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Abstract--X-ray powder diffraction intensities for many interstratified structures of mica/smectite and 
chlorite/smectite were calculated by changing combinations of probabilities and transition probabilities 
of two component layers, respectively. The calculated d-values were plotted with PMs and PsM as the axes 
of coordinates for mica/smectites (where M is a mica layer and S is a smectite layer). These d-values 
were then linked into equal d-value curves on a graph. Three equal d-value diagrams ranging from 32.5 
to 24.5/~, from 15.4 to 10.25 ,~, and from 3.365 to 3.08 A were constructed for mica/smectites. Several 
diagrams were also constructed for mica/glycolated-smectites and chlorite/smectites using the same tech- 
niques. PMs and PsM values of mica/smectite producing 26.8- and 12.6-A reflections in its X-ray powder 
diffraction pattern were obtained from the coordinates of the intersection of the 26.8-A line of the first 
diagram and the 12.6-/k line of the second diagram. The components and stacking parameters of mica/ 
smectites and chlorite/smectites were estimated easily using these diagrams. Interstratified mica/smectites 
were quantified in the air-dry and glycolated states, and chlorite/smectites in the glycolated state. Stacking 
parameters obtained by this method agreed well with those obtained by MacEwan's method. Stacking 
parameters for Reichweite (R=0) and (R= 1) structures were obtained. 
Key Words--Chlorite/smectite, Ethylene glycol, Interstratification, Mica/smectite, Mixed layer quanti- 
fication, X-ray powder diffraction. 
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I N T R O D U C T I O N  

Over the years numerous publications have ad- 
dressed the problem of the calculation of X-ray powder 
diffraction patterns of interstratified laminar systems. 
One of the first significant papers on this subject was 
by Hendricks and Teller (1942) which dealt with in- 
finite crystallites. For small particle size assemblages, 
the matrix method of Kakinoki and Komura (1952, 
1954a, 1954b, 1965) appears to be the most complete, 
in that structure factors for all of  the layers are intro- 
duced and varying degrees of non-random interstrat- 
ification may be handled. The program of Reynolds 
and Hower (1970) has these capabilities also. Allegra 
Copyright  �9 1985, The Clay Minerals Society 

(1964) showed that the order of the matrices of the 
intensity equation can be reduced if the complexions 
of layers are represented by the corresponding com- 
plexions of displacement vectors. Allegra's hypothesis 
is essentially similar to that of Kakinoki and Komura 
(1965). The direct  Four ie r  t rans form me thod  of 
MacEwan (1956, 1958) may be applicable for some 
different types of layers. MacEwan's methods in some- 
what modified form have been used by Reynolds (1967, 
1980), Reynolds and Hower (1970), and Tettenhorst 
and Grim (1975a, 1975b) to calculate diffraction pat- 
terns that correspond closely to actual diffraction runs. 
Sato (1969, 1973), Sato et aL (1965), Cradwick (1975), 
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Drits and Sakharov (1976), and Watanabe (1981) ap '  
plied the hypothesis o f  Kakinoki  and Komura  (1952, 
1954a, 1954b, 1965) for interstratified minerals. 

Srodofi (1980) prepared several graphs for the precise 
identification of  i l l i te/smectite interstratifications and 
investigated the thickness of  the ethylene glycol com- 
plex in expanding days .  His techniques successfully 
minimized the error in quantifying the degree o f  layer 
ordering, but  his method is somewhat complicated. We 
have calculated X-ray powder diffraction patterns for 
many interstratified mica/smecti tes and chlorite/smec- 
tires using Kakinoki  and Komura ' s  hypothesis (1965) 
and prepared diagrams to determine the degree of  in- 
terstratification in these mixed-layer minerals. Reyn- 
olds (1980) and Srodofi (1980) provided techniques for 
measuring layer ratio and for estimating the degree of  
ordering, but  junct ion probabil i t ies cannot be mea- 
sured using their approach; such measurements are the 
goal of  this paper. 

