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Abstract— Using theoretical profiles of diffracted X-ray intensity for interstratification between layers
having d-spacings around 14.3 A and 10.1 A, a series of diagrams was derived from which the proportion
of 14.3 A layers (W,,) and the probability of passing from a 14.3 A layer to a 10.1 A layer (P,4,0) can
be derived. W,, can be derived independently of P,,,,, using the angular distance between reflections
situated at 18.2° and 25.4° 26 (CuKa). Once W, is determined, P,,,,, may be obtained using the angular
width of the diffuse reflections between 27° and 34° 26. In this case, two different diagrams are proposed
for P,,,,, determination because experimental X-ray patterns show either one or two diffuse reflections.
Comparison of five experimental patterns with theoretical patterns calculated using W,, and P, ;, obtained
using these diagrams indicates that the method can be useful for determining W, and P4/, in unknown
samples. Moreover, the method described is independent of the Lorentz polarization factor and the layer
type. The d-spacings associated with the two kinds of layers, however, should be similar (+1%) to those

for which the determinative diagrams were calculated.
Key Words— Biotite, Chlorite, Interstratification, Mixed-layer quantification, Vermiculite.

INTRODUCTION

Numerous examples of randomly interstratified
phyllosilicates in mineral deposits and in soil clays
have been reported, but less common is the occurrence
of regularly interstratified phyllosilicates or of inter-
stratified phyllosilicates having a high tendency to-
wards regularity (Bailey 1982). The presence of biotite
in deep horizons of certain soils, of biotite/vermiculite
interstratifications in the intermediate horizons, and
of vermiculite in the upper horizons of soils suggests
that during intensive weathering biotite transforms to
vermiculite by means of an interstratified structure
(Walker 1950, Jackson et al 1952, Stephen 1952, Brin-
dley et al 1983, Newman and Brown 1987). Boettcher
(1966), Rhoades and Coleman (1967), Sawhney (1969),
and Sawhney and Reynolds (1985) demonstrated that
the reverse transformation of vermiculite to mica also
takes place through an intermediate interstratified state.
More recently, Martin de Vidales et a/ (1990, 1991)
showed that the Mg-vermiculite — K-vermiculite
transformation occurs via interstratified structures.

The study of these transformations generally in-
volves the analysis of X-ray diffraction patterns in or-
der to determine, for each stage of the transformation,
the statistical parameters of the interstratification. This
can be accomplished either by calculating the distri-
bution function of the distances between first-neighbor
layers (MacEwan et al 1961, MacEwan and Ruiz-Amil
1975), or by comparing the experimental intensity with
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the theoretical intensity calculated from a structural
model (Mering 1949, Kakinoki and Komura 1952,
MacEwan 1956, 1958, Reynolds 1980, Plangon 1981,
Pons ef al 1981, 1989, de 1a Calle and Suquet 1988).
The aim of the work reported here is to present di-
agrams similar to those presented by Reynolds (1980),
Srodon (1980), Tomita and Takahashi (1985, 1986),
Tomita et al (1988) and Watanabe (1988). These di-
agrams permit rapid determination of the statistical
parameters of interstratifications having d-spacings near
143 Aand 10 A (notation: 14/10), and were derived
from the theoretical X-ray diffraction intensity (de la
Calle and Suquet 1988, Pons et al 1989). They are
limited to interactions between nearest neighbors be-
cause interaction over a larger distance has not been
found in interstratified Mg-vermiculite/K-vermiculite
(Martin de Vidales et al 1990, 1991) or in chlorite
interstratifications (Reynolds 1980, 1988).

