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M I X E D  LAYERING OF ILLITE-SMECTITE: RESULTS F R O M  
HIGH- RESOLUTION T R A N S M I S S I O N  E L E C T R O N  M I C R O S C O P Y  

A N D  LATTICE-ENERGY C A L C U L A T I O N S  
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Abs t rac t - -Mixed  layering of illite-smectite was studied both experimentally, by using high-resolution 
transmission electron microscopy (HRTEM) and analytical electron microscopy (AEM), and theoretically, 
by using lattice-energy calculations. 

Samples from a hydrothermal origin show the transformation of smectite to illite with different ordering 
types in the illite-smectite layer sequences. Ordering ranges from complete disordered (Reichweite, R = 
0 type) in the less transformed samples to increased local order, with IS and IIS sequences (R = 1 and 
R = 2, respectively; I = illite, S = smectite) in more illitized samples. 

Lattice-energy calculations are used to determine the structure of the illite-smectite sequence, which 
corresponds to the minimum energy. The unit layers are: O0.sTI'TO0.s (O, T, and I', respectively, denote 
the octahedral and tetrahedral sheets, and the interlayer. The 0.5 signifies half of the octahedral cations.) 
For example, the arrangements of the perfectly ordered . . .  I S I S . . .  and . . .  I ISI IS . . .  sequences are re- 
spect ive ly . . .  OM(TI'T)~OM(TI'T)s... a n d . . .  Ou~(TI'T)IOI(TI'T)IOM(TI'T) s . . . (the subscripts I, S, and M, 
respectively, refer to compositions of illite, smectite, and midway between at 0.5). Such arrangements 
produce a polar model for TOT layers, which display a T1OMT s structure in the case of IS adjacent layers. 
Furthermore, the lattice energies of . . . I S I S . . .  and . . .  I ISI IS . . .  are found to be nearly equal to the 
corresponding sums of the lattice energies of illite and smectite. This result indicates that interstratified 
illite-smectite and the two-phase assemblage of illite + smectite have similar stabilities. 

On the basis of the above model, the solid-state transformation of one smectite layer to one illite layer, 
which produces mixed-layer sequences, involves the transformation of an O0.sTI'TO0 ~ unit of smectite 
into the same corresponding unit of illite. 

Key Words--HRTEM-AEM, lllite-Smectite, Lattice-Energy Calculations, Mixed Layering, Polar 2:1 
Layers. 

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

The  t r ans fo rma t ion  of  smect i te  to i l l i te is a reac t ion  
wh ich  occurs  dur ing  d iagenes is  or at h y d r o t h e r m a l  
condi t ions .  M i x e d  layer ing  of  i l l i te-smect i te ,  wh ich  re- 
sults f rom this  process ,  has  been  in tens ive ly  s tudied 
by  X-ray  d i f f rac t ion  (XRD;  e.g., Srodofi, 1984; Inoue  
et  al., 1987; Reynolds ,  1992) and  di rect ly  o b s e r v e d  by  
h i g h - r e s o l u t i o n  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  
(HRTEM) .  A c c o r d i n g  to compu te r - image  s imula t ions  
of  Gu th r i e  and  Veb len  (1989,  1990), i l l i te and  smect i te  
layers  can  be  c o m m o n l y  d i f ferent ia ted  by  us ing  mi-  
c roscope  over focus  condi t ions .  On  such  a basis ,  se- 
quences  of  i l l i te-smect i te  in ters t ra t i f icat ion of  e i ther  
d i s o r d e r e d  or  o r d e r e d  types ,  w e r e  o b s e r v e d  by  
H R T E M  (e.g., A h n  and  Peacor,  1989; Veb len  et  aL, 
1990; J iang  et  al., 1990; A m o u r i c  and  0 l i v e s ,  1991; 
Murakarn i  et  al., 1993; 0 l i v e s  and Amour i c ,  1994a, 
1994b;  Hugget t ,  1995). I n fo rma t ion  about  i l l i t izat ion 
m e c h a n i s m s  (so l id-s ta te ,  d i s s o l u t i o n - c r y s t a l l i z a t i o n )  
was  a lso  o b t a i n e d  f r o m  H R T E M  o b s e r v a t i o n s  
(Amour i c  and  Olives ,  1991; Bua t ie r  e t  al., 1992; Mu-  
r akami  et  al., 1993). 

