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Abstract--Area-weighted thickness distributions of fundamental illite particles for samples of illite and 
illite-smectite from seven locations (including bentonites and hydrothermally altered pyroclastics) were 
measured by Pt-shadowing technique, by transmission electron microscopy. Most thickness distributions 
are described by lognormat distributions, which suggest a unique crystallization process. The shapes of 
lognormal distributions of fundamental illite particles can be calculated from the distribution mean because 
the shape parameters c~ and [32 are interrelated: 132 = 0.107c~ - 0.03. This growth process was simulated 
by the mathematical Law of Proportionate Effect that generates lognormal distributions. Simulations 
indicated that illite particles grow from 2-nm thick illite nuclei by surface-controlled growth, i.e., the rate 
of growth is restricted by how rapid crystallization proceeds given a near infinite supply of reactants, and 
not by the rate of supply of reactants to the crystal surface. Initially formed, 2-nm thick crystals may 
nucleate and grow within smectite interlayers from material produced by dissolution of single smectite 
2:1 layers, thereby transforming the clay from randomly interstratified (Reichweite, R = 0) to ordered (R 
= 1) illite-smectite after the smectite single layers dissolve. In this initial period of illite nucleation and 
growth, during which expandable layers range from 100 to 20%, illite crystals grow parallel to [001]* 
direction, and the dimensions of the (001) plane are confined to the size of the original smectite 2:1 
layers. After nucleation ceases, illite crystals may continue to grow by surface-controlled growth, and the 
expandable-layer content ranges from 20 to 0%. This latter period of illitization is characterized by three- 
dimensional growth. Other crystal-growth mechanisms, such as Ostwald ripening, supply-controlled 
growth, and the coalescence of smectite layers, do not produce the observed evolution of a and 132 and 
the observed shapes of crystal thickness distributions. 

Key Words--Crysta l  Growth, Fundamental Particle, Illite-Smectite, Illitization Mechanism, Lognormal 
Distribution, Ostwald Ripening. 

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

The  t e rm " f u n d a m e n t a l  pa r t i c le"  was  in t roduced  by  
Nadeau  e t  al.  (1984)  to indicate  the  th innes t  phys ica l ly  
separable  c lay par t ic les  (e .g . ,  --1 n m  th ickness  for  
smect i te  part icles,  and  2 n m  or larger  th icknesses  for  
i l l i te par t ic les)  tha t  p roduce  single,  hexagona l -based ,  
e lec t ron  di f f rac t ion pa t te rns  w h e n  o b s e r v e d  in the 
t r ansmiss ion  e lec t ron  mic roscope  (TEM).  These  au- 
thors  used  the  P t - shadowing  t echn ique  to measure  fun- 
damenta l -par t i c le  th ickness .  We adopt  this term, bu t  
wi th  a d i f ferent  genet ic  conno ta t ion  than  that  p resen ted  
by  Nadeau  e t  al.  (1984).  In subsequen t  s tudies that  
used  h igh- reso lu t ion  (HR) T E M  imag ing  of  bu lk - rock  
spec imens  p rocessed  to p rese rve  the  or ig inal  fabric  
(Srodori  e t  al . ,  1990) and  X-ray  di f f rac t ion (XRD)  
analyses  of  bu lk - rock  spec imens  (Reynolds ,  1992), 
mos t  f undamen ta l  part icles  were  found  to occur  as 
" b u i l d i n g  b l o c k s "  of  mixed- laye r  crys ta ls  ( M a c E w a n  
crystal l i tes) .  The  occur rence  of  fundamen ta l  il l i te par- 
t icles as ind iv idua l  ent i t ies  on  T E M  grids results  f rom 
infini te  osmot ic  swel l ing  of  mixed- laye r  crys ta ls  a long 
the  i n t e r l aye r s  c o n t a i n i n g  h y d r a t e d  ca t i ons  ( i . e . ,  

