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Abstract-The nature of interstratification in mixed-layer illite-montmorillonites has been investigated 
by comparison of diffraction patterns of ethylene glycol and ethylene glycol monoethyl ether treated 
samples with calculated one-dimensional diffraction profiles. The calculated profiles take into account 
the effects of particle size distribution, chemical composition, and convolution factors as well as 
proportions of layers and interstratification type. On the basis of detailed matching of diffraction 
patterns of monomineralic illite-montmorillonites of known chemical composition it is concluded 
that there are three types of interstratification: (l) random, (2) allevardite-like ordering, and (3) super- 
lattice units consisting of three illite and one montmorillonite layers (IMII). By comparison of suites 
of calculated profiles with the diffraction patterns of many samples of illite-montmorillonites it is 
concluded that virtually all illite-montmorillonites with expandabilities from about 40 to 100 per cent 
are randomly interstratified (allevardite being exceptional); at <40 per cent montmorillonite layers 
they almost always have ordered interstratification. Allevardite-like ordering predominates in illite- 
montmorillonites which have ordered interstratification, with the IMII superlattice varieties confined 
to samples with about 10 per cent montmorillonite layers. 

INTRODUCTION 
THE EXISTENCE of mixed-layer clays has been 
known for several decades (Hendricks and Teller, 
1942) and the abundance and petrological impor- 
tance became obvious with the extensive work of 
Weaver  (1956). Any investigation of mixed-layer 
c l a y s - w h e t h e r  petrological or mineralogical in 
nature-hinges on the ability to interpret X-ray 
diffraction patterns of these structures. This ability 
is limited in part by such practical considerations 
as the complexity of many clay mineral assem- 
blages, but more fundamentally by a lack of 
knowledge by most investigators of the effects of 
such factors as manner of interlayering and 
particle size distribution on the X-ray diffraction 
patterns. 

Ordering involving a perfectly alternating 
sequence of two different layer types such as 
corrensite (Lippman, 1954) and allevardite 
(Brindley, 1956) can be recognized by an integral 
multiple series of (00l) reflections based on a large 
unit cell. These minerals, however, have a relatively 
limited distribution. By contrast, non-random 
interstratification involving a proportion of two 
types of layers different from l : l  is less easily 
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recognized, because it gives rise to a sequence of 
(00l) reflections that is non-integral and is often 
mistakenly assumed to be random. This type of 
ordering has also been recognized, but has usually 
been reported as a unique occurrence (BystrCm, 
1954; Sato, 1965) or without extension of the 
results to generalities (Hamilton, 1968; Maiklem 
and Campbell,  1965). Virtually every investigator 
has interpreted his diffraction patterns assuming 
random interstratification of the layers involved 
(e.g., Hower  and Mowatt,  1966; Weaver,  1956; 
Burst, 1969). 

From a petrological standpoint, the most 
interesting mixed-layer clays are undoubtedly 
il l i te-montmorillonites,  for they are ubiquitous, 
are the best known chemically, and show a 
mineralogical variation that responds  to pressure-  
temperature variations during diagenesis (Burst, 
1969; Velde, 1969; Perry and Hower,  1969). 
A considerable body of literature e x i s t s - m a i n l y  
by D. M. C. MacEwan and co -worke r s - t r ea t ing  
the theoretical aspects of the diffraction effects 
of mixed-layer clays including il l i te-montmoril-  
Ionite. In the writers '  experience existing treat- 
ments are of limited use to the main body of 
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workers in the field of mixed-layer clays because: 
(1) the diffraction patterns are calculated assuming 
only random interstratification (MacEwan, Ruiz 
Amil, and Brown, 1961; Ross, 1968), or (2) the 
diffraction effects are presented only in terms of 
the mixing function with migration curves for the 
peaks (Ruiz Amil, Garcia,  and MacEwan, 1967). 
As will be shown, use of migration curves without 
comparison with a realistic calculated diffraction 
pattern can lead to serious errors of interpretation. 

The object of this paper is to present the methods 
and results of one-dimensional diffraction profiles 
calculated by computer methods for examples of 
mixed-layer montmorillonite(glycol)-illite, and 
montmorillonite (ethylene glycol monoethyl 
ether)-illite. The calculations were performed by 
methods that are similar to those reported earlier 
(Reynolds, 1967), except that the original tech- 
niques for treating random interstratification 
were modified and extended to include conditions 
of nearest-neighbor and non-nearest-neighbor 
ordering. In addition, refinements were introduced 
into the calculated profiles to furnish a closer 
approach to real diffraction patterns. These 
refinements include: (1) a provision for a range 
of particle thicknesses rather than a single particle 
thickness, and (2) a controlled broadening function 
which is convolved upon the calculated pattern 
thereby simulating some of the effects of particle- 
size and instrumental broadening. 

The Dartmouth General  Electric time sharing 
computer system has made it possible to develop 
a rapid analog method for gaining information on 
clay structures. The ready availability of computer 
facilities, and the sophistication of the system, 
make it feasible for an investigator to use a reitera- 
tive system in which guesses are made concerning 
a clay structure, followed by a rapid evaluation of 
the consequences of such guesses. A numerical 
model of a clay structure can be rapidly modified 
to the point at which observed and calculated 
diffraction profiles are as similar as are two 
specimen runs from the same sample. At  this 
point, it may be assumed that no more information 
can be extracted from the diffraction pattern, and 
that the structures are known as well as they can 
be, given the errors in the X-ray analytical system 
and the calculating technique. 

