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Abstract-The thickness of the two-layer ethylene glycol complex of dioctahedral smectites varies under 
ro~m conditions ?etween.l?3 and 16.5 A because of such factors as layer charge density, type ofinterlayer 
c~tlOn, .and re!atIv~ humIdIty. Ne~lecting this variability can give up to 30% error in the X-ray powder 
dIffractIOn estlmatton of the smecttte:illite ratio of the mixed-layer structures, Three methods have been 
~evelo~ed for the interpre.tation ,;>f ~-.ra>: powder diffraction patterns of glycolated mixed-layer illite/smec­
tIte whIch take layer-~pacmg va':l~blhty mto account. The methods include a technique for quantifying the 
degree of layer ordenng, In addItIOn, the proposed techniques minimize the error due to the influence of 
domain size on. positions of reflections. The experimental error can be kept below 5% or below 1% smectite 
layers, dependmg on the method applied, provided that the peak positions are measured with the accuracy 
of :!: 0.02°21:1. 
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INTRODUCTION 

Illite-smectite interstratifications are the most com­
mon clay components of sedimentary rocks and are the 
most sensitive clay indicators of the degree of diagen­
esis and low-grade metamorphism, Because of their 
extremely small grain size, illite/smectite interstratifi­
cations are easy to concentrate and separate by sedi­
mentation, For these reasons, most clay diagenesis 
studies concentrate on these minerals (see Dunoyer de 
Segon~ac, 1970; Perry and Hower, 1970; Hower et ai" 
1976; Srodori, 1979). 

X-ray power diffraction (XRD) identification of 
smectites and mixed-layer clays containing a smectitic 
component is based on the expansion of these clays 
with ethylene glycol and glycerol, as proposed by 
MacEwan and Bradley (see Brindley, 1966), The ad­
vantages of using ethylene glycol or glycerol com­
plexes, as compared with water complexes are: (1) in­
creased intensities of second and higher order 
reflections; and (2) development, under room condi­
tions, of relatively stable, two-layer complexes by all 
varieties of dioctahedral smectite if ethylene glycol is 
used (Brindley, 1966; Theng, 1974), Glycerol seems to 
be less suitable for identifying illite/smectites because 
some beidellites (Harward and Brindley, 1965; Har­
ward et ai" 1969) and some K-, Rb-, Cs-, or NH4-mont­
morillonites (Brindley, 1966) form a one-layer, i.e., a 
vermiculite-type complex. 

Pure smectite can be distinguished from mixed-layer 
clays by the presence of a regular sequence of the ooe 
XRD reflections. Minor and systematic deviations from 
regularity, i.e., displacements toward lower angles in-
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creasing for low-angle reflections, are caused by small 
domain l size (Reynolds, 1968; Ross, 1968). 

Non-systematic deviations from regularity of basal 
reflections are characteristic of mixed-layer clays. 
These minerals are usually identified by comparison of 
positions of mixed reflections with computed theoret­
ical XRD patterns. These positions are influenced by 
the proportion of the component layers, the type and 
degree of ordering, the domain thickness (Reynolds and 
Hower, 1970), and the thickness of the ethylene glycol 
interlayers, as will be shown below. 

The effect of the last factor seems to be underesti­
mated by the authors of identification methods, all of 
whom have assumed a single fixed value for the thick­
ness of a double layer smectite-ethylene glycol com­
plex: 16.9 A (Reynolds and Hower, 1970); 17 A (Tet­
tenhorst and Grim, 1975); and 16.86 A (Drits and 
Sakharov, 1976). The difference between 17 A and 
16.86 A is large enough to account for 15-20% error in 
estimation of the component ratio of illite/smectite in­
terstratifications if a wrong value of the complex thick­
ness is chosen (e.g., see the data of Reynolds and How­
er, 1970, Table 3). The purpose ofthe present study was 
to investigate the ethylene glycol complex thickness 
among expanding clays and to devise XRD methods of 

1 The term "domain" denotes the volume of a structure 
which scatters X-rays coherently. The term "crystallite size" 
is a less rigorous term most often used to indicate this prop­
erty. The domain size is less than or equal to the crystallite 
size. The relation of this entity to physically separable clay 
particles is not yet clear. 
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identification of mixed-layer days based upon the vari­
ation of their ethylene glycol complex thickness. 