" smec t i t i c  in te r l ayers" ) .  Such  swel l ing produces  sin- 
gle 2:1 layers  ( smect i te  fundamen ta l  par t ic les)  and  sets 

of  2:1 layers  b o n d e d  by  fixed and  non -hydra t ed  cat ions  
( i l l i te  f u n d a m e n t a l  par t i c les ) .  In f in i te  swe l l i ng  o f  
mixed- laye r  crys ta ls  can  be  ach ieved  unde r  the con-  
di t ions i nvo lved  in the  p repara t ion  of  e lec t ron  micro-  
scope spec imens  (the use of  Na  or  Li  exchange  cat ions  
and  ve ry  dilute, e lectrolyte-free  suspension) .  I l l i tes are 
c o m m o n l y  th ick  part icles  where  in terpar t ic le  diffrac-  
t ion effects  are min imal .  Thus ,  the ill i te fundamen ta l -  
part icle th ickness  is ident ical  to crysta l  th ickness .  I1- 
l i te-smect i tes  are minera l s  c o m p o s e d  of  th in  illite par- 
t icles wi th  or wi thou t  a c c o m p a n y i n g  smect i te  s ingle  
layers.  The  fundamenta l -pa r t i c le  size in i l l i te-smect i te  
is necessar i ly  smal le r  than  the mixed- laye r  crysta l  size 
of  i l l i te-smecti te .  Wi th  increas ing  percen t  of  swel l ing 
inter layers ,  the n u m b e r  of  fundamen ta l  part icles  per  
mixed- laye r  crys ta l  gradual ly  increases  to about  five 
for  pure  smect i te  (Drits e t  al . ,  1997). 

Nadeau  e t  al.  (1984)  measu red  th ickness  dis t r ibu-  
t ions of  fundamen ta l  par t ic les  f rom i l l i te-smecti tes .  
Nadeau  (1985, 1987) es tab l i shed  several  re la t ions  be-  
tween  fundamenta l -pa r t i c le  d imens ions ,  inc lud ing  a 
posi t ive  corre la t ion  a m o n g  the  m e a n  part ic le  th ickness ,  
the m e a n  area of  the (001) plane,  and  the s tandard  
devia t ion  of  the th ickness  dis t r ibut ion.  Inoue  e t  al.  

(1987),  L a n s o n  and  C h a m p i o n  (1991),  and  Inoue  and  
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Kitagawa (1994) confirmed these findings, and 
showed that platelet shapes evolve during illitization: 
from irregular plates, to laths, to hexagons. Eberl and 
Srodofi (1988) and Inoue e t  al. (1988) published ad- 
ditional sets of fundamental-particle size distributions, 
and interpreted them (probably incorrectly) as prod- 
ucts of Ostwald ripening, i.e., closed-system growth 
guided by surface free energy (large particles growing 
at the expense of dissolving small particles). Eberl et  
al. (1990) recognized that illitic samples do not follow 
the crystal-size distribution (CSD) shapes expected 
theoretically for Ostwald ripening according to the Lif- 
shitz-Slyozov-Wagner theory (Eberl et  al., 1998a), but 
they do follow a lognormal distribution. The present 
contribution analyzes in detail the CSD of illite fun- 
damental particles, and interprets the illitization mech- 
anism from these data, using the model (Eberl et  al., 
1998a) of the evolution of CSD in open and closed 
systems. 

CHARACTERISTICS OF THE LOGNORMAL 
DISTRIBUTION 

A random variable X follows the lognormal distri- 
bution if the logarithms of X, In(X), obey the normal 
probability distribution. A probability density function, 
g(X), which describes the theoretical lognormal fre- 
quency distribution of X, is given by: 

g(X) = [ X ~ ] e x p { - ( + ) [ l n ( X )  - c~]2 } . (1) 

The parameters ct and [32 are the mean and the var- 
iance of In(X), respectively, and they completely de- 
scribe the distribution of X values. These parameters 
are determined by the following equations: 

et = f ln(X)f(X); (2) 
Q /  

[32 = J [In(X) - ct]2f(X) (3) 

for the continuous frequency distribution f(X). In prac- 
tice, we usually deal with discrete phenomena and ob- 
servations (Xi is an i-th measured value), and thus, 

ct = ~] ln(Xi)f(Xi); (4) 

[32 = ~ [ln(Xi) - et]zf(xi). (5) 

