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T R A N S F O R M A T I O N  M E C H A N I S M S  A N D  INTERSTRATIFICATION IN 
C O N V E R S I O N  OF SMECTITE TO KAOLINITE: A N  HRTEM S T U D Y  

MARC AMOUR1C AND JUAN OLIVES 
CRMC2-CNRS, Campus de Luminy, case 913, 13288 Marseille CEDEX 9, France 

A b s t r a c t - - T h e  transformation of smectite into kaolinite and kaolinite-smectite interstratification were 
studied in samples belonging to the Argiles Plastiques formation of the Paris basin, by high-resolution 
transmission electron microscopy (HRTEM). Two original smectite phases, 1) beidellite with 1-nm-thick 
layers, and 2) beidellite-montmorillonite with 1.25-nm-thick layers, are progressively transformed into 
kaolinite-smectite mixed-layer minerals, and into kaolinite. As the percentage of kaolinite layers increases 
in the interlayered minerals, the kaolinite-smectite layer sequences, initially disordered, become locally 
more ordered, with the presence of KS and KKS units repeated 2 to 4 times (K = kaolinite layer, S = 
smectite layer). Two solid-state mechanisms seem to be responsible for the formation of kaolinite: 1) the 
transformation of 1 smectite layer into 1 kaolinite layer, denoted S--~K, by stripping of a tetrahedral sheet 
and the adjacent interlayer region; 2) the intercalation of 1 kaolinite layer into smectite, denoted 0 
(zero)-~K. Structural and chemical incidences of these mechanisms are discussed. 
Key Words--HRTEM, Interstratification, Kaolinite, Smectite, Transformation Mechanisms. 

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

Smecti te ,  kaolinite and interlayered kaol in i te -smec-  
tite are found in earth-surface condit ions (soils, weath- 
ering profiles, etc.). Mixed- layer  kaol in i te-smect i te  
was detected by X-ray diffraction (XRD) as randomly 
interstratified layers (Schultz et al. 1971; Wiewi6ra  
1971; Wilson and Cradwick  1972; Triki et ai. 1973; 
Thiry  1973), and as 1-1 ordered interstratification (that 
is . . . .  K S K S  . . . .  where  K and S denote a kaolinite 
and a smecti te  layer, respectively:  Thomas  1989; Ber- 
tolino et al. 1991). Al though direct observat ion of  the 
individual  layers and the interstratification sequences 
is possible with H R T E M  (in the case o f  mixed- layer  
i l l i te-smecti te:  Veblen et ai. 1990; J iang et al. 1990; 
Amour ic  and Olives  1991; Murakami  et ai. 1993; Ol-  
ives and Amour ic  1994), no such study exists for in- 
terlayered kaol ini te-smect i te ,  to our knowledge.  

M A T E R I A L S  A N D  M E T H O D S  

In this paper (and in Ol ives  and Amour ic  1995), we 
present our  first H R T E M  and analytical electron mi- 
croscopy (AEM) results on samples - - supp l i ed  by M. 
T h i r y - - t h a t  come  from the Ear ly-Eocene  Argiles  Plas- 
t iques formation (Pads basin), in which the main clay 
minerals  are smectite, mixed- layer  kaol in i te-smect i te  
and kaolinite. These  minerals were  formed in tropical 
weathering profiles that developed at the end of  Cre- 
taceous t ime on preexist ing rocks (mainly Cretaceous 
f l int-beadng chalk), with a progressive evolut ion f rom 
smecti te  to interstratified kaol ini te-smect i te ,  and to ka- 
olinite (Thiry et ai. 1977). This is an especial ly sig- 
nificant sequence in that all intermediate stages of  the 
smecti te-to-kaolini te transformation can be found. The 
present study concerns 3 samples, in which mixed-  
layer kaol in i te -smect i te  contains 10, 45 and 60% of  

kaolinite layers, respect ively (determined by X R D ;  
Thiry  1991). 