ANALYTICAL TECHNIQUES 

The < I-JLm and <0.2-JLm fractions of37 natural days 
as well as II synthetic smectites were used in this 
study. All chemical pretreatments (interlayer cation 
exchange, acetate buffer reaction) were performed fol­
lowing Jackson's (1974) procedures. Oriented prepa­
rations were produced by pipetting a day slurry, dis­
persed by ultrasonic treatment, onto a glass slide, or by 
centrifuging a slurry onto a ceramic tile (Kinter and 
Diamond, 1956). Clays were solvated with ethylene 
glycol by pressing the dry preparation upside down 
against absorbent paper wetted with ethylene glycol 
and allowing the composite to remain overnight in this 
position. Excess ethylene glycol was removed just be­
fore recording the XRD pattern by pressing the prep­
aration against dry absorbent paper. This technique 
assured the complete solvation of the clay film, which, 
in most cases, was achieved in an about one hour and 
left enough surplus liquid to prevent the evaporation of 
ethylene glycol from the interlayer space during the re­
cording of the pattern. From the present author's ex­
perience, the loss of inter layer ethylene glycol happens 
fairly readily if a glass slide preparation is solvated by 
the ethylene glycol vapor method, as suggested by 
Kunze (1955). On the other hand, excess ethylene gly­
col, which gives a broad, diffuse band in the XRD pat­
tern, is easily removed, and curling of the day film is 
prevented. Curling can take place if a glass slide prep­
aration is solvated by diffusion of drops of ethylene gly­
col placed at the edges. 

XRD patterns were recorded from 50° to 2OZ(J using 
Ni-filtered CuKa radiation. Slits were selected so that 
the X-ray beam divergence was less than the sample 
length, as low as 2°2(J. Most of the data were obtained 
using a strip chart recorder. Goniometer and chart 
speeds, respectively, were: 1°!min and 720 mmlhr, or 
O.4°!min and 12 inchlhr. 

The most accurate data were collected automatically 
by step-scanning at 0.01°2(J intervals and using a IO-sec 
counting time. The reflections of illite!smectites have 
broad maxima, 0.15-0.3002(J in width. The center of a 
plateau like maximum was assumed to be the reflection 
position. The goniometer was aligned precisely to min­
imize instrumental error. In the 28 range examined the 
correction was 0.00°, as checked with powdered 
quartz. 

Experimental patterns were compared with theoret­
ical ones which were produced by a computer program 
for simulation of the (OOt) diffraction profiles of illite! 
smectites , as developed by Reynolds and Hower 
(1970), and' modified further by R. C. Reynolds (per­
sonal communication). The variations in thickness of 

the ethylene glycol complexes were simulated by 
changing d(ool) of the smectite layers; Z coordinates 
of ethylene glycol and water molecules, however, were 
left untouched. This simplification gives slightly incor­
rect values of the peak intensities, but does not affect 
the peak spacings. The program was slightly modified 
to search for local maxima of the diffraction function 
and to list their positions with an accuracy of 0.0102(J. 

VARIATION OF SMECTITE-GLYCOL 
COMPLEX THICKNESS 

Figure I shows three obviously different patterns of 
natural smectites. The differences are in the relative 
peak intensities, the peak positions and breadths, and 
the height ratio of the low-angle "valley" to the 001 
peak. The peak positions, Wyoming (17.00 A), Cheto 
(16.92 A), and Garfield (16.65 A), suggest that the sam­
ples are pure smectites with different ethylene glycol 
complex thicknesses, judging from the high-angle re­
flections whose positions are not significantly affected 
by the Lorentz and polarization factors . Different 
broadening of the reflections and different valley:peak 
ratios seem to reflect different domain-thickness dis­
tribution, but some mixed layering in the Cheto sample 
may be present because mixed layering also produces 
the reflection broadening and increased valley: peak ra­
tio (Reynolds and Hower, 1970, Figure 4a). The posi­
tions of the 003 and 005 reflections , which are strong 
and only slightly influenced by domain size (Reynolds 
and Hower, 1970), were used to darify this problem. 
Figure 2 presents a plot of 2(J(003) vs. 29(005), ex­
pressed in °2(J CuKa, made by hand for an infinite do­
main size and by computer for two even distributions 
of the domain size (1-8 and 1-14 layers per domain). 
These numbers limit the range of the domain size most 
common among natural smectites (Srodon, in prepa­
ration). Also plotted in this figure is an example of a 
10% illite, randomly interstratified mixed-layer illite! 
smectite with domain sizes varying from I to 14 layers. 
The mixed layering moves the projection point above 
the positions of pure smectites. 

The 2(J(003) vs. 29(005) spacings of the investigated 
natural dioctahedral smectites plot essentially within 
the theoretical lines , proving that the observed vari­
ability of peak positions is due mainly to variable thick­
ness of the clay-ethylene glycol complex (17.15-16.65 
A), and not to domain thickness or mixed layering. 
Also , the studied synthetic materials , montmorillonites 
and beidellites of variable chemical composition (Fig­
ure 3), show a broad range of thicknesses for the c1ay­
ethylene glycol complex (17.3-16.8 A). 

The data show that the variation of the thickness of 
the two-layer ethylene glycol complex of dioctahedral 
smectites is at least as large as 16.9 ± 0.3 A and indicate 
that such variation must be taken into account by any 
XRD method of identification of mixed-layer minerals . 
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Figure I. Examples of X-ray powder diffraction patterns of 
glycolated smectites. 28 values for CuKa radiation are listed 
by important peaks. 28 values of Oot reflections of the Cheto 
and Garfield samples are regularly shifted with respect to Wy­
oming, suggesting smaller ethylene glycol-smectite complex 
thickness. 