A m o u r i c  and  Ol ives  (1991)  p resen ted  H R T E M  ob- 
se rva t ions  on  illite, smect i te ,  and  i l l i te-smect i te  (in- 
vo lv ing  hydra ted  smect i te  wi th  d(001)  = 1.25 nm)  in 
a smect i te - r ich  sample  f r o m  hyd r o t he r m a l  or ig in  and  
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showing  a smect i te- to- i l l i te  t r ans format ion .  The  pres-  
ent  paper  comple tes  this s tudy wi th  two addi t iona l  il- 
litic samples .  These  three  samples  are represen ta t ive  
of  this h y d r o t h e r m a l  t r ans fo rma t ion  and  show var ious  
(d isordered  and  ordered)  i l l i te -smect i te  inters trat i f ica-  
t ion sequences  as o b s e r v e d  by  H R T E M .  In addi t ion ,  
the  chemica l  var ia t ions  of  the mixed - l aye r  minera l s  are 
c h a r a c t e r i z e d  b y  a n a l y t i c a l  e l e c t r o n  m i c r o s c o p y  
(AEM).  

A theore t ica l  app roach  on  the  bas is  o f  la t t i ce-energy  
ca lcu la t ions  is used  to de t e rmine  the  s t ructure  of  
mixed - l aye r  i l l i te-smect i te  by  ene rgy  m i n i m i z a t i o n  
methods .  The  approach  cons iders  var ious  types of  po-  
lar  and  non -po l a r  2:1 layers  (see Ol ives  and  Amour i c ,  
1994a, 1994b).  Ene rgy  ca lcu la t ions  also lead to a bet-  
ter  unde r s t and ing  of  the re la t ive  s tabi l i ty  of  these  min-  
erals  and  yie ld  a descr ip t ion  at the  uni t -ce l l  scale  of  
the  sol id-s ta te  i l l i t izat ion m e c h a n i s m .  

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

The  s tudied  mater ia l s  b e l o n g  to a h y d r o t h e r m a l  se- 
ries f rom the Sh inzan  area, Ak i t a  Prefec ture ,  Japan.  In 
this  area,  the  h y d r o t h e r m a l  a l te ra t ion  of  si l icic volca-  
n ic  glass (Miocene  Epoch)  p roduced  a series b e t w e e n  
smect i te  and  illite. The  minera l  a s s e m b l a g e  cons is t s  o f  
in ters t ra t i f ied  i l l i te-smect i te ,  illite, smect i te ,  quartz,  
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Figure 1. Lattice-fringe images of various randomly disor- 
dered mixed-layer illite-smectite sequences, from the smec- 
tite-rich sample studied here (see text). [Image (a) from 
Amouric and 0lives, 1991, and (b) from Olives and Amouric, 
1994a.] 

and chlorite (Inoue and Utada, 1983). The three spec- 
imens selected contain interstratified illite-smectite 
with, respectively, 68, 40, and 20% smectite, as deter- 
mined by XRD (Inoue et al., 1987). 

The samples, reduced to a powder and embedded in 
Araldite resin, were cut with a diamond knife of an 
LKB Ultramicrotome. The <50-nm thick sections 
were deposited on carbon-coated copper grids. This 
technique better preserves smectite from dehydration 
than ion milling. Bright-field images were taken with 
a JEOL 2000 FX electron microscope (200-kV accel- 
erating voltage, 1,8-mm spherical aberration coeffi- 
cient) with a 50-1xm objective aperture. Focus values 
were in the range +50 to +100 nm for one-dimen- 
sional images and of about - 1 0 0  nm for two-dimen- 
sional images. Specimens were observed at very low 

beam intensity with a low-light camera to reduce pos- 
sible damage caused by the electron beam. The mi- 
croscope is equipped with a Tracor (TN 5502) energy- 
dispersive X-ray spectrometer using a Si(Li) detector 
for AEM. Chemical microanalyses were obtained us- 
ing a beam diameter of 5-20 nm at a constant beam 
current. Data were processed by a program based on 
the method of Cliff and Lorimer (1975). Note that pos- 
sible volatility of elements is accounted for by this 
method, because the elemental constituents are ob- 
tained by comparison to appropriate layer-silicate stan- 
dards. 