H R T E M  experimental  procedures are described in 
Amour ic  and Olives  (1991) and Amour ic  et al. (1995). 
The  samples, reduced to powders  and embedded  in 
Araldite resin, were  sectioned with the d iamond knife 
o f  an LKB ultramicrotome.  The  sections (less than 50 
nm thick) were  deposi ted on carbon-coated copper  
grids (by this technique, smecti te  layers are better pre- 
served f rom dehydration than by ion-mill ing).  Bright- 
field images were  taken with a J E O L  JEM-2000  FX 
electron microscope  (200-kV accelerating voltage,  1.8- 
m m  spherical aberration coefficient),  with a 50 -~m ob- 
jec t ive  aperture and at focus values in the range - 1 0 0  
to + 100 nm. Accord ing  to the literature (for example,  
Ahn  and Peacor 1989; Veblen et al. 1990; Amour ic  
and Ol ives  1991), it is ve ry  difficult to obtain high-  
quality H R T E M  images o f  interstratified clays (white 
fringes will  generally appear corrugated,  vanishing in 
some parts and somet imes  variable in thickness). This 
is particularly true for smect i te-kaol in i te  mixtures,  for 
which no H R T E M  study has been described up to 
now. In addition, the minerals  studied here have  
formed during a weathering-al terat ion process;  they 
are thus rather badly crystal l ized and difficult to char- 
acterize. To min imize  possible beam damage  to the 
specimens,  tilting procedures were therefore omitted. 
In addition, a low-l ight  camera  ( L H E S A  E M L H  4086) 
equipped with an yt tr ium a luminium garnet (YAG) 
converter  was systematically used under very  low il- 
lumination. As a result, 1-dimensional images  were  
mainly analyzed in this work. However ,  most  o f  these 
showed characteristic 001 lattice fringes of  the mineral  
phases present in the samples. Simultaneously,  A E M  
analyses were  carried out on the same samples using 
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Figure 1. Lattice fringe images of a) an S type smectite 
crystal, with 1-nm-thick layers, and b) an S' type one, having 
1.25-nm-thick layers. 

a Tracor system (TN 5502) equipped with a Si(Li) 
detector. For  good correlat ion be tween images and ar- 
eas of  chemical  analyses, a beam probe 10 nm in di- 
ameter  with constant beam current was used through- 
out the study (with a count  t ime of  100 s). Col lected 
data were processed by a program based on the meth- 
od of  Cl i f f  and Lor imer  (1975) and using appropriate 
layer silicate standards. In the structural formulas,  all 
the iron was considered in Fe(III)  state, as determined 
by Thiry  (1991). Two octahedral  cations per half  cell  
were  assumed (which implies  that Mg  cations may ap- 
pear  in the interlayer region). 

RESULTS 

Latt ice-fr inge spacings were  generally measured be- 
tween white  fringes on the micrographs;  however,  
H R T E M  images  of  kaolinite single layers were spe- 
cial ly difficult to obtain. Indeed, when individually ob- 
served in a stack, such layers may appear either as 
0 .7-nm-spaced fringes or as broad white fringes (with 
a narrow gray line somet imes visible in the middle) o f  
0 .7-nm thickness. But kaolinite layers were often rec- 

Figure 2. Lattice fringe images of various interstratified ka- 
olinite-smectites of the 10%-kaolinite sample. S = S type 
smectite layer (1 nm thick). K = kaolinite layer (0.72 nm 
thick). In c), the lateral transition S---~K is indicated by arrows. 

ognized as occurring in KS and KKS units, more or 
less periodically repeated in the stacks. 

