
Clays and Clay Minerals, Vo1. 22, pp. 379 384. Pergamon Press 1974. Printed in Great Britain 

ORDER AND DISORDER RELATIONS IN THE 
DISTRIBUTION OF THE SUBSTITUTIONS IN 
SMECTITES, ILLITES AND VERMICULITES 

G. BESSON, A. MIFSUD, C. TCHouBAR and 1. MERING 

Centre de Recherche sur les Solides a Organisation Cristalline Imparfaite, Orleans, 
Laboratoire de Cristallographie, U niversite d'Orleans, France 

(Received 4 Fehruary 1974) 

Abstract--It is sh~wn that order-disorder relations in the distribution of the isomorphous substitutions 
are important in the characterization of different 2/1 phyllosilicates and in the determination of their be
havior. These order··disorder relations are shown by selected area diffraction patterns obtained from 
single crystals. The range oflayer charges corresponding to smectites (charge per half-cell < 0·6) is that 
for which phyllosilicates are stable with disordered substitutions. Phyllites with charge > 0·6 show ano
malous diffusions which indicate that the distributions of exchangeable Ba ions are partially ordered; this 
result is taken as evidence that the isomorphous substitutions also are partially ordered. 

INTRODUCTION 

Ten years ago the International Committee of Classi
fication and Nomenclature of Clay Minerals 
(A.LP.EA) proposed a scheme for the classification of 
the 2/ I phyllosilicates (Table 1), based mainly on the 
criterion of the interlayer charge (Mackenzie, 1965; 
Brindley, 1966; Pedro, 1967). This classification 
allowed the characterization of different groups of 2/1 
phyllosilicate and at the present time it is obvious that 
the charge constitutes an indispensable criterion in 
classifying phyllosilicates and in recognizing some of 

their physico-chemical characteristics. Nevertheless, a 
single parameter is insufficient to explain or to foresee 
all the properties of the 2/1 phyllosilicates. For 
example, the existing classification does not permit us 
to distinguish clearly two phyllites with a charge very 
near 0'6 and with a very similar structural formula 
when one can be a beidellite or a saponite and can 
show the properties of a smectite, while the other can 
ha ve the properties of an illite or of a vermiculite. 

This failure in the criteria used for the classification 
has been observed by several authors, especially Mer-

Table I. Classification of the phyllosiJicates 2: I based upon the structural formula and the sheet charge 

Charge per 1/2 cell 

o 

0,2-0,6 

0·6--0·9 

2 

Dioctahedral 

Pyrophyllite 
(Si s)'V(AI4) v'02o(OH)4 

Montmorillonite 
(Sisyv(AI4_ ,Mgy)v'02ofOH)4,M; 

Beidellite 
(Si g _ ,AIJrv(AI4l V'O,o(OH)4,M; 

Illites 

Smectites 

Trioctahedral 

Talc 
(Si s),v(Mg6 )v'O,o(OH)4 

Hectorite 
(Sis)'V(Mg6 _ yLirlvr02o(OH 14,M: 

Saponite 
(Sig _AI,)rv(Mg6 ) vrO,o( 0 H l4,M; 

(Si s_,AI,r(AI 4_ yM;+)vr0 20(OH)4,K;+ y 

VermicuJites 
(Sis_Alxyv(Mg6 _ yN; + )v'02o(OH)4,M; _)' 

Muscovite 
(Si 6AI2yv(AI4)v'02o(OH)4,K2 

Margarite 
(Si4AI4)'V(AI4)V'02o(OH).,Ca2 

379 

Micas 

Brittle micas 

Phlogopite 
(Si"AI2 ),v(Mg,,)v'O,o(OH)4,K 2 

Clintonite 
(Si4AI4),v(Mg,,) V'020(OH)4Ca, 
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ing and Pedro (1969) who ha ve hypothesized that, over 
and above the interlayer charge, an important part can 
be played by the localization and the distribution of 
the isomorphic substitutions. This hypothesis was 
based principally upon three considerations: 

I. Studies of the synthesis of smectites by Roy (Koi
zumi and Roy, 1959 ; Iiyama and Roy, 1963) have 
shown that it is possible to obtain homogenous and 
stable phases only when the layer charge is less than 
0·6. Now, par ticularly in the case of saponite, whose 
structural constitution is very similar to that of many 
vermiculites, it is impossible to explain by a mere dif
ference in the formula this real discontinuity in the sta
bility of these structures. 

