Clays and Clay Minerals, Vol. 33, No. 1, 51-61, 1985.

INTERLAYER STRUCTURES OF THE TWO-LAYER
HYDRATES OF Na- AND Ca-VERMICULITES

P. G. SLADE, P. A. STONE, AND E. W. RADOSLOVICH
CSIRO Division of Soils, Glen Osmond, South Australia 5064, Australia

Abstract—The three-dimensional order shown by the two-layer hydrates of Na- and Ca-vermiculite,
prepared from Mg-vermiculite from Llano, Texas, has enabled clear, two-dimensional Fourier projections
of their interlayer structures to be obtained. Structure factor calculations were made in space group C2
and with unit-cell dimensions of 2 = 5.358 A, 5= 9.232 A, and 8 = 96.82% for Na-vermiculite ¢ = 14.96
A and for Ca-vermiculite ¢ = 15.00 A. In Na-vermiculite the interlayer cations are octahedrally coor-
dinated to water molecules with the sodium-water polyhedra only located between the triads of oxygen
atoms forming bases to tetrahedra in adjacent silicate layers. In Ca-vermiculite the interlayer cations are
in both octahedral and 8-fold (distorted cubic) coordination with water molecules. The octahedrally
coordinated Ca ions are between the bases of tetrahedra in adjacent silicate layers, but the §-fold coor-
dinated Ca ions are between the ditrigonal cavities. In both Na- and Ca-vermiculite some water molecules
are drawn from planar networks appreciably towards the ditrigonal cavities. The three-dimensional order
observed for these vermiculites contrasts with the stacking disorder reported for Mg-vermiculite from
Llano. The distinct crystallographic behavior of Na*, Ca?*, and Mg?** in the hydration layers of Llano
vermiculite probably depends on cation sizes and field strengths, together with the need to achieve local

charge balance near the sites of tetrahedral Al-for-Si substitution.
Key Words —Crystal structure, Fourier projection, Hydrates, Interlayer cation, Vermiculite.

INTRODUCTION

Structural studies on Mg-vermiculites by Hendricks
and Jefferson (1938a, 1938b), Mathieson and Walker
(1954), and Shirozu and Bailey (1966) have all drawn
attention to the partial stacking disorder within the
double silicate layer structure. This disorder arises from
random relative displacements of the two silicate layers
by £b/3. The ensuing diffuseness of X-ray diffraction
reflections with indices where k % 3n has made studies
of the interlayer region difficult. By contrast, the Ok/
reflections with k # 3n for the two-layer hydrates of
Ca- and Na-vermiculites were found by de la Calle
(1977) to be sharp and discrete; therefore these ma-
terials have ordered structures. The pattern of the Ok/
reflections for the two-layer hydrates of Ca- and Na-
vermiculites shows that their unit cells include only
one silicate layer.

Suquet ef al. (1975) and many others recognized that
the positions of adjacent silicate layers are controlled
by cation-dipole interactions and hydrogen bonding
between interlayer water molecules and charged oxy-
gens within the silicate surfaces. For the Mg-vermic-
ulite from Llano, Texas, Shirozu and Bailey (1966)
proposed that the exchangeable cations are located on
symmetry centers between those triangular groups of
surface oxygens forming the bases of tetrahedra for
which there is a higher probability of aluminum having
substituted for silicon (the T, tetrahedra). The relative
positions of adjacent silicate layers are therefore largely
controlled by local charge balance. The water mole-
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cules are distributed randomly over the anion positions
about the exchangeable cations so forming an octa-
hedral interlayer network.

Diffuse reflections, present between the normal Bragg
reflections in X-ray diffraction patterns from single
crystals of Kenya vermiculite, enabled Alcover et al.
(1973) and Alcover and Gatineau (1980) to demon-
strate that interlayer Mg ions and water molecules are
two-dimensionally ordered within domains. Similar
local ordering patterns were predicted for the interlayer
structure of Mg-vermiculite by Mathieson and Walker
(1954) and by Bradley and Serratosa (1960).

In their Y-axis projection of the structure of a Mg-
vermiculite from Kenya, Mathieson and Walker (1954)
noted that the electron-density contours for the inter-
layer water molecules were extended in the negative X’
direction. This extension was interpreted as a distor-
tion of the water sheet caused by interactions between
each water molecule and the nearest oxygen atom in
the adjacent silicate layer surface. de la Calle et al.
(1977) proposed a model for the structure of the two-
layer hydrate of “Ca-vermiculite” prepared by alter-
ation of a phlogopite. In their model, the exchangeable
calcium ions are located not only between the bases of
tetrahedra in adjacent silicate layers but also between
opposed ditrigonal cavities in those layers. The latter
calcium ions have 8 water molecules as nearest neigh-
bors, rather than 6. From a nuclear magnetic resonance
study of the water in the two-layer hydrate of Na-
vermiculite from Llano, Texas, Hougardy et al. (1976,
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1977) concluded that the water molecules are strongly
coordinated to the Na* cations which they surround
octahedrally.

The present paper reports new electron-density pro-
jections for the interlayer structures of Na-saturated
and Ca-saturated vermiculite from Llano, Texas. The
results are compared with a projection derived from
the data on “Ca-vermiculite” by de la Calle et al. (1977)
and also with the conclusions drawn for the Llano Mg-
vermiculite by Shirozu and Bailey (1966).

EXPERIMENTAL
Material

The vermiculite used came from the Carl Moss
Ranch, Llano County, Texas. When Ca-saturated this
material has been reported (Norrish, 1973, Table II)
as having the following composition: (Mg, ¢,0Aly 050
Fe** 065 Tig.020 Mg g05) (Siz.895 Al 105) O10 (OH), Cag 465
Ky 015 for one half layer. Flakes, ~1 mm across, were
cut from larger sheets and saturated with sodium by
refluxing with 2 M NacCl for a week; the solution was
changed daily. A washed subsample was refluxed in a
2 M Cadl, solution for a week and again washed. Be-
cause an X-ray fluorescence analysis indicated that some
sodium remained, the refluxing was continued for a
further two weeks, then an atomic absorption analysis
confirmed that the product was free from sodium.