METHODS
Calculation of the theoretical X-ray intensity

The theoretical profiles corresponding to different
cases of 14/10 interstratification were calculated from
the matrix expression developed by Plancon (1981),
de 1a Calle and Suquet (1988), and Pons ez a/ (1990):

K(26) = Lp-Spur(Re{[FI[W][I] + 2Z.(M — n)/M)[Q] "})

where Re signifies the Real part of the final matrix;
Spur, the sum of the diagonal terms of the real matrix;
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Lp, the Lorentz-polarization and absorption factor; M,
the number of layers per stack; n, an integer varying
between 1 and M — 1; [F], the structure factor matrix;
[1], the unit matrix; [W], the diagonal matrix of the
proportions of the different kinds of layers, and [Q],
the matrix representing the interference phenomena
between adjacent layers. For a 14/10 interstratified sys-
tem with two kinds of layers and nearest-neighbor in-
teraction, [Q] takes the form

P,y 14exp(—27isd,,) Prancexp(—2wisd,,)

[Ql=

P,y 1.6xp(—27isd,o) P o/106xp(—27isd,q) ’

where d,, and d,, are the d-spacings of the 14 A and
10 A layers, respectively, P, is the probability of
passing from a 14 A layertoa 10 A layer (Py4/145 Pras10s
P,o/10 are defined in the same way), and s is the modulus
of the diffraction vector (s = 2 (sin8)/A; s = 1/d).

The relationships between proportions of the differ-
ent kinds of layers and probabilities are given by:

Wi+ We=1

Pia + Pyyo=1

Piois + Pipio =1
Wi Pigsio = Wi Piosa

The independent variables are W,, and P,,,,,, the
different values of which allow the calculation of all
cases of interstratification, ranging from systems con-
taining randomly distributed 14-A and 10-A Iayers to
those having a regular interstratification of 14-A and
10-A layers. In the Appendix are given the intensity
profiles obtained for different values of W,, and P,,,,;.
These patterns were calculated for layers corresponding
to a natural Mg-vermiculite from Santa Olalla (Spain)
(d = 14.35 A) and its K-exchanged form (d = 10.1 A).
The parameter values used to calculate the structure
factors are given in Table 1 (Shirozu and Bailey 1966,
Bailey 1980, Newman and Brown 1987, de la Calle
and Suquet 1988). The chosen number of layers per
stack was M = 30 (a distribution of number of layers
was not used) and the 28 step was 0.02°. For the ver-
miculite from Santa-Olalla, this value of layers per
stack corresponds to the experimental value obtained
by comparing the experimental intensity with the the-
oretical intensity calculated with the formalism given
above (Pons et al 1989). All theoretical patterns were
calculated using the “CLARA,” program for an IBM/
PC or compatible.

Examination of the theoretical XRD patterns (Ap-
pendix) indicates that, for any given value of W,,, the
reflections near 18 and 25° 28 (Cu Ka) are only slightly
affected by changes in P,,,,, whereas the angular region
between 27 and 34° 28 changes markedly with P,,,,,,
manifesting either 0, 1, or 2 maxima as P,,,,, varies.
The calculated patterns are thus classified into three
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Table 1. Composition and atomic coordinates of the 14-A
and 10-A layers of the St-Olalla vermiculite from Spain.

1435 A 10.10 A
Phases m z m z B
Layer
03 4.000 0.000 2.0
02 2.000 0.100 2.0
Si 2.704 0.588 1.5
Al 1.296 0.588 1.5
(0] 4.000 2.195 1.0
OH 2.000 2.368 2.0
Ti 0.034 3.315 Idem to 1.0
Fez* 0.054  3.315 14.35 A phase 1.0
Fe3+ 0.472 3.315 1.0
Al 0.266 3.315 1.0
Mg 5.144 3.315 1.0
OH 2.000 4.262 2.0
01 4,000 4.435 1.0
Al 1.296 6.042 1.5
Si 2.704 6.042 1.5
02 2.000 6.530 2.0
03 4.000 6.630 2.0
Interlayer

H,O 3.950 9.340 H,O 0.000 — 3.5
Mg 0.453 10490 K 0.906 8.365 20
H,O 3950 11.640 H,O 0.000 - 35

m = Multiplicity. Z = Atomic coordinates in A. B = Iso-
tropic temperature factor.

groups, namely, those displaying either 0, 1, or 2 max-
ima in the 27 to 34° region. These groups are clearly
identified by the corresponding numbered zones in Fig-
ure 1, which is a plot, similar to that of Sato (1965),
giving the relationship between P,y,,, and P,,,,, at dif-
ferent values of W,,, according to equations given
above. Inzones | and 2 interstratification may be either
random (RO order) or regular (R1 order). Zone 0 in-
dicates the presence of a high proportion of 10-A layers.
Solid circles on the diagram correspond to the values
of Wy, and Py, used for calculating the different the-
oretical patterns presented in the Appendix.

