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DISTRIBUTION OF Ca AND Na IONS IN DIOCTAHEDRAL 
SMECTITES AND INTERSTRA TIFIED DIOCTAHEDRAL 

MICAISMECTITES 

TAKASHI IWASAKI1 AND TAKASHI WATANABE2 

Department of Geology, Faculty of Science, Kyushu University 
Hakozaki, Fukuoka, 812 Japan 

Abstract-The structures of II smectites and 2 interstratified mica/smectites containing mainly Ca2+ and 
Na+ as exchangeable cations in variable ratio were studied under a relative humidity of about 40%. 
Observed X-ray powder diffraction patterns were compared with diagrams calculated from interstratifi
cation models containing 15.2-A. Ca-smectite layers (C), 12.4-A. Na-smectite layers (N), and lO.O-A. mica 
layers (M) in various combinations. The smectites appear to be a random interstratification of component 
layers C and N, and display a tendency towards segregation. One of the interstratified minerals studied 
is a regular interstratification of C and M layers; the other is a regular interstratification of C, N, and M 
layers, in which Nand C layers are randomly distributed in equal proportion and show a tendency towards 
segregation. 
Key Words - Demixing, Exchangeable cations, Interstratified mica/smectite, Relative humidity, Smectite, 
Water, X-ray powder diffraction. 
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INTRODUCTION 

The variation of the basal spacings ofsmectites as a 
function of water adsorption has been studied by a 
number of workers (e.g., Hendricks et ai., 1940; Moo
ney et ai., 1952; Zettlemoyer et ai., 1955; Fripiat et 
al., 1965; Keren and Shainberg, 1975). These works 
indicate that the variation of basal spacings depends 
chiefly on the chemical difference among interlayer cat
ions, especially between monovalent and divalent cat
ions. 

Ca2+ and Na+ are usually found in smectites as in
terlayer cations, Ca2+ having two layers of molecular 
water and giving rise to a basal spacing of about 15.5 
A, and Na+ having one layer of molecular water and 
giving rise to a basal spacing of about 12.5 A (see, e.g., 
Keren and Shainberg, 1975). Glaeser and Mering (1954) 
pointed out that these ions tend to occur in a "demixed 
state," that is, some interlayer regions are occupied 
mainly by Ca2 + and others mainly by Na+. McAtee 
(1956) analyzed the X-ray powder diffraction (XRD) 
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patterns of cation-exchanged (Ca,Na)-smectites by a 
Fourier transform method and found that Ca-mont
morillonite and Na-montmorillonite layers are ran
domly interstratified in the c* direction of the crystal. 
On the other hand, Levy and Francis (1975) reported 
that the interstratification corresponds to a segregated 
type of structure. 

Yoshida (1979) calculated electrostatically the 
amount of cations that can coexist in an interlayer of 
a coexisting Ca2+ and Na+ system of smectite. He con
cluded that the demixing ofCa2+ and Na+ occurs readi
ly. On the basis of these data, the variation ofthe basal 
spacings of smectite with relative humidity may be 
interpreted from a knowledge of such interstratified 
structures containing component layers about 15.5 and 
12.5 A thick. The present paper concerns the evidence 
for this line of reasoning. 

SPECIMENS 

The 11 smectites (dioctahedral) and 2 interstratified 
minerals (dioctahedral mica/smectite) studied are de
scribed in Table 1. The diagenetic bentonites from the 
Tsukinuno and Mizumaki mines contain quartz and 
feldspars as impurities; a small amount of cristobalite 
is also present in the Mizumaki specimen studied here. 
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Table 1. Localities and modes of occurrence of specimens examined. 

Specimen Locality 

Tl Tsukinuno mine, 
Yamagata Pref. 

N 1 Mizumaki, Fukuoka 

N2 
N3 

Pref. 