EXPERIMENTAL 

X-ray powder diffraction profiles of  interstratified 
structures were calculated using the equation of  Ka- 
kinoki and Komura  (1965). The integrated intensity 
and the intensity max imum posit ion were calculated 
by an electronic computer  using a slightly modified 
program of  Takahashi  (1982). An 1'4 o f  20 was used in 
the calculations. 

MICA/SMECTITE INTERSTRATIFICATIONS 

�9 Preparation o f  determinative curves 

The calculation of  X-ray powder diffraction (XRD) 
patterns for interstratified structures was based on the 
model  of  Sato et al. (1965) as shown in Figure 1. A 
value of  15.4/k was used for the smectite layer, but  
the spacing o f  smectite is not  uniform from sample to 
sample and depends on relative humidity,  kinds of  
cations in interlayers, and differences in layer charges. 
I t  is difficult to take all these facts into account; hence, 
15.4 A was used for smectite layer as was used by 
p rev ious  workers  (Hendr i cks  and  Tel ler ,  1942; 
MacEwan et aL, 1961). Because many clay-size micas 
(illites) give a spacing near 10.1-,~ rather than 10-~ 
value (Kodama,  1962; Sudo and Shimoda,  1978), the 
mica model  of  Sato et al. (1965) was used. Diffraction 
intensities were calculated for many combinat ions o f  
probabil i t ies and transit ion probabil i t ies  for mica and 
smectite layers. Equal d-value line diagrams from 32.5 
to 24.5 A, from 15.4 to 10.25 A, and from 3.365 to 
3.08 A were constructed from the calculated data and 
are shown in Figures 2, 3, and 4, respectively. In these 
illustrations PMS is the probabil i ty  a smectite layer suc- 
ceeds a mica layer, assuming that the first layer is mica 
layer. PsM is the probabil i ty that a mica layer succeeds 
a smectite layer assuming that the first layer is smectite. 
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Figure 1. Mica and smectite models used in calculation of 
X-ray powder diffraction intensity. 

Interstratiftcation quantification 

Samples having high d-spacings. As an example of  the 
practical application of  this method,  a specimen in- 
vestigated by Tomita  et al. (1969) was examined. The 
d-values of  the 001 and 002 reflections are 26.8 and 
12.6 ~ ,  respectively. The 26.8-,~ contour in Figure 2 
was traced along a 26.8-A line. The tracing paper was 
placed on the diagram shown in Figure 3, and the 12.6- 

contour was traced in the same way. F rom the in- 
tersection of  the two lines shown in Figure 5 at point  
A, PMs and Ps~ values o f  .665 and .875, respectively, 
were obtained. All remaining probabil i t ies and junc- 
t ion probabil i t ies for nearest-neighbor ordering can be 
obtained from these data and the statistical relations. 

For  a two-component  interstratification of  layers A 
and B, assuming P A  tO be the frequency of  occurrence 
o f  A, Pn is that o f  B, and PA + PB = 1. I f  P ~  is the 
probabil i ty  that B succeeds A, given that  the first layer 
is A, P ~ ,  PBB, and PBA are similarly defined. Thus: 

P ~  + PAB = 1, 

PBA + PBB = 1 ,  

PAPAA + PBPBA = PA, 

PAPAB + PBPBB = PB, 
PBPBA = PAPAB, and 

PB P~a3 
PA PBA " 
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Figure 2. Diagrams of equal d-value lines for 32.5-24.5-A reflection for quantification ofmica/smectite interstratifications. 
Pm is probability that a smectite layer succeeds a mica layer given that the first layer is mica layer; PsM is similarly defined. 