IDENTIFICATION PLOTS 

The recommended method of Reynolds and Hower 
(1970) for the determination of illite/smectite ratio in a 
mixed-layer mineral involves the determination of the 
position of a single combined reflection (they suggested 
using the reflection which migrates from 15.7 to 17.7°2() 
for CuKa) after having taken into account the type and 
degree of any ordered interlayering. Using this reflec­
tion avoids most, but not all, ofthe error caused by peak 
shift due to small domain size. As has been shown in 
the previous section, it is generally necessary also to 
include a determination of the layer spacing of the gly­
colated smectite to obtain accurate illite/smectite ra­
tios. To do this, one must determine an additional peak 
position because there is an additional variable. Before 
proceeding with the three recommended methods the 
factors that caused variations in peak shape, breadth, 
and position in the XRD patterns of illite/smectite 
should be noted: Peak positions vary with changes in 
illite:smectite ratio, domain size, type and perfection 
of any ordered interlayering, and thickness of the eth­
ylene glycol-smectite complex. 

The methods will be described in order of preference. 
The preferred method avoids any significant error 
caused by domain size by using peak positions at high 
diffraction angles. These peaks are relatively weak, 
however, and may not be measurable for some sam­
ples. In addition, the reflections merge at high illite con­
tent, and the preferred method cannot be used. In those 
cases it is recommended that the second or third meth­
od be used. 

M o 
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Figure 2. Plot of °28(003) vs. °28(005) for variable ethylene 
glycol-smectite thickness. The three lines represent an infinite 
number, 1-14, and I-Slayers/domain. The calculated position 
of a 10/90 is plotted to show the effect of mixed layering. I == 
Garfield, Washington, Ward's Natural Science Establish­
ment; 2 == Uruguay, Ralph Grim collection; 3 == Polkville, 
Mississippi, Ward's Natural Science Establishment; 4 == No. 
30, Ralph Grim collection; 5 == Chmielnik, Poland; 6 == EU-
3-75, Wisconsin, Ralph Grim collection; 7 == Black Jack Mine, 
Idaho, Smithsonian Collection; S == Otay, California, Ward's 
Natural Science Establishment; 9 = hectorite, Hector, Cali­
fornia, SHCa-l, CMS Source Clays Repository; 10 = Pia­
seczno, Poland; 11 == Cheto, Arizona, SAz-I, CMS Source 
Clays Repository; 12 = Milos, Greece, Ralph Grim collec­
tion; 13 == saponite, Riddle, Oregon; 14 == Montmorillon, 
France, Ralph Grim collection; 15 = Wi§lica, Poland; 16 == 
No. 222, Ralph Grim collection; 17 == Mach6w, Poland; IS = 
Gacki, Poland; 19 == Crook County, Wyoming, SWv-1. CMS 
Source Clays Repository; 20 == Umiat, Alaska. 

Method I 

The difference in 2() of the two reflections in the re­
gion 42°_48°2() (CuKa) is an accurate measure of the 
illite/smectite ratio. This difference (defined here as 
Ildz) is essentially independent of domain size and is 
only slightly affected by the ethylene glycol-smectite 
layer thickness (Figure 4). The relationship between 
percent smectite layers and 1l2(), as shown in Figure 5A, 
can be seen to depend significantly on the nature of the 
interlayering and, for highly expandable, randomly in­
terstratified samples, on the spacing of the ethylene gly­
col-smectite complex. Illite/smectite exhibiting or­
dered interlayering is not significantly affected by the 
thickness of the ethylene glycol-smectite layer. To de­
termine the illite:smectite ratio accurately, one must 
take into account the type and perfection of any ordered 
interlayering and, of somewhat lesser importance, the 
spacing ofthe glycolated smectite layers. The migration 
curves for the reflection between 42° and 45°2(), shown 
in Figure 5B, can be used to select the correct thickness 
of the ethylene glycol complex. A complete analysis 
requires an inspection of the XRD pattern to see if the 
interstratification is ordered or random. Ifno reflection 
occurs between 5.3° and 8.7°2() (CuKa), the interstrat­
ification is random. 
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Figure 3. Projection of synthetic, glycolated, dioctahedral 
montmorillonites and beidellites onto 003 vs. 005 plot. Open 
circles = Mg-minerals; solid circles = K-minerals. 

Random interstratijication. Figure 5 can now be used 
to determine both the illite: smectite ratio and the thick­
ness of the ethylene glycol complex by an iterative ap­
proach. A given ~d2 value will give a range of smectite 
content, depending on the thickness of the ethylene 
glycol complex. This range of smectite content, along 
with the position of the 42°-45"28 migrating peak, will 
yield a preliminary value for the thickness of the eth­
ylene glycol complex from the curves in Figure 5B. This 
value can then be used to refine the determination of 
smectite content. A few iterations of these determina­
tions will yield a unique value for both variables. 