Studies reported here demonstrate the power of 
this method and illustrate the types of ordering 
found in common occurrences of montmoril lonite-  
illite. Samples are described in which (a) the 
interstratification is random, (b) the structure is 
allevardite-like (Brindley, 1956), involving an 
il l i te-montmorillonite superlattice (IM), randomly 
interstratified with additional illite, and (c) the 
structure consists of an IMI I superlattice randomly 

interstratified with illite. This latter condition 
appears to be common in potash bentonites, or 
indeed, in any glycolated montmorillonite-illi te 
showing a strong diffraction maximum between 
10.8 and 11.2 3, in addition to one at 9.6-10.0 .A. As 
confirmatory evidence, it is shown that similar 
agreement between observed and calculated 
patterns is obtained from the same clay para- 
meters with the substitution of the interlamellar 
material ethylene glycol monoethyl ether into the 
clay by solvation, and into the simulated patterns 
by calculation. An appendix shows a series of 
calculated profiles for montmorillonite (glycol)- 
illite which demonstrates the effects of composition 
and ordering upon the diffraction profiles. The 
profiles in the appendix are readily applicable 
to the interpretation of X-ray diffraction patterns 
of mixed-layer i l l i te-montmorillonites and cover 
the range of types known to the authors. 

METHODS OF CALCULATION 
Treatment of non-random interstratification 

A modification of the MacEwan Fourier  Trans- 
form Method that incorporates the effects of 
interlamellar scattering has been described 
earlier (Reynolds, 1967). This method was used 
as reported for cases of random interstratification, 
but was used in two modifications to provide for 
the simulation of ordered structures. 

For  conditions of nearest-neighbor ordering, 
and for cases of N (the number of silicate skeletons 
per crystallite) up to 13, matrices of frequency 
coefficients were computed by a newly developed 
program. All montmorillonite-illite arrays are 
generated for N = 2 to N = 13. These are sorted 
out so that for any N, three categories are summed 
separately, i.e., those with an illite on each end, 
those with a montmorillonite(glycol) on each end, 
and those with an illite on one end and a mont- 
morillonite(glycol) on the other. The frequency of 
occurrence of each array in each set is computed 
by multiplying the frequency of the first inter- 
lamellar unit in a given array by the junction 
probabilities of all junctions in the array. The 
junction probabilities are defined, for the conditions 
of nearest-neighbor ordering, by (1) the proportion 
of illite or montmorillonite, and (2) one junction 
probability. The procedure is described by 
MacEwan (1958). Hence a typical matrix provides 
values for the summed frequencies of occurrence 
of all arrays that contain M montmorillonite units 
and 1 illite* units [M+1 < - ( N - l ) ]  with the 

*A montmorillonite unit is defined as a glycol-filled 
interlamellar space, and an illite unit is a collapsed 
interlamellar space occupied by potassium. 
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added stipulation that the only terms included in a 
given summation are those with specified ends. 
The three matrices of  frequency coefficients may 
be specified as 1-i M-M M-I Each value in P~,.m, PtI.m and Ptz,~n" 
each of the three matrices is multiplied by [ N - -  
( I + M ) ] ,  where I+M<= ( N - - I ) ,  in order to 
correct for end effects, and the final value gives 
the frequency of occurrence of a given spacing 
that is defined by the specified number of illite and 
montmorilionite units, viz, spacings with I-I  ends 
equal [ ( I - 1 ) . 1 0 A ] + ( M . 1 6 " 9 , ~ ) ,  those with 
M - M  ends equal ( I .  10,~) + [ (M- -  1) . 16.9,~], 
and those with I -M ends equal [ ( 1 - � 8 9  10,~] + 
[ (M--�89 16.9,~)] (see Reynolds, 1967, p. 664- 
665). The remainder of the calculation proceeds 
as in the case of random interstratification. 

A second modification of the random case 
computer program consists of the simple artifice 
of substituting the spacing of a superlattice unit 
into the calculation, together with its appropriate 
Fourier transform, in place of a single inter- 
lamellar position. Random statistics are used. Let 
P, equal the proportion of superlattice units (IM) 
consisting of a potassium layer, a silicate skeleton, 
and a double glycol layer, and let P, equal the 
proportion of illite not involved in the superlattice. 
P , +  P, = 1. A correction must be made to account 
for the fact that the hypothetical sample contains 
illite in two associations, in the superlattice, and 
as discrete layers. Hence, the proportion of illite 
in the sample, P~, is not equal to P,. The following 
relationship holds, where PM is the proportion of 
montmorillonite, and ~q is the number of silicate 
skeletons in the superlattice: 

Pe =- PM 
1 - - ~ .  PM" 

The proportion of illite, P I ,  is simply equal to 
1 - -  PM. 

The frequency coefficients are computed 
according to the principles of random statistics, 
i.e., P~----P,.~=Pe.~ and P,=P~.,=PL., (see 
MacEwan, 1961. p. 395). Note that P,.e does not 
mean the probability of occurrence of an ~s r pair. 
Rather, it denotes the probability of a ~: given 
a ~. The probability of occurrence of an ~s r pair, 
which may be written P,e is given by P,. P,.e 

The Fourier transform of the superlattice is 
calculated with respect to the center of the super- 
lattice. This position does not correspond to a 
center of symmetry on projection, therefore, the 
imaginary portion of the structure factor is not 
eliminated, and the Fourier transform of the super- 
lattice includes a sine summation as well as a cosine 
summation. The product of the complex structure 
factor and its complex conjugate is taken and this 

is multiplied by the mixing function that applied 
to ~-~ ends. For all other end pairs (see Reynolds, 
1967, p. 665) that involve the superlattice, one 
end is centrosymmetric and its sine summation 
equals zero, thus eliminating the complex portion 
of the superlattice transform. For these cases, the 
relevant atomic factor is simply the product of 
the cosine summations of the two appropriate 
transforms. 