EXPERIMENTAL RESULTS 

In the smectite-rich sample, three minerals coexist: 
smectite, illite, and interstratified illite-smectite. In the 
other samples, only illite and interstratified illite-smec- 
tite were present. Owing to the experimental tech- 
niques used (ultramicrotome cutting, low electron- 
beam intensity), the smectite crystallites showed 
d(001) values of 1.25 nm, indicating that H20 was 
present in the interlayer (Amouric and Olives, 1991). 
This observation was used to identify 1-nm repeat dis- 
tances as illite (and 1.25-nm repeats as smectite). In 
images of interlayered minerals, the positions of the 
lattice fringes are sensitive to experimental conditions 
(e.g., focus, crystal orientation, crystal thickness). The 
simulations of Guthrie and Veblen (1990) showed that, 
under special conditions (overfocus), bright lattice 
fringes may overlay the octahedral sites of the 2:1 lay- 
er, thus leading to a close correspondence between the 
spacings of the bright lattice fringes and layer thick- 
ness. Images of mixed-layer illite-smectite (Figures 1 
and 2) were obtained with such conditions. Represen- 
tative examples of these images are presented in Fig- 
ure 2a and 2c which shows two sets of fringes: (1) 
dark fringes of 1.25-nm thickness and (2) gray fringes 
of 1-nm thickness, which correspond to smectite and 
illite layers, respectively. 

Mixed- layer  i l l i te-smectite 

In the smectite-rich sample, the observed sequences 
of illite-smectite interstratification are disordered 
(Amouric and Olives, 1991). For example, Figure 1 
shows the respective interlayering sequences SIISS, 
SISIIISS, and SSSISISS (S = smectite, I = illite). We 
consider the sequences as alternations of packets of 
smectite units and packets of illite units, with the re- 
spective numbers of units of Ns and NI, where Ns and 
NI are integers. In general, the sequences of this sam- 
ple may be described as randomly disordered inter- 
stratifications (Reichweite, R = 0) in which Ns and NI 
are equal to 1-5 and 1-3, respectively. 

Because no significant differences were found in the 
interlayering sequences between the more illitic sam- 
pies, they are referred to as illite-rich samples. In these 
samples, consecutive smectite layers were not ob- 
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Figure 2. Lattice-fringe images of various locally ordered mixed-layer illite-smectite sequences, from the illite-rich samples 
studied here (see text). Note perfect R = 1 order in (c), and R = 2 in (d). [Images (a), (c), and (d) from Olives and Amouric, 
1994a.] 

served, which clearly indicates an ordered interstrati- 
fication, i.e., R --> 1. Such interstratifications are illus- 
trated in Figure  2a and 2b by SII ISIISII I  and IIISI-  
ISIIISIS.  Thus, such sequences are described with Ns 
= 1 and N~ varying f rom 1 to 3. Locally,  perfect ly 
ordered R -- 1 sequences ( I S I S . . . )  or R = 2 sequenc-  
es ( I I S I I S . . . )  were observed also, involv ing  a few re- 
peat units: e.g., four  consecut ive  IS units in Figure  2c, 
and three IIS units in Figure 2d. Such a trend, f rom 
disordered interstratification sequences to local ly or- 
dered sequences,  as the percentage of  smecti te  de- 
creases, is similar to the case of  interstratified kaolin- 
i te-smecti te  (Amour ic  and Olives,  1998). 

Illite 

No significant change was observed  in the mor- 
phology and the polytypism of  illite crystals among 
the three samples. The previous descriptions (Amour ic  

and Olives,  1991) remain val id for all the samples. 
Illite crystals contain 7 - 2 0  parallel  layers and have a 
lateral extension o f  5 0 - 2 0 0  nrn. In two-dimens ional  
structure images,  each interlayer region appears as a 
line of  white  dots with 0 .45-nm spacing, and the shift 
be tween  two consecut ive  such l ines represents the pro- 
jec ted  stagger be tween  the two tetrahedral sheets T o f  
the (2:1) T O T  layer, where O represents the octahedral  
sheet of  the same 2:1 layer (Amour ic  et al., 1978, 
1981; I i j ima and Buseck,  1978). These  images  show 
for all the samples that the polytype is 1M with well-  
ordered stacking (Figure 3). Accord ing  to Amour i c  
and Ol ives  (1991), IM illi te crystals  are produced by 
a dissolut ion-crystal l izat ion mechanism.  