Example: Sample Sr-2M3 (Table 1) 

Positions of Reflections 

5.22° 10,25° 15.88° 26.46° 43.13° 48.29° 

~d2 = 5.16° 

The lack of a reflection between 5.3° and 8.7°28 
shows that the interstratification is random. The ~d2 
value of 5.16°28 yields a range of 73% to 83% smectite 
from Figure 5A. This range is now translated to Figure 
5B and, along with the position of the reflection at 
43.13°28, the result narrowly defines the thickenss of 
the ethylene glycol complex as 16.86-16.90 A. A return 
to Figure 5A, using this range, allows a final determi­
nation of 79% smectite. 

Ordered interstratijication. If a reflection occurs be­
tween 5.3° and 8.7°28 in the diffraction pattern of an 
ethylene glycol-solvated illite/smectite, the interstrati­
fication is ordered to some degree. A preliminary value 
for percent smectite is then determined from the "or­
dered" (IS) curve in Figure 5A. The degree of perfec­
tion of ordering can now be estimated from the differ­
ence in 28 between the reflections that occur from 5.2° 
to 8.2°28 (CuKa) and from 8.8° to 10.4°28 (see Figure 
4). This difference is defined as ~dl and its relationship 
to the I/S ratio and perfection of ordering is shown in 
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Figure 4. Calculated X-ray powder diffraction profiles illus­
trating the identification procedures for illite/smectite. 20 val­
ues for CuKa radiation are listed by important peaks. The ex­
amples shown are all 49% smectite with variable perfection of 
IS ordering. The factors varied in calculating the patterns are: 
(a) domain size (\-8 or 1-14 layers), (b) ethylene glycol-smec­
tite complex layer thickness (\6.6 or 16.9 A), and (c) perfection 
of IS ordering (maximum or l-2 maximum) . ~dl and ~d2 are 
~28 values used for the determination of degree of ordering 
and composition of the illite/smectite, respectively. 

Figure 6_ 2 The preliminary value for percent smectite 
layers is then used in Figure 6 to estimate the degree of 
perfection of the ordered interlayering. If the interstrat­
ification is perfectly ordered, the initial estimate is cor­
rect. If it is not perfect, the percent smectite values are 
picked from both the ordered and the random curves 
of Figure 5A, and the final value is determined by in­
terpolation. 

The above procedure is important in the composi­
tional range 60-30% smectite. For more illitic minerals 
the error in the percent smectite determination is not 
significantly affected by degree or type of ordering. 

Example: Sample Sr-1M6 (Table I) 

Positions of Reflections 

6.44° 9.73° 16.51° 26.57° 44.00° 47.20° 

~dl = 9.73° - 6.44° = 3.29° 
~d2 = 47.20° - 44.00° = 3.20° 

2 If the ~dl point falls to the left of the "IS maximum 
ordered" curve, the illite/smectite is ISII ordered . 
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Figure 5. The plot for measuring the smectite:illite ratio, based on the angular distance ~d2 between reflections in 42°-48% 
region. The reflection between 42° and 45% is used to select the proper thickness of the ethylene glycol complex for smectite­
dominated compositions. Dashed parts of the curves represent the composition range beyond which Ll.d, cannot be measured 
because of merging of analytical reflections . 

First, it can be noted that a reflection occurs between 
S.2° and 8.7°20 (at 6.44°20), therefore the sample is or­
dered to some extent. An initial percent smectite is then 
determined using the "IS" curve in Figure SA, yielding 
a value of 41% smectite. Using this value the degree of 
ordering can now be determined from Figure 6. ~dl = 

3.29°, and 41% smectite yields a value close to Y2 or­
dered (see Reynolds and Hower, 1970, for a discussion 
of degree of ordering) . A return to Figure SA allows a 
value of 43% smectite to be determined for ~d2 = 3.20 
and random interstratification. Interpolation half way 
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Figure 6. The plot for estimation of the degree of ordering 
using the initial value of percent smectite obtained using plots 
in Figures 5, 7, or 8 and the angular distance Ll.d, between the 
reflections in the range 10-5%. The variations in ~d, as af­
fected by the thickness of the ethylene glycol-smectite com­
plex and domain size differences are shown for maximum IS 
ordering to illustrate their influence. All other curves were 
calculated assuming 1-14 layer domain size and 16.9-,\ eth­
ylene glycol-smectite complex thickness. 

between the IS ordered and IS random results in a final 
value of 42% smectite layers. 

The thickness of the ethylene glycol complex layer 
can now be determined from Figure SB as approxi­
mately 16.8 A based on the peak spacing at 44.00°20 and 
the percent smectite of 42%. 