This procedure is not rigorously correct. 
Individual hypothetical stacking arrays have 
different values of N, depending on the number 
of superlattice units involved. For example, in 
calculations of unordered structures, the number 
of silicate layers is one more than the number 
of interlamellar spaces. But in the case of the 
IMII  superlattice, each superlattice unit contains 
three silicate skeletons, thus in a given array 
N = (3-~) + , +  1, where ~ equals the number of 
superlattice and , equals the number of discrete 
illite units in a given array. The effective value of 
N for the calculation is larger than it would be 
for a condition of random interstratification of 
illite and montmorillonite interlamellar units and 
different arrays have different values of N even 
though ~ + ~ is constant. The consequences of these 
theoretical limitations were evaluated as described 
below. 

Calculations were compared, using this approach 
for allevardite-like ordering, with calculations 
made for the same structure but done "correctly", 
that is, by using non-random statistics. Differences 
between the two calculated patterns were minor, 
provided N was in the vicinity of 7 or above. 
The only detectable differences were (a) an 
increase in the amplitudes of background ripples, 
and (b) a decrease in the peak breadth, for patterns 
calculated by the superlattice modification. When 
a distribution of N values was used, the ripples 
were eliminated and the maxima were broadened 
somewhat. Only residual peak sharpness remained 
to distinguish the data computed using the super- 
lattice modification. The use of superlattice units, 
in conjunction with random statistics, represents 
a great saving in program complexity and computer 
time. In the case of complicated superlattice units 
(i.e., non-nearest-neighbor ordering), a "correct" 
solution, involving non-random statistics may 
present a problem of prohibitive mathematical 
complexity. 

Particle size range 
Calculations were made for a distribution of 

particle thickness by substituting for the last 
portion of the frequency coefficient [ N - -  (hA + ns) ] 
(Reynolds, 1967, p. 664), the term 

~uq( N) . (N- -  Vn). 
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where N > Vn (MacEwan, 1958, p. 66). N is the 
number of silicate layers, and q(N)  is the relative 
fraction of N layer crystallites in the hypothetical 
sample. Vn equals the number of interlamellar 
units of type A plus the number of units of type B. 
It is understood that for each term in the series, 
the number of interlamellar layers in the array (Vn) 
may not exceed a value that is one less than the 
number of silicate skeletons (N). 

Line broadening 
Calculated diffraction patterns were broadened 

by the application of the superposition theorem. 
There are many factors which contribute to peak 

breadth, arising from instrumental factors and the 
structural condition of the sample. An exact 
t reatment would have involved a process of 
successive convolution that applied each of these 
functions sequentially. Instead, the final form 
of  the breadth function was assumed to be gaussian, 
and this (Y = e -k~'~) function was applied to the 
calculated diffraction profiles. Breadth constants, 
k, were adjusted until a single value was found 
which gave good agreement between all calculated 
and all observed peak profiles for a given sample. 
The value for k was not varied with 20, even 
though particle size broadening is probably the 
most weighty portion of the broadening function 
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and is angle dependent. Over  the small range of 
0 ~ to 25~ the change in the breadth constant is 
insignificant for work of this accuracy. 

The convolution of a diffraction profile, by a 
gaussian function can be specified formally by 
(see Klug and Alexander,  1954, p. 246) 

120 = Z l ~ 0 + , )  �9 e - k ~ ' ~  �9 Ze, 

where 12o is the convolved intensity at some 
specific 20, ~ is a variable of the same units as 20, 
l('~e+,) is the unconvolved intensity at 2 0 + e ,  and 
k is the breadth constant. 

PROFILES CALCULATED TO FIT SPECIFIC 
NATURAL ILLITE-MONTMORILLONITES 

Materials 
X-ray diffraction patterns were prepared from 

five representative mixed-layer i l l i te-mont- 
morillonite clays. These clays, and the X-ray 
methods used have been described by Hower  
and Mowatt  (1966). 

Procedure 
Calculations of X-ray diffraction patterns shown 

on Figs. 1 and 2 are based on an invariant silicate 
skeleton (except for iron and potassium content) 

~ S 
Colorado Shale 

4 8 12 IG 

16.8 

d 

4 $ 

3.34 

, ~  , 2~770 2480 

24 28 32 38 
~ 

Fig. 1 (c). 

4O 44 411 
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E.~ 

3.35 

~2 16 2 0  2 4  211 3 2  

Fig. I(d). 
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2.0"72 
B 

. . - -  . , 
40 4.4 48 

Fig. I. Comparison of calculated diffraction profiles with X-ray patterns of ethylene glycol 
treated iUite-montmorillonites. Top curves are calculated profiles, lower curves diffraction 

patterns. 
(a) Kinnekulle A-2, 32% mont. layers, maximum IM ordering; (b) Two Medicine fm., 35% 
mont. layers, maximum IM ordering; (c) Colorado sh., 35% mont. layers, random with slight 

tendency to layer segregation (PM.u = 0"40); (d) Kinnekulle B-1, 60% mont. layers, random. 
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Fig. 2. Comparison of ethylene glycol threated Kalkberg bentonite with 10% mont. layer IMII  
supeflattice calculated profile. Top curve calculated, lower curve diffraction pattern. 

and glycol layer. Parameters for these units are 
given by Reynolds (1965), and are reiterated in 
Table 1. Iron and potassium contents were taken 
from analytical data (Hower and Mowatt, 1966). 
d(001) values for illite and montmorillonite(glycol) 
wereoaSSumed, respectively, to be 10.0A and 
16.9A. The approximate structure of ethylene 
glycol monoethyl ether (EGEE) adsorbed on 
montmorillonite (d(001)=15.98.A) is reported 
by Reynolds (1969). All calculated profiles were 
diminished in intensity below 7.8 ~ 20 by a function 
that simulated the effects of a one-degree beam 
slit in conjunction with a sample length of 4 cm. 
The random powder Lorentz-polarization factor 
was applied to all calculated profiles. 

