (0, X = OH; @, X =
F); 2—curve for stretching vibration perpendicular to the layer
plane (usually high-frequency shoulder) as given by Velde (1979).

rotation of 120° between them. However, intensities cor-
responding to a single individual clearly violate Laue
symmetry 2/m, so that a triclinic one-layer cell (1Tc) must
be assumed in lieu of the usual monoclinic cell (1M) for
mica structures.

The K-exchanged derivative of hydrated Na-4-mica
shows a very similar diffraction pattern, but disorder as
seen by the diffuse streaking along ¢* is much more pro-
nounced than in the Na analogue.

Infrared spectra

The infrared spectrum of Na-4-mica is reported in Fig-
ure 3. For the hydrated form (4 = 12.18 A), there are
strong peaks at 3435 and 1638 cm™', corresponding to
the frequencies of H,O stretching and bending, respec-
tively. After release of the interlayer water by heating,
both peaks disappear and the substance becomes com-
pletely transparent from 4000-1200 cm~'. This is consis-
tent with the analytical formula reported above and con-
firms that the 2:1 layers are free of OH groups.

The lower part of the spectrum (1200-300 cm!) cor-
responds to lattice vibrations 7[(Si,Al)-O] and #(Mg-O)
and, accordingly, resembiles that of fluorphlogopite, which
has a similar layer composition. A significant difference
between the spectra is the shift of the (Si,Al)}-O stretching
band at 5(T-O) =~ 1000 cm~' toward lower frequencies
that may be accounted for by the increased Al-Si substi-
tution in the tetrahedral sheet of Na-4-mica (Fig. 4).

Ion-exchange properties

To replace the interlayer Na cations by other mono-
valent or divalent cations, flakes were immersed in 0.5/m
molar solutions of the corresponding chlorides MCI,, at
60°C for up to a 6-month period. Solutions were renewed
daily, and checks were made in an X-ray diffractometer
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TaBLE 3. lon-exchange properties of Na-4-mica

0.5/m molar MCl,,
60°C, <6 months
Mm+ = Li*, K*, NHf, Rb*, Cs*, Mg?*, Ca?*, Sr**, Ba?,
CqHi NHF(OA™), CioHaNHF (DAY)
completed after 7 d
15 orders 00/ observed

completed after 7 d
4 orders 00/ observed

completed after 7 d
4 orders 00/ observed
0.5/m molar MCl,, X
60°C, <1yr
M=+ = Li*, Na*, K*, NH}, Rb*, Cs*, Mg?*, Ca?*, Sr?*, Ba**
starts after 3 months

X = 12.18-A phase with M = Na completed after 6 months
sharp 00/ reflections

Na-4-mica (12.18 A)

X = 12.81-A phase with M = K {
X = 29.4-A phase with M = OA {

X = 33.4-A phase with M = DA {

DA-exchanged phase (33.4 A)

starts after 6 months
X = 12.81-A phase with M = K completed after 1 yr
diffuse 00/ reflections

= T 2 wi = completed after 3 months
X = 11.4-A phase? with M = NH, {very diffuse 00/ reflections

for changes in d,,,. The results are given in Table 3, from
which it may be concluded that exchange occurs readily
with K+ and with the alkylammonium ions, whereas ex-
change with other monovalent and divalent cations does
not seem to take place.

In order to ascertain this, chemical analyses of the
product phases were made. Thus, for the K-exchanged
(Table 1) and the alkylammonium-saturated material,
electron-microprobe determinations of the alkali content
showed that exchange is almost complete, with about 0.4
nonexchangeable Na per unit cell being retained in all
cases. Furthermore, a flake treated with 0.25 M SrCl, for
6 months was washed overnight with water and analyzed
for Sr. X-ray fluorescence spectroscopy indicated the ab-
sence of any significant amount of Sr in the bulk com-
position, whereas point determinations by electron-mi-
croprobe analysis on the same flake showed Sr substitution
of about Sr/Na = 0.6/1.6 for spots at the rims, and prac-
tically zero Sr content in spots a few micrometers away
toward the center (Table 1). This indicates that exchange
has taken place at the edges of the flake, but has not
proceeded further to completion.