Method Il 

This method uses, for most of the compositional 
range, the stronger of the two reflections between 42° 
and 48°28 (the 42°-4s020 migration peak) and the strong 
reflection that migrates from about 26° to 27°20. The 
determination is slightly affected by domain size and 
strongly affected by the manner of interstratification 
and the ethylene glycol-smectite layer thickness. Fig­
ure 7 shows the migration curves for these reflections, 
calculated for 1-8 layers for the randomly and ordered 
interstratified cases, and for ethylene glycol-smectite 
layer thicknesses of 16.6, 16.9, and 17.2 A. The figure 
also includes points of the migration curve for domains 
of 1-14 layers and an ethylene glycol-smectite layer 
thickness of 16.9 A. It can be seen from these points 
that the domain size effect is apparent, but minor. Fig­
ure 7 includes an additional curve at low smectite con­
tents for the 17 .2-A, ethylene glycol-smectite complex, 
using the peak that migrates from 45 to 48°20. The 
change to using this peak is caused by the fact that the 
42-45°20 peak is weak in the 17.2-A, ethylene glycol­
smectite complex and cannot be resolved at low smec­
tite contents. 

Example: Sample Sr-1M6 
The reflections at 26.57° and 44 .0% yield the 

following results : 
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Figure 7. The plot for measuring the smectite:iIIite ratio, based on two reflections almost unaffected by domain thickness. 
Random and maximum ordered cases are drawn separately. Definitions of IS and ISH types of ordering are given by Reynolds 
and Hower (1970). The plot represents 1-8 layers/domain distribution, the open circles are for a 1-14 distribution and a 16.9-
A ethylene glycol C9i11plex thickness. Note that for compositions < 30% smectite the higher 28 peak used has been changed 
(see text for explaniition). 

Random 
Ordered 

Ethylene glycol­
smectite complex 

% Smectite layer thickness 

40 16.85 
38 16.90 

It has already been determined that Sample Sr-IM6 
is ~ ordered, therefore the final result is the average of 
these values, or 3~ smectite, and the ethylene glycol­
smectite complex thickness is - 16.9 A. 

Method III 

This method uses the peaks which migrate from 
about 26° to 27°2& and from 15.4° to 17.7°2&. The de­
termination is strongly affected by ethylene glycol­
smectite layer thickness, manner of interstratification, 
and domain size. As in Figure 7, points are plotted for 

domains of 1-14 layers and an ethylene glycol-smectite 
layer thickness of 16.9 A. It is obvious from the posi­
tions of these points that domain size significantly af­
fects the determination of percent smectite. 

Example: Sample Sr-1M6 

The peak positions at 26.57° and 16.51°29 yield the 
following results: 

% Smectite 
Ethylepe glycol-

1-8 1-14 smecti.te complex 
layers layers layer thickness 

Ordered 42 48 16.8 A 
Random 37 40 16.9 A 
Mean 40 44 16.9 A 
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Figure 8. The plot for measuring the smectite:iIlite ratio, based on two strongest reflections among those only slightly affected 
by domain size. The solid circles are for ISH type of ordering. The remaining explanations are as in Figure 7. . 

Comparison of methods 

The three methods can be compared theoretically 
with respect to the analytical error which arises from 
the domain size effects and the measurement precision. 
The domain size error is of the order of 5% smectite for 
Figure 8, and 1% for Figures 7 and 5. The instrumental 
error is the same for all the reflections, but its influence 
on the percent smectite determination is an order of 
magnitude smaller in ~d2 than in the other two methods. 
Thus the ~d2 method is recommended as the most pre­
cise one. It should be noted that if only the reflection 
between 15.5" and 17.5"28, and a 16.9-A value is used 
for the thickness of the ethylene glycol complex, vari­
ation in ~he complex thickness can give up to a 3Q%, S 

error for compositions dose to the smectite end. This 
error diminishes towards the illite end. 

The data given in Table I show that the three pro­
posed methods give consistent results. The differences 
are not larger than 4% smectite and are not systematic 
if the 1-14-layers/domain model is assumed for all the 
mixed-layer clays that have been investigated. These 
results suggest that the bicomponent model gives good 
approximations of the real minerals. 

CONTROL OVER THE THICKNESS OF THE 
ETHYLENE GLYCOL COMPLEX 

The data given in Figure 2 can be analyzed for the 
influence of mineral structure on the thickness of clay-

https://doi.org/10.1346/CCMN.1980.0280601 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1980.0280601


408 Srodon Clays and Clay Minerals 

Table I. Results of testing the identification methods and for an investigation of the control of exchange cation and mixed-
layering over glycol complex thickness (d(OOI».! 

% Smectite 
Peak position ("28 CuKa) from Figure: 