X-ray diffraction

Under ambient conditions, the degree of three-di-
mensional order shown by Na- and Ca-vermiculites
can vary. Therefore, to maintain two sheets of water
between the silicate layers of the flakes used for inten-
sity measurements, they were bathed in a stream of air
which had previously passed through warm water. The
humid atmosphere during data collection caused sev-
eral flakes to split, it also affected the Araldite used for
mounting and occasionally caused condensation on the
crystal surfaces. Although these problems were closely
monitored and corrected as well as possible, they lim-
ited the accuracy of the data.

A single crystal diffractometer (with Weissenberg ge-
ometry) operating in a slow /28 step-scan mode was
used to measure intensities with either CoKa or MoKa
radiation; the circular apertures were replaced by suit-
able slits. A reference reflection was monitored regu-
larly to minimize errors arising from the humidifica-
tion of the crystal. Experimental intensities were
adjusted for Lp factors, and absorption corrections were
made by using linear absorption coefficients of 7.01
for the Na- and 8.39 cm™! for the Ca-vermiculite
(MoKa) or 91.35 and 109.19 cm™!, respectively, when
CoKa radiation was used.

The unit-cell dimensions (obtained from the dif-
fractometer data) are as follows: a = 5.258 + 0.005,
b=9.232 + 0.009 A, and 8 = 96.82°. For Na-ver-
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miculite ¢ = 14.97 + 0.02 A and for Ca-vermiculite
¢=15.00 = 0.02 A. The 1M mica or vermiculite poly-
type is usually described in space group C2/m which
requires all 8 tetrahedral sites in the unit cell to be
equivalent. For Llano vermiculite, as shown by Shi-
rozu and Bailey (1966), Slade and Stone (1983), and
J. G. Thompson (Geology Department, James Cook
University, Townsville, Queensland 4811, Australia,
personal communication, 1983), Si/Al ordering occurs
in the tetrahedral sites, and hence a mirror plane is
unlikely in the Na- or Ca-forms. Of the remaining pos-
sible space groups (C2 or C1) for a 1M polytype C2
has |FOk!| = |FOkl|, whereas for C1 |FOkI| # |FOk/|.
For the latter, however, the differences between | FOk/|
and |FOkI| can be shown by calculation to be fairly
small and hence difficult to detect experimentally. For
convenience, C2 was chosen as the basis for the cal-
culations, but, in any case, the two-dimensional pro-
jections are identical for these two space groups.
Although the presence of a symmetry center between
opposed ditrigonal rings on the upper and lower silicate
half-layers in both the Na- and Ca-forms of Llano ver-
miculite remains uncertain, such centers are likely from
the evidence obtained in this study and discussed be-
low. Furthermore, Llano Mg-vermiculite is centric.

RESULTS
Electron-density projections

The experimental structure amplitudes were as-
signed phases calculated on the basis of scattering by
the atoms of the silicate layers only, and the resulting
observed structure factors (Fo values) were used, in
conjunction with the calculated structure factors (Fc
values), to compute (Fo-Fc¢) projections of the electron
densities onto the (010) and the (100) faces of the unit
cells for the Llano Na- and Ca-vermiculites. These
projections (Figures 1 and 2) indicate that the interlayer
structures of the two materials are significantly differ-
ent.

Interlayer cations. The (Fo-Fc) projection onto (100)
for Na-vermiculite (Figure 2a) shows that the interlayer
cation sites over the ditrigonal cavities (the m; sites of
Mathieson and Walker, 1954) are vacant, but those
over the tetrahedral bases (the m, and m, sites) are
occupied. For Ca-vermiculite, the corresponding pro-
jection (Figure 2b) shows that all three sites are oc-
cupied, but the peaks at the m, sites are higher than
those at the m, and m, sites, which are equal.

The Na and Ca interlayer cations have similar
x- and z-coordinates on their (010) projections (Figures
la, 1b), but the electron-density contours about the Ca
positions are. drawn out along a line at about 20° to
the Z axis.

Interlayer water. From the (100) projections (Figure 2)
the interlayer water sites appear to have comparable
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Figure 1. (Fo-Fc) projections onto the (010) cell faces of the structures for (a) Llano Na-vermiculite and (b) for Llano Ca-
vermiculite. Only positive contours are given. The molecular model is outlined.
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Figure 2. (Fo-Fc) projections onto the (100) cell faces of the structures for (a) Llano Na-vermiculite and (b) Llano Ca-
vermiculite. Only positive contours are given. The molecular model is outlined.
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distributions for the two materials, although, in rela-
tion to the other peaks, those at y/b = Y, z/c ~ 0.33
differ in height.

Whilst the water sites at z/¢ ~ 0.4 in the (010) pro-
jections (Figures la, 1b) are generally similar, they are
split into two peaks for the Ca-vermiculite, suggesting
that the water molecules in Ca-vermiculite are in sev-
eral sites for which the x-coordinates differ slightly from
the mean positions occupied in Na-vermiculite. Figure
1a shows that the main water peaks in the (010) pro-
jection of Na-vermiculite have well-resolved second-
ary peaks at z/c ~ 0.31. These peaks are weak, but
present in the equivalent projection for Ca-vermiculite.
They form part of the peaks at y/b = Y%, z/c ~ 0.33 in
the (100) projections.

Structures of the interlayers

Llano Na-vermiculite. That the interlayer cations and
water molecules are in octahedral coordination in the
Llano Na-vermiculite accords with the Fourier pro-
jections described above. The cations only occupy the
m, and m, sites over the bases of tetrahedra. Appar-
ently some of the water molecules are displaced from
regular octahedral sites towards the ditrigonal cavities.
This displacement is inferred from the tailed electron-
density contours about the water sites shown in the
(010) projection and also from those shown at y/b =
Y% and % in the (100) projection.

As there are two m, and two m, sites per unit cell
and as the chemistry requires each unit-cell to contain
~1.9 Na* ions, just less than half the available sites
are filled. Twelve possible water sites exist per unit cell,
and, therefore, to provide the octahedral coordination
about the m, and m, sites, these must largely be filled.
Those water molecules not fully coordinated to Nat
ions are the most likely to be displaced towards the
ditrigonal cavities in the surfaces of the silicate layers.

On the basis of this interlayer structural model, sep-
arate least squares refinements of atomic coordinates,
temperature factors, and multiplicities yielded the val-
ues set out in Table 1 wherein the calculated cation-
water distances are also listed.