The lognormal distribution is skewed towards larger 
values, and the degree of  skewness depends on the 
variance of ln(X). The log_normal distribution is char- 
acterized by moments, X n, i.e., mean values of X 
raised to the power n: 

~n = Z Xnf(X) = exp(net + n2132/2). (6) 

First and second order moments, i.e., mean values of 
X and X 2, are used in this study: 

m 

X = exp(et + [32/2) (7) 

~2 = exp(2et + 2[32). (8) 

MATERIALS AND METHODS OF 
MEASUREMENT 

TEM data used here were collected by several dif- 
ferent analysts using the Pt-shadowing technique (Sro- 
doff e t  al., 1992). The analyzed samples (Table 1) are 
pure fractions of illite and illite-smectite. These frac- 
tions were separated from altered pyroclastic rocks 
which have undergone burial diagenetic or hydrother- 
mal alteration. Thus, all samples contain authigenic 
clays, free from detrital-illite contamination. All  rocks 
were soft and swelled in water, and thus no grinding 
was needed prior to clay-fraction separation, thereby 
preserving natural crystal-thickness distributions. In 
hard rocks, grinding has been shown to cleave illite 
crystals (e.g., Jiang et  al., 1997). 

In our experience, distributions of fundamental par- 
ticle thickness in the clay fraction of illite-smectite 
from diagenetically or hydrothermally altered pyro- 
clastics is representative of the whole rock, provided 
that the clay is not separated into fractions of  <0.2 
p.m and extreme dilutions are not used. With extreme 
dilutions, mixed-layer crystals undergo infinite osmot- 
ic swelling, and centrifugation may separate different 
populations of fundamental particles (Clauer et  al., 
1997). 

TEM measurement of the thickness of  thin funda- 
mental particles can be biased towards larger values 
owing to the tendency of the operator to select larger 
and "nice looking" particles if special precautions are 
not taken (~rodofi et  al., 1992). All  measurements an- 
alyzed in this study followed a standard procedure to 
avoid operator biases. Fundamental particles of illite 
are known to have variable dimensions in the (001) 
plane, which must be included in the crystal-size anal- 
ysis. For this reason, HRTEM data, which consist ex- 
clusively of particle-thickness measurements, were not 
used in this study. Data sets (Table 1) consist of thick- 
ness, length, and width, and particle area, which is 
calculated as length times width. 

ANALYSIS OF PARTICLE-SIZE DATA 

P a r t i c l e - t h i c k n e s s  d i s t r i b u t i o n s  

T y p e s  o f  t h i c k n e s s  d i s t r i b u t i o n s  a n d  m e a s u r e m e n t  er-  
ror. Illite and smectite fundamental particles are plates 
with different shapes and dimensions in the (001) 
plane. Distributions of particle thicknesses can be an- 
alyzed as number-weighted (NW), (001) area-weight- 
ed (AW), or volume-weighted (VW) frequencies. 
Area-weighted distributions are most useful, because 
they relate to XRD and chemical measurements, in- 
cluding expandability by XRD on the basis of calcu- 
lations from program NEWMOD (Reynolds, 1985), 
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Table 1. Selected XRD and TEM data for the studied samples. 

% 
smectite 

No. particles % S Ordering ~ a [3 2 ~ .  ~x 15 2 
Sample particles (TEM) (XRD) (XRD) (ID) (ID) (ID) (ISD) (ISD) (ISD) 