RH ~d, ~d, d(OOl) r 
Sample (%) ("28) ('28) Ord (A) (A) Vr 

Upper Silesian bentonites 
Sr-2M9 52 5.24 10.32 15.83 26.45 43.05 48.46 5.41 89 86 89 rand. 16.87 
Sr-2M3 60 5.22 10.25 15.88 26.46 43.13 48.29 5.16 83 79 79 rand. 16.87 
Sr-4M2 57 5.22 10.20 15.93 26.48 43.16 48.23 5.07 79 79 76 rand. 16.86 
Na-2R50 54 5.25 9.99 16.11 26.51 43.37 47.81 4.44 63 65 61 rand. 16.86 
Na-2R49 54 5.99 9.84 16.39 26.56 43.81 47.38 3.85 3.57 49 48 48 <Y<t 16.86 
Sr-1M6 54 6.44 9.73 16.51 26.57 44.00 47.20 3.29 3.20 40 40 43 <Y<t 16.87 
Sr-Ch5 54 6.58 9.66 16.67 26.63 44.14 47.07 3.08 2.93 37 37 38 1h 16.81 
Na-2R63 56 6.89 9.57 16.82 26.67 44.26 46.93 2.68 2.67 31 32 32 max. 16.78 
Sr-2R62 54 6.71 9.46 16.80 26.65 44.36 46.90 2.75 2.54 31 27 30 <max. 16.81 
Na-T9 58 7.14 9.28 17.07 26.68 44.64 46.24 2.14 1.60 20 20 19 max. 16.80 
K-2R76 50 9.77 16.55 26.62 44.05 47.09 3.04 40 43 44 rand. 16.80 
Ca-2R76 53 5.21 10.05 16.32 26.66 43.80 47.94 4.14 56 56 56 rand. 16.74 

K-Cheto 54 5.11 16.39 26.41 40 rand. 17.05 
Ca-Cheto 54 5.34 10.50 15.91 26.65 43.25 49.00 5.75 smectite 16.74 
K-Garfield 55 5.28 9.86 16.21 26.46 43.48 53 53 rand. 16.93 
Ca-Garfield 47 5.21 10.54 15.96 26.75 43.48 smectite 16.65 

Wyoming montmorillonite 
NH. 53 15.42 25.84 41.96 47.42 5.46 smectite 17.22 1.43 0.70 
K 49 15.51 26.00 42.18 47.61 5.42 97 95 17.12 1.33 0.75 
H 53 15.54 26.10 42.36 47.92 5.56 smectite 17.06 
Na 50 15.60 26.18 42.50 48.13 5.63 smectite 17.00 0.97 1.03 
Li 54 15.62 26.24 42.63 48.27 5.64 smectite 16.97 0.68 1.47 
Cs 50 15.72 26.38 42.83 48.52 5.69 smectite 16.88 1.67 0.60 
Be 50 15.58 26.13 42.44 48.05 5.61 smectite 17.04 0.35 5.70 
Mg 50 15.65 26.24 42.57 48.16 5.59 smectite 16.97 0.66 3.03 
Ba 53 15.65 26.27 42.61 48.26 5.65 smectite 16.95 1.34 1.49 
Sr 50 15.67 26.27 42.67 48.27 5.60 smectite 16.95 1.12 1.79 
Ca 53 15.69 26.32 42.70 48.34 5.64 smectite 16.92 0.99 2.02 

Arkansas 52 6.64 9.98 16.72 26.88 44.41 48.01 3.34 3.60 47 46 50 1h 16.52 
Zempleni 55 7.61 9.26 17.17 26.69 44.66 46.29 1.65 1.63 16 19 19 ISH 16.80 
XIII 55 5.18 10.33 15.81 26.45 93 rand. 16.86 

! RH = relative humidity, r = ionic radius (Handbook of Chemistry and Physics, 55th ed., CRC Press), Z/r = ionic po-
tential, Ord = ordering . .id t and .id2 are explained in the text. rand. = random. max. = maximum. 

ethylene glycol complex. From the minerals whose 
chemical formulae have been reported in the literature 
(Table 2), it appears that total charge density, rather 
than tetrahedral charge, influences the complex thick­
ness: high charge smectites have thinner ethylene gly­
col complexes, analogous to saponites (Suquet et al., 
1977). Only a rough correlation can be established using 
these data, because neither the interlayer cation nor the 
humidity were controlled during X-ray analysis. In ad­
dition, the chemical data characterize a clay from a giv­
en deposit and not the specific sample used in this· 
study. 

More precise data were collected to investigate the 
influence of the exchange cation, the humidity, and the 
smectite: illite ratio on the thickness ofthe ethylene gly­
col complex (Table 1). The detected range of the Wy-

Table 2. Relation between total and tetrahedral layer charge 
density of several smectites and their ethylene glycol-com­
plex thickness estimated from Figure 2. 

Sample locations 

Garfield, Washington 
Polkville, Mississippi 
Black Jack Mine, Idaho 
Otay, California 
Cheto, Arizona 
Montmorillon, France 
Wyoming, USA 
Umiat, Alaska 

Charge density 
(equivalentsl 
moIO,,(OH), 

IV Total 

0.50 0.62 
0.06 0.47 
0.52 0.50 
0.05 0.59 
0.07 0.49 
0.20 0.43 
0.14 0.38 
0.16 0.42 

Source] d(OOI) (A) 