The final R-factor for the h0/ reflections was 10.7%
and for the Ok/ reflections 13.1%.

The coordinates for the atoms of the silicate layers
in both the Llano Na- and Ca-vermiculite were based
upon those reported by Shirozu and Bailey (1966) for
the Mg-vermiculite; z-coordinates, however, were
modified for single-layer unit cells, and the origins were
shifted to the centers of the octahedral sheets of the
silicate layers. Although the coordinates for the atoms
of the silicate layers were not adjusted during refine-
ment they are reported in Tables 1 and 3 for the sake
of completeness.

Because temperature factors and multiplicities are
closely correlated, the atom multipliers were initially
fixed at chemically realistic values during temperature-
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Table 1. Atomic parameters for Na-vermiculite.
Atom x/a y/b z/c B(AY) m
Octahedral cations
1 0 0.9971 O 1.86 0.5
2 0 0.3330 0 1.86 0.5
3 0 0.6665 0 1.86 0.5
Tetrahedral cations
1 0.3974 0.9980 0.1838 1.12 1.0
2 0.3958 0.3303 0.1838 264 1.0
Oxygen
0,, 0.3590 0.0016 0.0753 1.85 1.0
O, 0.3570 0.3372 0.0715 346 1.0
O 0.3580 0.6713 0.0721 231 1.0
Oxygen
Osa 0.1421 0.4030 0.2259 190 1.0
O 0.1471 0.9297 0.2244 190 1.0
0, 0.4407 0.1649 0.2257 196 1.0
Water
Site 1 0.1546 0.0169 0.4045 3.90 0.38
Site 2 0.1546 0.6667 0.4045 3.90 0.38
Site 3 0.1546 0.3121 0.4045 390 0.38
Site 4 0.1176 0.1200 0.3158 390 0.10
Site 5 0.1176  0.2100 0.3158 3.90 0.10
Na*
Site m, 0.5000 O 0.5000 1.84 0.12
Site m, 0.5000 0.3450 0.5000 1.84 0.12
Distances about sodium (A)
In the m, site Na—(H,0)1 2.21
Na—-(H,0)2 2.32
Na—~(H,0)3 2.46
In the m, site Na—~(H,0)1 2.36
Na—~H,0)2 2.40
Na—~(H,0)3 2.22

Water sites 4 and 5 are produced by distortions of the water
sheet and are not occupied simultaneously with sites 1 and 3.

factor adjustment. The temperature factors were then
held constant while the multiplicities were relaxed. The
net result of these adjustments allowed the ratio of the
number of water molecules to the number of Na ions
to be obtained; it is 5.83:1, a reasonable value, within
experimental error of the theoretical ratio of 6:1. Table
2 gives the observed structure amplitudes and the cal-
culated structure factors for the hO/ and 0k/ refiections
of Llano Na-vermiculite.

Liano Ca-vermiculite. de la Calle et al. (1977) pub-
lished three-dimensional X-ray diffraction data for a
“Ca-vermiculite” produced from phlogopite. The di-
rect projection of its structure on (100), as computed
in the present investigation from the published values
of the observed structure amplitudes is shown in Figure
3. Although the projection shown in Figure 3 and that
shown in Figure 2b for Llano Ca-vermiculite are sim-
ilar, Figure 2b does not show a peak at y/b= 0.25,
z/c ~ 0.4, which is the position equivalent to the (H,O)E
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ho/

|Fobs|

Fealc

ho!

| Fobs|

Fcalc

ho!

| Fobs|

Fcalc

001
002
003
004
005
006
007
008
009
0010
0011
0012
0013
0014
0015
200
201
201
202
202
203
203
204
203
205
203

001
002
003
004
005
006
007
008
009
0010
0011
207
207
208
208
209
209
101 2010
2010
2011
2011
2012
2012
2013
2013
2014
2014
2015
2013
2016
2016
2017
2017
2018
2018
2019

140.8
18.2
46.5
57.9

158.4
15.7
68.4
34.6
16.9
82.3
30.5
61.7
25.9
22.2
314
54.4
91.5
15.4

133.6
73.5
58.1
23.0
70.4
423
40.1
51.6

148.4
14.8
59.3
87.3

175.6
14.8
97.4
31.0

3.4
90.6
40.1
86.1
35.9

158.5
-9.1
—-32.2
84.8
135.9
-3.2
-71.3
—35.1
19.4
79.9
43.2
54.7
30.9
232
27.5
61.9
92.3
1.5
137.4
—83.6
564
-21.9
73.4
52.7
48.5
64.6

137.8
10.0
—44.9
87.3
133.8
13.8
—81.5
-36.8
12.0
86.4
45.3
96.1
—41.9
42.1
42.9
—32.1
99.6
—38.6
142.9
13.1
63.3
66.7
-5.2
32.1
-1.9
5.1
33.6
-15.0
51.9
28.1
26.8
59.5
—24.4
47.6
14.9

206
206
207
207
208
208
209
209
2010
2010
2011
2011
2012
2013
2013
2013
2014
2014
2015
2013
400
401
401
402
402

0012
0013
0014
0015
0016
0017
0018
0019
0020

200

201

409

409
4010
4010
4011
4011
4012
4012
4013
4013
4014
4014
4015
4015
4016
4016
4017
4017
4018
4018
4019
4020
4020

600

601

Na-vermiculite

102.5
41.6
97.7
31.7
30.7
39.7
85.7
85.7
385

119.1

Ca-vermiculite

61.8
29.2
19.8
29.6
38.0
40.4
11.7
24.4
11.3
81.4
84.9
22.5
64.2
11.9
10.0
11.1
19.5
14.5

6.7
11.8
10.9
124
24.1

9.7
13.7
17.4
17.8
12.0

6.2
12.3
12.8
24.7
17.6
29.0
14.3

6.2

101.4
42.2
93.8

—34.1
26.9
46.3
97.5
97.5
324

125.1
18.3
53.5
59.2

-11.8
20.6

-1.0

65.8
34.4
26.7
32.9
42.0
49.2
20.8
-21.3
—18.3
82.6
83.4
29.0
51.0
13.4
10.0

-21.0
20.4

18.7
11.0
20.5
24.9

19.4
—15.4
14.4
-85
-2.0
16.6
9.8
33.0
20.8
40.7

5.9

403
403
404
404
405
405
406
406
407
407
408
408
409
409
4010
4010
4011
4011
4012
4012
4013
4014
4014
4015
4015