Upper Silesia (1) 
2M9 114 76 88 R = 0 2.00 0.69 0.00 1.24 0.17 0.09 
3M2 68 57 45 R = 0 2.15 0.75 0.03 1.50 0.33 0.15 
IM6 128 6 41 R = 1 2.32 0.82 0.04 2.24 0.77 0.07 
Ch5 266 7 39 R = 1 2.46 0.87 0.05 2.35 0.81 0.10 
R62 112 2 29 R = 1 2.65 0.94 0.07 2.62 0.92 0.09 
T9 149 3 20 R > 1 2.76 0.98 0.07 2.72 0.95 0.10 
Wales (2) 
M3 165 79 66 R = 0 2.00 0.69 0.00 1.21 0.15 0.08 
M9 142 40 38 R = 0 / R = 1 2.29 0.80 0.06 1.78 0.48 0.19 
M4 108 2 15 R > I 2.64 0.93 0.08 2.61 0.91 0.09 
M5 102 2 25 R = I 2.68 0.94 0.08 2.64 0.92 0.09 
M l l  68 0 6 R > 1 5.46 1.63 0.13 
San Juan Mrs. (3) 
RM8 111 0 7 R > 1 6.23 1.75 0.17 
RM35A 99 0 9 R > 1 6.86 1.80 0.26 
RM30 95 0 6 R > 1 11.57 2.31 0.27 
SG4 82 0 3 R > 1 17.75 2.76 0.27 
Zempleni  Hills (4) 
ZEMPLENI 140 1 16 R > 1 3.05 1.08 0.08 3.03 1.07 0.09 
East Slovakia (5) 
CIC1/20 79 24 45 R = 0 / R = 1 2.49 0.87 0.08 2.13 0.66 0.20 
CIC1/18 108 24 51 R = 0 / R = 1 2.48 0.86 0.08 2.12 0.65 0.20 
CIC8/11 130 2 33 R = 1 2.70 0.95 0.08 2.67 0.94 0.09 
TRHl/37 136 0 18 R > 1 3.45 1.17 0.12 
Dolna Ves (6) 
DV4 119 2 45 R = 1 2.21 0.78 0.03 2.18 0.76 0.05 
2218 140 4 29 R = 1 2.72 0.97 0.07 2.66 0.93 0.10 
1555 142 0 21 R > 1 2.89 1.02 0.08 
1603 141 0 8 R > 1 4.38 1.42 0.12 
Kamikita (7) 
KAM-12-40 56 0 12 R > 1 7.60 1.94 0.17 
KAM-12-80 61 0 4 R > 1 10.02 2.20 0.20 
KAM-12-50 66 0 3 R > 1 10.48 2.27 0.15 
KAM- 12-140 56 0 0 illite 12.49 2.46 0.13 
KAM-12-262 43 0 0 illite 24.85 3.07 0.30 
KAM-12-223 43 0 0 illite 28.21 3.22 0.25 
KAM-12-290 58 0 0 illite 41.89 3.58 0.35 

l Number of  fundamental particles measured by TEM, percent smectite particles in this population, XRD expandability, and 
ordering are presented along with the calculated parameters ct, [~2, and mean thicknesses (Na) of area-weighted lognormal 
distributions of fundamental particles of illite (ID), and illite plus smectite (ISD). (1) Zoned Carboniferous bentonite from the 
Upper Silesia Coal Basin (Srodofi et al., 1986, 1992); (2) Silurian bentonites from Welsh Borderlands (ibid.); (3) Hydrother- 
mally altered fault gauges from Silverton caldera, San Juan Mts., Colorado (Eberl et al., 1987; Srodofi et al., 1992); (4) 
Hydrothermally altered rhyolite, Zempleni Hills, Hungary (Srodofi et al., 1992; Viczi~n, 1997); (5) Miocene bentonites from 
the East Slovak Basin (Sucha et al., 1993); (6) Hydrothermally altered Miocene volcanics from central Slovakia (Sucha et 
al., 1996); (7) Hydrothermally altered Miocene volcanics, Japan (Inoue and Kitagawa, 1994). 

m e a n  va lue  o f  f u n d a m e n t a l - p a r t i c l e  t h i c k n e s s e s  deter-  

m i n e d  f r o m  f ixed ca t ions  (Srodof i  et  al., 1992), and  

th i cknes s  d i s t r ibu t ions  o f  m i x e d - l a y e r  c rys t a l s  and  

f u n d a m e n t a l  par t ic les  as d e t e r m i n e d  b y  the Ber tau t -  

W a r r e n - A v e r b a c h  m e t h o d  (Dri t s  et  al., 1998; Eber l  et  

al.,  1998b).  