Chemistry 

Structural formulae  of  i l l i te-smecti te  were  normal-  
ized on the basis of  O10(OH)2. The related standard 
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Figure 3. Structure images of illite crystals, from (a) the smectite-rich sample and (b) an illite-rich sample. The illite crystals 
are of a regular 1M polytype. [Image (a) from Amouric and Olives, 1991.] 

deviations are 0.06 for Si and A1, 0.04 for Mg and Fe, 
and 0.02 for Ca and K. On the basis of AEM micro- 
analyses, smectite, illite, and interstratified illite-smec- 
tite are dioctahedral. By grouping Fe (considered as 
Fe 3§ with octahedral A1, and Ca with K (Na being 
neglected), the analyses are illustrated in the pyrophyllite 
Si4A12010(OH)2-muscovite K(Si3A1)A12Ox0(OH)2-celadon- 
ite KSia(A1Mg)O~0(OH) 2 diagram of Figure 4. Mixed- 
layer illite-smectite shows a chemical trend from 
montmorillonite to illite. The chemical reaction in- 
volves the fixation of K and (tetrahedral and octahe- 
dral) AI in montmorillonite, to produce illite and the 
emission of H20, Si, Mg, and Fe. On the basis of four 
tetrahedral cations, the number of Fe atoms decreases 
from 0.08 in the smectite-rich sample to 0.04 in the 
illite-rich samples and the number of Ca atoms is near- 
ly constant at 0.04. This indicates a chemical modifi- 
cation of  the interlayer, tetrahedral, and octahedral cat- 
ions. 

Celadonite 

Pyrophyllite M uscovite 

Figure 4. AEM microanalyses of mixed-layer illite-smec- 
tite, from the smectite-rich sample (black circles) and the il- 
lite-rich samples (open circles) studied. Note the chemical 
trend from montmorillonite (Mon) to illite (I). 

ELECTROSTATIC-ENERGY CALCULATIONS 

For a better understanding of the structure and the 
stability of interstratified illite-srnectite, electrostatic- 
energy calculations were performed to compare the 
energies of various possible mixed-layer structures 
with illite and smectite as end-members. For this case, 
the energy thermodynamic function is adequate be- 
cause the energy of  mixing of the layers is nearly 
equal to the enthalpy of mixing (where the cell vol- 
umes are assumed constant) and to the Gibbs free en- 
ergy of mixing (because the configurational entropy of 
mixing vanishes for the perfectly ordered sequences 
studied). Vibrational aspects were not taken into ac- 
count. A first approximation to the lattice energy is 
given by the electrostatic Ewald energy (or Madelung 
energy). Justification is presented below. The Ewald 
energies are calculated from the "overlap method" 
(Olives, 1986a, section 2.4.2), which is presented in 
the following section. The convergence of this method 
is rapid, compared to the classical methods of Ewald 
(1921) or Bertaut (1952). 

The overlap method 

The electrostatic energy of an ionic crystal in which 
the ions are considered as point charges was calculated 
by Madelung (1918) for the special case of cubic crys- 
tals, and then by Ewald (1921), who gave a general 
formula valid for any crystal. Owing to the long-range 
nature of electrostatic interactions, the electrostatic en- 
ergy per volume unit (more precisely, the limit of this 
energy when the crystal becomes infinitely large) de- 
pends on the atomic configuration of the surface of the 
crystal. The Ewald energy represents the minimum of 
this electrostatic energy per volume unit with respect 
to all possible atomic configurations of the surface of  
the crystal (Olives, 1986b, 1987). 
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Table 1. Interstratified structures corresponding to I 'TOT units, TI 'TO units, etc., for the ordered layer sequences . . . ISIS. . .  
and . . . I IS I IS . . .  (I = illite, S = smectite; I', T, and O, respectively, denote the interlayer, tetrahedral, and octahedral regions). 
The subscripts I, S, and M, respectively, refer to compositions of illite, smectite, and midway between at 0.5. 

Uni ts  i n v o l v e d  in the  
inters t rat i f icat ion Inters t ra t i f ied s t ructures  for  . . . I S I S . . .  In ters t ra t i f ied  s t ructures  for  . . . I I S I I S . . .  