Graphical determination of W,, and P,,,,,

Determination of W,,. In Figure 2, values of W, are
plotted as a function of the angular distance 8(26,,) =
(20, — 26,), where 26, and 26, are, respectively, the
values of the angles corresponding to the maxima of
the reflections near 18° and 25° 28. The definition of
the angles 26, and 20, are given in Figure 3a. The width
of the zone of values in Figure 2 is due to minor vari-
ations in 8(26,,) as a function of P,,,,, for a constant
value of W ,. Practically, this means that for any value
of §(26,,), the true proportion of 14-A layers will be
between a minimum and a maximum value, namely,
W,,(min) and W, ,(max) which differ by a value of 0.04
{more or less) over the full range 0 < W, < 1 (Figure
2). The values of W, (min) and W, (max) are deter-
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Pioja

Figure 1. P,g,4 vs P40 diagram for qualitative interstrati-
fication determination. @: P,,,,, and W, values used for cal-
culating the theoretical patterns presented in the Appendix.
A: experimental values obtained for the Malawi vermiculite
samples (see Table 3). Zones corresponding to the presence
of: (0) no reflection; (1) one reflection; (2) two reflections in
the angular domain between 27° to 34° (CuKa). B: Impossible
to determine P,,,,,. Lines a and b indicate the limits between
zones (1) and (2) and zones (0) and (1).

mined from the experimentally measured angular sep-
aration 6(26,,)exp, and can be used to calculate the
mean value of W, with a precision of £0.02.

Determination of the probability P,,,,,. Figures 4a and
4b show the values of the angular separation §(2,;) =
(26, — 26,) determined from the theoretical patterns
and plotted as a function of P,,,,, for a given value of
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Figure 2. Diagram for quantification of W, (proportion of

14 A layers; Mg-vermiculite or chlorite) B zones in which
P40 determination is impossible. OLA 1, 2 and MALA 1,
2, 3 correspond to the samples studied (see Table 3).
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Figure 3. Definitions of the angles used in the determinative
diagrams given in Figures 2, 4, and 5, in cases where, in the
20 range 27° to 34° (CuKa), two reflections appear (a and b;
experimental patterns), and one reflection appears (C; theo-
retical pattern).

W ,. These findings correspond respectively to the cases
where one or two reflections appear in the angular zone.
The definitions of the angles 26, and 26, are given in
Figures 3b and 3c. Using the experimental values of
W, obtained from Figure 2 and 6(26,,)exp determined
experimentally, the experimental value of P,,,, can be
taken directly from the graph (Figure 4). The relative
precision is +3% but depends on the recording accu-
racy of the experimental patterns (step-scan increment
= 0.02° 26).

Using Figure 4b, two cases are possible depending
on the value of W,,. If W, < 0.44 or W,, > 0.7, then
the experimental value of 6(26,;)exp gives a single value
of Pi410- If, on the other hand, 0.44 < W,, < 0.70,
then the experimental value of 6(26,;)exp gives two
values of P,,,,. The later case was used to construct
Figure 5. This graph gives P,,,, as a function of
6(20¢5)exp = (265 — 205), where 26, and 26, are the
angles corresponding respectively to the positions of
the reflections situated between 27° and 34° 20 (Figure
3a). Figure 5 should only be used for eliminating the
ambiguity between the two values of P,,,,,. The very
considerable uncertainty in determining the value of
8(2655), combined with the form of the curves for large
values of P, gives rise to excessive uncertainty in
the value of P,,,y,.