201
202
202
203
203
204
204
205
205
206
206
6011
6012
6012
6013
6013
6014
6014
6015
6015
6016
6016
6017
6017
6018
6018
6019
6019
6020
800
801
801
802
802
803
803

40.6

6.9

—_——

NN
CumSSowh

P

22.3
124.9

323
96.1
-12.1
84.8
—-1L5
—-3.8
54.9
11.6
63.6
56.0

—18.4
142.9
—-71.8
63.8
-32.5
73.8
57.4
47.4
58.9
110.5
57.9
—-15.4
-8.6
32.0
14.0
50.0
39.3
25.1
21.9
—8.8
-6.7

—-17.8
21.8
-0.8
32.0
16.2
13.0
3.5
24.7

35.6
-4.1
16.5
18.1
19.2
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Table 2. Continued.

ho/ | Fobs | Fcalc ho!/ | Fobs| Fcalc ho!/ | Fobs| Fealc
2015 9.5 44 601 455 35.0 804 29.2 31.2
2020 10.3 8.4 602 15.5 17.9 804 24.6 16.6
2020 25.5 323 602 71.6 57.6 803 21.3 20.2
400 50.2 —46.3 603 21.7 18.1 805 7.4 2.9
401 20.6 15.9 603 69.0 58.0 806 6.5 -1.6
401 57.9 —-57.9 604 254 27.6 806 26.7 22.1
402 88.0 90.9 604 39.4 27.5 807 11.4 —-12.9
402 54.4 52.6 605 4.9 3.1 807 27.9 14.3
403 37.3 335 605 21.6 —-20.1 808 6.7 -1.4
403 116.8 115.7 606 12.3 -10.9 808 17.8 —5.1
404 12.5 ~154 606 10.3 3.2 809 9.6 7.3
404 108.9 89.2 607 11.9 —14.3 809 11.0 —4.7
405 14.0 -10.0 607 21.7 30.8 8010 16.9 10.3
405 4.7 -0.7 608 13.1 18.0 8010 20.3 11.4
406 34.0 51.8 608 59.8 46.8 8011 9.9 6.5
406 10.2 125 609 28.4 47.7 8011 25.1 23.9
407 71.2 81.4 609 5.7 1.2 8012 4.9 0.9
407 70.5 56.4 6010 20.6 33.6 8012 34.6 26.6
408 58.1 67.7 6010 40.5 -31.5
408 92.5 96.4 6011 6.0 2.5
Okl | Fobs| | Fealc| Acalc Beale Ok! | Fobs| |Fealc| Acalc Bealc

Na-vermiculite

002 20.2 9.1 -9.1 043 9.2 11.5 —8.5 -7.8
003 50.8 32.1 —-32.1 044 42.2 42.8 —24.4 —-35.2
004 62.2 84.4 84.4 045 8.0 3.9 0.5 —-3.8
005 155.8 134.9 134.9 046 43.5 43.9 234 37.1
006 16.4 3.2 -3.2 047 23.9 234 10.0 21.2
007 69.9 70.3 -70.3 048 22.3 32.8 -21.9 —24.5
008 34.7 344 —344 049 37.9 42.0 —23.6 —34.8
009 16.7 19.0 19.0 0410 13.7 17.5 12.8 11.9
0010 79.8 77.7 77.7 0411 35.4 39.8 27.0 29.3
0012 57.6 52.5 52.5 0412 134 10.5 8.2 6.5
0013 23.8 29.5 29.5 0413 234 31.2 -17.7 —-25.7
0014 20.0 21.9 21.9 060 146.4 127.7 127.7 -2.0
0015 27.6 25.7 25.7 061 87.9 73.4 73.4 -0.5
020 62.4 63.3 31.2 -55.1 062 41.8 38.4 38.0 5.7
021 18.2 21.2 9.7 —18.9 063 7.2 5.2 —-4.3 2.9
022 44.7 44.7 —-233 38.2 064 12.6 154 15.4 -1.2
023 61.8 55.1 —-29.7 46.4 065 54.1 52.8 53.0 -9.3
024 29.3 24.1 10.3 —-21.8 066 45.3 42.6 42.1 -6.2
025 36.0 40.1 18.3 -35.7 067 2.6 4.1 -2.2 -3.5
026 22.0 17.9 8.6 —-15.6 068 28.4 28.6 —28.6 1.0
027 21.2 28.3 —15.7 23.5 069 18.8 15.6 —15.5 -1.7
028 20.4 18.0 —-10.9 144 0610 39.1 47.6 47.5 -3.0
029 34 2.2 -1.7 1.4 0611 49.8 54.4 54.4 -3.3
0210 17.1 17.0 11.4 —-12.6 080 4.8 4.4 3.6 2.7
0211 13.9 14.2 11.3 —8.5 081 8.1 5.8 3.2 -4.8
0212 7.0 3.9 3.9 -0.3 082 6.3 7.4 1.9 -7.2
0213 10.2 11.3 -7.0 8.9 083 14.7 11.1 —-8.8 6.8
0214 7.5 7.7 -5.8 5.0 084 15.7 104 -5.6 8.7
0215 4.8 3.1 -1.0 3.0 085 2.5 1.9 -0.5 1.9
040 214 21.1 —-4.9 —-20.5 086 28.9 27.5 14.0 —23.7
041 4.4 5.2 1.6 -5.0 087 7.9 7.3 0.4 -7.3
042 32.2 33.0 16.1 28.8 088 184 17.4 -11.3 13.2
Ca-vermiculite
001 115.4 137.8 137.8 049 49.0 52.6 -27.8 —44.6
002 22.6 10.0 10.0 0410 10.5 13.9 9.3 10.3
003 57.8 44.9 —44.9 0411 51.1 48.9 27.4 40.4
004 73.6 87.3 87.3 0412 17.6 15.9 11.4 11.1
005 166.5 133.8 133.8 0413 28.6 322 —13.6 —-29.1
006 10.0 13.9 13.9 0414 32.0 323 —14.6 —-28.3
007 91.3 —81.5 —-81.5 0415 5.6 11.3 7.3 8.6
008 36.9 —36.8 —36.8 060 133.6 152.1 152.0 —-5.6
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Table 2. Continued.