Using these diagrams in Figures 2 to 3, one can obtain 
PM (probabili ty of  existence o f  mica l aye r )=  .57, Ps 
(probabili ty of  existence of  smectite l aye r )=  .43, 
PMM = .335, PMS = .665, PSM = .875, and Pss = .125 
for this specimen, where M is a mica layer and S is a 
smectite layer. These results agree well with those ob- 
tained using the MacEwan Fourier  transform method 
by Tomita  et al. (1969). The results obtained by the 
MacEwan Fourier  transform method and the present 
method are listed in Table 1. 

In practice, it  is convenient to have the chart pho- 
tographed on a transparent film or  plate. The film then 
is placed over a sheet o f  graph paper and viewed against 

an i l luminated opal glass background. The coordinates 
PMS and PSM may then be easily read for each d-value. 

Samples not having high d-spacings. As an example o f  
material  not  having high d-spacings, the following 
d-values published by Walker  (1951) were used: 11.4, 
4.56, 3.41, 3.34, and 2.62 ,~. This specimen produced 
no X R D  reflections with high d-spacings. For  inter- 
stratified micaJsmectites, the reflection near 3.30 A is 
influenced by discrete illite. Treatment  with ethylene 
glycol is necessary to cheek the reflections ofinterstrat-  
ified minerals. Here, the 11.4-/~ line was traced from 
the diagram in Figure 3, and the 3.34-A line was traced 
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Figure 3. Diagram of equal d-value lines for 15.4-10.25-A reflection for quantification of mica/smectite interstratifications. 
P~s is probability that a smectite layer succeeds a mica layer given that the first layer is mica layer; PSM is similarly defined�9 

Table 1. Comparison of interstratifications of sample de- 
scribed by Tomita et al. (1969) obtained by MacEwan's meth- 
od and the present method. 

Present method MacEwan method 

P~ .57 ,56 
Ps .43 .44 
PraM �9 .34 
PMs �9 .66 
PsM �9 .84 
Pss .125 .16 

PM: probability of existence of mica layer�9 Ps: probability 
of existence of smectite layer. PMM: probability that a mica 
layer succeeds a mica layer given that the first layer is mica 
layer�9 PMs, PsM, and Pss are similarly defined�9 

from the diagram in Figure 4. From the intersection 
of the two lines, PMS and PsM values o f .  13 and .945 
were obtained, respectively. The ratio Of PM:Ps is .945: 
�9 1 3 ,  i . e . ,  .88:. 12. We obtained the following results for 
the specimen: PM = .88, Ps = .12, PM~a = .87, PMs = 
.13, PsM = .945, and Pss = .055. 

S a m p l e s  where two con tour  traces do not  intersect  

As an example of a sample where the tracings of two 
d-value contour lines do not intersect, data from Sato 
et al. (1965) were examined. An XRD pattern of the 
specimen showed reflections at 29.4, 11.9, 5.07, 4.51, 
and 3.28 A. When the 29.4- and 11.9-,~ curves were 
drawn using the diagrams in Figures 2 and 3, the two 
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Figure 4. Diagram of equal d-value lines for 3.365-3.08-/~ reflection for quantification of mica/smectite interstratifications. 
Pus is probability that a smectite layer succeeds a mica layer given that the first layer is mica layer; PsM is similarly defined. 

curves did not intersect, as shown in Figure 6. Under  
these circumstances reading errors of peak positions 
were considered because a point of intersection should 
exist on the curve between B and C. XRD patterns 
were calculated (Figure 7) for several intersections on 
the curve between B and C, and interstratifications for 
their structures are listed in Table 2. As can be seen, 
these patterns are not markedly different from one 
another in the narrow range like the above case. Here, 
the intersection was estimated by considering the de- 
gree of reading errors of d-spacings of the two reflec- 
tions. The d-values of the 001 and 002 reflections have 
certain widths due to reading errors of peak positions; 
hence, the d-value lines were broadened until  the two 

lines intersected as shown in Figure 6. The two lines 
intersected at point A, and values of .37 for Pus and 
1 for Ps~ were obtained. The quantification of the in- 
terstratification of the specimen (Table 3) agree well 
with the values reported by Sato et  al. (1965). 

