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AB ST R A C T :  It has frequently been suggested that there is more than 
one structural type of montmorillonite, and the investigations of Grim 
and Kulbicki have supported this concept. From the data given by 
these authors, thirty-six characteristics have been selected and the mont- 
morillonites compared using a multivariate analysis computer pro- 
gramme. The results do not support the hypothesis of two types of 
montmorillonite, but indicate a random distribution of the samples in 
an n-dimensional space. 

I N T R O D U C T I O N  

The generally accepted structure for montmorillonite is that suggested by  
Hofmann, Endell & Wilm (1933), and the alternative structure pro-  
posed by Edelman & Favejee (1940) has not been in favour (Grim, 1953; 
MacEwan, 1961). The difference between (he two structures is in the  
orientation of the silica tethrahedra which form the outer sheets of  the 
layer. According to Hofmann  et al. (1933) the apices of  these tetra- 
hedra are directed inwards so that the surface of  the clay ptatelet is a 
sheet of  oxygen atoms, whereas Edelman & Favejee (1940) believe that a 
certain number of  the silica tetrahedra are inverted with apical hydroxyl 
groups projecting from the clay surface. A full discussion of these 
concepts and their subsequent modifications is given by MacEwan 
(1961). 

A recent paper by Grim & Kulbicki (1961) has revived interest in this 
topic, for after an intensive investigation into forty montmorillonites 
they concluded that there were two different types conforming to the 
two different structures outlined above. The samples with the Hof-  
mann-Endell-Wilm structure they refer to as Wyoming type and the 
samples with inverted tetrahedra as Cheto type. This extensive in- 
vestigation has also drawn attention to papers which have suggested the 
existence of different types of  montmorillonite on fairly limited experi- 
mental data. 
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In 1954 Byrne investigated the X-ray and differential thermal analysis 
characteristics of  fifteen montmorillonites and he concluded that all 
montmorillonites are interstratifications; namely, that adjacent layers 
differ from one another in composition, structure or some other factor. 
Similarly, Beavers & Larsen (1953) have reported several discrete 
mobilities in electrophoresis, suggesting the presence of  different types 
of  particles, in what appeared to be a homogeneous clay. 

Of those publications which suggest that there may be more than one 
type of  montmorillonite the most disturbing is one by McAtee (1958) in 
which he suggests that Wyoming Bentonite, one of the best known 
montmorillonites, is a mixture of structures. The evidence for this 
conclusion was drawn from X-ray studies of  centrifuged fractions of  the 
clay. The heavier fractions of  the clay had calcium as the exchangeable 
ion whereas the lighter fractions were predominantly sodium clays. 
This is not surprising as it is known that calcium clays settle more 
readily than sodium clays, but it is difficult to explain why the ions are 
not randomly distributed throughout the clay. From this evidence 
McAtee (1958) inferred that the segregation of the two ions into different 
fractions of the clay was a consequence of underlying structural 
difference. 

The major evidence of Grim & Kulbicki (1961) for structural dif- 
ferences within montmorillonite came from the products formed during 
destructive heating, variations in the cation-exchange capacity and 
differences in the chemical constitution. 

The assessment of  this data is rather difficult, as in addition to the 
various interpretations which may be given to the same data, there is 
also the problem that the existence of  different types of  montmorillonite 
has been proposed from differing experimental data. Montmorillonite 
samples do differ in their properties, but these differences do not neces- 
sarily mean that there are two or more structural types of this clay 
mineral. It would be expected that if different structural types did 
occur, then the differences between them could be correlated, and the 
evidence given by the many authors would consequently form part of  
a much larger set of  data. 

The investigation of this type of  problem requires the measurement of  
many different properties on a large number of  samples, preferably by 
the same laboratory. It is then possible to analyse the results mathe- 
matically and determine, with little or no personal bias, whether the 
differences in the properties of the samples are correlated. The very 
comprehensive paper by Grim & Kulbicki (1961) has supplied the neces- 
sary data for such an analysis. 
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M E T H O D  

General theory 
The mathematical basis of  multivariate analysis is very simple; a 

table of  n rows of the samples and r columns of  their features is drawn 
up, and the scoring is + or - according to the presence or absence of  
the feature concerned. The first row is then compared with each 
successive row, counting the + +,  - - and + - combinations for each 
comparison. The numbers of  these combinations are then used to 
calculate a similarity index, which is usually expressed as a percentage, 
and which gives the percentage similarity between the two samples with 
respect to the features scored. Inevitably, when tables of  this magnitude 
are drawn up some data are missing, or cannot be scored for some other 
reason, and in these instances the feature is scored to indicate a null 
count, This procedure does not  detract f rom the analysis unless the 
proportion of  such scorings becomes unduly large. 