Variables optimized by trial and error methods 

include (1) the proportion of expandable layers, 
(2) the ordering of expandable with respect to 
non-expandable layers, (3) the particle thickness 
distribution, and (4) the breadth constant for a 
gaussian convolution function. 

When good agreement had been obtained 
between observed and calculated intensities for 
the various samples of montmorillonite(glycol)- 
illite, the optimized variables were retained, 
(except for the breadth constant) and the simulated 
diffraction patterns were recalculated with the 
substitution of E G E E  in place of glycol. Samples 
of the clays were then centrifuged onto AI plates, 
solvated with EGEE,  and analyzed by X-ray 
diffraction methods for comparison with calculated 
montmorillonite (EGEE)-illite profiles. 

Table 1. Structural units assumed for illite and 
glycol-montmorillonite 

N umber Atomic Temperature 
Atom of coordinates factor B 
type atoms (,~) (A 2) 

/ ~  6 3.28 1 
Silicate 4 2-68 1 
skeleton 6 1-07 1 

t AI, Fe Specifiable 0 1 
AI+ Fe = 2 

lllite f 
interlamellar ~K Specifiable 0 1 

k space 
fCH~OH 1.7 2-33 11 Glycol 
/ 

interlamellar JCH,OH 1-7 1-38 11 
[H~6 1.2 0.51 11 space 
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RESULTS 
Calculated and observed diffraction patterns are 

shown on Figs. 1 and 2 for the Kalkberg, Kinne- 
kulle B, and Kinnekuile A-2 bentonites, and for 
the Two-Medicine and Colorado shales. On each 
figure, the upper trace represents the calculated 
profile. Vertical lines on each figure indicate the 
positions of the diffraction maxima on the observed 
traces. These lines were added so that the reader 
can observe any discrepancies between the 
observed and calculated spacings. Each line is 
labelled with a d value. Maxima on observed 
profiles that are not present on calculated profiles 
represent small amounts of other minerals present 
in the samples (e.g., a small amount of kaolin 
is present in Kinnekulle B-l ,  giving rise to small 
peaks at 12.3 and 24-8 degrees 20). 

Table 2 lists the parameters of each of these 
structures that were optimized by trial and error 
methods. Figure 3 shows observed and calculated 
patterns for the Kalkberg, Kinnekulle B, and 
Kinnekulle A bentonites in which ethylene glycol 
monoethyl  ether occupies the interlamellar 
positions in the expandable portions of the lattice. 

DISCUSSION OF PATTERNS 
Agreement between observed and calculated 

diffraction patterns is, for the glycol system, as 
close as could be expected between two specimen 
preparations from the same sample. The para- 
meters which describe each of the structures 
(Table 2) are therefore as reliable as can be 
derived from diffraction patterns of the quality 
of those shown. The agreement between observed 

Table 2. Parameters used to optimize illite-montmoriUonite structures 

Fraction Type of 
Sample expandable ordering 

Atoms Atoms N and Breadth Breadth 
Fe/2 octa K/Illite fraction constant constant 
positions unit N (Glycol) (EGEE) 

Kinnekulle 60 Random 
B - - l <  l/z 
Colorado 35 Slight tendency 
shale toward segregation 
<0-5/x of mont.. PM.M = 0'40 
Kinnekulle 32 Ordered; I M  
A-2 superlattice 

Two-medicine 35 Ordered; I M  
superlattice 

Kalkberg 10 Ordered; I M I I  
superlattice 

0.17 0.7 11(1) 2.45 

0.45 0.7 11(1) 2.30 

0-1 0.7 3(0-05) 2-70 
5(0-11) 

7(0.17) 
9(0.22) 

11 (0-28) 
13(0-17) 

0-37 0.7 7-19, equal 2.0 
fractions 

0 0-8 3-19, equal 3.5 
fractions 

2.0 

1.5 

2-5 

15.8 

4 8 12 16 2O 24 28 

"2O 

Fig. 3(a). 

Klnneku lie B- i  
EGEE 

32 36 40 44 48 

C.C.M. VoL 18No. I - C  
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1.985 

, ; ~ "  
I [ I / 

4 12 16 20 Z4 2 a  32 36 40  44 48  

"28 

Fig. 3(c). 
Fig. 3. Comparison of calculated diffraction profiles with X-ray patterns of ethylene glycol 
monoethyl ether treated illite-montmorillonites. Top curves are calculated, lower curves diffrac- 

tion patterns. Assumed interstratification as in Figs. 1 and 2. 
(a) Kinnekulle A-2; (b) Kinnekulle B-I; (c) Kalkberg bentonite. 

and calculated results for EGEE-solva ted  clays 
(Fig. 3) is good, although discrepancies are greater 
than those observed for glycol-solvated clays 
(Figs. 1 and 2). Discrepancies of  the order of 
0-2 ~ 20 are evident in calculated maxima at high 
angles, and calculated intensity in the vicinity of  