The diagrams in Figures 1 and 2 and the patterns
given in the Appendix reveal two groups of values of
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Figure 4. Relation between 8(20,,) and P,,,,, at various values of W, in the 26 range of 27-34° (CuKa), where (a) a single
reflection appears, and (b) two reflections appear, P,,,,, = probability of passing from a 14-A layertoa IO-A layer. The dashed
line in Figure 4b corresponds to W, = 0.53. @: experimental values for the Malawi vermiculite samples.

W,,, namely, W, < 0.25 and W, > 0.9, from which
P,410 cannot be determined. In these two cases, the
position of the reflections tends toward those belonging
to pure K-vermiculite or to pure Mg-vermiculite, and
the interstratification has little effect on either the
breadth or position of the reflections. The interstrati-
fication does, however, affect the intensity. In order to
obtain P,,,,, in these cases, comparison of the exper-
imental curve with theoretical curves calculated from
a structural model is necessary.

EXPERIMENTAL
Materials

Five interstratified K/Mg samples (Figure 6) were
prepared from the Santa-Olalla vermiculite from Spain
(Martin de Vidales et a/ 1991) and a Malawi vermic-
ulite from the basement complex of southern Nyasa-
land (Martin de Vidales ez a/ 1990). In their natural
state, these two vermiculites differ in their structural
2:1 layer and interlayer compositions and in their in-
terlayer distances (Tables 1 and 2).

Bi-ionic K-Mg interstratified vermiculites were ob-
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tained by treating cleaved sheets with mixed aqueous
solutions of KCl and MgCl, having different K/Mg
equivalent ratios (Table 3). The treatment consisted of
combining one cleaved sheet of Mg-vermiculite (1 X

5 x 0.1 mm) with 10 ml of K-Mg solution in a sealed
20 ml teflon vessel, and heating at 160°C for 24 h. The
resulting transformed sheet was washed with distilled
water and dried at room temperature. The stability of
the air-dried product in air was verified by X-ray dif-
fraction (XRD) 90 days after the sample was treated.

Results

Starting from the experimental patterns and using
the theoretical plots of W, vs 6(28,,), the mean values
of W, for all the samples were determined (Table 3).
The values obtained for Olal (95% 14 A layers) and
for Ola2 (12% 14 A layers) corresponded to one of the
cases mentioned above for which it is not possible to
determine P,,,, using the P, vs 6(20,;) diagrams,
ie, W, > 09and W, < 0.25.

For the Malal, Mala2, and Mala3 samples, two re-
flections appear in the angular zone between 27° and
34° 20, indicating partial R1 order (Figure 1). In Table
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Table 2. Composition and atomic coordinates of the 14-A
and 10-A layers of the Malawi vermiculite from the basement
complex of southern Nyasaland.

1441 A 10.10 A
Phases m z m z B
Layer
03 4.000 0.000 2.0
02 2.000 0.100 2.0
Si 2.840 0.580 1.5
Al 1.040 0.580 1.5
Fe3+ 0.120 0.580 1.5
01 4.000 2.160 1.0
OH 2.000 2.360 Idemto = 2.0
Ti 0.102  3.300 14.41 A phase 1.0
Fe3+ 0.828 3.300 1.0
Mg 5.070 3.300 1.0
OH 2.000 4.240 2.0
01 4.000 4.440 1.0
Fe3+ 0.120 6.020 1.5
Al 1.040 6.020 1.5
Si 2.840 6.020 1.5
02 2.000 6.500 2.0
03 4.000 6.600 2.0
Interlayer

H,O 0.400 8.430 H,O0 0.000 - 35
H,O 4.600 9.290 H,0 0.000 - 35
Mg 0.453 10480 K 0906 8.365 2.0
H,O 1.200 10.480 H,O 0.000 - 35
H,O 4600 11.670 H,0 0.000 - 35
H,O0 0.400 12.530 H,O0 0.000 — 35

m = Multiplicity. Z = Atomic coordinates in A. B = Iso-
tropic temperature factor.

3 are given the values of P,,,,, determined using the
diagrams presented in Figures 4b and 5.