The 10%-Kaolini te Sample  

In this sample, 2 types of  smecti te crystals were  
observed.  The first type, denoted S, gives images 
showing only 1-nm fringe spacings (Figure la).  In the 
other type, denoted S ' ,  the fringes are 1.25-nm regu- 
larly spaced (Figure lb).  A E M  chemical  analyses (15 
to 20 analyses for each species) show that S crystals 
have a composi t ion corresponding to the mean for- 
mula: 

(Ca o.03Mgo.09K 0.02 )(8i3.74A10.26 )(A11.76FeIno.24)Olo(OH)2 

while that for S '  crystals is: 

(Ca0.0nMg0 j2)(Si383A10.17)(All.66Fem0.19Mg015)O10(OH)2 

(in these formulas,  standard deviat ions are 0.06 for Si 
and AI, 0.05 for Mg  and Fe, and 0.02 for Ca and K). 
In this sample, the 1-nm smecti te crystals are more 
abundant than the 1.25-nm ones. 

In addition to these smecti te crystals, we also ob- 
served mixed- layer  kaol ini te-smect i te .  The kaol in i te -  
smecti te layer sequences are disordered, as illustrated 
in Figure 2. The interstratified smecti te  fringes are 
mainly 1 nm thick, and then interpreted to be of  the S 
type. Al though rare, some 1.25-nm smecti te fringes (S'  
type) have been also observed.  Finally, lateral transi- 
tions of  1 S smecti te layer into 1 kaolinite layer are 
visible in images of  the same specimen (Figure 2c). 
Such transitions are denoted S--~K. 

The 45%-Kaol in i te  Sample  

In this sample, we observed interlayered kao l in i t e -  
smecti te containing both S and S'  layers, in similar 
proportions (Figure 3). The S fringes are dominant  and 
the S'  ones rare in some areas (as in Figures 3a and 
3b), or vice versa in others. Large fringe spacings o f  
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Figure 3. Lattice fringe images of various interstratified ka- 
olinite-smectites of the 45%-kaolinite sample. Note the pres- 
ence of KS, KS' and KKS units. In a), the arrows indicate 
the lateral transition S'---)K. 

1.75 nm (Figure 3b), 2 nm and 2.4 nm (Figure 3c) 
have been respect ively interpreted as KS, KS '  and 
KKS (or KSK) units. The  repetit ion o f  such units was 
frequently observed,  for example,  (KS)(KS) in Figure 
3b and (KKS)(KKS)  in Figure 3c. As in the preceding 
sample,  lateral transitions of  a smecti te  layer into a 
kaolinite layer were also observed (for example,  an 
S'--~K transition in Figure  3a). 

The  60%-Kaol ini te  Sample  

The smecti te  layers present in mixed- layer  kaolin- 
i te -smect i te  are mainly  o f  the S '  type (Figure 4). A 

few S layers are also present. With respect to the pre- 
ceding sample, we observed a larger proport ion of  KS '  
units, the presence of  K K S '  units, 2.7 nm thick, these 
units being repeated more times: for example,  4 re- 
peated KS '  units in Figure  4a and 3 repeated K K S '  
units in Figure 4b. In addition to the lateral transitions 
S'--*K (Figure 4c), we  also observed  another type of  
lateral change: the transition o f  an S'  smecti te  layer 
into a KS '  unit, which may be labelled S '--*KS'  (Fig- 
ures 4a and 4d). Such a transition may  be interpreted 
as the partial intercalation of  1 kaolinite layer in smec-  
tite, and is denoted 0 (zero)--~K. 

D I S C U S S I O N  

T E M / A E M  

The 2 types of  smecti te crystals observed  in the 
10%-kaolinite sample, denoted S and S ' ,  probably cor- 
respond to 2 distinct phases. Indeed, the S type cannot 
reasonably be considered as a col lapsed form of  the 
S '  type which would  have occurred during the exper- 
imental  process, because,  in such a case, some col- 
lapsed 1-nm-thick layers would  be present in S '  crys- 
tals, which was never  observed.  In addition, our  ex- 
perimental  techniques (ul t ramicrotome cutting, low 
electron-beam intensity) min imized  the possibil i ty o f  
collapse o f  smecti te  layers. Lastly, the chemical  for- 
mulas determined for S and S'  crystals (see above),  
al though not very  different, actually correspond to 2 
distinct composit ions,  according to the standard devi-  