9 ~ 20 is higher than observed. The clays solvated 
with E G E E  show broader maxima than the ones 
treated with glycol. The broadening does not seem 
to be markedly angle dependent, hence a distribu- 
tion of slightly variable interlamellar (EGEE) 
spacings must be ruled out (analogous to strain 
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broadening in metals). Instrumental broadening 
should be similar for the glycol and E G E E  solvated 
clay patterns, and therefore is probably not 
responsible for the differences. A smaller coherent 
scattering domain size could account for this 
increased broadening. Perhaps some interlamellar 
areas either do not expand with EGEE,  or form 
structures that are disordered and random at small 
intervals. These comments are only speculations, 
and more work should be done on this problem. 
All of the discrepancies described above are minor, 
however, and in general, the E G E E  system 
confirms the essential validity of the parameters 
of Table 2. 

COMMENTS ON COMPUTER SIMULATED 
PROFILES 

As a consequence of the examination of the 
patterns shown here, as well as hundreds of other 
calculated profiles prepared by the writers, some 
of which are shown in the Appendix,  several 
observations should be made concerning the 
character of diffraction effects from interstratified 
montmorillonite(glycol)-illite. These are noted 
below. 

(1) Peak migration 
The analylical system of Meting (1949) suggests 

that, for random interstratification, mixed-layer 
maxima will appear intermediate to positions that 
would produce strong maxima from each of the 
primary phases involved in the interstratification. 
This principle is correct generally, but it is 
dangerous to apply indiscriminately. If  the two 
primary maxima are widely separated, as for 
example the montmorillonite(glycol) 001 (16-9 A) 
and the illite 001 (10.0A), then the 001/001 at 
16.9A is merely deminished in intensity as the 
proportion of illite is increased. Little or no 
migration occurs (see Reynolds, 1967). On the 
other hand, calculations for interstratified Mg- 
vermiculite-mica show an 001/001 migration that 
accompanies compositional changes because the 
separation between the two primary maxima 
(14.3 A and 10,~) is significantlY less. In patterns 
of montmorillonite(glyc91)-illite, therefore, a peak 
between 10.0 and 16.9/~ indicates the presence of 
ordering, for this maximum contains as a dominant 
component,  a higher order reflection from a 
superlattice. 

Whether or not intermediate d-values are 
obtained from 001/001 or other maxima depends 
on the magnitudes and phases of the Fourier  trans- 
forms of the layers (or superlattices) involved, the 
d-values for primary maxima, and the proportion 
of primary phases. The diffraction maxima are 
related to these factors in a sufficiently complex 

fashion so as to preclude an intuitive evaluation 
of expected diffraction effects. The predicted 
diffraction phenomena must be computed. 

(2) Particle size effects 
It has been shown (Reynolds, 1968; Ross, 

1968) that diffraction maxima may be displaced 
from their normal positions by the effects of very 
fine particle size. Given the general form of the 
Fourier  transform for most clays, these effects 
will be manifested most strongly in the region 
between 20 ~ 10 ~ and 20 ~ 7 ~ Hence it is recom- 
mended that when estimates of composiffon (pro- 
portion of 'primary types) are to be made from peak 
posit{on, higher angle maxima be used. Fo r  the 
system montmorillonite-(glycol)-illite, the maxi- 
mum between 16 and 18 ~ TO is most suitabIe, for it 
shows conventlonafly accepted migration charac- 
teristics and is only slightly affected by particle 
size effects. 

(3) Ordering 
The ordering of primary layers to produce 

superlattice arrays profoundly alters the diffrac- 
tion pattern, particularly at low angles, from the 
condition expected for random interstratification. 
As shown earlier in this work, ordering is common 
in montmorillonite-ill i te clays, and may involve 
non-nearest-neighbor effects (e.g., the Kalkberg). 
I t  is, in general, not possible to evaluate com- 
position accurately from diffraction patterns of 
ordered materials until the type of ordering has 
been deduced. By a happy coincidence, however. 
the spacing or me maximum between 16 and 
18 ~ 20 is almost identical, for a given composition, 
for cases of random interstratification and 
allevardite-like ordering. Hence it may be used 
to determine composition for the two most common 
types of interstratification found in the mont- 
morillonite(glycol)-illite system. The maximum 
in the vicinity of 9~ also gives similar results, 
but it is tar more sensitive to particle-size effects. 

Needless to say, these observations are difficu(t 
to apply to diffraction patterns from mixtures of 
clay minerals. For  such samples, a final judgment 
concerning the types of separate phases, and the 
nature of any interstratification must be based on a 
consideration of the entire diffraction pattern, 
preferably one that extends to 50 ~ 20. For  com- 
plex samples that produce useful maxima only at 
low diffraction angle, as for example many soil 
clays, even a qualitative estimate of composition 
may be impossible by X-ray methods alone. 

APPENDIX 
The calculated profiles shown in the Appendix 

demonstrate the effects of ordering and com- 
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position on diffraction profiles in the system 
montmorillonite(glycol)-illite. Patterns represent- 
ing random or nearest-neighbor ordering were 
computed according to the system described 
earlier (Reynolds, 1967) and amended in this 
paper. For  these, the structural units shown in 
Table 1 were used, and Fe  was taken as 0.15 and 
K as 0-7, except for the 0 and 10 per cent expand- 
able cases, in which K is 0.95 and the atomic 
coordinate for oxygen (surface of silicate skeleton) 
is increased to 3-30 A. All represent summations of 
7, 8, 9, 10, 11, 12, and 13 silicate layers per 
crystallite, in equal proportions, and all were 
convolved with a gaussian function in which 
k = 3-5. 