M 1 Matsuki mine, 
M2 Akita Pref. 
M3 
M4 
M5 
M6 
M7 

11 Matsuki mine, 
Akita Pref. 

12 

Sampling point 

No. 31 seam, 90 m depth 

No.3 seam, lower part, 
90 m depth 

No.1 seam, 110 m depth 
No.2 seam, 110 m depth 
Well A9, 99.4 m depth 
Well A6, 202.0 m depth 
Well 61, 132.6 m depth 
Well 100, 208.8 m depth 
Well 107,215.1 m depth 
Well AS, 205.3 m depth 
Matsuki orebody, 180 m 

depth 
Takadate orebody, 

180 m depth 
Matsuki orebody, 150 m 

depth 

The Matsuki ore deposit is of the Kuroko type. Smec
tites from this mine are alteration products of acidic 
tuffs or lavas; the smectites are considered to be dia
genetic and to have been altered hydrothermally during 
the emplacement of the ore. In this deposit interstrat
ified minerals exist in the clay zone enclosing the ore 
bodies. Smectite and interstratified minerals (samples 
11-12) from the Matsuki mine were collected from drill 
cores above the ore body or in the pit. Quartz and 
feldspar are common in all the smectite specimens 
studied. Small amounts of pyrite and quartz occur in 
specimens II and 12, respectively. 

Each of the specimens was disaggregated by ultra
sonics. The <2-tlm fraction was free or almost free 
from impurities and was used in the following exper
iments. Chemical analyses were made by a standard 
wet method; CaO and MgO were determined by a che
latometry using EDT A, and Na20 and K 20 were de
termined by flame photometry. The amount of re
maining quartz and cristobalite impurities was 
determined by XRD by the standard addition method. 
Chemical formulae calculated on the basis ofO lO(OH)2 
from the analyses of <2-tlm material are shown in 
Table 2. The octahedral nature of these specimens is 
indicated by the octahedral population of about 2.00; 
it was also confirmed by XRD. Interlayer cations are 
Ca, Na, K, and Mg, but Ca and Na are the main con
stituents. The Ca/Na atomic ratio ranges from 2 to 0.1. 
XRD patterns of oriented powders treated with eth
ylene glycol and glycerol show the basal reflections at 
submultiples of 16.9-17.0 A and 17.7-17.8 A, respec
tively. 

The chemical formulae of the interstratified minerals 
indicate that they are of the 1: 1 regular type, having a 
component layer of potassium mica. The chemical for
mulae containing small amounts of Fe and Mg are close 

Description 

Massive, pale-gray clay 

Massive, dark-green clay 

Greenish-white matrix of dark-green, patched clay 
Massive, pale-green clay 
White clay in strongly argillized tuff 
Greenish-brown clay 
Greenish-white matrix of dark-green, patched clay 
Green clay in compact mudstone 
Greenish-gray clay in fine-grained tuff 
White clay in argillized tuff 
Massive green clay in hanging wall 

Greenish-white clay with silky luster 

Greenish-white clay with silky luster 

to those of dioctahedral micas from Kuroko deposits, 
as previously reported by Kodama et al. (1969), Shi
moda (1972), and Higashi (1974). Specimen 12 con
tains more interlayer Na than specimen 11. 

EXPERIMENTAL 

For studies of the hydration behavior of the smec
tites, XRD basal spacings of the Ca- or Na-saturated 
clay film of specimen M6 were measured under various 
relative humidity (RH) conditions. The RH was 
changed between 0 and 100% at intervals about 20% 
by changing the concentration of the sulfuric acid. XRD 
patterns were made when the RH reached equilibrium 
at each step; the equilibrium state was confirmed by 
the intensity of 001 reflection becoming constant; usu
ally, it took 30-60 min to achieve equilibrium. 

The variation of basal spacings of Ca- or Na-satu
rated smectite with RH is shown in Figure 1. At 40% 
RH, the basal spacings of Ca and Na smectites were 
clearly different from each other, occurring at about 15 
A in the former and at about 12 A in the latter. At RH 
<'::60%, the basal spacing of the Na-smectite expanded 
nearly to that of the Ca-smectite. Therefore, at this 
RH, the basal reflections ofthese smectites nearly over
lap one another. On the other hand, at <20% RH, the 
expansion of Ca-smectite was minor and close to that 
of Na-smectite. From the data shown in Figure 1, if 
an interstratified structure of 12-A and 15-A layers 
could be formed, a RH of about 40% would be most 
favorable for the formation of the interstratification. 
On this basis, the RH was controlled at 40% throughout 
the experiments. 