In view of the apparent difficulties for cation diffusion,
exchange reactions were also attempted in an indirect way,
starting with the highly expanded 33.4-A phase of the
alkylammonium derivative (Table 3). Again, exchange
was only successful with Na*, restoring the 12.1 8-A phase,
with K+, giving the 12.81-A phase observed before by the
direct exchange, and also with NH}, giving very diffuse
00! reflections with dy,, = 11.4 A,

Hydration properties

The anhydrous 9.81-A phase shows a remarkable affin-
ity for water adsorption; it progressively hydrates even in
moist air at normal ambient conditions to form a more
stable phase of d,,, = 12.18 A, characterized by sharp 00/
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reflections observed to / = 18. In water, the observed
transformations

H,0, 60°C, <1 d
300°C, 1 mbar, 24 h
H,0, 60°C, >6d
0.1 M Na(Cl, 60°C, 1 d

9.81 A 12.18 A

12.18 A + 13.60 A

indicate the slow development of a second hydrate with
d,,, = 13.60 A that coexists within the same flake with
the 12.18-A hydrate and is characterized by somewhat
broader 00/ peaks observed to / = 8. From the variation
of the intensities of the 12.18-A and 13.60-A peaks over
time, a progressive transformation of the first hydrate
into the second is inferred, but even after | yr of immer-
sion in water, the 12.18-A phase was still present in con-
siderable proportion. On the contrary, transformation of
the 13.60-A phase into the 12.18-A phase required only
a brief treatment with 0.1 A NaCl solution. Heating at
100°C for 1 d under vacuum (1 mbar) led to an interstrat-
ified phase (broad 1 1.0-A peak with nonrational orders),
and heating at 300°C restored the anhydrous 9.81 -A phase.
This phase remained stable up to 600°C, but it became
amorphous after heating to 750-900°C for 1 d.

The K-saturated material also developed a second hy-
drate of 13.60 A coexisting with the 12.81-A phase,

H,0, 60°C, 5d
0.5 M K(l, 60°C,15d

12.81 A

12.81 A + 13.60 A,

from which a single 12.81-A phase could be restored after
immersion in a more concentrated KCl-solution or by
heating the crystals at 70°C for 15 min. Heating for 1 h
at 130°C led to an intersiratified phase with a diffuse
11.0-A peak and nonrational orders. Heating above that
temperature did not vyield a crystalline, fully dehydrated
phase as observed in the case with Na as interlayer cation.

One-dimensional electron-density projections

One-dimensional electron-density distributions along
the normal to the silicate layers were calculated in an
attempt to determine the height of the planes of interlayer
cations and water molecules relative to the octahedral Mg
plane.

Integrated intensities I, were recorded by w/26 scan of
oriented flakes on a powder diffractometer with Clemens-
Brentano geometry. Both Ni-filtered Cu radiation and Zr-
filtered Mo radiation were used, in connection with a
scintillation counter. Applying corrections for back-
ground, Lorentz-polarization factor, and absorption for
the case of symmetrical back-reflection from a thin flake
that is small compared to the primary beam, the inten-
sities were converted into observed structure amplitudes
F,(00]). Eighteen F,(00/) with I > 30 were obtained for
the 12.18-A hydrate of Na-4-mica using MoK« radiation,
and eleven for the dry 9.81-A phase as well as fifteen for
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the K-exchanged 12.81-A hydrate using CuK« radiation.
Structure calculations for the 13.60-A hydrates were not
attempted because the observable data [six F,(00/) values
with / < 8] were considered insufficient.

Calculated structure amplitudes F,(00/) were obtained
using the scattering factors of the International Tables for
X-ray Crystallography (1962) for the fully ionized atoms.
The unit-cell content was slightly idealized ignoring the
small quantities of Ti and Fe as well as protons of inter-
layer water. The one-layer distance d,,, was chosen as
unit period, assuming inversion points at the height of
octahedral Mg (z/d = 0) and the center of the interlayer
space (z/d = '»). Model coordinates z for the planes of
atoms in the 2:1 layer were taken from published data
for trioctahedral micas (e.g., Donnay et al., 1964) and
were held constant throughout all calculations. Coordi-
nates z of the interlayer cations and water molecules were
found from difference Fourier syntheses, where FZ!(00/)
were calculated for the 2:1 layer alone (Fig. 5). Refine-
ment of these coordinates and their site-occupation factor
was accomplished by iterative cycles of Fourier syntheses
and structure-amplitude calculations, allowing for indi-
vidual isotropic temperature factors at each plane. The
error of the final models is expressed in terms of the R
factor and can also be estimated from the deviation be-
tween the curves for p(z) and p,(z) (Fig. 5).