Figure 4. Lattice fringe images of various interstratified kaolinite-smectites of the 60%-kaolinite sample. Note the presence 
of KS' and KKS' units. The lateral transitions S'--~K in c), and S'---~KS', equivalent to 0(zero)---~K, in a) and d), are indicated 
by arrows. 
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Figure 5. Intercalation of a kaolinite layer K between 2 
smectite layers $1 and S 2. View parallel to the layers. T, O 
and I respectively denote the tetrahedral, octahedral and in- 
terlayer levels. Some of them are marked with indices, for 
the discussion. In the right side of the figure, a double struc- 
ture is probably present: T~IIT 3 structure of smectite type, and 
T303T 2 of kaolini te  type. 

ations mentioned above. With our assumption of 2 oc- 
tahedral cations per half cell, these formulas represent 
a beidellite (or beidellite-nontronite) composition for 
S, and a beidellite-montmorillonite intermediate com- 
position (with also a nontronite component) for S'. 
The S and S' smectite crystals thus being identified as 
2 probable distinct phases, we have then interpreted 1- 
nm smectite layers to be of  the S type and 1.25-nm 
ones of the S'  type, in all the studied samples and the 
observed interlayered sequences. 

In contrast with the disordered kaolinite-smectite 
layer sequences of  the 10%-kaolinite sample, the ob- 
served repetition of KS, KS'  and KKS units indicates 
some degree of  local order in interlayered kaolinite- 
smectite of  the 45%-kaolinite sample: R1 or first- 
neighbor order type for KS and KS';  R2 or second- 
neighbor order type for KKS. A higher degree of local 
order is present in the 60%-kaolinite sample, as indi- 
cated by the larger proportion of  KS'  units (R1 order), 
the presence of  KKS'  units (R2 order) and the greater 
number of repeated units. 

Mechanisms 

The above HRTEM observations of the lateral tran- 
sitions S (or S')--->K and 0-->K indicate 2 possible sol- 
id-state mechanisms that are responsible for kaolinite 
formation: 1) the lateral transformation of 1 smectite 
layer into 1 kaolinite layer (S--->K or S'--~K); 2) the 
lateral intercalation of  1 kaolinite layer in smectite 
(0-->K). As usual in phyllosilicates, the term "solid- 
state" is here considered in a wide sense, since the 
preceding transitions obviously imply mass transports. 
It merely indicates that these mechanisms occur within 
the solid, at a cell scale (at the front of  the new de- 
veloping layer, the reaction being probably facilitated 
by the presence of water) and preserve the major part 
of  the preexisting solid. The 1 layer--->l layer solid- 
state transformation has been reported in various 
cases: 1 biotite layer-->l chlorite layer, equivalent to 1 
interlayer K plane--->l brucite-like layer (Olives et al. 
1983; Olives and Amouric 1984; Olives 1985; Ma- 
resch et al. 1985), 1 biotite layer--->l brucite-like layer 

(equivalent to 2 biotite layers-~l chlorite layer; Veblen 
and Ferry 1983; Eggleton and Banfield 1985), 1 smec- 
tite layer--~l illite layer (Amouric and Olives 1991; 
Murakami et al. 1993), or 1 serpentine layer--~l illite 
layer (Amouric et al. 1995). Note that the mechanism 
S-->K (or S'---~K), observed in our 3 samples, produces 
a decrease in volume, whereas the mechanism 0--)K 
(observed in the 60%-kaolinite sample) implies an in- 
crease in volume. 

Structural Incidence 

In mechanism 0---~K, a kaolinite layer K is interca- 
lated between 2 smectite layers S~ and Sv that is, be- 
tween the interlayer atoms and the tetrahedral level of 
a smectite layer (Figure 5). These interlayer atoms are 
preserved, since no diminution of layer thickness has 
been observed (indeed, the removal of the interlayer 
water molecules would reduce the thickness of  an S' 
layer from 1.25 to 1 nm, and that of a KS' unit from 
2 to 1.75 nm). 