Interstratifications were identified by comparing 
measured values with those caluclated by the method 
of Kakinoki and Komura (1952, 1954). The technical 
procedures of the calculation were described in detail 
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by Watanabe (1977). The X-ray scattering intensity in 
the reciprocal space along the c* direction of an inter
stratified crystal consisting of N layers and n types of 
layers, can be expressed as follows: 

1= N SpurVF 
N - I 

+ ~ (N - n) Spur VFQD 
n - I 

+ conj., (I) 

where Spur means the sum of the diagonal elements 
of square matrix, and conj. , the complex conjugate of 
the foregoing terms. The symbols in Eq. (1) are 

V= 

the matrix of the structure factors, 

F= 

WI 0 ... . 0 
o W2 • • · • 0 

o o 

R 

the matrix of the probabilities of finding component 
layers, 

PI. PII PIR 
P 2 • P22 P2R 

P= 

R 

the matrix of the junction probabilities of component 
layers, and 

Q=<I>P 

exp -iif;1 0 0 
o exp -iif;2 . . .. 0 

<1>= 

o o . ... exp -iif;R 
R 

the matrix of phase factors. V; is the layer structure 
factor of the layer i, W; the probability of finding the 
layer i, P;j the probability of finding the layer j after 
the layer i, and if;; the phase shift due to the thickness 
of the layer i. 

As defined by Jagodzinski (1949), the 'Reichweite' 
is g when the junction probability P;j depends not only 
on the layer i but also on the combination of the pre-
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Figure 1. Variation of basal spacing in Ca- and Na-saturated 
smectite (specimen M6). The dotted lines are extrapolated. 

ceding g layers including the layer i. Eq. (I) was derived 
for the case of Reichweite g = I, but is also valid for 
g ~ 2 by modifying somewhat the elements of the 
above matrices. The order of matrix shown outside the 
bracket as a suffix is defined by R = mg. 

The intensity was calculated by multiplying by the 
powder Lp factor and by correcting the mechanical 
error derived for the equipment used. In this study, 
the correction of mechanical error was only applied for 
the influence of experimental slit system (1f2o-0.4 mm
IhO) and using the Klug and Alexander method (1974). 
The number of component layers, N, was given by the 
gaussian distribution with mean 10, deviation 2.0, 
which is the usual mean value for smectites. The pa
rameters of each component layer used in the calcu
lation (Table 3) are slightly modified from those of Ross 
(1968). 

RESULTS AND DISCUSSION 

Ca and Na interlayer structure in smectites 

The XRD patterns of the oriented smectite speci
mens at 40% RH show some systematic variations in 
their basal reflections (Figure 2). The basal spacings of 
specimens M6 and M7 are submultiples of 15.1 A; 
however, the basal spacings of specimens M5 to Ml 
do not form an integral series, and the 5-A reflections 

Table 3. Atomic parameters used in calculation of the the-
oretical X-ray powder diffraction patterns. 

Co·smectite layer (C) No·smectite layer (N) Mica layer (Ml 
(d(OOI) - 15.2 A) (d(OOI) = 12.4 A) (d(Oo I) = 10.0 ) 

Atom Atom Atom z 

2AI 1.000 2 Al 1.000 2AI 1.000 
20H 0.934 20H 0.919 20H 0.900 
40 0.929 40 0.919 40 0.892 
3.6 Si 0.820 3.6 Si 0.780 3.2 Si 0.727 
0.4 Al 0.820 0.4 AI 0.780 0.8 AI 0.727 
20 0.791 20 0.745 20 0.683 
40 0.776 40 0.726 40 0.660 
2 H20 0.591 0.8 Na 0.500 1.6K 0.500 
2H2O 0.539 4 H2O 0.500 40 0.340 
0.4 Ca 0.500 40 0.274 20 0.317 
2 H2O 0.461 20 0.255 0.8 Al 0.273 
2 H20 0.409 0.4 Al 0.220 3.2 Si 0.273 
40 0.224 3.6 Si 0.220 40 0.108 
20 0.209 40 0.087 20H 0.100 
0.4 AI 0.180 20R 0.081 2AI 0.000 
3.6 Si 0.180 2AI 0.000 
40 0.071 
20H 0.066 
2AI 0.000 

Parameters are slightly modified from those of Ross (1968). 

increase progressively in intensity, accompanied by 
asymmetrical broadening. The reflections at about 12.5 
A for specimens NI, N2, N3, and TI have a shoulder 
at about 15 A, and the 5-A reflections are weak in 
intensity. 