9.81-A dehydrated phase with Na. The electron-density
projection for the dehydrated phase of Na-4-mica is shown
in Figure 5a. The best agreement, R = 0.03, was obtained
when 3.5 Na ions were placed at height 4.02 A, far away
from the center of the interlayer space at 4.905 A.

12.18-A hydrated phase with Na. For hydrated Na-4-
mica (Fig. 5b), there are two peaks in the interlayer re-
gion, one plateau at 4-5 A and one sharp peak at the
central plane. Assuming all water at the central plane and
postulating 3.2 Na ions per unit cell, the best agreement
was obtained for the model in Figure 5b, which contains
4.3 H,0 at the central plane and Na at about 4.37 A.

The fit between calculated and observed electron den-
sities can be improved when the number of Na ions at
4-5 A is reduced to about 1.6 per unit cell, but correla-
tions between the Na site and an unavoidable ripple in
the difference syntheses at 1.8 A cast doubt on this result.
The corresponding model also would significantly deviate
from experimental data on chemical composition and
density. In any case, the refinement indicates a high po-
sitional disorder at the Na site, and substitution of some
interlayer water by Na cannot be excluded in view of the
similarity of their scattering factors.

12.81-A hydrated phase with K. In this phase, 4.0 H,O
molecules per unit cell were found, at height 6.09 A, i.e.,
somewhat away from the central plane at 6.405 A. The
site-occupation factors of the interlayer cations refined to
2.7 K plus 0.6 Na ions per unit cell, in approximate agree-
ment with the exchange degree of other crystals (cf. Table
1). The K ions were found at 4.575 A and correspond to
a clearly resolved peak in the Fourier synthesis, whereas
the Na ions were placed arbitrarily at 4.02 A for all cal-
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Fig. 5. Monodimensional electron-density projections for Na-
4-mica and its hydrated and K-exchanged derivatives. The iso-
tropic temperature factor is exp(—8=2U sin?0/A?), where U = y? =
B/8x? represents the mean square of the vibration amplitude.
F21(00]) are the calculated structure amplitudes for the 2:1 layer
alone, excluding interlayer material.

culations. This model is represented in Figure 5S¢ and
gives a significantly (Hamilton, 1965) better agreement
than an alternative with Na at 4.37 A.

Intensity patterns on 027/02/ and 111/111 reciprocal
lattice rows

From the diffraction pattern of hydrated Na-4-mica, a
one-layer polytype with triclinic symmetry was inferred
(see above). The deviation from the monoclinic Laue class
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TaBLE 4. Observed and calculated structure amplitudes on selected reciprocal lattice rows, comparing different stacking models
(a) 12.18-A hydrated Na-4-mica (b) 9.81-A anhydrous Na-4-mica
[ak obs. Cc2/m* obs c1* c2lc obs. Cc*
! 02/ 02/ o(x2)/ 02/ 02/ i 02/ 02/ 02/
0 18.2 19.4 37.7~ 19.4 18.2 5 122.1¢ 57.4 61.4
1 47.2 47.2 19.2 387 28.7 7 1.7 124.3 119.8
2 3.3 18.4 62.0 458 56.8 9 92.7 44.7 45.2
3 77.7 49.1 343 439 446 111 1/ 11/
4 12.3 21.3 68.7 43.4 54.2 12 39.0° 411 45.4
5 48.5 4.0 9.4 38.7 39.5 10 71'7 29 '3 17'3
6 17.9 16.1 33.6 16.1 14.5 B i ’ i
7 14.7 27.4 0.9 27.4 15.7 . 400 9245 1023
: : : 3 . -6 66.7 79.2 100.8
111 1/ 1(x£1) 131 111 4 873 54.7 32.9
—7 8.4 16.5 13.6° 24.7 222 _2 5.6 88.2 66.8
-6 33.0 26.5 32.6 9.7 0.3 0 39.8 27.4 16.1
-5 40.3 337 16.0 449 56.5 2 26.1 89.8 74.9
—4 46.0 29.4 73.1 24.7 28.3 4 100.1 9.2 13.0
-3 63.5 56.0 5.1 52.8 68.7 6 29.4 82.2 1214
-2 33.8 42.3 60.0 25.6 27.3 8 60.6 77.7 74.9
=i 30.3 48.0 9.3 54.6 39.7 10 66.5 10.7 8.4
0 35.2 53.1 27.9 8.9 6.9
1 3.9 5.1 44.0 59.9 48.7
2 72.6 58.1 38.9 334 33.0
3 8.2 12.9 61.5 54.6 70.9
4 63.6 50.9 435 229 19.4
5 18.3 10.7 25.8 37.9 44.6
6 21.8 23.6 24.1 10.5 2.8
7 52 17.2 8.0 17.6 13.3
Residuals 0.72 0.26t 0.82 0.19