The three profiles for the I M I I  superlattice case 
were computed according to the superlattice 
modification described above, and utilize the 
parameters of Table 1. For  these, N is a summation 
between 3 and 19 in equal proportions, K is 0.8 
and F e =  0; these were also broadened by a 
guassian function in which k = 3.5. 

These calculated profiles are meant to be of 
general use in the interpretation of diffraction 
patterns of mixed-layer illite-montmorillonites. 
The range of expandability presented for each type 
of interstratification is greater tban the range 
known to the writers for natural materials. This 
greater range has been included so that the diffrac- 
tion patterns of ordered and randomly inter- 
stratified ill i te-montmorillonites of the same com- 
position can be compared. The sequences shown 
are: (1) random interstratification for 0, 10, 20, 
40, 60, 80 and 100 per cent 16.9 A layers (Fig. 4), 
(2) IM ordered (allevardite) interstratification for 
10, 20, 30, 40, 60, and 80 per cent 16-9,~ layers 
(Fig. 5) (3) "half ordered" IM (i.e., PxJ = 0.5 Pt) 
interstratification for 20, 40, 60, and 80 per cent 
16-9A layers (Fig. 6), and (4) IMI I  ordered 
interstratification for 5, 10, and 15 per cent 16.9,~ 
layers (Fig. 7). Table 3 presents data that can be 
used to construct migration curves for some of 

the more useful reflections. It must again be 
emphasized that although peak positions are 
necessary to the interpretation ot dlttractlon 
patterns of illRe-montmotiflomtes, the positions 
themselves are not generally sufficient. | he peak 
positions depend on partmle size distribution and 
ordering as well as the proportions of the layers 
involved. The da[a m Table 3 are theretore 
strictly valid only for the particle size distribution 
and degrees of ordering assumed in calculating 
the patterns. In addition, the reflections are often 
interfered with by other minerals present in the 
sample (particularly discrete illite) and peak 
positions must be determined with care. 

Figures 8 and 9 are diffraction patterns of i l l i te- 
montmorillonites covering the range of commonly 
occurring natural materials known to the writers. 
We have exlcuded the I M I I  superlattice type 
(cf. Fig. 2). Additional data concerning these 
samples is presented in Table 4. Except for the 
unique allevardite, virtually all i l l i te-montmoril- 
lonites with more than about 35-40 per cent 
montmorillonite layers are randomly interstratified. 
Samples A to D (with 100, 70, 50, and 40% 
montmorillonite layers) are of this type. We have 
observed a few samples of highly expandable 
il l i te-montmorillonites from bentonites that 
appear to be mixtures of randomly interstratified 
and IM ordered structures, but the results are not 
sufficiently clear to include. 

The diffraction pattern of sample D is a good 
example of the danger of using peak positions only 
to determine the proportions of layers. It contains 
enough discrete illite so that the (001)10/(002)17 is 
not resolved, merging with the 10 A peak. The 
(002)10/(003)17 is also seriously interfered with by 
the discrete illite (002). If one assumed the (002)i0/ 
(003)17 peak was single and determined its position 
by averaging, the result would be strongly biased 
toward too few montmorillonite layers. However,  
the low angle diffraction characteristics are distinc- 
tively those of a randomly interstratified il l i te- 

Table 3. Peak positions (CuK~) and d-values for some reflections of illite-(glycol)montmorillonite 

Per cent Randomly interstratified IM ordered 
expand- Refl. (001)1o/(002)17 (002)10/(003)~7 (001)ld(003)2r (005)27/(003)17 (002)27/(001)17or~0 

able Max. ordering 0.5 ordered 
20 d(,~) 20 d(A) 20 d(A) 20 d(A) 20 d(A) 20 d(A) 

0 8.68 10.18 17.65 5.02 8"68 10-18 17.65 5"02 
10 8.80 10.04 17-50 5.06 8-83 10.00 17.43 5"08 
20 8.92 9.91 17.19 5' 15 9"09 9"72 17.03 5"20 6"83 12-93 
30 9"36 9.44 16.79 5-29 6.75 13.08 
40 9.43 9.37 16.58 5.34 9.59 9 -22  16.60 5.34 6.62 13-34 
60 9-91 8.92 16-15 5.48 9-87 8"95 16-25 5.45 6-21 14.22 
80 10.17 8 -69  15.87 5-58 10'15 8.71 15-95 5"55 5'40 16-35 

100 10.40 8 -50  15-78 5-61 10.40 8'50 15-78 5.61 5-21 16-91 

6.55 13.52 
6.40 13-80 
5-90 14.97 
5.28 16-72 
5-21 16.91 
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Fig. 4(a). Calculated diffraction profiles assuming random interstratification of 
10 and 16-9 A layers. Fraction of montmorillonite layers are 1.0, 0-8, 0-6 and 0-4. 