Interstratifications can be determined for samples 
not having high d-spacings in the same manner.  A 
specimen from Kamikiga, Japan, investigated by Shi- 
moda et al. (1969), gave XRD reflections at 11.2 and 
3.30/~. Values of .14 for Pus and 1 for Ps~ were ob- 
gained using the diagrams in Figures 3 and 4, as shown 
in Figure 8. Thus, the interstratification of the speci- 
men is as follows: PM = .88, Ps = �9 12, PM~ = .86, Pus = 
.14, PsM = 1, and Pss = O. 
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Figure 5. Plot of 26.8- and 12.6-/~ lines using the diagrams 
of Figures 2 and 3 for quantification of  the mica/smectite 
interstratifications. Pus is probability that a smeetite layer 
succeeds a mica layer given that the first layer is mica layer; 
PsM is similarly defined. 
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Figure 7. Caluclated X-ray powder diffraction patterns of  
some interstratified structures having values of  Pus and PsM 
on the line between B and C in the Figure 6. Pus is probability 
that a smectite layer succeeds a mica layer given that the first 
layer is mica layer; PSM is similarly defined. 
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Figure 6. Plot of  29.4- and 11.9-~ lines having certain widths 
using the diagrams of Figures 2 and 3 for quantification of  
the mica/smectite interstratifications. Pus is probability that 
a smectite layer succeeds a mica layer given that the first layer 
is mica layer; PSM is similarly defined. 
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layer succeeds a mica layer given that the first layer is mica 
layer; Psu is similarly defined. 
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Figure 9. Diagram of equal d-value lines for 35.0-23.6-/~ reflection for quantification of mica/glycolated-smectite inter- 
stratifications. Pus is probability that a glycolated-smectite layer succeeds a mica layer given that the first layer is mica layer; 
Psu is similarly d~fined. 

Table 2. Calculated interstratitications of  some interstrati- 
fled structures having values of  PMs and Psr~ on the curve 
between B and C in Figure 6. 

d(O01) d(O02) 
PM Ps PMM PMS Psu Pss (A) (A) 

.75 .25 .67 .33 1 32.9 11.98 

.74 .26 .65 .35 1 0 31.55 12.0 

.73 .27 .63 .37 1 0 30.8 12.02 

.72 .28 .61 .39 1 0 30.1 12.07 
�9 71 .29 .59 .41 1 0 29.6 12.10 
�9 70 .30 .57 .43 1 0 29.3 12.14 
�9 69 .31 .55 .45 1 0 28.9 12.15 

PM: probability of  existence of mica layer. Ps: probability 
of existence of smectite layer. PMS: probability that a smectite 
layer succeeds a mica layer given that the first layer is mica 
layer. PMM, PSM, and Pss are similarly defined. 

M I C A / G L Y C O L A T E D - S M E C T I T E  
I N T E R S T R A T I F I C A T I O N S  

Because expandable  layers are c o m m o n l y  no t  uni-  
fo rm f rom sample  to sample,  X R D  intensit ies mus t  be 
calculated for interstrat if ied structures conta in ing a 
smect i te  Component  expanded  wi th  e thylene glycol. 
The  disadvantages  o f  using ethylene glycol are: (1) eth- 
ylene glycol is not  suitable for vermicul i te - type  com-  
plexes; and (2) it is difficult to read accurately the d-value  
o f  a reflection (13.0-16.0 ik) o f  interstrat if ied m i c a /  
glycolated-smect i tes  when  chlor i te  is present  in the  
specimen.  The  advantages  o f  using ethylene glycol 
complexes  are: (1) two- layer  complexes  are relat ively 
stable under  r o o m  condi t ions ;  and  (2) the intensi t ies  

https://doi.org/10.1346/CCMN.1985.0330502 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1985.0330502