2. Gatineau and Mering's studies (Gatineau, 1964; 
Gatineau and Mering, 1966) have shown that in some 
2/ 1 phyllosilicates (micas) an order exists in the distri
bution of Si-AI tetrahedral substitutions. 

3. Mering and Glaser's studies (Glaser and Mering, 
1954, 1958) on Na-Ca bi-ionic hectorites and mont
morillonites have shown, indirectly, that in those 
minerals the distribution of octahedral substitutions 
was perfectly disordered. 

The aim of the following studies is to show more 
precisely the part played by the localization and the dis
tribution of isomorphous substitutions in different 2/1 
phyllosilicates. 

I. EXPERIMENTAL METHOD 

In order to recognize order or disorder in the distri
bution of isomorphous substitutions, it is necessary to 
analyse the diffraction phenomena produced by a 
single crystal. For the past years, Alcover and 
Gatineau (Alcover et aI., 1973) have studied the order
disorder in the substitutions in macroscopic single 
crystals of vermiculites with the help of X-rays. A simi
lar study of microcrystalline minerals, particularly 
smectites and illites, can be done only with the help of 
selected area electron diffraction. 

An extra difficulty comes from the fact that the dif
fracting power of the substituant atoms is nearly 
always next to that of the substituted atoms. Thus one 
cannot expect to localize by diffraction the substituant 
atoms themselves. But it is plausible to think that, for 
a substituted phyllosilicate, the most stable electric 
balance corresponds to the case when the interlayer 
cations settle in the immediate neighbourhood of a 
local charge deficiency in the layer. It is then possible 
to show by diffraction, the more or less disordered dis
tribution of the balancing cations by using a cation 
with a high scattering power and, later, to try to relate 
this distribution to that of the isomorphous substitu
tions themselves. 

Lastly in order to confirm the validity of the use of 
electron diffraction, we have verified that the diagrams 

Table 2. Origin, structural formula and charge of the studied minerals 

Minera ls 

Montmorillonite 
(Wyoming) 

Beidellite 
(Synthetic) 

lIlite 
(Beavers Bend) 

<2)1m 

Illite 
(Puy) 

Hectorite 
(Hector) 

Saponite 
(Synthetic) 

Vermiculite 
(Kenya) 

Structural formula Charge per 1/2 cell 

0,88 

0,35 

0,55 

0,74 
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• 

1(0) 

Fig. I. Electron diffraction patterns of a single crystal of: (a) Ba-Montmorillonite. (b) Ba-Beidellite. 
(c) Ba- mite. With the (001) plane perpendicular to the electron beam. 

obtained from anhydrous Ba- vermiculite by X-ray dif
fraction are identical with those obtained by selected 
area electron diffraction (Besson et al., 1974b). Figure 
2(c) shows the appearance of such a pattern in the case 
of the Ba-vermiculite from Kenya ; this pattern is simi
lar in every respect to those obtained by X-ray diffrac
tion (Alcover et al., 1973). 

2. MATERIALS AND SAMPLE PREPARATION 

In order to verify the part played by the more or less 
disordered distribution of the isomorphous substitu
tions. we ha ve chosen to compare: 

On the one hand, smectites whose substitutions are 
localized in the tetrahedral layer (beidellite and 
saponite) with montmorillonites and hectorites. 

And on the other hand, vermicuJites and illites with 
saponites and beidelJites. 

In Table 2 we give a hSi ef the studied minerals. 
The interlayer cations initially present in the natural 

samples have been exchanged by barium which has a 
high scattering power. For the smectites and the vermi
culites, the exchange has been done using a 1 N solu
tion of BaCI 2 at 50°C. The obtaining of the total 
exchange has been checked by adding to the BaCl2 
solution a known proportion of 133BaCl2 and deter-
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Fig. 2. Electron diffraction patterns of a single crystal of: (a) Ba·-Hectorite. (b) Ba·'Saponitc. (c) Ba- Vermi
culitc. With the (001) plane perpendicular to the electron beam. 

mining the quantity of fixed 133 Ba with the help of a 
multichannel analyser. 

The extraction of the interlayer potassium from an 
illite is more difficult. To do so we have used Grafs 
method (Grar et al .. 1968) slightly modified. We put in 
a 21. Na\gene po\ypropylene bottle 11. ofa solution of 
0·5 N BaCl 2. Dialysis tubes containing 20 mg of illite 
(fracti6n < 2 .um) were placed in this solution. The 
exchange was carried out at 90' C. The solution was 
renewed every day for a total duration of approx. 3 
weeks. After the last exchange, the solution was fil
tered, and the illite washed several times with distilled 
water till complete disappearance of Cl- ions. 