[Facing page 34] 
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Fig. 4(b). Calculated diffraction profiles assuming random interstratification of 
10 and 16-9 ,~ layers. Fractions of montmorillonite layers are 0-2, 0.1 and 0. 
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Fig. 5(a). Calculated diffraction profiles assuming maximum allevardite-like (1M) 
ordered interstratification possible of 10 and 16.9,~ layers. Fractions of mont- 

morillonite layers are 0.8, 0-6 and 0.4. 
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Fig. 5(b). Calculated diffraction profiles assuming maximum allevardite-like (IM) 
ordered interstratification possible of 10 and 16.9A layers. Fractions of mont- 

morillonite layers are 0-3, 0-2 and 0-1. 
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Fig. 6. Calculated diffraction profiles assuming 0.5 maximum allevardite-like (1M) 
ordered interstratification possible of 10 and 16-9.A layers. Fractions of mont- 
morillonite layers are 0.8, 0.6, 0-4 and 0.2. For comparison with random and maximum 

ordered profiles. 
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Fig. 7. Calculated diffraction profiles assuming random interstratification of 
IMI I  superlattice units with / layers. Fractions of montmorillonite layers are 

0.15.0.10 and 0.05. 
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Fig. 8. Diffraction patterns of ethylene glycol treated samples of montmorillonite, and randomly interstratified 
illite-montmorillonites. Percentages of montmorillonite layers: A. 100, B. 70, C. 50, and D. 40. See Table 3 for 

additional information. 
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Fig. 9. Diffraction patterns of ethylene glycol treated samples ofillite and/M-ordered illite-montmorillonites. 
Percentages of montmorillonite layers: E. 35, <0-5 I M  ordered, F. 30, G. 20, H. 0 (illite). 
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THE N A T U R E  OF I N T E R L A Y E R I N G  

Table 4. Additional data for samples whose diffraction patterns are shown in Figs. 8 and 9 

35 

Occurrence Illite-mont. type Other Minerals 

Bentonite, Colorado sh., 100% mont. none 
Great Falls, Montana 
Mudstone, Two Medicine fm., small amount of kaolin 
Cut Bank, Montana 
Shale from Dakota SS., some kaolin, small 
Golden, Colorado amount of discrete illite 
Sundance fm., Thermopolis. some discrete illite 
Wyoming 
Mudstone, Two Medicine fm., some kaolin 
Choteau, Montana 
Mudstone, Two Medicine fm., none 
Bowman's Corner, Montana 
Mudstone, Two Medicine fm., none 
Wolf Creek, Montana 
Silver Hill fm., Jefferson none 
Canyon, Montana 

A 

B 

C 

D 

E 

F 

G 

H 

65-70% mont. randomly 
interstratified 
50% mont., randomly 
interstratified 
40% mont., randomly 
interstratified 
35-40% mont., probably 
<0.5 IM ordered 
35% mont., IM ordered 

20% mont., 1M ordered 

0% mont. 

montmori l loni te  with 40 per  cent expanded layers. 
Virtually all i l l i te-montmori l loni tes  with 

expandabil i t ies ~<35 per cent  are either I M  or 
I M I I  ordered,  with the latter type restr icted to 
5 - 1 0  per  cent  montmori l loni te  layers. Examples  
of  I M  ordered minerals are shown in Fig. 9 
(patterns E to H with 35-40 ,  35, 20, and 0 per cent 
montmori l loni te  layers) are of  this type. Only 
sample E,  with the highest expandabil i ty seems 
to have less than the maximum possible I M  
ordering. 

CONCLUSIONS 
X-ray diffraction patterns of  or iented specimens 

of  i l l i te-montmori l loni tes  can be precisely dupli- 
cated by calculated one-dimensional  diffraction 
profiles in which the variables particle size, 
chemical  composi t ion,  convolut ion factors,  
proport ions of  layers,  and manner  of  interlayering 
are treated. The  results indicate that i l l i te-mont-  
mori l loni tes  with expandabil i t ies  of  above 35 -40  
per  cent  are almost  always randomly interstratified 
and those of  lower expandabil i t ies have ordered  
interstratification of  either the al levardite ( IM 
superlatt ice) or  I M I I  type. Allevardi te- l ike 
ordering predominates ,  with the I M I I  superlat t ice 
type confined to samples with 5 - 1 0  per cent 
montmori l loni te  layers. 