Ok! | Fobs| | Fealc| Acalc Bealc Ok/ |Fobs| |Fealc| Acalc Bcalc
009 6.0 12.0 12.0 061 93.7 72.1 72.1 2.5
0010 93.3 86.4 86.4 062 38.6 47.1 46.9 4.0
0011 44.7 453 45.3 063 5.3 6.3 -4.9 3.9
0012 69.5 65.8 65.8 064 16.6 14.9 14.9 —-0.2
0013 32.2 344 344 065 54.8 56.6 55.5 —11.1
0014 27.7 26.7 26.7 066 53.4 53.9 53.5 -7.0
0015 353 329 329 067 4.0 4.6 -1.2 —4.4
020 38.9 56.7 26.1 -50.4 068 413 332 -33.2 0.3
021 25.7 30.0 14.8 —26.1 069 22.1 25.0 —-25.0 0.5
022 48.0 52.7 —-27.1 45.2 0610 44.4 54.4 54.2 —-5.5
023 65.6 47.3 —24.6 40.4 0611 73.2 65.8 65.7 -32
024 23.0 9.0 2.9 —8.4 0612 55.8 56.3 56.3 -0.8
025 48.2 58.7 25.6 —52.8 0613 7.7 4.7 2.8 3.7
026 10.2 4.6 0.0 —4.6 0614 2.4 43 1.3 4.1
027 16.5 17.9 —9.6 15.1 0615 346 354 35.4 -0.6
028 324 25.7 —-1.2 5.7 080 1.9 5.2 —4.1 3.2
029 1.7 5.8 -1.2 5.7 081 6.7 10.4 4.6 -9.3
0210 19.0 19.0 9.7 —16.2 082 6.5 7.8 4.7 -6.3
0211 18.9 16.7 9.3 —-13.9 083 13.5 8.5 -24 8.2
0212 5.4 2.5 2.3 1.0 084 15.8 18.8 -9.4 16.2
0213 8.1 7.6 0.3 7.6 085 7.3 5.8 -2.6 -5.2
0214 14.7 11.7 -29 114 086 29.1 24.3 6.7 —23.4
0215 4.5 4.0 —-2.0 34 087 13.5 14.7 54 —-13.7
040 31.9 30.0 -9.9 —28.3 088 21.0 21.4 —8.3 19.7
041 7.2 4.4 3.2 3.0 089 25.9 27.0 —-11.3 24.6
042 27.7 29.9 17.0 24.6 0810 8.0 7.2 1.7 -7.0
043 6.8 5.9 -35 —4.7 0811 31.9 324 13.5 -29.4
044 46.3 53.5 29.8 —43.2 0812 12.6 9.9 5.8 —-8.0
045 9.1 34 1.7 3.0 0813 18.5 19.8 —-4.7 19.2
046 43.1 35.5 16.5 31.5 0814 18.5 19.0 -5.4 18.2
047 31.5 35.2 17.5 30.6 0815 4.2 7.2 2.8 —6.6
048 328 35.2 —-19.2 —-29.5

site of de la Calle et al. (1977). Figure 3 also shows
that the peaks corresponding to the Ca sites over the
ditrigonal cavities are elongated in the Y direction. The
ratio of the height of these peaks to those over the
tetrahedral bases is greater than for the equivalent peaks
seen in Figure 2b.

For Llano Ca-vermiculite the 0.95 Ca?* ions avail-
able were distributed equally over the m,, m,, and m,
sites, and an (Fo-Fc) projection on (100) of this model
was almost flat at the m, and m, sites, whereas the
substantial peak remained at the m; site. This result
accords with the proposed model of de la Calle et al.
(1977) in which a water site, (H,O)D, would also pro-
ject close to the m, site. In an (Fo-Fc) projection on
(010) using a model which only included Ca?* ions in
the interlayer region, well-resolved peaks appeared
closely to and on either side of the Ca sites. Taken
together, these (Fo-Fc) projections provide clear evi-
dence for water sites close to the mid-plane of the
interlayer region in Llano Ca-vermiculite. The posi-
tional parameters for the water molecules in these, the
3B sites (Table 3), were measured from the projections
and subsequently refined by least-squares adjustment.
The location of the other water molecules was carried
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out as follows: The (Fo-Fc) projections on (100) show
that the water sites in Llano Na- and Ca-vermiculite
have essentially non-equivalent sites at y/b ~ 0, 13, and
% plus a fourth site at y/b = %, z/c¢ ~ 0.33. The x-coor-
dinate of the latter was obtained from the (010) pro-
jection on which the three principal non-equivalent
sites are superimposed. The two strong and approxi-
mately equal peaks at z/c ~ 0.4 suggest that water
molecules exist at x/a ~ 0.08 and x/a ~ 0.20 with very
similar y-coordinates.

Using a three-dimensional scale model of steel wires
in a cork base, possible relationships between cation
sites and their adjacent water molecules at each of the
two possible x-coordinates were examined. For any
specified polyhedron, the model showed that the most
realistic cation-water distance was ~2.45 A; this choice
was confirmed by refining the trial parameters and
computing interatomic distances (Table 3).

The final R-factor for the hO/ reflections was 18.5%,
and for the Ok/ reflections, 15.4%. Table 2 reports the
observed structure amplitudes and calculated structure
factors for Llano Ca-vermiculite. Figure 4 shows the
proposed structural relationship in Ca-vermiculite.

Six cation sites exist per unit cell for 1A/ vermiculite,


https://doi.org/10.1346/CCMN.1985.0330106

58

Figure 3. (Fo) projection onto the (100) cell faces of the
structure for “Ca-vermiculite.” Data from de la Calle (1977).

but only 0.95 Ca?* ions per cell are present chemically;
therefore, on average, less than one sixth of the cation
sites are occupied. The number of water molecules per
cell is difficult to determine from chemical data, but
the number found by least-squares refinement in this
study is 7.4 per single-layer cell, close to the 7.44 re-
ported for Llano Mg-vermiculite by Shirozu and Bailey
(1966).