WP 16.66 
WP 16.77 
WP 16.87 
GG 16.86 
GG 16.91 
GG 16.92 
GG 17.02 
GG 17.13 

1 WP = Weaver and Pollard (1973), GG = Grim and Gii­
ven (1978). 
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oming montmorillonite complex thickness is 16.88 A 
(Cs) to 17.22 A (NH4)' The relation between the cation 
and the complex thickness is not a simple one. Among 
the alkali cations, the complex thickness increases with 
the ionic radius of the interlayer cation, with the ex­
ception of Cs, the largest cation. In the alkaline earth 
group an inverse relationship holds true; the smallest 
cations give the thickest complexes. Generally, diva­
lent cations give thinner complexes than monovalent 
cations: a strong inverse correlation exists between the 
ionic potential and the thickness of the ethylene glycol 
complex . This rule is not obeyed by Cs, Be, or Mg, the 
cations having the most extreme dimensions. The doc­
umented sequence is general rather than specific for the 
Wyoming smectite, as shown by three other samples 
investigated in K and Ca forms (Table 1). 

The influence of humidity was checked in two ways: 
by equilibration of a Ca-Wyoming preparation over­
night with saturated water vapor, and by solvation of 
Na-Wyoming preparation by a water-ethylene glycol 
mixture of 6: I molecular ratio , both at room tempera­
ture. Lacking a controlled atmosphere diffractometer 
chamber, dynamic measurements were made. The po­
sitions oftwo reflections were measured, the first being 
repeated so that the average value reflected the com­
plex thickness during the time required to record the 
second reflection. In both samples the thickness of the 
ethylene glycol complex increased to about 17.15 A 
from their 50%> RH values of 16.92 A (Ca) and 17.00 A 
(Na). 

The set of ten Sr- and Na-illite/smectites (Table I) 
represent ion-exchanged samples from a single bed a 
few meters thick and represent a diagenetic sequence 
(Srodon, 1976, 1979). The thickness oftheethylenegly­
col complex is relatively uniform in the whole se­
quence-only a minor decrease, correlated with grow­
ing degree of illitization, was observed. This behavior 
is consistent with the layer charge control on the thick­
ness of the ethylene glycol complex; the layer charge of 
the smectite component of these mixed-layer minerals 
increases slightly with illite: smectite ratio (SrodOll, un­
published data). On the other hand, the complex thick­
ness can be quite different for other mixed-layer clays, 
as shown by the examples given in Figure 3 and Table l. 
These samples were selected to represent clays of pos­
sibly diverse origin: 3R76 is a diagenetic product; the 
Arkansas and Zempleni clays are hydrothermal prod­
ucts; XIII was produced hydrothermally by treating 
Wyoming montmorillonite in 0.5 N KCI at 150°C for 4 
months; and the K-Cheto, the K-Garfield, and the 
mixed-layer clays shown in Figure 3 were obtained by 
K-exchange of smectites. 

The natural smectites studied represent essentially 
the complete range of layer charge density known 
among dioctahedral smectites (cf. Weaver and Pollard, 
1973). Thus, it is anticipated that the thickness of the 

ethylene glycol complex of most natural (predomi­
nantly Na and Ca) dioctahedral smectites and illite/ 
smectites , analyzed under room conditions, should fall 
within the 16.6-A to 17.2-A analytical range. The trioc­
tahedral analogues (saponites) give a much larger range 
of thickness of two-layer ethylene glycol complexes 
(Suquet et al., 1977), but these minerals do not tend to 
form mixed layers with .illite (Eberl et al., 1977). 

CONCLUSIONS 

The spacing of the two-layer ethylene glycol-clay 
complex of dioctahedral smectite varies between 16.5 
and 17.3 A depending on the layer charge density, the 
interlayer cation, the relative humidity, and, perhaps, 
some other factors. Because of the layer charge influ­
ence, no experimental conditions for producing a stan­
dard complex thickness can be found, so this variation 
must be taken into account in any illite/smectite iden­
tification procedure based on the ethylene glycol-clay 
complex. Neglecting the variation in the thickness of 
the complex can lead to as much as 30%> error in esti­
mating the smectite component of a m.ixed-Iayer illite/ 
smectite mineral. 

The three methods of identifying illite/smectites pre­
sented in this paper take into account the variation in 
thickness of the ethylene glycol complex and avoid the 
domain size effects. In addition, a method for quanti­
fying the degree or ordering is also described. Experi­
mental data on a number of natural and synthetic sam­
ples show that the differences in estimating the smectite 
component by the three methods are less than 5%. 

The identification methods described are adequate 
for samples essentially free of discrete illite. Significant 
admixture of illite--common among natural clays­
makes the methods useless because of peak interfer­
ences in the 26-27° and 42-48% regions. A different 
approach must be developed for studying such mate­
rials. 