Under the experimental condition (40% RH), the 
basal spacing ofNa- and Ca-saturated smectites is about 
12.4 and 15.2 A, respectively. Basal reflections occur 
at submultiples of these spacings. Relative intensities 
of the smectites (Figure 2) are highly different from 
those of mechanical mixtures of these two cation-sat
urated smectites and are thought to result from some 

~'" ~ ~j'--'----
111 IUISJJ 

N1,..,.., I M2,,) ", '" 
J~L 1\ M6~ 

.", r TA M7 •• "" 
N3 ~L M4 ...,/"'--'\....- ~ 

2 10 .0 jQ 40 2 10 2D 30 ~ 2 10 10 30 ~ 

'28,0..1<0 rodiation '2E1. CA.I<a radiation '29. CUKa radiation 

Figure 2. X -ray powder diffraction basal reflections of smec
tite specimens (40% RH). Q = quartz; C = cristobalite. Values 
on diagrams are in A. 
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Figure 3. Calculated X-ray powder diffraction profiles for 
some structure models of (Ca,Na)-smectite. The diagram of 
Pee vs. PNN shows the probability parameters of inter stratified 
structure of two component system used in the calculation. 
C = Ca-smectite layer; N = Na-smectite layer; a = I: I random 
interstratification; b = segregation structure corresponding to 
Pee = .75 and PNN = .75; c = ideal segregation. 

interstratification of Ca- and Na-saturated smectite 
layers. 

XRD line profiles were calculated for some structural 
models having Reichweite g = I and the two compo
nent system ofa Ca-smectite layer (component C) and 
a Na-smectite layer (component N). 

The two-component system has probabilities related 
by the following equations: 

and 

Wc + WN = I, 
Pcc + PCN = 1, 
PNC + PNN = 1, 

WCPCN = WNPNc> 

where W C is the probability of occurrence of C, W N 

that of Nand P = is the junction probability that C 
succeeds C. PCN , PNC, and PNN are similarly defined 
(MacEwan et al., 1961). Six variables exist, but all are 
fixed if any two are specified. 

Generally, the mode of interstratification may be of 
three types: (1) regular interstratification, (2) random 

interstratification, and (3) segregation. For character
izing the interstratified structure, we consider here 
models having Wc and WN fixed at 0.5 and various 
junction probabilities on Sato's diagram (Sato, 1965) 
(Figure 3). Model a belongs to a completely random 
type and model b to a partially random type, with a 
tendency towards segregation. Model c indicates com
plete segregation . 

For Wc = WN = 0.5, calculated XRD profiles show 
that the reflections at about 5 and 6 A become weak 
and diffuse as the interstratification becomes complete
ly random (c -. b -. a). Intensity ratios ofI(6 A)/ I(3 A) 
and 1(5 A)/1(3 A) were therefore calculated for 20 models 
having various probability values ranging from com
pletely random to completely segregated structures 
(1 < Pcc + PNN < 2). These values were plotted on 
Sato's diagram, and two kinds of isopleths of 1(6 A)/ 
1(3 A) and 1(5 A)/1(3 A) were drawn (Figure 4). lnter
stratification probabilities can be found as the inter
section of two intensity ratio curves on the diagram, if 
XRD intensities of the three 6-, 5-, and 3-A reflections 
are determined. Interstratification probabilities of 
specimens obtained by this procedure are listed in Ta
ble 4. The relation beteen W A-values and the observed 
ratio Ca2+ /(Ca2+ + Na+), in which the amounts are 
given in equivalent weight, yields an essentially straight 
line (Figure 5). This relationship is evi<Jence for the 
validity of analytical method mentioned above and 
indicates that the different XRD patterns of the smec
tite specimens are due to an interstratified structure, 
i.e., random interstratification with a tendency towards 
segregation into two components: 12.4-A Na-smectite 
and 15.2-A Ca-smectite layers. 