The calculated exchange capacity of this illite. 
according to its structural formula. is 162 m-equiv per 
100 g of calcined sample. Experimentally, thanks to the 
method of the radio tracers (Besson et al .. 1974a). we 
have found 126 m-equiv per 1 ()() g of calcined sample. 
Thus. we have exchanged 77 per cent of the potassium 
cations by barium. 

3. RESlJL TS 

3.1 Study of Wite alld vermiculite 

Comparison of the electron diffraction patterns of 
the iBite and vcrmiculite with those of the smeetites has 
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shown a fundamental difference between these phyllite 
groups. The electron diffraction patterns of Ba·-vermi
culite and Ba- illite present. apart from the Bragg ref
lections, abnormal diffusions situated half way 
between these reflections which have the shape, on the 
photographs. of diffuse segments forming honey comb
like patterns (Figs l(c) and 2(c)). For a given illite or a 
given vermiculite, the existence of such 'honey combs' 
depends upon the nature of the interlayer cations. 

The existence of these anom<tlous diffusions <tllows 
us to affirm that the distribution of barium ions in ver
miculite and i!lite obeys a linear correlation law (the 
precise study of this correlation law has been pre
viously done by Alcover et al. (1974) and by Besson et 
al. (1974b). Therefore, assuming that the Ba 2+ ions are 
localized in the immediate neighbourhood of a local 
charge defect in the layer, a partially ordered distribu
tion of the interlayer cations must indicate that the iso
morphous substitutions also are partially ordered. 

3.1 Study of the smectites 

All the smectites that we have studied are character
ized by the same type of electron diffraction patterns 
in which the only intensity strengthenings. situated 
outside Bragg areas. are diffusions which link cert<tin 
reflectionstogether.lnFig.l(a, b)and2(a, b)areexamples 
of such patterns. In changing the nature of the inter
layer cation, we find that these abnormal diffusions are 
independent of the balancing cation. Furthermore, 
their existence does not depend on the substitution 
ratio, and in particular they <tppear even in such non
substituated phyllosilicate as pyrophyllite and talc. In 
that case they are thermal diffusions. 

The absence oflocalization in reciprocal space of the 
intensity diffused by B<t 2

> ions can be explained only 
by a totally disordered distribution of the interlayer 
cations (in that case. these cations give a distribution 
of intensity, continuously vari<tble with the scattering 
angle, of the type of Laue's diffusion). Such an absence 
of localization of the intensity scattered by the Ba 2 

r 

ions, which is observed with smectites having a turbo
stratic structure (montmori]Jonite and hectorite) as well 
as with smectites having a three-dimensional periodic 
structure (beidellite and saponite). can be interpretated 
only by a totally disordered distribution of the isomor
phous substitutions. 

Nevertheless the difterence in the Ba 2 '" ion distribu
tion between smectites and illitc--vermiculite can be 
also interpreted owing to the fact that, in smectites, a 
small number of Ba l + cations are located in a weak in
terlayer electrical field, the fluctuation of which being 
smooth. Therefore the B<t 2 + ions can easily go to the 
best places each to satisfy two ionic replacements. An 
interpretation based only on the mutual repulsions of 

the interiayer cations, cannot explain the disorder in 
the 8a 2

+ ions distribution for synthetic saponite. In 
this studied saponite the charge (localized in the tetra
hedral layer) is rather like that of Kenyacvermiculite. 

4. CONCLvsrONS 

The resu lts allow us to make more precise the part 
played by sunstitutions in various 2/ 1 phyllosilicates. 

(I) For a long time it was agreed thal all smectites 
possessed a turbostratic structure. Later studies. espe
cially by Weiss el al. (1955), Weir (1960) and Glaser et 
al. (1967), have shown that only smectites with octa
hedral substitutions were turbostratic whereas smec
tites with tetrahedral substitutions were characterized 
by a triperiodic organization. 

Our study shows that in the smectite group it is not 
possible to connect the bi or triperiodic character of 
the mineral (0 a difference of order in the distribution 
of the substitutions whether they are octahedral or 
tetrahedr<tl: we have actually found that those substi
tutions in any case are distributed in totally disordered 
way. 