In order to compare this 0--->K mechanism with the 
S (or S')--~K one, it will be useful to determine what 
structural defect is produced by each mechanism. In 
addition to the shift that is normal to the layers (due 
to the increase or decrease in volume), such a defect 
generally involves a shift parallel to the layers. In the 
following, we try to estimate this "additional basal 
shift", for the 0--->K mechanism. Let SiS2 denote the 
basal shift between $1 and $2 (that is, that between the 
centers of hexagons of  tetrahedra T~ and those of  T2; 
Figure 5), S~KS2 the basal shift between the same lev- 
els T~ and T2 when K is intercalated between S~ and 
$2, SIK the basal shift between Tj and T 3, and KS2 
that between T3 and T2. The intercalation of  K might 
then produce an additional basal shift between St and 
$2 (that is, a difference of basal shifts between the 
fight side and the left side of Figure 5), given by: 

SIK~-~2 (fight side) - SlS2 (left side) 

= (SIK + KS2) - S i S  2 

aK S1S2 [1] -~ SIK 3 

aK being defined in Figure 6. Note that, if the inter- 
layer shift SIK can be an arbitrary vector of the basal 
plane (as it occurs in smectite turbostratic stacking), 
its value would probably be such that the additional 
basal shift written above--vanishes,  in order to min- 
imize the elastic distortion between St and Sv But this 
is not the only possible case, and an additional basal 
shift may subsist. 

In the other mechanism, S (or S')---~K, the main 
structural modification probably involves the removal 
(or stripping) of  a tetrahedral sheet and the adjacent 
interlayer region (Figure 7). As above, let SIS2 denote 
the basal shift between T'I and T2 (Figure 7), Sl that 
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Figure 6. Kaolinite structure of the T 3 0 3 T  2 stacking of Fig- 
ure 5. View normal to the layers, from top to bottom of Figure 
5. The hexagonal networks of the cations of the successive 
levels T 3, 03 and T 2 are respectively represented by dotted, 
dashed and solid lines. The symbols ax and bE are the usual 
basal cell vectors of kaolinite (here limited to the T303T2 
structure). 

be tween  T~ and  T ' ] ,  and  KS2 that  be tween  T~ and  T2 
(for  the KS2 stacking).  As  in the  p reced ing  case,  this  
t r ans format ion  S--->K would  genera l ly  p roduce  an ad- 
d i t ional  basa l  shif t  b e t w een  T~ and  T~, g iven  by: 

KS~ (r ight  s ide of  F igure  7) - (Sl + SLS2) (left s ide) 

3 

= _a___~ + __b K _ 8182 
6 6 

= as + --bs - S~$2 [2] 
6 6 

whe re  ax, bx,  as, bs  are def ined in F igure  8, the vectors  
(ax, bx )  be ing  ro ta ted  by  60 ~ f rom (as, bs),  that  is, ax  
= as/2 - bs/2,  bx  = 3as/2 + bs /2  ( a s suming  the  t rans-  
oc tahedra l  sites vacan t  in  SO. Note  that  this  addi t ional  
basal  shif t  is genera l ly  no t  equal  to 0, except  i f  the  
interlayer shift S~Sz has the particular value as/6 + bs/6. 

Thus ,  the  2 p reced ing  m e c h a n i s m s  produce  a bend-  
ing of  the  layers  (associa ted  wi th  the  increase  or the 
decrease  in vo lume) ,  and  an addi t ional  basa l  shift,  
w h i c h  m a y  van i sh  in some  cases.  Acco rd ing  to the 
nature  of  in ter layer  a toms,  it seems p robab le  that  the 
S '  smect i te  s tacking is ma in ly  turbost ra t ic  (absence  o f  
K, p resence  o f  H20) ,  whi le  the  S smect i te  one  is main-  
ly s e m i - r a n d o m  (presence  of  K, absence  o f  H20).  Wi th  
such an assumpt ion ,  the 0---~K m e c h a n i s m  would  be  
easier  in  S '  smect i te  than  in S smecti te ,  s ince the  ad- 
d i t ional  basa l  shif t  van i shes  only  in the  fo rmer  case  
(as d i scussed  above) .  This  is cons i s ten t  wi th  our  ob- 
serva t ions :  the  0--->K m e c h a n i s m  is only  present  in the  
S ' - r i ch  sample ,  tha t  is, the  60%-kao l in i t e  one. In order  
to compa re  the  S (or S')--->K and  0--->K mechan i sms ,  
c o m p l e m e n t a r y  chemica l  cons idera t ions  are needed.  