Quite accurate  interpretat ion of  the proport ions 
of  layers and interlayering type in i l l i te-mont-  
moril lonites is possible when using both peak 
posit ion and compar ison  of  the low angle diffraction 
characteris t ics  with calculated profiles. 
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R6sumr-Des  recherches ont 6t6 effectures sur la nature de l'interstratification dans les illites- 
montmorillonites ~t feuillet interstratifirs, en les comparant aux rood/ties de diffraction du glycol 6thy- 
16ne et d'rchantillons traitrs/t r f ther  monorthyl de glycol 6thyl~ne avec des courbes de diffraction 5. 
une dimension. Les courbes calcuMes prennent en considrration les effets de la distribution de gran- 
deur de la particule, de la composition chimique et des facteurs de convolution de m~me que les rap- 
ports des feuillets et du type de stratification. Sur la base des comparaisons d&ailldes concernant les 
modrles de diffraction des illites-montmorillonites monomint~raliques appartenant b. une composition 
chimique connue, on en a conclu qu'il existe trois types d'interstratification; (1) au hasard, (2) un ordre 
de la forme allevardite (3) et des unitrs ayant un super r6seau comprenant des couches de trois illites 
et un montmorillonite (IMII). Par suite de la comparaison des srries de courbes calculres avec les 
modules de diffraction des nombreux 6chantillons d'illite-montmorillonites, on en a conclu que 
virtuellement tousles  illites-montmorillonites ayant des dilatations de l'ordre de 40-100 pour cent 
environ, sont interstratifirs au hasard II'allevardite 6tant l'exception): 5. moins de 40 pour cent, les 
feuillets de montmorillonites ont presque toujours une interstratification ordonre. L'ordre de la forme 
de l'allevardite est prrdominant dans les illistes-montmorillonites qui ont une interstratification 
ordonnre, avec les varirtrs du super r~seau IMII confinres 5. des 6chantillons ayant des feuillets de 
montmorillonite d'environ 10 pour cent. 
Kurzrefera t -Das  Wesen der Zwischenlagerung in gemischtschichtigen lllit-Montmorilloniten 
wurde untersucht durch Vergleich von Beugungsmustern yon mit )~thylenglykol und Athylenglykol- 
monoiithyl Ather behandelten Proben mit berechneten, eindimensionalen Beugungsprofilen. Die 
berechneten Profile beriicksichtigen die Wirkungen der Teilchengrrssenverteilung, der chemischen 
Zusammensetzung und der Zusammenrollungsfaktoren sowie die Proportionen der Schichten und 
den Zwischenlagerungstyp. Auf Grund einer detaillierten Anpassung yon Beugungsmustern mono- 
mineralischer lllit-Montmorillonite bekannter chemischer Zusammensetzung wird der Schluss 
gezogen, dass es drei Arten von Zwischenlagerung gibt, niimlich (1) zufallsm~issige, (2) allevardit- 
artige Ordnung und (3) Supragittereinheiten aus drei lllit und einem Montmorillonit bestehend 
(IMll). Durch Vergleich von Folgen berechneter Profile mit den Beugungsmustern verschiedener 
Proben yon lllit-Montmorilliniten wird festgestellt, dass beinahe alle lllit-Montmorillonite mit 
Ausdehnungsvermrgen von etwa 40 bis 100 Prozent aufallsmiissige Zwischenlagerung aufweisen 
(ausnahmsweise auch Allevardit); bei < 40 Prozent Montmorillonitschichten besteht fast immer 
geordnete Zwischenlagerung, In den lllit-Montmorilloniten mit geordneter Zwischenlagerung 
herrscht die allevarditartige Odnung vor, w~ihrend die IMll Supragitter Arten auf Proben mit etwa 
10 Prozent Montmorillonitschichten beschriinkt bleiben. 
Pe31oMe---XapaKrep ~epe~ioaai-infl c~oea B cMetuaarto-c.rlOfiUl, tX I, IJLrn, IT-MOHTMOpI, IYLrlOI-LVlTaX 6r, t.rl 
accne~xoaau n peaynbTaTe cpaanerma 2Xl, ldppaKIIHOHHblX KapTHH 06pa3t~oa, HacblnLeHnblX 3TIUleH- 
raaroneM H 3TttJIeH-FJII4KO.rlb-MOHO3THYI3qbttpOM, C BbltlI4CYleaHI~IMn O~HOMepablMa 2IHqbpaKILr~IOa- 
ablMlt npodprln~ircm. Hpa ahl,mcnenaa npoqbHaei~ 6bl2IIl rlprIHSTl~I nO B n n M a a n e  aOd~leKTbl pacrlpe- 
aeaearm pa3MepOB ,tacTnu, XIIMI4tfeCKOFO COCTaBa, ~baKTopoB cBepTKI1, a TaK~Ke OTHOCllTe.rIbHbIe 
KOJIHtleCTBa 14 THH sepezoaanna CJIOeB. B pe3yJibTaTe TH.laTe~IbHOrO no)x6opa coraacyromnxca 
c TeOpeTntleCKl'IMI4 KpHBblMH ,//H~paKIII, IOHHblX KapTnH MOHOMHHepa.rlbHbIX H.rl.rII, IT-MOHTMOpH.rI - 
.IIOHnTOB C H3BeCTHblM XHMntleCKHM COCTaBOM, c21e.rlaH BlaIBO~ O Ha.rn, lqH,q Tpex THnOB tlepe~oBa.nI~fl 
caoeB: 1) 6ecnop~ao,a~aoro, 2) aaeaap~tnToaoro ynop~!osenna n 3) c o6pa3oBan~IeM caepxcTpy 
KTypHs~X a~IeMeHroa, COCTOnmax ~i3 Tpex nan,TOm, IX n oanoro MOHTMOprinzOrmTOBOrO caoea 
(HMHH). Hpn conocTaBJienHn nr.l,mcneHnI.~x npoqbnne~ nHTencm3nocTH c /IrlqbpaKIlHOHnbIM~l 
K a p T a n a M n  MHOFnX o6pa311OB HJIJIHT-MOHTMOpHnJIOHI,ITOB ycTanoB.rIeHO, qTO qbaKTI, ItlecKI, I Bce 
HJIJIHT-MOHTMOpH~qOHHTbl C pa36yxaeMOCTblO npHMepHo OT 40 no 100~ ,qB,rI$11OTC~I 6eCnopl~t~O'-/ao 
cMemaHHO-- CYIO~HbIMB (3a ~lC~nlOqeHHeM aJ~eBapJIHTa), npri MeHee 40~/o MOHTMOpI'I.rLrlOHHTOBblX 
cnoeB HOtITH Bcer~a ~IMeeT MeCTO ynopn~ioqeHHoe qepe~loBaHHe c~oeB. A~eBap2IHTOBOe ynopz~o- 
qert~te npeor~a~aeT B H~I, tToMOHTMOpH.rl,rlOHitTaX C yrtop~,~o'teHHhlM ~epeaoBaHneM c~oea, Tor21a 
~aK caepxcTpyKTypHI, te pa3HoBI, HIHOCTR FIMI/II4 BO3MOX~HbI JIHmb B o6pasttax, coneprranmx 
npHrn~I3~ITeY~bHO 109/o MOHTMOpI, IJI31OHHTOBblX CY[OeB. 
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