I 'TOT units 
TI'TO units 
I'0.sTOTI'0 ~ units 
T0.5I'TOT0. 5 units 
O0.sTI'TO0. 5 units 

�9 . .(I'TOT)I(I'TOT)s... 
� 9  

�9 . .I'ra(TOT)II'M(TOT)s... 
� 9  

�9 . .O~(TI'T)IOM(TI'T)s... 

� 9  

�9 . .(TI'TO)I(TI'TO)I(TI'TO)s... 
. . .I'M(TOT)II'I(TOT)II'M(TOT)s... 
�9 . .TM(I'TO)ITI(I'TO)~TM(I'TO)s... 
�9 . .OM(TI'T)IOI(TI'T)IOM(TI'T)s... 

In the overlap method, the Ewald energy, E, is cal- 
culated as E = E1 - E2 + E3, in which E 1 is the recip- 
rocal-lattice sum, E1 = (1/2~rV) "~ IF(h)~(h)12/h 2, with 

h ~ 0  

F ( h )  = ~ quexp(2~rih .u) ,  
u 

tp(h) = 3(sin ot - a cos c0 /a  3, et = 2~rRllhll; 

E2 = (3/5R) ~ qu2; 
u 

and E 3 is the direct lattice sum, 

E3 = (1/2R) ~ ~ ~ quqv 

Iln + u - vii < 2R 

• ( l / x  - 6/5 + x2/2  - 3x3/16 + x5/160), 

with 

x = IIn + u - vii/R. 

In these expressions,  n denotes the lattice vectors,  u 
or v denotes the positions of  the ions o f  the origin cell  
n = 0, qu is the charge of  the ion at posi t ion u, h 
denotes the reciprocal-lat t ice vectors,  V is the vo lume  
of  the cell, R is a length parameter  of  any posi t ive 
value  (E does not  depend on R), i = N/Z-] , h .  u de- 
notes the inner product,  and Ilyll denotes the length of  
any vector  y. 

As  R increases, the number  of  terms in the finite 
sum E3 increases but, at the same time, the series E1 
converges  more rapidly. In our case, a ve ry  rapid con- 
vergence  was obtained with a value of  R close to the 
cell  dimension,  e.g., at R = 1 nm. 

Smec t i t e  a n d  illite 

Because  the smecti te  and illite structures are not  
known accurately, we have used the coordinates  f rom 
Jenkins and Hartman (1979) as der ived f rom Sidor- 
e n k o  et  al. (1975) for an Al-r ich 1M mica  for the struc- 
ture of  illite, (dehydrated) smectite,  and interstratified 
ill i te-smectite.  The 1M polytype was assumed for  the 
three minerals.  The  structure relaxat ion was neglected.  
Various composi t ions  were  used, namely  the two com-  
positions of  illite, I x = Ko.75(Si3.6Alo.4)(All.65Mgo.35 )-  

O10(OH)2 and 12 = Ko.75(Si3.25Alo.75)A12Oxo(OH)2 , and 

the two composi t ions  o f  (dehydrated) smectite,  S 1 = 

(Na, K)o.asSi4(All.65Mgo.35)Olo(OH)2 (montmori l loni te)  
and $2 = (Na, K)o.35(Sia.65Alo.35)A12OIo(OH)2 (beidelli-  
te). Formal  charges,  qK = qNa = 1, qsi = 4,  qA1 = 3, 

qMg = 2 ,  q n  = 1 ,  q o  = - 2 ,  were  used with mean  
charges for the interlayer, tetrahedral,  and octahedral  
cations, e.g., 0.75, [(3.6 • 4) + (0.4 x 3)]/4, and 
[(1.65 • 3) + (0.35 • 2)]/2, respect ively,  for the 
above I~ composi t ion.  The  Ewa ld  energies  o f  illite I1, 
i l l i te  I2, smecti te  $1, and smecti te  $2 were  calculated 
at - 8 0 . 5 8 4 2 ,  - 8 0 . 1 6 3 5 ,  - 8 1 . 9 9 6 8 ,  and -81 .5261  M J  
mol  1, respect ive ly  (12 oxygen  atoms per  molecule ;  1 
M J  = 106 J) .  The uncertainty of  these values and the 
fo l lowing ones are < 0 . 5  • 10 -4 MJ  mo1-1. 