--s, +! 
I 

s+ 
Figure 7. 

T 0 
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Transformation of 1 smectite layer (S1) into 1 
kaolinite layer (K). View parallel to the layers. Same nota- 
tions as in Figure 5. Some layers and levels are distinguished 
by indices or primes, for the discussion. In the right side of 
the figure, the TtOtT 2 structure is probably of kaolinite type. 

Chemica l  Aspec t s  

In the S (or  S')-->K m e c h a n i s m ,  a te t rahedra l  shee t  
and  the adjacent  in ter layer  reg ion  are r e m o v e d  (Figure  
7). In addi t ion,  the r e m a i n i n g  te t rahedra l  and  octahe-  
dral  sheets  o f  the smect i te  layer  (Tj and  Ot in F igure  
7) are s l ight ly modif ied,  A1 be ing  rep laced  b y  Si in  
the  te t rahedral  sheet  and, in the oc tahedra l  sheet ,  Fe  
and  M g  be ing  rep laced  b y  A1, and  H be ing  added  to 
the  outer  oxygens .  The  co r re spond ing  g lobal  chemica l  
reac t ion  would  be: 

\ . .  / :  

e 4 e � 9  �9 '= / �9 �9 �9 ~ . .  / ;~,-.-.  
\ ~ . x _ /  ." ! 

i i T /  " \  
a 

b 

~* e e e  a t + ~  t '  

./.:..' 
n2:" 

�9 I 

11 01 

/ 

% ,  

bK 
) 

l a K 

Figure 8. Stacking structures of the levels T'~ and T 2 above 
T~Ot, with the notations of Figure 7. Views normal to the 
layers, from top to bottom of Figure 7. The hexagonal net- 
works of the cations of the levels T t, O~, T'~ and T2 are 
respectively represented by dotted, short-dashed, long-dashed 
and solid lines, a) T~O~T'~ stacking in the smectite layer S~ 
(with transoctahedral sites vacant). The symbols as and b s are 
the usual basal cell vectors referred to the 1 layer S~. b) 
TrOuT 2 stacking with kaolinite structure (KS 2 region). The 
symbols ax and bx are the usual basal cell vectors of kaolinite 
(here limited to the TtO]T 2 structure). 
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smect i te  C O N C L U S I O N S  

(Mx+z(HzO)n)(Si4 x AI~)(A12_y_.~ FeIUy Mgz)Ot 0(OH)2 

+ (y + z - x ) A 1  + 2H 

---) kaol in i te  

Si2A12Os(OH)4 + (x + z)M + n H 2 0  + (2 - x)Si 

+ yFe  m + zMg + 3 0  [3] 

in w h i c h  M = Na, K, Mg0. 5, Ca05 (note that  y + z - 
x may  be  pos i t ive  or  negat ive) .  In the present  case, 
a lmos t  no  supply  of  a toms  is needed  to pe r fo rm the 
t rans format ions .  Indeed,  only  0.17A1 + 2H have  to be  
added  to S '  and  only  2H to S, the respect ive  reac t ions  
being:  

smect i te  S '  + 0.17A1 + 2H ~ kaol in i te  + . . .  [4] 

smect i te  S + 2H ~ kaol in i te  + 0.02A1 + . . .  

[5] 

Note  that,  no  A1 be ing  suppl ied  to S in the p reced ing  
react ion,  the S---)K t r ans fo rmat ion  migh t  be  eas ier  than 
the S'---)K one. 