Interstratification of mica and 
Ca- and Na-smectite layers 

On ethylene glycol solvation, specimens I I and 12 
yielded similar XRD patterns having a nearly integral 
series of basal reflections (Figure 6). These patterns 
indicate a regular interstratification of mica and smec
tite. The proportion of smectite layers in specimens II 
and 12 was estimated to be 35% and 45%, respectively, 

Table 4. Probability parameters of interstratified structures 
of smectites having component layers of 15.2-A Ca-smectite 
layer (C) and 12.4-A Na-smectite layer (N). 

Specimen wc WN Pcc PCN PN C PNN 

NI 0.23 0.77 .53 .47 .23 .86 
N2 0.21 0.79 .62 .38 .10 .90 
N3 0.31 0.69 .44 .56 .25 .75 
MI 0.48 0.52 .72 .28 .26 .74 
M2 0.42 0.58 .70 .30 .22 .78 
M3 0.50 0.50 .73 .27 .27 .73 
M4 0.70 0.30 .85 .15 .36 .64 
M5 0 .64 0.36 .80 .20 .35 .65 
M6 0.66 0.34 .83 .17 .33 .67 
M7 0.79 0.21 .91 .09 .33 .67 
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Figure 4. Calculated values for the intensity ratio of basal reflections for (Ca,Na)-smectites in relation to the interstratified 
structure of Ca-smectite layer (C) and Na-smectite layer (N). The numbers on each of the solid and broken curves represent 
the ratios 1(5 A)/I(3 A) and 1(6 A)/I(3 A), respectively. 

referring to the diagram of Watanabe (1981). The tran
sition probabilities are expressed by the following ma
trices: 

11' [PMM PMS] = [0.462 0.538] 
, PSM Pss 1.0 0.0 

and 

12' [PMM PMS] = [0.182 0.818] 
, PSM Pss 1.0 0.0 ' 

where the symbols M and S stand for a mica layer and 
a smectite layer, respectively. 

The XRD patterns of specimens II and 12 at 40% 
RH are shown in Figures 7 and 8. The long-spacing 
reflection at about 26 A. indicates a regular interstratifi
cation; however, the spacings and profiles ofthe higher
order basal reflections are quite different from each 
other. The basal reflections of specimen II are rela
tively sharp and symmetrical and occur at nearly sub
multiples of 25-A.. The basal reflections of specimen 
12 are broad, and the 12-A. reflection is displaced com
pared with that of specimen Ii. Reflections at about 
7.4, 5.5, and 2.03 A., which were not observed in the 
XRD pattern of specimen II, were also noted. 

Variation of the XRD patterns of the specimens at 
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Figure 5. Relation between observed Ca2+/(Ca2+ + Na+) 
values and probability of occurrence ofCa-smectite layer (W d 
expected from the diagram of Figure 4. 

40% RH are probably due to differences in interlayer 
compositions. Theoretical XRD line profiles were cal
culated for structure models that consist of three com
ponents, i.e., a mica layer (component M), a Ca-smec
tite layer (component C), and a Na-smectite layer 
(component N). 

The chemical analysis of specimen II suggests that 
its interlayer region is mainly occupied by Ca2+ . There
fore, the XRD pattern was calculated from a model 
having the probability parameters as determined by 
ethylene glycol solvation and a smectite interlayer con
taining Ca2 + only. The calculated XRD pattern is in 
fair agreement with the experimental pattern. Speci
men II can thus be described as a regular interstrati
fication of mica and Ca-smectite layers (Figure 7). 

The molar ratio of CaiNa for specimen 12 is about 
1 :2; therefore, Ca- and Na-smectite layers can be as
sumed to be in equal proportions, and the probabilities 
of occurrence of the component layers are given by: 

WM = 0.55, Wc = 0.225, WN = 0.225. 

PCMM PCMC PCMN 
PCCM Pccc PCCN 

28A 

11 

2.67 2.05 1.93 

12 

3.00 2.67 2.06 1.926 

10 20 30 40 50 

'29 CuKa radiation 

Figure 6. X-ray powder diffraction basal reflections of in
terstratified dioctahedral mica and smectite after ethylene gly
col treatment. 