Note: Superior letters indicate calcutated F values scaled with factor (A) 1.030, (B) 0.985, (C) 1.122, or (D) 0.903.

* Models: C2/m denotes the 1M polytype, where the interlayer stacking vector —a/3 is given by the intralayer stagger; C1 denotes a triclinic one-
layer polytype 1Tc, where the interlayer stacking vector is —a/3 — b/3 when referred to the ideal monoclinic single layer. C2/c denotes the 2M, polytype;
Cc denotes a 2M polytype with alternating interlayer stacking vectors —a/3 — b/3 and —a/3 + b/3. Thermal-vibration amplitudes (defined in Fig. 5)
were 253 pm? for O and F, 101 pm? for Mg and Al/Si, and 380 pm? for interlayer Na.

+ Includes both hiki and hki.

2/m is strong, but it concerns only reflections with k
3n. This behavior suggests a layer stacking with transla-
tion of +b/3 between adjacent mica-type layers. In order
to prove this hypothesis, observed and calculated struc-
ture amplitudes on the reciprocal lattice rows 02//02/ and
111/11] were compared for models with and without this
translation.

Observed structure amplitudes were obtained from re-
flection intensities of 0kl and 1k/ precession photographs
(see, e.g., Fig. 2C) for several different crystals. Ni-filtered
Cu radiation was used, and the visually estimated inten-
sities were corrected for background and Lorentz-polar-
ization factor. Calculated structure amplitudes corre-
spond to the same unit-cell content and z coordinates as
in the preceding section (see Fig. 5b), except that inter-
layer H,O was omitted. Atomic x, y coordinates within
a single layer were obtained from the layer composition
and the b dimension using the geometrical relations for
mica-type layers (Radoslovich and Norrish, 1962; Don-
nay et al., 1964), the ionic radii from Shannon and Prew-
itt (1969, 1970), and T-O distances from Zvyagin and
Soboleva (1979). Temperature factors were given arbi-
trary values that are typical for mica structures (Table 4).

The resulting intensity patterns are summarized in Ta-
ble 4a and show that the proposed stacking mode with
translation along +b/3 accounts excellently for the ob-
served deviation from monoclinic symmetry.

Similar calculations were also performed for the an-
hydrous Na-4-mica. In this case, a stacking with trans-
lation along +b/3 gives no deviations from the mono-
clinic Laue symmetry of the 2M, cell, but the different
stacking modes can be recognized on the basis of typical
intensity patterns along suitable sk rows. Calculated
structure amplitudes showed that differences occur on the
02!/ row for / = 2n + 1 and on the 11/ row for / = 2n.
Fortunately, these are just the reflections that were free
from any twin contribution (cf. Fig. 2B) so a comparison
with the observed structure amplitudes could be estab-
lished (Table 4b). As for the hydrated phase, the experi-
mental data suggest a stacking mode with translation along
+b/3 between adjacent layers.

DiISCUSSION

Although there is a close metric relationship between
mica (@ =5.3,b=9.2,d,, =9.6 A) and augite (a pyrox-
ene with @ = 5.3, b = 9.0, do, = 9.5 A, in the setting
referred to the mica structure), the formation of Na-4-
mica is probably not a topotactic reaction because the
tetrahedral Al content in the mica (Al, = 0.43) is very
different from that in augite (Al, = 0.05), and the latter
must have lost a considerable amount of Si for the for-
mation of chondrodite. Na-4-mica is therefore regarded
as a reorganization product of augite in NaMgF, melts,
in agreement with other results supporting a predomi-
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nantly reconstructive mechanism for silicate syntheses in
fluoride melts (Gregorkiewitz, 1972).