DISCUSSION

The present study supports the conclusions drawn
by Hougardy et al. (1976, 1977), that Na* exists in
octahedral coordination in the two-layer hydrate of
Llano vermiculite. Additionally, the study shows that
the Na ions must be located (in relation to the silicate
surfaces) in the m, and m, sites between the bases of
opposite tetrahedra. By contrast, the interlayer Ca2*
ions in the two-layer hydrate of Llano Ca-vermiculite
can occupy not only the m, and m, sites but also the
m, sites between opposed ditrigonal rings of surface
oxygens, where Ca?* is in 8-fold coordination. This
work confirms that the conclusions drawn by de la Calle
et al. (1977) also apply to the Llano vermiculite and
shows that the distorted two-water-layer arrangement,
described by Mathieson and Walker (1954) for Mg-

https://doi.org/10.1346/CCMN.1985.0330106 Published online by Cambridge University Press

Slade, Stone, and Radoslovich

Clays and Clay Minerals

Table 3. Atomic parameters for Ca-vermiculite.

Atom x/a y/b z/c B m
Octahedral cation
1 0 0.9971 0 098 0.5
2 0 0.3330 O 1.05 0.5
3 0 0.6665 0 094 05
Tetrahedral cation
1 0.3974 0.9980 0.1835 0.72 1.0
2 0.3958 0.3303 0.1839 1.00 1.0
Oxygen
(O 0.3590 0.0016 0.0745 0.68 1.0
0,, 0.3576 0.3372 0.0709 2.17 1.0
O, 0.3580 0.6713 0.0715 1.69 1.0
Oxygen
Osa 0.1421 0.4030 0.2238 0.60 1.0
O 0.1471 0.9297 0.2223 1.05 1.0
0O, 0.4407 0.1649 0.2236 1.18 1.0
Water
Site 1 A 0.2253 0.0013 0.4083 2.5 0.18
B 0.0791 0.0013 0.4004 2.5 0.38
Site 2 A 0.2253 0.3183 0.4083 25 0.18
B 0.0791 0.3183 0.4004 2.5 0.33
Site 3 A 0.2253 0.6667 0.4083 2.5 0.24
B 09629 0.6667 0.4827 2.5 0.28
Site 4 0.5441 0.6667 0.3325 2.5 0.31
Calcium
Site m, 0.5000 0 0.500 3.8 0.079
Site m, 0.5000 0.333 0.500 38 0.079
Site m, 0.5000 0.6667 0.500 3.8 0.079

Distances about calcium (A)

In the m, site Ca~«(H,0)1B 2.55
Ca—(H,0)3A 2.48
Ca~«(H,0)2A 2.57
In the m, site Ca—(H,0)3A 2.48
Ca—(H,0)1A 2.48
Ca—(H,0)2B 2.56
In the m, site Ca—(H,0)1A 2.47
Ca—(H,0)2A 2.39
Ca—(H,0)3B 2.52
Ca—(H,0)4 2.55

vermiculite, is further distorted in Ca-vermiculite to
accommodate Ca?* ions in 8-fold coordination.

Shirozu and Bailey’s (1966) work on Llano Mg-ver-
miculite indicates that the interlayer Mg ions only oc-
cupy one set of the non-equivalent cation sites. These
sites are between the triangular bases of opposed T,
tetrahedra in which the lattice charge mostly originates
by Al-for-Si substitution.

Contrasting interlayer structures of
Na-, Ca-, and Mg-vermiculites

The contrasting arrangements of interlayer cations
and water molecules in Na-, Ca-, and Mg-vermiculites
can be explained as follows. In vermiculites, strong
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Figure 4. The structure of the two-layer hydrate of Ca-ver-
miculite. For clarity, only 3 of the possible 6 exchangeable
cation sites per unit-cell are shown. In reality, an average unit-
cell of Liano Ca-vermiculite will only have ~0.95 exchange-
able cation sites occupied. Similar layer-interlayer relations
exist in Na-vermiculite in which only the sites providing 6-fold
coordination are occupied.

hydrogen bonds between the water molecules and sur-
face oxygens (Farmer and Russell, 1971) combine with
packing considerations to establish a basic structure
for the interlayer water system. Ideally the spaces be-
tween the water molecules provide interstitial sites for
which octahedral coordination will be normal for ions
with ratios of univalent radii, with respect to oxygen,
0f 0.414-0.732. The present work shows that consid-
erable distortions of the planar water network occur,
even around the unoccupied m; sites in Na-vermicu-
lite. Mathieson and Walker (1954) noted rotations of
triads of water molecules adjacent to the m, site, but
the (100) projections reported here show that water
molecules are also drawn from their plane towards the
ditrigonal cavities. In an ideal planar water network
all three sets of m sites would be available for occu-
pancy by Na ions, but in reality, the distorted envi-
ronment about the m, site and the maintenance of local
charge balance near the silicate tetrahedra results in
Na* only entering the m, and m, sites. The relatively
weak electric fields about univalent Na ions are prob-
ably unable to modify the distorted water cages suffi-
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ciently about the m; sites to produce energetically fa-
vorable environments for occupancy.

For Ca ions the situation is different because Ca2*
has a radius ratio with O%- high enough (Pauling, 1960)
to make 8-fold coordination possible. The interlayer
sites occupied by Ca ions will therefore be governed
both by local charge balance (satisfied with Ca ions
entering the m, and m, sites) and by the tendency of
Ca?* to enter 8-fold coordination, as in the m; sites.
These sites are not only sufficiently large for 8-fold
coordinated ions but they also have water molecules
in the ditrigonal cavities to assist such coordination.
The high electric field about Ca ions in such m; sites
enables them to move surrounding water molecules,
including those in the ditrigonal cavities and those
moved out of the normal water sheets to positions at
z/¢ ~ 0.48 (3B, Table 3), into a stable configuration—
a distorted cube.

Mg ions normally have a coordination number of 6
in relation to water, and their small size enables them
to produce highly polarized water molecules in the first
hydration shells to form positively charged polyatomic
ions. These ions will be positioned at places of the most
intense negative layer charge, i.e., between the bases
of aluminous tetrahedra (the T, tetrahedra) in two ad-
Jjacent sheets.