386 Tomita and Takabashi Clays and Clay Minerals 

1.0 

0,9 

o 
13.6A 

0 
13.7A 

0,8 
13,8 

13.9 

0.7 

0.6 

0,5 

0.4 

0.3 

0.2 ,~ 

0.I 

\ 

14.0 

14.1 

14.2 
14.3 
14,4 

14.6 

14.8 

15.0 
15.2 
15,4 
15.6 
15,8 
16.0 
16.2 
16,4 

16.6 

16,8 

16.9 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0,9 1.0 

Pm_ 
Figure 10. Diagram of equal d-value lines for 16.9-11.5-/~ reflection for quantification of mica/giycolated-smectite inter- 
stratifications. Pus is probability that a glycolated-smectite layer succeeds a mica layer given that the first layer is mica layer; 
PsM is similarly d~fined. 

Table 3. Interstratification of the 29.4-A interstratified min- 
eral described by Sato et al. (1965). 

Present study Sato et al. (1965) 

P~ .73 .72 
Ps .27 .28 
PuM .63 .611 
P~s .37 .389 
PsM 1 1 
Pss 0 0 

PM: probability of existence of mica layer. Ps: probability 
of existence of smectite layer. PMs: probability that a smectite 
layer succeeds a mica layer given that the first layer is mica 
layer. PM~, PsM, and Pss are similarly defined. 

of second and higher order reflections are intensified. 
Three diagrams for interstratified mica/glycolated- 
smectites were constructed from the calculated data 
and are shown in Figures 9, 10, and 11, respectively. 
These diagrams were applied to glycolated specimens 
instead of the diagrams shown in Figures 2, 3, and 4, 
respectively, in the same manner  as mentioned above. 

CHLORITE/SMECTITE 
INTERSTRATIFICATIONS 

The calculation of intensities for various interstrat- 
ified structures of chlorite/smectite was based on the 
model shown in Figure 12. A smectite structure having 
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Figure l 1. Diagram of equal d-value lines for 5.66-5.08-,~ reflection for quantification of mica/glycolated-smectite inte r- 
stratifications. PMS is probability that a glycolated-smectite layer succeeds a mica layer given that the first layer is mica layer; 
PSM is similarly d~fined. 

ethylene glycol molecules in interlayers was used in the 
calculation. A value of  17 / l  for an ethylene glycol- 
smectite layer was used. The 16.6-17.2-/1 range found 
in natural smectites (Srodofi, 1980) was not  taken into 
account to simplify the calculations. XRD intensities 
were calculated for many possibilities by changing ex- 
isting probabili t ies and transit ion probabil i t ies for the 
chlorite and smectite layers. Three diagrams o f  equal 
d-value lines were constructed in the same way as for 
interstratified mica/smecti tes and are shown in Figures 
13, 14, and 15, respectively. Practical determinat ions 
of  layer sequences for chlorite/smectites using these 
diagrams are the same as ment ioned above. 

For  a glycolated interstratification of  chlorite/smec- 

tire having the 31.6- and 15.6-/k X R D  reflections re- 
ported by Sudo (1954), the interstratification o f  the 
specimen was determined as follows: point  A was de- 
termined as the intersection of  the 31.6- and 15.6-~ 
lines using the diagrams o f  Figures 13 and 14, as shown 
in Figure 16. From Figure 16 the following values were 
determined: Pc:Ps = 1:.935, i.e., .517:.483. According- 
ly, Pc:Ps = .52:.48, Pcs --- .935, Pcc = .065, Psc = 1, and 
Pss = 0, where Pc is the probabil i ty  o f  the existence of  
a chlorite layer, Ps is that of  a smectite layer, and Pcs 
is the probabi l i ty  that a smectite layer succeeds a chlo- 
rite layer, assuming that the first layer is chlorite. P c o  
Pso and Pss are similarly defined. 