Composition and classification

By its composition, Na-4-mica belongs to the series of
trioctahedral mica-type silicates (full occupancy of the
cation sites in the octahedral sheet). This is also support-
ed by the cell dimensions in the layer plane with b =
av/3 =9.24(5) A, which compares well with the expected
value for the present composition, » = 9.182(53) A, cal-
culated by the formula for trioctahedral micas from Veitch
and Radoslovich (1963). The octahedral sheet of Na-4-
mica contains Mg almost exclusively, as in the case of
phlogopite, but the considerably higher Al substitution
for Si in the tetrahedral sheet leads to the layer charge of
brittle micas (z = —4). The typical brittle micas are clin-
tonite (trioctahedral) and margarite (dioctahedral), both
with Ca as interlayer cation, and only a few compounds
with z > 2 and interlayer cations other than Ca have been
reported as follows: the solid solution CaAl — NaSi in
margarite (Afanasev and Aidinyan, 1952; Velde, 1971,
1980; Franz et al., 1977) and, in the trioctahedral series,
two Ba-K micas (Kato et al., 1979; Guggenheim and Kato,
1984) and two Ba micas (McCauley and Newnham, 1973;
Giuseppetti and Tadini, 1972).

Unlike these materials, Na-4-mica contains >2 inter-
layer cations per unit cell, and it easily hydrates despite
the high layer charge. These observations are surprising.
However, they can be consistently explained as will be
seen in the following.

Proposed interlayer structures

9.81-A dry phase. The dehydrated and the originally
obtained anhydrous phase of Na-4-mica have the layer
spacing characteristic for a dense stacking, where adjacent
layers are almost in contact. The classical model for dense
stacking is given by the mica structures in which the sil-
icate nets of adjacent layers project almost on top of one
another. In this stacking mode, the holes in the layer sur-
face, defined by the hexamer silicate rings, superimpose
face to face, and the center of the resulting cavity (two
per unit cell) is occupied by the interlayer cation. This
configuration cannot be assumed for Na-4-mica because
the Na ions are found far away from the central plane of
the interlayer space (see Fig. 5a). Also, their high number
excludes a face-to-face stacking if double occupation of
the cavities, with unrealistically short distances (dy, n, =
5.79-4.02 = 1.77 A), is to be avoided.

The only alternative is a model where adjacent layers
are displaced parallel to the layer plane (cf. Fig. 6) so that
every hole becomes an independent cavity above and be-
low the central plane between the layers and up to four
cation sites per unit cell are allowed for. The resulting
coordination for the interlayer cations may be estimated
from the one-dimensional structure data and the layer
geometry as derived from the b axis and chemical com-
position. Based on the usual relations (see above), one
obtains a ditrigonal rotation of « = 14.2° for the hexamer
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Fig. 6. Proposed model for anhydrous Na-4-mica as pro-

jected on plane perpendicular to a. The displacement of the up-
per layer with respect to the lower one is +b/3.

silicate rings, which is low compared to paragonite or
clintonite (with 16 < a < 19° and a = 23°, respectively;
see Bailey, 1984) and means a relatively open confor-
mation for small interlayer cations. This allows Na to
sink deeply into the hole (Fig. 6) where it is coordinated
to three near (inner) and three far (outer) basal oxygens
plus one F from the octahedral sheet, at distances
drao, = 2.38 A (the sum of the ionic radii), dy, o,, = 3.13
A, and d,,; = 3.02 A. The bond Na-O,, makes an angle
of 17° with the layer plane and meets well with the lone
pair of O,, at about 7° elevation from the layer plane. The
angle O, -Na-O,, is 112° and suggests that the three inner
oxygens provide the base of a tetrahedron (NaO,) whose
apex is an oxygen O’ from the adjacent layer. The shortest
possible distance dy, o = 6.48-4.02 = 2.46 A is obtained
when O’ lies vertically above Na, corresponding to a dis-
placement of the upper layer by 2.28 A along —a. From
bond distances alone, this configuration seems accept-
able, but it implies short repulsive distances dy, n, = 2.88
and 3.55 A, and a poor shielding of Na by the upper layer
because the four next-nearest oxygens are far away at
du,.o = 3.68 A. An alternative model implies displace-
ment along +b/3, which is also supported from the in-
tensity pattern on 02/ and 11/ rows (Table 4b). It provides
the maximum distance between the interlayer cations,
Grara = 3.55 A, and a reasonably good shielding of Na
by three oxygens from the upper layer, but the Na-O’
distances (2.92 A) are now excessive.