Inasmuch as specimen 12 is a regular interstratification 
of mica and smectite layers, a smectite layer must be 
followed by a mica layer. On this basis, structure models 
having three component layers and Reichweite g = 2 
were considered. Assuming that the sequence ofMMM 
is not viable, P the matrix of transition probabilities 
of this structure can be shown as following: 

The values of PCMM and PNMM were calculated from 
the following relations: 

W MM = WCM,PCMM + WNM,PNMM, and PCMM = PNMM , 

in which WMM, WCM' and WNM can be calculated from 
W M, W Co and W N' Here, 

WMM = 0.100, 
and 

Thus, 
PCMM = PNMM = .222. 

Hence, only four parameters ofP CMC, P CMN, PNMC' and 
PNMN can be treated as variables for this structure. 

For the identification of the interstratified structure 
of specimen 12, the XRD line profiles were calculated 
for some structure models defined by the above matrix. 

0.0 0.5 0.5 
1.0 0.0 0.0 

1.0 0.0 0.0 
0.222 P CMC P CMN 

0.222 PNMC PNMN 
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26 123.1. 

501 

°29 CuKa radiation 

Figure 7. Observed and calculated X-ray powder diffraction 
reflections of specimen II. II = observed pattern (40% RH); 
Cal = calculated pattern expected from a regular interstratified 
structure of mica layers (M) and Ca-smectite layers (C) (W M = 

0.35, Wc = 0.65). 

A diagrammatic expression ofthe transition probabil
ities used for the calculation is shown in Figure 9. 
Because the values ofPcMc/(PcMc + PCMN) and PNMNI 
(PNMN + PNMd are taken on the axis of coordinates, 
the diagram can be regarded as showing the interstra
tification of components C and N, eliminating the com
ponent M in analogy with the diagram in Figure 3. 
Model a corresponds to a random interstratification of 
Ca- and Na-smectite layers intercalating one or locally 
two mica layers between them, and model e is an ideal 
segregation structure. Structures of models b, c, and d 
are intermediate types between those of models a and 
e, that is, partial segregation of Ca- and Na-smectite 
layers. 

26.1. 
11.8 

3.19 

2.79 2.49 

20 JO 
°29 CuKa radiation 

12 

2.03 

Cal. 

2.041.94 

40 50 

Figure 8. Observed and calculated X-ray powder diffraction 
reflections of specimen 12.12 = observed pattern (40% RH); 
Cal = calculated pattern having the probability ratio PCMC/ 
(PCMC + PCMN) = .75 and PNMN/(PNMN + PNMd = .75. 

~------------~e 

'28 CuKex radiation 

Figure 9. Calculated X-ray powder diffraction profiles for 
structure models of interstratification of mica (M), Ca-smec
tite (C), and Na-smectite (N) layers. a-e = models having 
probability parameters corresponding to those in the plot of 
PCMc/(PCMC + PCMN) vs. PNMN/ (PNMN + PNMd. 

The reflections having spacings of 12.3 and 11.0 A 
of model e occur as a single diffuse peak, which, how
ever, progressively sharpens as the structure ap
proaches one of random interstratification. The reflec
tions at 5.58 and 5.04 A of model e change to a single 
broad reflection in model a. The 3.19-A reflection, 
however, does not vary. From a comparison of these 
profiles with the experimental XRD pattern of speci
men 12, specimen 12 appears to have a structure in
termediate between those models c and d, as shown in 
Figure 8. 

The interstratified structure of specimen 12 can be 
interpreted as a regular interstratification of diocta-

MIS 

• •• SMSMMSMSHSMHSMSMSMSHSMSMSMMSMSHSMSMSMSMMSMSMMSMSMSHSMSMSMSMMS 

MSM SM SM SMM SHSMSMMSM SM SMSM SMHSM SMSM SHSM SM SMMSM SM SMMSMSMSMSMMS· •• 

H/C/N 

C/N 

• • • NMNHMCMNMCMMNHNMCMCMNMNHNMHNHNMCHCMNHNHMCHCMHNMNMNMCMCHCMCMHC 

MNHNMCHCHHNHNMNMMCMCMCMNHNHMCHCHCMNMNMNHCMMNHNHNHHCMCHCMCHHN··· 

• •• NN .CCC.NNC CNNN .NNCCNN.CC .NNNccec .eNNCC.NNN.eeeNN .eeeNNNC. NNN. CCCC.N· •• 