The number of water molecules per unit cell in Llano
Ca-vermiculite (7.4), although close to the result found
by Shirozu and Bailey (1966) for the Mg form, is lower
than would be expected if much water existed outside
of the first hydration shells as it apparently does in the
two-layer hydrate of Ca-montmorillonite (Ormerod and
Newman, 1983). The water at the position E in the
study of de la Calle et al. (1977) is not one of the
octahedral anion sites but can be derived from such a
site by a displacement of +0.083 (y/b) along Y. Neither
the (100) nor the (010) projection of our Llano Ca-
vermiculite shows the position E to be significantly
occupied. Here, the equivalent water molecules, those
in the 2A sites, apparently are derived from the octa-
hedral anion sites by displacements along +x (hence
the multiple peaks in the (010) projection). de la Calle
et al. (1977) did not publish a full set of hO/ data, hence
an (010) projection for the altered phlogopite is not
available for comparison.

The differences between the results of this study and
those of de la Calle et al. (1977) may possibly be ex-
plained by some differences in relative humidity during
data collection or by considerable disorder in the po-
sition of the relevant water molecules. These differ-
ences do not alter our main conclusion, that Ca can
exist in both 6- and 8-fold coordination in the Llano
vermiculite.

Three-dimensional order

It is noteworthy that the Na- and Ca-vermiculites
exhibit three-dimensional order whereas Mg-vermic-
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ulite does not. This difference depends on a number
of complex interactions, but the most important is the
means by which Jocal charge balance is maintained in
response to any ordering of Si and Al in the tetrahedral
sites. In the two-layer hydrates of Na- and Ca-vermic-
ulite the ditrigonal cavities in adjacent silicate layers
face each other. By contrast in Mg-vermiculite the cav-
ities in one layer face tetrahedra in the opposite layer
(Shirozu and Bailey, 1966). Given that at least partial
Si/Al ordering occurs around the ditrigonal rings the
following possibilities exist: (1) that aluminous tetra-
hedra are opposite silicon-rich tetrahedra; (2) that al-
uminous tetrahedra are opposite aluminous tetrahedra;
and (3) that silicon-rich tetrahedra are opposed.

If the adjacent silicate layers described by Shirozu
and Bailey (1966) in Llano Mg-vermiculite are trans-
lated by *+4/3 to bring ditrigonal cavities face to face,
the Si/Al ordering results in there being a high prob-
ability (~0.8) that aluminous tetrahedra will be op-
posite silicon-rich tetrahedra (possibility 1). Symmetry
centers will therefore occur midway between the op-
posed ditrigonal cavities, but in possibilities 2 and 3,
which have low probabilities of occurrence, a diad axis
must exist parallel to Y. The electric fields between
tetrahedra arranged as in possibility 1 will be moderate
and equal at the m, and m, sites so that on average
Na* or Ca?* ions can achieve local charge balance
equally in either site; indeed, the (100) projections have
peaks of equal height at the m; and m, sites.

In Na-vermiculite the sodium-water polyhedra have
specific linkages to adjacent basal oxygens. These poly-
hedra, arranged in zig-zag rows parallel to [100], help
fix the relative positions of the silicate layers, and trans-
lations between layers are unlikely. If such translations
do occur, they must leave aluminous tetrahedra op-
posite silicon-rich tetrahedra. The only possible trans-
lations are +(b/2 + a/2) which are indistinguishable
from the C-face centering of the layers. In Ca-vermic-
ulite the relative positions of adjacent silicate layers
must be dominated by the 8-fold calcium-water poly-
hedra between opposed ditrigonal cavities. Stacking
disorder is therefore not readily possible here either.
To balance the intense electric fields about the smaller
Mg ions the ions must be between the bases of opposite
aluminous tetrahedra (possibility 2). Given that ditri-
gonal rings when opposite are related by a symmetry
center, possibility 2 requires adjacent silicate layers to
be translated by +54/3 in Mg-vermiculite; i.e., T, sites
are opposite T, sites as found by Shirozu and Bailey
(1966). Such translations relocate the centers of sym-
metry to positions midway between the T, sites.

The stacking disorder observed in Mg-vermiculite
is puzzling if Mg ions are only located between opposed
T, tetrahedra because such an arrangement would three-
dimensionally fix the relative positions of adjacent sil-
icate layers. Shirozu and Bailey (1966) measured the
X-ray diffraction pattern for Mg-vermiculite exactly at
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the Bragg angles in reciprocal space; their data (when
transformed into real space) indeed shows Mg ions
between T, tetrahedra only. The intensity diffracted
into the non-Bragg angles, however, might well have
provided additional Mg peaks at the alternative T,
sites.