The work of  Sneath (1957, 1962) has led to the widespread use of  this 
technique in the biological sciences, and the literature on this topic is 
now fairly extensive (Kendall, 1958; Snea th& Sokal, 1962). 

Practical application 
The features used and the method of scoring may be seen in the data 

table in the Appendix. With unit features, such as the occurrence o f  
quartz as a high temperature phase, the scoring is simply - or - ac- 
cording to the presence or absence of  this material at high temperature, 
With the quantitative data such as the alumina content of  the clay or the 
cation-exchange capacity, the range is divided into classes, and a positive 
scoring given for each class up to and including the one in which the 
sample falls. 

Although the counting and calculation may be carried out in the 
laboratory this is extremely tedious and time consuming, and a more 
suitable method is to use a computer. For  this work a Ferranti Pegasus 
2 was used, and this was programmed to calculate the similarity co- 
efficient from the formula 

S ~  n++  
n + +  +n+_  +n__ 

Details of  other similarity coefficients which are sometimes used will be 
found in the literature referred to above. The results obtained were 
linearly grouped according to the S values and this grouping is shown in 
Table 1. Sample numbers 17-23 and 37-41 were omitted from this analy- 
sis because of  inadequate data or atypical samples. A two-dimensional 
plot of  the results was made using d=log21/S to convert the similarity 
values to the distances shown in Fig. 1. 
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TABLE 1. A linear arrangement of  the similarity values. 

16 
16 00 
34 84 
32 83 
35 76 
33 78 
30 62 
l l  68 
10 70 

9 71 
8 65 

13 65 
36 56 
15 61 
14 62 
12 80 
27 59 
26 72 
24 67 
31 57 
28 65 

3 48 
4 52 
6 55 

.29 57 
25  59 

2 44 
5 42 
7 50 
] 39 

34 32 35 33 30 11 10 9 8 13 36 15 14 12 27 26 24 31 28 3 4 6 29 25 2 5 7 I 

00 
85 00 
83 83 00 
58 83 83 00 
52 67 73 90 00 
57 75 75 89 89 
67 71 76 76 80 
76 62 70 70 65 
62 73 72 76 82 
62 64 78 78 81 
60 56 75 83 74 
58 47 71 74 73 
62 62 75 78 82 
76 65 68 62 65 
57 56 58 70 78 
68 79 71 75 68 
69 85 75 75 61 
62 71 62 76 77 
55 69 62 68 77 
46 54 60 61 54 
50 69 55 58 48 
52 77 65 76 71 
55 69 64 68 68 
57 71 62 70 68 
42 69 48 57 60 
41 62 48 54 58 
53 57 57 62 62 
38 59 45 56 62 

00 
88 00 
75 76 00 
89 74 71 00 
80 73 67 81 00 
76 67 64 75 87 00 
75 65 62 73 95 91 00 
80 74 64 62 00 83 91 00 
70 73 67 67 82 68 71 83 00 
70 68 67 68 70 71 65 71 71 00 
65 58 59 68 67 71 59 68 68 62 00 
69 65 58 61 65 58 56 61 65 58 86 00 
75 71 65 74 68 70 58 70 70 83 68 7 2 0 0  
67 67 58 67 68 56 50 70 70 83 76 75 82 00 
52 54 50 58 52 62 54 52 50 73 62 63 75 71 00 
50 52 43 53 56 55 52 55 55 69 63 75 71 75 86 00 
57 61 46 65 61 63 54 50 50 68 62 71 73 71 76 82 00 
59 57 57 61 61 65 64 61 59 81 79 80 80 89 80 85 75 00 
58 52 54 54 62 62 58 62 62 80 67 76 75 79 81 88 76 99 00 
44 41 47 47 48 48 45 48 48 72 65 75 74 78 77 84 73 90 91 00 
42 4 4 4 6  46 46 50 48 46 44 70 67 73 71 76 75 86 76 85 86 95 00 
54 47 50 50 47 57 50 47 47 69 67 69 77 75 90 91 57 91 77 91 00 00 
46 43 48 48 43 50 42 45 45 73 60 61 75 72 75 78 75 77 77 84 91 91 00 
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FIG. 1. A two-dimensional diagram of the similarity values. 
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D I S C U S S I O N  
If the clay samples examined formed a linear series the similarity values 
given in Table 1 should increase fairly regularly towards the diagonal 
line, where each sample plotted against itself must have a similarity 
value of  100~o. As Table 1 is the optimum linear arrangement which 
could be obtained, it is fairly obvious from the many similarity values 
which are out of  place, that the samples do not form a linear series. 
To some extent, however, the groupings suggested by Grim & Kulbicki 
(1961) have been maintained. The proposed Cheto types, samples 1-7, 
are together at the lower end of the Table with only samples 25 and 29 
interpolated in the middle of the group. The Wyoming samples 8-16 
are together towards the top of the Table except for sample 16 which is 
removed from the group as a whole. 