The variation of the thickness of the ethylene glycol 
complex may presumably be important also in the iden­
tification procedures of other mixed-layer clays involv­
ing a smectite component, e.g., kaolinite/smectite min­
erals. 
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Pe3IOMe--ToJill.\HHa )J.BYX-cJloHHoro 3THJleHrJlHKOJleBOrO KOMWIeKca c IIHOKTalAPH'IeCKHM CMeKTHTOM 
H3MeHJleTCJl, npH KOMHaTHblX YCJlOBHJlX, B npelleJlax 17,3 H 16,5 A, BCJlellCTBHe TaKHX IPaKTOPOB KaK 
WIOTHOCTb 3apJllla CJlOJl, THn Me)l(CJlOHHOrO KaTHOHa, H OTHOCHTeJlbHaJI BJla:>KHOCTb. HeY'leT 3TOH 
H3MeH'IHBOCTH MO)l(eT Bbl3BaTb OWH6KY 110 30% B Ol.\eHKe OTHOWeHHJI CMeKTHT:HJIJIHT CMewaHHO­
CJlOHHblX CTpyKTyp npH HCnOJlb30BaHHH nopolIIKoBOro MeTO)l,a peHTreHo-cTpYKTypHoro aHaJIH3a. SblM 
pa3pa60TaHbi TpH MeTOlla )l.JIJI HHTepnpeTal.\HH KapTHH pe3YJlbTaToB HCCJlellOBaHHJI rJlHKOJlHpOBaHHoro 
CMeWaHHO-CJlOHHoro HJlJlHTa/cMeKTHTa nopowKoBblM MeTO)l,OM peHTreHo-cTpYKTypHoro aHaJIH3a, 
KOTopble Y'lHTbIBaJOT H3MeH'IHBOCTb pacnOJlO)l(eHHJI CJlOeB. MeTOllbIBKJlJO'IaJOT npHeM )l.JIJI KOJlH'IeCT­
BeHHoro onpelleJleHHJI CTeneHH ynoPJIIIO'leHHJI. KpoMe Toro, npe)l.JlO)l(eHHble MeTO)l,b1 1I0BO)l.JlT 110 
MHHHMyMa oWH6KY, CBJl3aHHYJO C BJlHJlHHeM pa3Mepa )l,OMeHa Ha nOJlO)l(eHHe OTpa)l(eHHH. 3KC­
nepHMeHTaJIbHaJI oWH6Ka MO)l(eT 6blTb MeHbwe 5% HJlH MeHbwe 1% CMeKTHTOBblX CJloeB B 3aBHCHMOCTH 
OT HcnoJlb3yeMoro MeTOJla npH YCJlOBHH, 'ITO n03Hl.\HH nHKOB H3MepeHbI C TO'lHOCTbJO ±0,02°28. [N.R.] 

Resiimee-Die Dicke eines Zweischicht-Athylen-Glykol-Komplexes mit dioktaedrischen Smektiten va­
riiert bei Raumtemperaiur Zwichen 17,3 und 16,5 A aufgrund von Faktoren wie Dichte der Schichtladung, 
Art des Zwischenschichtkations, und relative Feuchtigkeit. Eine VemachHissigung dieser so hervorgeru­
fenen Schwankung kann bei der Abschatzung des Verhaltnisses von Smektit:IIIit in Wechsellagerungs­
strukturen mittels Rontgenpulverdiffraktometrie zu einem Fehler bis zu 30% fiihren. Es wurden drei 
Methoden fiir die Interpretation von Rontgendiffraktometeraufnahmen von mit glykol behandelten Illit! 
Smektit-Wechsellagerungen entwickelt, die die Variation des Schichtabstandes beriicksichtigen. Diese 
Methoden beinhalten eine Methode fiir die Quantifizierung des Ordnungsgrades. Zusatzlich reduzieren die 
vorgeschlagenen Methoden den Fehler, der durch den EinfluB der Domanengro6e auf die Peaklage herriihrt, 
auf ein Minimum. Der experimentelle Fehler kann kleiner als 5% bzw. als 1% der Smektitlagengehalten wer­
den , je nach der verwendeten Methode, vorausgesetzt, daB die Peaklagen mit einer Genauigkeit von 
±0,02"28 gemessen werden. [U .W.] 
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Resume-L'epaisseur du complex glycol ethylene a 2 couches avec des smectites dioctaedrales varie sous 
des conditions ambiantes entre 17,3 et 16,5 A , a cause de facteurs tels que la den site de charge de couche, 
Ie genre de cation interfolaire, et l'humidite relative. Si l'on neglige cette variabilite, une erreur de 30% 
peut etre introduite dans I'estimation a la diffraction poudree aux rayons-X de la proportion smectite:ilIite 
de structures a couches melangees. Trois methodes qui tiennent compte de la variabilite de I'espacement 
de couches ont ete developpees pour l'interpretation de cliches de diffraction poudree aUK rayons-X d'illite/ 
smectite glycolatee a couches meiangees. Les methodes comprennent une technique pour quantifier Ie 
degre de rangement. De plus, les techniques proposees minimisent l'erreur due a l'influence de la taille du 
domaine sur les positions des reflections. L'erreur experimentale peut etre maintenue sous 5% ou sous 1% 
couches de smectite, dependant de la methode utilisee, a condition que les positions des sommets sont 
mesurees avec une exactitude de ±0,02°21:1. [D.J.] 
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