Thus, whatever the actual displacement is, the stacking
mode of anhydrous Na-4-mica always implies some de-
fect in the electrostatic valence balance of the interlayer
region that is consistent with the observed instability to-
ward the hydrated phase.

A stacking mode with displacement in (001) and with
Na being deeply immersed in the ditrigonal holes above
and below the central plane was also postulated by
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Pedro (1974), Méring (1975), and Besson (1980) for the
anhydrous phases of Na-montmorillonite (Na,,
(Al;;Mgy,) [SisO(OH).) and Na-beidellite (Na,,
(Al [Al, Si; ,0,,(OH),]). The OH dipoles of these com-
pounds lie almost parallel to the layer plane, as opposed
to those in trioctahedral compounds that point vertically
upward toward the center of the hole. Hence, in diocta-
hedral compositions, the descent of Na into the hole is
not hindered by repulsive interactions. The same argu-
ment holds also for trioctahedral layers with F in lieu of
OH, so that the asymmetric configuration of Na in Na-
4-mica, rather than being a unique case due to the high
number of interlayer cations, appears to follow a general
trend for compounds with displaced layer stacking and
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where the descent of cations is not hindered by vertical
OH dipoles.

12.18-A hydrated phase with Na. The layer spacing of
this phase is characteristic for a stacking with one sheet
of water molecules between adjacent layers. According to
the results in Figure 5b, Na is bound to the ditrigonal
holes on the layer surface nearly at the same position as
in the anhydrous phase, but its coordination sphere is
now completed by water molecules from the central plane.
The coordination to the layer is fixed with a Na-O,, dis-
tance of 2.50 A from the three inner basal oxygens,
whereas the water molecules can in principle move freely
on the central plane (which lies at 2.76 A from the basal
oxygens) as long as the minimum distance to Na is re-
spected. Assuming equilibrium distances of dy,_on, = 2.38
A, the H,O molecules lie on a circle with a radius of 1.64
A centered above the Na ion (Fig. 7). There may be <3
H,O molecules on this circle, which gives a distorted oc-
tahedron of NaO,(OH,);, with O-Na-O = 104° and H,O-
Na-OH, = 74°. The actual number of water molecules
per Na ion can be estimated by a simple consideration
as follows: if every H,O is allowed to be shared by two
cations, the number of H,O per unit cell is given by

Ao = 2 nW,/2 €))

where n, = number of cations of species i per unit cell
and w, = number of H,O for each ion of species i. Intro-
ducing the experimental values from chemical analysis
(Table 1) and one-dimensional structure refinement (Fig.
5b), one finds wy, = 2hu,0/Nn, = 2:4.3/3.2 = 2.7 water
molecules for each Na ion, suggesting that the actual co-
ordination number of Na lies between 5 and 6.

There are few comparative data on the structure of
mica-type silicates in a first hydration state and with Na
as interlayer cation. They show that in vermiculites (Le
Renard and Mamy, 1971; de la Calle, pers. comm.) and
in saponites and beidellite (Suquet et al., 1980), both H,O
and Na lie close to the central plane at heights from 5.60
10 6.20 A, whereas montmorillonite (Pedro, 1974) might
have its Na immersed in the hole at z = 4.25 A. Na-4-
mica differs from vermiculite and saponite in that it lacks
vertical OH dipoles that destabilize the in-hole position
of interlayer cations. This fact, together with the high
negative charge on the tetrahedral sheet, is likely to favor
the in-hole position that provides also for maximum dis-
tance between interlayer cations, a parameter that should
be important for compositions with more than two in-
terlayer cations per unit cell. This last aspect is particu-
larly interesting because even an alternative model (see
discussion of Fig. 5b), with Na at the central plane, re-
quires an important fraction of Na (=1.6 per unit cell) at
the in-hole position.