Figure 10. Models of layer sequence of specime!1 12. M/S = 

sequence of mica (M) and smectite layers (S); M/CIN = se
quence in which smectite layers (S) are distinguished between 
Ca-smectite (C) and Na-smectite layers (N); CIN = sequence 
ofCa-smectite(C) and Na-smectite layers (N) after eliminat
ing mica layers (M) from the sequence ofM/CIN. Open circle 
shows the position of MM-sequence. 
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Table 5. Probability parameters of inter stratified structures of inter stratified micalsmectites with component layers of l5.2-A 
Ca-smectite layer (C), l2.4-A Na-smectite layer (N), and 1O.0-A mica layer (M). 

Specimen 

11 
12 

0.65 
0.225 

0.00 
0.225 

0.35 
0.55 

PCMC 

.14 

.58 
.00 
.20 

.86 

.22 

PNMN 

.58 .20 .22 

Transition probabilities were obtained assuming the sequence of MMM was not viable. 

hedral mica and smectite layers; but, half of the inter
layer spaces ofthe smectite components are considered 
to be occupied mainly by Ca2+, the rest mainly by Na+. 
From the value PCMc/(PCMC + PCMN) = PNMN/(PNMN + 
PNMd = .75, the sequences CMC and NMN are found 
more often than those ofCMN and NMC, respectively, 
in a one-dimensional row of the component layers. 
Therefore, the M/CIN model structure is proposed, the 
CIN sequence being obtained after eliminating the mica 
layer (M) from the M/C/N sequence (Figure 10). The 
C/N sequence shows that the interstratification of spec
imen 12 is a segregated structure ofCa- and Na-smec
tite layers. The calculated interstratification probability 
values of specimens 11 and 12 are listed in Table 5. 

Distribution of Ca and Na ions 

Regardless of the ratio of Ca-smectite layers to Na
smectite layers, the values ofPcc and PNN of (Ca,Na)
smectites are intermediate between complete random
ness (Pcc + PNN = 1) and complete segregation (Pcc = 

PNN = I). Therefore, the particle consists ofCa-dom
inant domains and Na-dominant domains. From the 
observed XRD line profile, the number of the elemen
tary layers in an X-ray-coherent domain is about 10, 
which is the number of layers (N) used in line profile 
calculations, and the distance in c* direction is about 
120-150 A. The number oflayers in each single do
main may be less than 10, because domains coexist in 
an X-ray-coherent region. Figure 11 shows a model of 
these domains. Variation ofthe distribution in a and 
b directions, the scale of which in this figure is arbitrary, 

00000000000000000000000000 
o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 _00 .0 0 0 0 0 0 0 0 0 

• ••••••• Soooooooooo 
• • • • • • • • • • • • • 

• • • • • • • • • • • • 00 
0000000000000 •••• 000 
0000000000000 ••••• 00 
000000 •••••••••• 

• • • • • • • • • • • • • 
00000000000000000000000000 
00000000000000000000 ••• 
000 •••• 00 ••••• 

ct 0 0 • • • • • 0 • • • • • • f iOooooooooooooo • •• • • 
LOoooooooooooooooooooooooo 

a, b 

• • • One Co-smectite layer-

~
. 

• • • • • Co-dominant domain 

o 0 0 0 0 One No-smectite layer 

000 
00000 No - dominant domain 

000 

Figure 11. Schematic diagram for the distribution of Ca
and Na-smectite layers on the plane parallel to the c*. 

was estimated from the TEM photographs of organo
philic montmorillonites (Yoshida and Suito, 1972). 

For interstratified mica/smectite, the same result was 
obtained as was obtained for smectites. The Ca- and 
Na-smectite layers form segregated structures, despite 
sandwiching of the mica layer. Consequently, in both 
smectite and interstratified mica/smectite, Ca2+ and 
Na+ were distributed in segregated structures. On the 
basis of calculated configuration entropies of Ca and 
Na ions in smectite, Yoshida (1979) concluded that Ca 
and Na ions are apt to be distributed in the segregated 
forms. Also, Gleaser and Mering (1954) reported 'de
mixing' of Ca and Na ions in smectite. These ideas 
support the results obtained in the present study. 
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