A more satisfactory evaluation of  the similarity values may be ob- 
tained using two dimensions as shown in Fig. 1. In this case the only 
difficulty arose with sample 16 which could not be fitted into the diagram 
whilst maintaining the correct distances between this sample and the 
others. Therefore this sample has been omitted. Again, the groups 
suggested by the original authors are present as shown by the dotted 
lines, but without prior knowledge of  these groupings there appears 
little justification for drawing boundary lines anywhere on the diagram. 

In the original paper, sample 29 was selected as an example of a 
mixture of  the two types and separated into two fractions by sedimenta- 
tion in a centrifuge. The coarse fraction was found to  have the char- 
acteristics of  the Cheto type, and the fine fraction the characteristics of  
the Wyoming type. In the two-dimensional diagram this sample almost 
falls within the confines of the Cheto group, but this might be explained 
if the characteristics exhibited by a mixture are dominated by those of  
the Cheto type. 

Reviewing the results as a whole it is rather unexpected that on this 
type of  analysis the similarity coefficients should extend down to 39%, 
with a fairly large proportion in the 40-60% region. This is emphasized 
by the comparatively small range in the chemical composition of  the 
samples included in this analysis; the silicon in the tetrahedral layer lies 
between 3-75 and 3.98, and the aluminium between 1.28 and 1.73 per 
half unit cell. It appears unlikely that such small changes in the chemi- 
cal composition of  the montmorillonites would effect such large changes 
in their characteristics, and the cause of this variation is to be sought 
elsewhere. Good evidence is given by Grim & Kulbicki (1961) for the 
inversion of some of  the silica tetrahedra in the Cheto type, but they do 
not rule out the possibility of  other structural types. This analysis is in 
broad agreement with these conclusions, but indicates that the variation 
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in the characteristics of these clays may be cont inuous  as indicated by 
the r andom scatter on the two-dimensional  diagram. A n  alternative 
suggestion is that  most  montmori l loni tes  are mixtures of  at least two 
structural  types in  varying proport ions,  bu t  such a conclusion would  add 
further confusion to an  already complex problem. 
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A. 

C. Chemical analysis 
(Content/half unit cell) 

A P P E N D I X  

Numerical key to features used in constructing data Table 

High temperature phases B. Peaks on differential thermal curve 
1. Quartz 7. 500-600~ (endo.) 
2. Beta Cristobalite 8. 600-700~ (exo.) 
3. Cordierite 9. 700-900~ (endo.) 
4. Felspar 10. 1000-1100~ (endo.) 
5. Mullite I1. 1200-1300~ (endo.) 
6. Enstatite 12. 1300-1400~ (exo.) 

D. Cation-exchange capacity 
Measured 

Si 13. 3-60-3.70 27. 80-95 
14. 3-71-3.79 28. 96-105 
15. 3.80-3-89 29. 105-120 
16. 3"90-4'0 30. 120-140 

A1 17. 1.10-1.30 
18. 1.31-1 "50 Measured--calculated theoretically 
19. 1.51-1.60 31.--20-0 
20. 1"61-2'00 32. 0-30 

Fe 21. 0.000-0-120 33. 30-50 
22. 0.121-0.220 
23. 0.220-0.500 E. Unit cell b-dimension 

Mg 24. 0-000-0.340 34. 8.940-9.600 
25. 0.341-1.000 35. 8.961-8-990 
26. 1-000-3-000 36. 8-991-9.050 
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Table of  

S a m p l e s  
1 

2 
3 
4 

5 
6 
7 
8 
9 

10 
t l  
12 
13 
14 
15 
1 6  
17 
1 8  

19 
2 0  
21  
2 2  
23  
2 4  
25  
2 6  
27 
28  
29  
3O 
31 
3 2  
33 
34  
35 
36  
37  
38  
39 
4 0  
41 

F e a t u r e s  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

+ + + +  
+ + +  
+ + +  
+ + +  
+ + +  
+ + +  
+ + +  

- -  + - -  _ _  

- -  + 

- -  + 

- -  + 

- -  + 

- -  + 

- -  + - -  _ _  

- -  + - -  _ _  

- -  + 

- -  + - -  _ _  

- -  ~ + - -  _ _  

- -  + - -  _ _  + 

- -  + + 

- -  + + 

- -  + - -  _ _  + 

- -  + + 

+ +  + 
+ + + - - +  
+ +  + 

+ + - -  + + + + + + + + 
+ + + + + + + + - -  + + 

+ + 0 0 0 + + + + + - -  
+ + + + + + + + ~ + + 

+ + 0 0 0 + + + - - + +  
+ + + 0 0 + + + + + +  
+ + + 0 0 0 0 0 0 + +  

+ - -  + + + - -  + - -  + + + + + + 
+ - -  + + + + + + + + + 

+ + + - -  + 0 + + + + + + 
+ + + 0 0 0 + + + + + +  
+ - -  + + + - -  + + + + + + 