For  chlorite/smectites not showing high d-spacings 
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Chlorite and glycolated-smectite models used in 
calculation of X-ray powder diffraction intensity. 
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Figure 14. Diagram of equal d-value lines for 16.8-14.5-,~ 
reflection for quantification ofchlorite/glycolated-smectite in- 
terstratifications. Pcs is probability that a glyc01ated-smectite 
layer succeeds a chlorite layer given that first layer is chlorite 
layer; Psc is similarly defined. 
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Figure 13. Diagram of equal d-value lines for 34.0-31.3-A 
reflection for quantification ofchlorite/glycolated-smectite in- 
terstratifications. Pcs is probability that a glycolated-smectite 
layer succeeds a chlorite layer given that the first layer is 
chlorite layer. 
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Figure 15. Diagram of equal d-value lines for 8.05-7.2-A 
reflection for quantification ofchlorite/glycolated-smectitein- 
terstratifications. Pcs is probability that a glycolated-smectite 
layer succeeds a chlorite layer given that the frst layer is 
chlorite layer; Psc is similarly defined. 
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Figure 16. Plot of 31.6- and 15.6-/~ lines using the diagrams 
of Figures 13 and 14 for quantification of the chlorite/gly- 
colated-smectite interstratifications. Pcs is probability that a 
glycolated-smectite layer succeeds a chlorite layer given that 
the first layer is chlorite layer; Psc is similarly defined. 

in their XRD patterns, interstratified structures can be 
determined by using the diagrams of Figures 14 and 
15. 

DISCUSSION 

The layer sequences of interstratified mica/smectite 
and chlorite/smectites were determined easily using the 
diagrams developed in this study. These diagrams are 
useful for the rapid quantifcat ion of layer sequences 
in many interstratified minerals. Differences in chem- 
ical compositions of elementary layers ofinterstratified 
minerals did not influence the determination of inter- 
stratification using these diagrams. Composition only 
affects the intensities of reflections and has no influence 
on the d-values of reflections. For interstratified mica/ 
smectite, however, the kind of cation in the interlayers 
of the expandable component may influence the d- 
spacing of the expandable layer. If  cations such as Na § 
and K § are dominant  in the interlayers of the expand- 
able component, the d-spacings of the expandable lay- 
ers are smaller than the d-spacing used in the calcu- 
lations in this paper. To quantify the interstratification 
of such minerals, they should be washed with a solution 
containing Ca 2+ or Mg 2§ before obtaining the XRD 
patterns. Two sets of diagrams for interstratified mica/ 
smectites have been developed: one for mica/smectites 
and the other for mica/glycolated-smectites. The ad- 
vantages of using ethylene glycol complexes are: (1) 
increased intensities of second- and higher-order re- 
flections; and (2) the relative stability of the two-layer 

complexes under room conditions. Ethylene glycol 
complexes are less suitable for specimens containing 
chlorite because it is not easy to read accurately the d- 
value of a reflection in the 13.0-16.0-/~ range for mica/ 
glycolated-smectites. For mica/smectites, the reflection 
near 3.30/~ is influenced by discrete illite; hence, treat- 
ment  with ethylene glycol is necessary. XRD intensities 
of interstratified structures were calculated using an N 
value of 20. If  crystallites are thin, the peaks will shift 
from their normal positions. If  it is still impossible to 
quantify the interstratification of such materials even 
after an ethylene glycol treatment, the sample must 
contain three or more kinds of layers, i.e., have a Rei- 
chweite value > 1 and layer spacings much different 
from the model. It  is impossible to determine the in- 
terstratification of such specimens using the present 
diagrams. Diagrams for such samples are in prepara- 
tion. The authors used a spacing of 15.4/k for smectite; 
however the spacing of smectite is not uniform from 
sample to sample and depends on relative humidity, 
the kinds of cation in interlayers, and differences in 
layer charges. A value of 17 ~ was used for the ethylene 
glycol-smectite layer as was used by previous workers, 
although Srodofi (1980) reported a range of 16.6-17.2 
/k for natural smectites. Some error may be expected 
because of this simplification as mentioned by Srodofi 
(1980). 
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