M i x e d - l a y e r  i l l i t e -smect i te  

Illite and smecti te  have  the same general  structure 
. . .  I ' T O T I ' T O T . . .  ( T O T  layers separated by interlay- 
er regions I ') ,  but the I ' ,  T, and O regions are occupied 
by different cations. A fundamental  p roblem concern-  
ing the nature of  mixed- layer  i l l i te-smecti te  is the 
structure of  the individual  illite and smecti te  layers. 
Possibili t ies include: I ' T O T  units, T I ' T O  units, etc. Ta- 
ble 1 shows the interstratified structures corresponding 
to uni t  layers ,  for  two  o rde red  layer  sequences  
. . . I S I S . . .  and . . . I I S I I S  . . . .  In this table, the sub- 
script M indicates a composi t ion  midway  be tween  il- 
lite and smecti te  at 0.5 and refers to a random mixture  
of  the corresponding cations. Thus, for OM, with the 
above I2 and $1 composi t ions ,  the mean  charge, [3 + 
(1.65 • 3 + 0.35 x 2)/2]/2, is used for the octahedral  
cations. Note  that, either for t h e . . .  I S I S . . .  or for the 
. . . I I S I I S . . .  case, the der ived structures have  the 
same first-neighbor interactions (oxygen-cat ion and 
oxygen-oxygen) ,  al though the arrangements differ. 
Thus, the short-range energies  (van der Waals attrac- 
tion, over lap repulsion) are identical  for these struc- 
tures, and the differences be tween  the lattice energies  
are only related to the long-range electrostatic energy. 

The calculated Ewald  energies  of  the preceding 
m i x e d - l a y e r  s t ructures  are  g i v e n  in Table  2 for  
. . . I S I S . . .  and in Table 3 for . . . I I S I I S  . . . .  for  the 
various composi t ions  used. For  all cases, the results 
indicate that the more  stable interstratification struc- 
ture (min imum energy) is based on O0.sTI'TO0. 5 units. 
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Table 2. Calculated Ewald energies of the mixed-layer structures corresponding to I 'TOT units, TI'TO units, etc. (see Table 
1), for the ordered layer sequence . . . ISIS . . . .  The last column gives the Ewald energy of the two-phases illite + smectite 
assemblage with the same composition (i.e., energy of illite + energy of smectite). Various compositions of illite (I t, I2) and 
smectite (S~, Sz) were used (see text). Values are in MJ mol 1 = 106 I mol -t and refer to 24 oxygen atoms per molecule. The 
more stable interstratification structure (minimum energy) is based on O05TI'TO05 units. The energy of the mixed-layer 
. . . IS IS . , .  (with O05TI'TO0. 5 units) is close to the corresponding energy of the two-phases illite + smectite assemblage. 

lnterstratified sequence . . . I S I S . . .  Two-phase 
illite + smectite 

Compositions I 'TOT units TI 'TO units I'05TOTI'0~ units T0~I'TOT05 units O05TI'TOo 5 units assemblage 

1 1 8 1  -162.5088 -162.5809 -162.5381 -162.5558 -162.5809 -162.5809 
I 1 8 2  -162.0361 -162.0533 -162.0654 -162.0449 -162.0867 -162.1103 
1 2 8 1  --162.0903 -162.1031 -162.1196 -162.1350 -162.1365 -162.1602 
I2S 2 -161.6175 -161.6896 -161.6468 -161.6645 -161.6896 -161.6896 