12.81-A hydrated phase with K. The layer spacing of
this phase agrees well with published values for the first
hydration states in K-exchanged saponites and beidellites
(12.60-12.70 A, Suquet et al., 1975). According to the
results in Figure 5c¢, the K ions are found in the ditrigonal
holes, and the water molecules are on either side of the
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central plane (Fig. 8) at the same height as in the Na
analogue. This means that H,O should have the same
position in both phases, probably anchored by a H bond
above a basal oxygen (Az = 2.76 A). In the K phase, H,0
is anchored alternatively to the lower or the upper layer,
but the two positions differ little in height (Az = 0.63 A)
and constitute still a unique, although somewhat puck-
ered, water layer.

On the basis of these data, the interlayer organization
should be as follows. The ditrigonal rotation angle is a =
12.1°, somewhat less than in the Na phase. K is coordi-
nated to three inner basal oxygens at a remarkably short
distance dy_, = 2.66 A, the K~O bond making an angle
of 28° with the layer plane. Together with three outer
basal oxygens at 3.27 A, they provide a reasonable co-
ordination shell from one side which has to be completed
by water molecules from the interlayer region. Assuming
dion, = 2.74 A and considering a particular K ion, the
water molecules associated to its own layer (H,O) lie on
a circle above K with r = 2.28 A and the water molecules
of the adjacent layer (H,O') on a circle with r = 1.71 A
(Fig. 8B). There may be <4 water molecules on the first
circle and =<3 on the second, with angles between the
layer plane and the K-OH, bond of 34° and 52°, respec-
tively. The actual number of water ligands is (Eq. 1) 2-
4/2.7 = 3 for every K ion, suggesting the octahedral co-
ordination polyhedra KO,(OH,), and KO,(O'H,);.

In view of these considerations, a face-to-face stacking
of adjacent layers is improbable; it would imply a rela-
tively short distance di« = 3.66 A, and in addition it
would preclude water molecules from lying on the small
circles and, hence, being shared by two neighboring K
ions. The result would be an unrealistically low number
of 4/2.7 = 1.5 water molecules per K. A more realistic
stacking mode is shown in Figure §B. This model has a
translation of b/3 between adjacent layers and contains
six H,O sites per unit cell, statistically associated either
to the upper or the lower layer. In both positions, H,O
is bound simultaneously to a K of the upper and the lower
layer so that, on an average, all K ions have the same
coordination polyhedron, intermediate between KO,(OH,);
and KO,(O'H,),. The second polyhedron fixes the layer
spacing, a result that is particularly useful for the under-
standing of the interlayer arrangement in other K-satu-
rated one-layer hydrates (e.g., K-saponite). Since all these
compounds have their K located in the hole, the constant
value of their layer spacings at dy,, = 12.6-12.7 A suggests
that it is determined by the same polyhedra KO,(O'H,),
and, hence, by a structure as in the present material re-
gardless of what the actual layer charge is.

Hydration and cation-exchange properties

It is known from other mica-type silicates (e.g., ver-
miculite, montmorillonite, etc.), that the hydrated phases
collapse to stable anhydrous phases when interlayer Na
is replaced by the larger K ions. Na-4-mica does not fol-
low this reaction scheme, but the K-exchanged material
is preserved in its hydrated state with d,,, = 12.81 A.
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Fig. 8. Proposed model for the K-exchanged phase. The dis-
placement +b/3 of the upper layer was inferred from crystallo-
chemical reasons and is compatible with the diffraction aspect.
The nonexchangeable ~0.4 Na at z = 4.02 A are omitted for
clarity. The H,O sites at 6.09 A (@) and 6.72 A (®) are to be
occupied alternatively. Thus, the model offers 4 K and 6 H,O sites
per unit cell, with an actual occupation of about % for both. (A)
Projection on plane perpendicular to a; (B) projection on (001).
Full circles: projected bond distance dy_on, to H;O at 6.09 A;
dotted circles: projected bond distance dy_ou, to H;O at 6.72 A.

Even by heating, the corresponding dehydrated state can-
not be obtained. This is a logical consequence of the high
number of interlayer cations. Even the most favorable
model for an anhydrous phase with more than two K per
unit cell implies unrealistically short repulsive distances
of dx = 3.31 A and a poor shielding of K from the
adjacent layer (K cannot sink in the hole as deeply as
Nal).