+ - -  + + + 0 0 0  + + + - -  + + 
+ - -  + + + - -  + 0 + + + ~ + + 
+ - -  + + + + + + - -  + + 

+ + + 0 0 0 +  + +  
+ - - + + +  0 0 0 0 0 0  

+ + 0 0 0 0 0 0 0 0 0  
+ + 0 0 0 0 0 0 0 0 0  
+ + 0 0 0 0 0 0 0 0 0  
+ + - - + - - 0 0 0 0 0 0  
+ + 0 0 0 0 0 0 0 0 0  
+ + - - + - - 0 0 0 0 0 0  
+ + + 0 0 + + - - - - + +  
+ + + + + + + + - -  + + 
+ + _ _  + _ _  + + _ _  I + + 

- -  + + - -  + - -  + + + - -  + + + + + + + + 
- -  + + - -  + + + - -  + + + + + - -  + + 

+ + + - -  + + + 0 0 0  + + + - -  + + 
- -  + + - -  + + + - -  + 0 + + + + + + 
+ + + _ _  + I + + + _ _  + + + + + + + + 
§ + 
+ + 
+ + 
+ + 
+ + 
+ + + 

- -  + 

- -  + 

- -  + 

+ + + + + + 0 0 0 0 + +  
+ + + 0 0 0 + + + + + +  
+ - - + + + 0 0 0 +  + +  
+ + +  + + +  + +  
+ I + + + 0 + + + + + + 

+ + + + + - - + - -  
+ I + + +  + _ _  

+ - - + - - 0 0 0 0 0 0  
+ 0 + + + + 0 0  
+ +  + + + + 0 0  
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s c o r e d  d a t a .  

Samples 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 
17 
18 
19 
2 0  
21  
2 2  
23  
2 4  
2 5  
2 6  
27  
2 8  
2 9  
3 0  
31 
3 2  
3 3  
3 4  
35 
3 6  
37  
38 
39  
4 0  
41 

Features 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

+ + + - -  + + + + - -  + + + 
+ + + - - + + +  + +  + 
+ + + - -  + + + - -  - -  + + + + - -  
+ + + - -  + + + + ~ + + + + - -  
+ + + - -  + + + + - -  + + + 

+ + 0 0 0 + + - -  + + + + 0 0 0 + 
+ + + - - 0 0 0 0 0 0 0 0 0 0  

+ + +  + 
+ + + + - - +  
+ ~ + + - - +  
+ - - + + ~ +  
m - - + + + +  
+ - - + + + +  
~ + + + +  

+ + + +  
+ + + + - - +  

+ + + - - +  + + - -  
+ + - - +  
+ +  + + - -  

+ +  + 0 0 0  
+ +  + - - + + - -  
+ + + - - +  + + - -  
+ + + - - +  + + - -  
+ + + - - +  + + - -  
+ +  + - - + + - -  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

+ - - +  + + - - 0 0 0 0 0 0 0 0 0 0  
+ + - -  + + - -  + + + + + 0 0 0  

+ - - +  + + + +  + - - 0 0 0  
+ + - -  + + - -  + § + + - -  0 0 0  

+ - - +  + + - - + + +  + - - 0 0 0  
+ + + - - + + +  + - - 0 0 0  
+ + - -  + - -  - -  + + + - -  + 0 0 0  

+ - - +  + + - - + +  0 0 0 0 0 0  
+ + +  + 0 0 0 0 0 0 0 0 0 0  
+ - -  + + - -  + + + + - -  + + 
+ + + + - -  + + + - -  + + ~ 
+ + + + - -  + + + + - -  + + + ~ 

+ + + + + + + - -  + + + - -  

+ + + + + - - 0 0 0 0 0 0 0 + + +  
+ + + + + - -  + + + + + + 

0 0 0 0 0 0 0 0 +  + 0 0 0  
0 0 0 0 0 + + + +  0 0 0 0 0 0  
0 0 +  + + + 0 0 0 0 0 0 0 0 0 0  