Moreover ,  this  mode l  co r responds  to the  m i n i m u m  en- 
ergy in compar i son  to the  o ther  mode l s  ba sed  on  
OxTI'TO1 x, I 'xTOTI ' l -x ,  or  T~I'TOT~ x uni ts  (0 ----- x <-- 
1). This  resul t  indicates  tha t  the layers  i n v o l v e d  in  the  
inters t ra t i f icat ion are p robab ly  O0.sTI'TO05 (Ol ives  and  
Amour i c ,  1994a, 1994b).  W h e n  the oc tahedra l  com-  
pos i t ions  o f  i l l i te  and  smect i te  are ident ical ,  i.e., for  
I iS l and  I282, note  that  the  in ters t ra t i f ica t ion s t ructure  
based  on  O05TI'TO0.5 uni t s  co inc ides  wi th  tha t  b a s e d  
on  T I ' T O  units.  Th e  in ters t ra t i f ica t ion m a y  then  b e  de-  
scr ibed as the superpos i t ion  of  ill i t ic or smect i t ic  T I ' T  
units ,  separa ted  by  oc tahedra l  sheets  of  M, I, or S 
compos i t i on  (for the respec t ive  cases  of  IS, II, or SS 
ad jacent  layers).  F igure  5 i l lustrates  an  example  o f  the 
. . . I S I S . . .  interstrat if icat ion.  T he  la t t i ce-energy  cal-  
cu la t ions  lead to a polar  mode l  for  T O T  layers  (wi th  
two te t rahedra l  sheets  of  d i f ferent  compos i t ions ;  see 

S 

0 - M 

0 " M 

,', ls 
0 - M 
T 7 

I 
Figure 5. Structure of the ordered mixed-layer illite-smec- 
t i t e . . .  I S I S . . .  as determined by the minimization of the lat- 
tice energy. The corresponding arrangement is 
. . .  OM(TI'T)~OM(TI'T)s... (I', T, O = interlayer, tetrahedral, 
and octahedral regions, respectively; I, S, M = compositions 
of illite, smectite, and midway between at 0.5, respectively). 

e.g., Gt iven,  1991). Indeed ,  the prec ise  a r r a n g e m e n t  is 
T~OMTs for  the  case  o f  IS ad jacen t  layers.  Such  a po la r  
m o d e l  (first p roposed  by  Sudo  et al., 1962) is in  agree-  
m e n t  w i th  expandab i l i t y  m e a s u r e m e n t s ,  X R D  analys is ,  
and  H R T E M  i m a g i n g  (e.g., Reynolds ,  1980; J i ang  et  
al., 1990; Veb len  et al., 1990), and  is suppor ted  b y  
N M R  spec t roscopy  ( B a r t o n  et al., 1985; A l t ane r  et  al., 
1988; J a k o b s e n  et  al., 1995). O n  the  bas is  of  these  
resul ts ,  A l t ane r  and  Y l a g a n  (1997)  a lso  f avo red  the  
polar  m o d e l  and  a s sumed  this  m o d e l  to c o m p a r e  the  
m e c h a n i s m s  for  smect i te  i l l i t izat ion.  

Fu r the rmore ,  the energ ies  ob ta ined  for  the  mixed -  
layers  . . . I S I S . . .  and  . . . I I S I I S . . .  (wi th  O0.sTI'TO0s 
uni ts)  are c lose  to the co r r e spond ing  energ ies  o f  the  
t w o - p h a s e  a s s e m b l a g e  of  i l l i te  + smec t i t e  (Tables  2 
and  3). Thus ,  the  ene rgy  o f  m i x i n g  of  the  two types  
of  layers  is near ly  equal  to zero. W h e n  the  oc tahedra l  
c o m p o s i t i o n s  of  i l l i te and  smect i te  are ident ica l ,  i.e., 
for  I1St and  I282, note  tha t  the ene rgy  o f  the  mixed -  
layer  is equa l  to tha t  o f  the two-phase  a s s e m b l a g e  o f  
i l l i te  + smect i te .  A s imi la r  resu l t  was  ob ta ined  for  in- 
terstrat i f ied b io t i te -ch lor i te  ( 0 l i ve s ,  1985, 1986a).  T h e  
s tabi l i ty  o f  in te r l ayered  i l l i te-smect i te  is t hen  s imi la r  
to the  s tabi l i ty  o f  an a s semblage  con ta in ing  d iscre te  
i l l i te  and  smect i te .  This  resu l t  m a y  exp la in  the  coex-  
i s tence  o f  illite, smect i te ,  and  inters t ra t i f ied  i l l i t e -smec-  
tite, w h i c h  was  o b s e r v e d  in our  smec t i t e - r i ch  sample  
( A m o u r i c  and  0 l i v e s ,  1991; also e.g., D o n g  et  aL, 
1997). 