We believe that Shirozu and Bailey’s (1966) results
indicate that Mg ions are only probably between T,
tetrahedra, and furthermore that these tetrahedra are
only on average the most aluminous. In reality, a sig-
nificant proportion of T,, tetrahedra is likely to be
aluminous and therefore may have Mg ions between
them. Adjacent silicate layers will then have an op-
posite displacement (by +5/3) at this point to that
when T, tetrahedra are opposed. This arrangement
could explain the stacking faults implied by the streak-
ing of reflections for k # 3n. Because of the weak
electric fields associated with tetrahedra arranged as
for in possibility 3, cations are unlikely to be found
between them.
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Pe3tome—IIpocTpaHCTBEHHDbIH MOPSAAOK ABYCIOHCTHIX ruApaToB Na- 1 Ca-BepMUKYJIUTA, IOATOTOBJIEHHBIX
u3 Mg-pepMukynuTa 03 Jlnano B Texcace, JaBat BOSMOKHOCTD TOJYYECHM S OTYET THBBIX ILTAHOBBIX IPOEKIMI
dypbe 1A CTPYKTYPBI 3THX MEHEPaJIOB. PacqeTs! GhakTopoB CTPYKTyphl 6BIIH IPOBEAEHH! B MPOCTPAHCT-
BeHHo# rpymne C2, IVl pa3sMEpOB 3JIeMEHTapHON sueiiky @ = 5,358 A, b =9,232 A, u 8 = 96,82°% mux
Na-pepmukyuTa ¢ = 14,96 A, a mis Ca-Bepmuxysura ¢ = 15,00 A. B cayuae Na-BepMuKy.IMTa MeX-~
CIIOHHBIE KATHOHBI HAXOMATCSA B OKTAdAPHYECKOH KOOPAMHAIMA K MOJIEKYJIaM BOJbI, ¢ HOJAIApAMH HAT-
PHA-BO/Ia, PACHOJIOKEHHBIMH TOJNBKO MEXKIY TPHAJAMH aTOMOB KHCJIOPOHA, OOPa3yIOMKEMH OCHOBBI TET-
PadIpoOB B COCECAHMX CHIMKATOBBIX CHOAX. B Ca-BepMUKY/IHTe MEXCIOAHLIE KATHOHBI HAXOAATCS B 060HX,
OKTadIPHIECKUX M 8~KPaTHBIX (HCKaXKeHHbIe KyObl) KOOPAMHALMAX K MOJEKyJaM Boxsl. OKTasHApHuecKH
KOODIMHHPOBAHHbIE HOHbI Ca PAaCIOJIOKEHB! MEKIY OCHOBAMH TETPA3POB B COCEIMHUX CHIMKATOBRIX CIOSX,
a 8-KpaTHO-KOOPAMHAPOBaHHbIE HOHB! Ca PacrooKeHbl MEXAy AATPHIOHANLHBIMY HyCTOTaMH. B o6oux,
Na- u Ca-BepMHEKYJIUTAX, HEKOTOPBIE MOJIEKYJIbl BOABI BLITECHEHE! M3 IUIOCKUX CETEH B OCHOBHOM IO Ha-
IPaBICHAIO ANTPUTOHAILHBIX MycTOT. IIpOCTPAHCTBEHHBIA HOPANOK, HAGMIONAEMBI I 3THX BEPMUKY-
JINTOB, HEe COTJIACOBBIBACTCA ¢ GeCHOPANOYHBIM PACTIONOKEHHEM CJIOEB, ONHCAHHBLIM Ui Mg-BepMHKYIHTA
u3 JInano. Orauyalomeecs kpucrauiorpadudeckoe nosenenue nonos Na+t, Ca2t, » Mg?* B rEipaTHpOBaHHbIX
cloAX BepMHKyJuTa U3 JInaHo, 3aBHCHT, BEPOSTHO, OT Pa3MEPOB KaTHOHOB M MOIIHOCTH NOJSA BMECTE C
MOTPeGHOCTHIO AOCTHUTHY TH PABHOBECHE MECTHOTO 3apsiia 6IH3KO MECT TETPa3dPHUECKOr0 3aMEIlCHHS ATO-
moe Si atomamu Al. [E.G.]

Resiimee—Die 3-dimensionale Ordnung, die 2-Schichthydrate von Na- und Ca-Vermiculit aufweisen,
die aus dem Mg-Vermiculit von Llano, Texas, hergestellt wurden, haben eindeutige 2-dimensionale
Fourierprojektionen ihrer Zwischenschichtstrukturen ermdoglicht. Berechnungen der Strukturfaktoren
wurden in der Raumgruppe C2 durchgefithrt mit folgenden AusmaBen der Elementarzelle: a = 5,358 A,
b=19,232 A, 8 = 96,82° fiir Na-Vermiculit betrug ¢ = 14,96 A, fiir Ca-Vermiculit war ¢ = 15,00 A. Im
Na-Vermiculit waren die Zwischenschichtkationen gegeniiber den Wassermolekiilen oktaedrisch koor-
diniert, wobei die Natrium-Wasser-Polyeder nur zwischen den Dreiecken der Sauerstoffatome liegen, die
die Basis der Tetraeder in der angrenzenden Silikatschicht bilden. Im Ca-Vermiculit sind die Zwischen-
schichtkationen sowohl in oktaedrischer als auch in 8-Koordination (verzerrter Wiirfel) gegeniiber Was-
sermolekiilen. Die oktaedrisch koordinierten Ca-Ionen sitzen zwischen den Basen der Tretraeder der
benachbarten Silikatschichten, die 8-koordinierten Ca-Ionen sind jedoch zwischen den ditrigonalen Hohl-
rdumen. Sowohl im Na- als auch im Ca-Vermiculit sind einige Wassermolekiile aus dem planaren Netzwert
bevorzugt in Richtung auf die ditrigonalen Hohlrdume verlagert. Die dreidimensionale Ordnung, die bei
diesen Vermiculiten beobachtet wurde, steht im Gegensatz mit der Stapelungsunordnung, die fiir den
Mg-Vermiculit von Llano angegeben wird. Das jeweilige kristallographische Verhalten von Na*, Ca?*,
und Mg?* in den Hydratschichten des Llano-Vermiculites hiingt wahrscheinlich von der Kationengrole
und den Feldstdrken ab zusammen mit der Notwendigkeit einen lokalen Ladungsausgleich in der Nihe
der tetraedrischen Al-fiir-Si-Substitution zu erreichen. [U.W.]

Résumé—L’ordre 4 trois dimensions démontré par des hydrates de vermiculite-Na et -Ca a 2 couches,
préparé a partir de la vermiculite-Mg de Llano, Texas, a permis d’obtenir des projections Fourier claires
et 4 2 dimensions de leurs structures intercouche. Des calculs de facteurs de structure ont été faits dans
le groupe d’espace C2 et avec des dimensions de maille de a = 5,358 A, b= 9,232 A, et 8 = 96,82° pour
la vermiculite-Na, ¢ = 14,96 A et pour la vermiculite-Ca, ¢ = 15,00 A. Dans la vermiculite-Na, les cations
intercouche sont coordonnés octaédralement aux molécules d’ean avec les polyédres sodium-eau placés
seulement entre les triades d’atomes oxygéne formant les bases de tetraédres dans des couches silicates
adjacentes. Dans la vermiculite-Ca les cations intercouche sont a la fois en coordination octaédrale et &
8 plis (cubique deformée) avec les molécules d’eau. Les ions Ca coordonnés octaédralement sont entre
les bases des tetra¢dres dans les couches silicates adjacentes, mais les ions Ca coordonnés 4 8 plis sont
entre les cavités ditrigonales. A 1a fois dans la vermiculite-Na et -Ca quelques molécules d’eau sont atirées
de facon appréciable de réseaux planes vers les cavités ditrigonales. L’ordre a trois dimensions observé
pour ces vermiculites contraste avec le désordre d’empilement rapporté pour la vermiculite-Mg de Llano.
Le comportement cristallographique distinct de Na*, Ca?*, et Mg?* dans les couches d’hydration de
vermiculite de Llano dépend probablement des tailles des cations et des forces de champs, en méme
temps que du besoin d’atteindre I’équilibre de charge locale prés des sites de substitution tetraédrale d’Al
pour Si. [D.J.]
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