On  the  contrary ,  in the o ther  m e c h a n i s m  0---)K, all 
the a toms necessa ry  to create the new kaol in i te  layer  
mus t  be  p rov ided  (poss ib ly  f rom some dissolu t ion  of  
su r round ing  smect i te) .  F r o m  this  chemica l  poin t  o f  
view, the S (or S')---)K m e c h a n i s m  would  seem pref- 
erable  to the 0--~K one. 

H R T E M  images  of  mixed- laye r  kao l in i t e - smec t i t e  
have  been  ob ta ined  for the first t ime,  to our  knowl-  
edge. 

In the s tudied samples ,  2 or ig inal  smect i te  phases  
are progress ive ly  t r ans fo rmed  into in te r layered  kaol in-  
i t e - smect i te ,  and  into kaolini te .  The  kao l in i t e - smec t i t e  
layer  sequences  are d isordered  in the less -kaol in i t ized  
samples ,  and  present  an increas ing  local  order, as the  
pe rcen tage  of  kaol in i te  layers  increases  (this is very  
s imilar  to the case of  inters trat i f ied i l l i t e -smect i te ;  
Amour i c  and Ol ives  1991; Ol ives  and  Amour i c  1994). 
Such  an order  is charac te r ized  by  the repet i t ion (a few 
t imes)  of  KS units  (RI  order)  and  KKS ones  (R2 or- 
der). 

Two sol id-state  m e c h a n i s m s  (in the wide  mean ing  
of  the express ion)  seem to be  respons ib le  for  the for- 
ma t ion  of  kaolini te:  1) the t r ans fo rmat ion  of  1 smect i te  
layer  into 1 kaol in i te  layer, deno ted  S---)K, by  s t r ipping 
of  a te t rahedra l  sheet  and  the adjacent  in ter layer  re- 
gion;  2) the in tercala t ion of  1 kaol in i te  layer  into 
smect i te ,  deno ted  0 (zero)---)K. The  structural  and  
chemica l  changes  p roduced  by  these  m e c h a n i s m s  are 
d i scussed  in detail.  It is s h o w n  that  such specific 
changes  may  favor  one  m e c h a n i s m  or the other. 
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R E F E R E N C E S  

C o m p a r i s o n  of  the M e c h a n i s m s  

In the less -kaol in i t ized  samples ,  S smect i te  layers  
are dominan t .  The  2 m e c h a n i s m s  S---~K and  0---)K seem 
st ructural ly  equiva lent ,  as bo th  m ay  produce  an addi-  
t ional  basa l  shi f t  (see above) .  Never the less ,  the eas ier  
one  is p robab ly  S--4K, s ince  ve ry  few a toms  have  to 
be  suppl ied  in this  case. Our  obse rva t ions  suppor t  this  
in terpreta t ion:  the  0---~K m e c h a n i s m  was not  obse rved  
in the 10%- and  45%-kao l in i t e  samples .  

By  c o m p a r i n g  the 3 samples ,  we also obse rved  that  
the re la t ive  a b u n d a n c e  of  the S '  smect i te  layers  wi th  
respect  to the S ones  increases  as the  pe rcen tage  of  
kaol in i te  layers  increases .  This  var ia t ion  m ay  be  ex- 
p la ined  by  the  above  in fe rence  that  the S---)K mecha -  
n i sm  is p robab ly  easier  than  the S ' - - )K one. 

By  this  process ,  the  r ema in ing  smect i te  layers  are 
ma in ly  of  S '  type, in the more -kao l in i t i zed  sample  
(60%-kaol in i te ) .  The  2 m e c h a n i s m s  S'---)K and  0---)K 
are then  present ,  the fo rmer  be ing  favored  f rom chem-  
ical a rguments  ( few a toms  suppl ied)  and  the lat ter  
f r om structural  ones  (no addi t ional  basal  shift),  as dis- 
cussed  above.  These  2 m e c h a n i s m s  c o m p e n s a t e  each  
other, 0---~K p roduc ing  an  increase  in vo lume  and  
S'--~K a decrease  in vo lume.  
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