S u m m a r y  o f  a s sumpt ions  

The  e lec t ros ta t ic  E w a l d  ene rgy  was c o n s i d e r e d  as a 
first a p p r o x i m a t i o n  to the  lat t ice energy.  E w a l d  ener-  
gies were  ca lcu la ted  f rom the  over lap  m e t h o d  (Ol ives ,  
1986a, sec t ion  2.4.2) w h i c h  p rov ides  r ap id  conver -  
gence .  F o r m a l  charges  were  used. R a n d o m  d i s t r ibu t ion  
o f  ca t ions  in  each  oc tahedra l ,  te t rahedral ,  or  in te r layer  
reg ion  was  assumed.  Iden t ica l  coord ina tes  were  used  
for  the  s t ructure  o f  illite, (dehydra ted)  smect i te ,  and  
inters t ra t i f ied  i l l i t e -smect i te  (1M po ly type  was  as- 
s u m e d  for  the  three  minera ls ) .  S t ruc ture  r e l axa t ion  was  
neglected.  Two compos i t i ons  of  i l l i te (I1, I2) and  two  
compos i t i ons  of  smect i te  (S1, $2) were  used.  
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Table 3. Calculated Ewald energies of the mixed-layer structures corresponding to I'TOT units, TI'TO units, etc. (see Table 
1), for the ordered layer sequence . . . I ISI IS . . .  The last column gives the Ewald energy of the two-phase assemblage of illite 
+ smectite with the same composition (i.e., 2 • energy of illite + energy of smectite). Various compositions of illite 01, I2) 
and smectite ($1, $2) were used (see text). Values are in MJ mo1-1 = 106 J tool ~ and refer to 36 oxygen atoms per molecule. 
The more stable interstratification structure (minimum energy) is based on O0.sTI'TO05 units. The energy of the mixed-layer 
�9 O0.sTI'TO0. 5 units) is close to the corresponding energy of the two-phases illite + smectite assemblage. 

Interstratified sequence . . .IISIIS... Two-phase illite + 
Compositions I'TOT units TI'TO units I'0~TOTI'o. 5 units TosI'TOTo5 units OosTI'TOo5 units smectite assemblage 

III1S I -243.0682 -243.1651 -243.1223 -243.1337 243.1651 -243.1651 
IlI1S 2 -242.5954 -242.6184 -242.6495 -242.6072 -242.6708 -242.6944 
I212S 1 -242.2289 -242.2476 -242.2830 -242.2984 242.3000 -242.3237 
IzIzS z -241.7561 -241.8531 -241.8103 -241.8217 -241.8531 -241.8531 

Consequences f o r  the smectite-to-illite solid-state 
mechanism 

In Amour ic  and 0 l i ve s  (1991), two  illitization 
mechan i sms  were  de tec ted  on the basis  o f  H R T E M  
observat ions:  (1) dissolut ion of  smect i te  and crystal-  
l ization of  illite, which  produces  1M illite crystals ,  and 
(2) solid-state t ransformat ion of  one smect i te  layer  to 
one illite layer, which  leads to mixed- layer  i l l i te-smec-  
rite. This latter m e c h a n i s m  was also suppor ted  by the 
H R T E M  study of  Murakami  et aL (1993). The te rm 
"so l id - s ta te"  is used here  in a broad sense,  because  
mass  t ransport  is obviously  involved in such a transi- 
tion. Thus,  the t ransformat ion occurs wi thin  a solid, at 
the unit-cell  scale, at the boundary  of  the newly  de- 
veloping layer and the react ion is probably  facil i tated 
by the presence  of  water. The major  part o f  the pre- 
exist ing solid is p rese rved  (e.g., Veblen and Buseck,  
1980; Olives et al., 1983; Eggle ton  and Banfield,  
1985; Amour ic  and 0 l ives ,  1998). The  interstratifica- 
tion de te rmined  by the above calculat ions has impor-  
tant consequences  for  this t ransformation:  the mecha-  
n i sm probably  consists  o f  a lateral t ransformat ion  of  
an O0.sTI'TO0.5 unit o f  smect i te  into the same unit o f  
illite. The react ion mos t  probably  begins  at the inter- 
layer, I ' ,  because  of  its h igh ion and water -exchange  

capacity, and propagates  to the two adjacent  TO0.5 
units. The react ion then laterally runs along the layer 
so that an O0.sTI'TO0.5 unit o f  smecti te  is progress ive ly  
t rans formed  into the same cor responding  unit  o f  illite. 
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