In order to verify the accuracy of the method, the
experimental patterns obtained for Malal, Mala2, and
Mala3 were compared with theoretical patterns cal-
culated using the structure factor of Malawi vermiculite
(Table 2) and the values of W, and P,,,,, determined
above and given Table 3. Figures 6b, 6¢, and 6d show
the agreement obtained between the experimental and
calculated patterns. For Olal and Ola2 vermiculites,
Figures 6a and 6e show the agreement obtained be-
tween the experimental and calculated patterns using
the W,, values obtained above and varing only the
P,410 parameter in the Clara, program in order to ob-
tain the best agreement between the experimental and
theoretical curves. The disagreement observed in Fig-
ure 6e between 20° and 32° 26 is a result of diffuse
background from the glass of the sample holder.

SUMMARY

The method has been shown to be useful to deter-
mine rapidly and independently the W,, and P,,,,, sta-
tistical parameters of interstratification. Comparisons
between calculated and experimental patterns have
shown the accuracy of the graphical method. In order
to determine the influence of the number of layers per
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Figure 5. Relation between P,,,,, and 8(26,;) at various val-
ues of W, to be used only to remove the ambiguity in the
value of P, from Figure 4b.

stack on the experimental W,, and P,,,,, values, a com-
parison was made of the values of 6(26,,) and 6(26,;)
obtained by applying the proposed method to a set of
theoretical curves that were calculated using different
values of M. When M > 10, the results revealed that
the method is independent of the number of layers per
stack. This method may be applied to X-ray diffraction
data obtained either with a small single crystal (Mg-
vermiculite/biotite, Mg-vermiculite/K-vermiculite) or

Table 3. Values of the W,, and P, statistical parameters
obtained for samples having different K/Mg equivalent ratios
when graphical determination is (1) or is not (2) possible. The
P,..1o parameter was obtained using the CLARA, program.

Piao
Sample Name K/Mg Wi (1) )
St-Olalla Olal 1/33 0.95 — 0.05
Malawi Malal 1/110 0.60 0.56
Malawi Mala2 1/33 0.53 0.61
Malawi Mala3 0.36 0.76
St-Olalla  Ola2 1/10 0.12 - 0.94

W ,, = 14-A layer proportion. P,,,,, = Probability of passing
from a 14-A layer to a 10-A layer.
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Figure 6. Comparison between experimental (—) and the-
oretical (W) patterns: (a) 95% 14-A layers with partial R1 order
(Pranio = 0.05); (b) 60% 14-A layers with partial R1 order
0.56); (c) 53% 14-A layers with partial R1 order

te/iq

(Proo = 0.61); (d) 36% 14-A layers with partial R1 order
wno = 0.76); (€) 12% 14-A layers with partial R1 order
(Prao = 0.95).

with a powder sample (the normal case for most ex-
periments). Moreover, for different samples with the
same d-spacings, the composition of the 14 A and 10
A layers is not necessarily the same for each sample.
In order to determine the influence of the Lorentz fac-
tor and the composition of the 14 A and 10 A layers
on the W, and P,,,,, values, a comparison was made
of the values of W, and P,,,,, obtained by applying
the proposed method to a set of theoretical curves that
were calculated using a Lorentz factor corresponding
to cither a single crystal or powder and using different
types of 14 A and 10 A layers. The results revealed
that the method is independent of the Lorentz-polar-
ization factor and the nature of the 14 A and 10 A
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layers composing the interstratification. The only re-
striction is that the experimental d-spacings corre-
sponding to the two types of layers must be similar
(£1%) to the 14.35 A and 10.1 A d-spacings used for
the determination of the diagrams giving W, and P, ,,.
This is important because the values of the d-spacings
strongly influence the positions of the different reflec-
tions used for the determination of W, and P,,,,c.
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APPENDIX

Theoretical curves calculated using the program CLARA, for
the determination of diagrams giving W, and P, ,,,,, statistical
parameters. W,, and P,,,, values correspond to the solid
circles in Figure 1. See also Figure 1 to describe the ordering
implied. The vertical lines mark the angular zones sensitive
to Pyy/0.
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