(2) In the introduction we have indicated that, when 
the layer charge is near to 0·6 it is difficult to foresee 
with no ambiguity whether the mineral belonged to the 
smectite group or to the ilJite-vermiculite group. The 
results obtained show that a fundamental difference 
exists in the distribution of the isomorphous substitu
tions in these two groups. The charge range of smec
tites (charge per half-cell <0'6) corresponds to that of 
the stability ofphyllosilicates with disordered substitu
tions ; on the contrary. the illite- vermiculite group 
seems characterized by a partially ordered distribution 
of substitutions. 

Thus, in agreement with the hypothesis of Mering 
and Pedro (1969), this investigation of the order--dis
order relations of the substitutions seems to provide an 
extra criterion which allows a more precise characteri
zation of some 2/ 1 phyllosilicates and whose use is 
rather easy. 
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Resume-On montre que les relations o rdre-desordre dans la distribution des substitutions isomorphes 
sont importantes pour caracteriser les differents phyllosilica tes 2/ 1 et pour determiner leur comportement. 

Ces relations ordre- desordre sont mises en evidence au moyen de diagramme de microdiffraction elec
tronique obtenus a partir de monocristaux. Le domaine des charges de feuillet correspondant a ux smec
tites (charge par demi maiIJe < 0,6) est celui pour lequelles phyllosilicates sont stables avec des substitu
tions desordonnees. Les phyllites ayant une charge superieure ,i 0 ,6 montrent des diffusions anormales 
qui indiquent que les distributions des ions Ba echangeables sont partiellement ordonnees ; ce resultat est 
considere comme un argument demontrant que les substitutions isomorphes sont aussi partiellement 
ordonnees. 

Kurzreferat- Es wird gezeigt, daB das Ordnungs-Fehlordnungsverhaltnis in der Verteilung der i so
morphen Substitutionen flir die Charakterisierung der verschiedenen 2j l-Schichtsilikate und die Bestim
mung ihres Verhaltens von Bedeutung ist. Diese Ordnungs-Fehlordnungsverhiiltnisse werden durch Fein
bereichsbeugungsmuster n achgewiesen, die an Einkristallen erhalten wurden. lm Bereich von Ladungs
dichten, die denen der Smectite entsprechen (Ladungje Halbze lle < 0,6), sind Schichtsilikate mit Substitu
tionsfehlordnung stabil. Phyllite mit einer L adung > 0. 6 weisen Diffusionsanomalien auf, die anzeigen. 
daB die Verteilung austauschbarer Ba-Ionen teilweise geordnet i s!. Dieses Ergebnis wird als Nachweis 
damr angesehen, daB die isomorphen Substitutionen ebenfa lls teilweise geordnet sind. 

PellOMe - Haulnll , '1TO oTHorneHlle nOpfl.ll.OK-6ecItOpflAOK B pacnpeAeneH IHI 1130MOP<PH bIX 3aMe
~eHIIH HMeeT 3Ha'leHlle rrpll YCTaHOBJIeHl111 xapaKTepl1 3YlOI..l.\I1 X <paKTOpOB 2 / 1 nllCTOBblX CIlJl IIKaTOB 
H rrplf ofIpe.ll.eJIeHHH HX fIOBeJ(eHHll. 3 TO OTHOilleHHe 110 PflAoK-6eCfIOPfl.ll.OK fIoKa3aHO Ha AII<PPaK
l..\1I0HHbIX J(apTIIHax llbt6paHHblX ItOBepXHocTeJ:i MOHOKpI1CTanJlOB. npeAen 3apll.ll.a cnoeB, cooTBeT
CTBYIO~Hlt CYKHOB1L1hHolI rJIlfHe (3apllll Ha ItoJIYH'Ieii.KY < 0,6), flBlllleTCll ilnR JIHCTOBblX C~tnHKaTOB 
YCTOI1'fIlBbtM c 6ecnopllllO'lHbIMH 3aMel..l.\eHHHMH. tPllJInl1Thl C 3apllilOM >0,6 l10Ka3bIBaIOT aHO
ManbHhle J(1I<P<PY31111 YKa3blBalOUl,lIe, '1TO pacItpeAeneHl1e o 6MeHHblx Ba 110HOB '1aCTI1'lHO perYIlllpHoe 
11 nOT pe3YJIbTaT npHHHMalOT KaK .l\OKa3aTenbcTBo, '1TO InoM OP<PHb1e 3aMel..l.\eHIHI TaKlKe fl BnHIOTcll 
'faCTII'IHO perYJIHpHblMII. 
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