The collapse of hydrated Na-4-mica to a stable anhy-
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drous phase can be expected, however, if the replacement
of Na with a larger ion implies at the same time the
numerical reduction of the interlayer cations from 3.2 to
2 per unit cell. This requirement is met by Sr, and the
observed exchange at the rims of the crystals, with an
approximate composition of 1.6 Na + 0.6 Sr = 2 ions
per unit cell, suggests indeed the formation of a tightly
closed phase on the borders which prevents the reaction
from proceeding to the interior of the crystals. A similar
sealing mechanism has been claimed for natural dry Na
phlogopite (Schreyer et al.,, 1980) which is bordered by
stable K phlogopite so that the usually observed hydra-
tion of Na phlogopite cannot take place.

Another interesting feature of Na-4-mica is the stabil-
ity of its one-layer hydrate against further water uptake,
which is in contrast to the easy transition to the two-layer
hydrate of comparable materials. At first glance, this be-
havior may be explained by the usual argument that hy-
dration capacity decreases as layer charge increases, but
another explanation seems possible as well. In the two-
layer hydrates, all cations are at the central plane between
the water layers (e.g., Shirozu and Bailey, 1966). As there
are two cation positions per unit cell, the compounds
with <2 cations (saponites, vermiculites, etc.) can form
the two-layer hydrate, whereas Na-4-mica, with its excess
interlayer cations, cannot. This picture could also explain
the replacement of interlayer Na by multivalent cations
(see discussion concerning Table 1) and the appearance
of the 13.60-A phase that are observed after leaching in
H,O. It seems that a lower number of small interlayer
cations favors the formation of a two-layer hydrate,
whereas treatment with NaCl or KCI solutions restores
the pure one-layer phases.

IMPLICATIONS

The most outstanding feature of Na-4-mica is the high
layer charge and its compensation by more than two in-
terlayer cations per unit cell, which imposes a layer stack-
ing with displacement in the (001) plane and up to four
sites for interlayer cations, even in the anhydrous state.
This structure differs essentially from the classical dense
stacking with face-to-face configuration of the ditrigonal
holes; consequently, it is not subject to many of the crys-
tallochemical constraints for the mica group that are de-
rived from geometrical relations implying the classical
model. It seems therefore necessary to redefine the valid-
ity of the generally accepted concepts on the structure of
micas as will be illustrated in the following examples.

Trioctahedral Na micas have been postulated to be un-
stable (Radoslovich, 1963a, 1963b). Strictly speaking,
however, this statement refers only to the face-to-face
stacking, whereas for a displaced stacking, there may be
stable phases with Na associated with trioctahedral lay-
ers. The Na phlogopite reported by Carman (1974) seems
a possible candidate.

The control of the tetrahedral Al-Si substitution by the
interlayer cation must necessarily depend on the stacking
mode with its particular cation position so that the limits
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of the degree of Al-Si substitution may be different from
those predicted by Radoslovich (1963a, 1963b) and Ha-
zen and Wones (1978).

Structural comparisons can be misleading if the stack-
ing mode is not taken in consideration. An illustrative
example for this is given in the plot of dy,, in phlogopites
against the radius of the interlayer cation (Hazen and
Wones, 1972) where the Na member falls outside the
expected curve. In fact, the chosen compound is likely to
have a displaced stacking, and replacing it by Na easton-
ite (Franz and Althaus, 1976; Keusen and Peters, 1980)
yields a fairly straight line.

Finally, the existence of a stacking mode with more
than two cation sites per unit cell calls for a new inter-
pretation of the many mineral analyses with excess alkali
(e.g., Koch, 1934; Sanero, 1940; Arkhipenko et al., 1964;
Wearing, 1984). The corresponding materials might in-
deed contain regions with stacking as in Na-4-mica, and
in order to verify this they should be inspected for their
structure and possible displacements in the (001) plane.
In some cases, excess Na has tentatively been placed in
vacancies of the octahedral sheet (Arkhipenko et al., 1964).
However, the probability of such a model is low because
up to now, there are no indications for Na in this position
except perhaps for very low quantities as in the case re-
ported by Hazen et al. (1981).
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