A n  X R D  t e c h n i q u e  for  m e a s u r i n g  m e a n  th i ckness  

on  the bas i s  o f  in tegra l  p e a k  w i d t h  (Dri t s  et  aL, 1997) 

m e a s u r e s  m e a n  v o l u m e - w e i g h t e d  th i ckness  (L, or  " e f -  

fec t ive  t h i c k n e s s " ) .  L is re la ted  to the m e a n  area-  

w e i g h t e d  t h i cknes s  (Na): 

L = Na2/Na (9) 

R 

w h e r e  Na 2 is the m e a n  o f  the squa r e s  o f  a r e a - w e i g h t e d  

th icknesses .  F o r  a l o g n o r m a l  d i s t r ibu t ion ,  E q u a t i o n s  

(7), (8), and  (9) g ive  the f o l l o w i n g  r e l a t ionsh ip  be-  

t w e e n  the v o l u m e  and  the  m e a n  a r e a - w e i g h t e d  thick-  

nesses :  

L = Naexp([32). (10)  

A r e a - w e i g h t e d  f r e q u e n c y  d i s t r ibu t ions  w e r e  ca lcu-  

lated b y  s u m m a t i o n  o f  a reas  ( l eng th  • w id th )  sepa-  

ra te ly  fo r  each  size c lass  o f  f u n d a m e n t a l  par t ic le  thick-  

ness ,  and then  b y  n o r m a l i z i n g  the s u m  o f  all areas  to 

unity.  T h e s e  f r equenc i e s  were  u sed  to ca lcula te  the 
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Figure 1. Examples of thickness distributions of fundamen- 
tal particles from TEM measurements. Figure legends include 
sample name, the mean (N or N~), and the lognormal param- 
eters alpha (ct) and beta 2 (62). The solid lines in Figures A 
and C are theoretical lognormal curves calculated for these 

mean thickness (Na) and tx and 132 parameters [Equa- 
tions (2) and (3)]. F rom these parameters,  theoretical  
lognormal  distributions were calculated [Equations 
(1), (4), and (5)] and compared  with exper imental  data. 
Number-weighted  frequencies  were  processed in an 
analogous manner. Mean  thickness in this case is des- 
ignated as N, and this symbol  also is used below if  
AW and N W  distributions are considered jointly.  

I l l i te-smectites o f  low expandabil i ty contain only 
one type of  fundamental  particle, i.e., illite (Table 1), 
which is characterized by the presence of  fixed inter- 
layer cations. The chemical  composi t ion of  such thin 
illite particles is affected strongly by the composi t ion 
of  their top and bot tom surfaces, which may  be dif- 
ferent  f rom their  interior (Altaner et  aL, 1988). Illite- 
smecti te of  higher expandabil i ty may  contain such il- 
lite particles and smecti te particles, i.e., single 2:1 lay- 
ers without fixed interlayer cations (Table 1). For  sam- 
pies containing both smecti te particles and iUite 
particles, two thickness distributions were  calculated 
per sample: one for all fundamental  particles (the i11ite 
+ smectite distribution, or ISD) and one for illite par- 
ticles only (ID). Table 1 lists the results of  these cal- 
culations, and Figure 1 presents selected crystal-size 
distributions, coverin_g a range of  mean particle thick- 
nesses. Calculated N, or N, and et and ~ values are 
g iven in Figure 1, and theoretical lognormal  distribu- 
tions calculated f rom ec and ~2 are plotted as solid lines 
in Figure 1A and 1C. 

Area-weighted  ID are smooth curves,  and are in 
good agreement  (except for clays with Reichwei te ,  R 
= 0, see below) with theoretical lognormal  curves  if  

< 6 (Figure 1A). CSDs  for these samples are log- 
normal  at the > 10% significance level,  on the basis of  
the Ko lmogorov-Smi rnov  statistical test (Benjamin 
and Cornell ,  1970). The  same is true for number-  
wei._ghted distributions for N < 6 (not shown). At high- 
er N, distributions become scattered, and the scatter is 
greater for the area-weighted distributions than for the 
number-wei__ghted distributions (Figure 1C), especial ly  
at greater N values, which results f rom the fact that 
thicker particles have  greater areas. The  scatter results 
f rom poor  counting statistics. At  N = 3, 50 measure-  
ments are sufficient to obtain an estimate o f  et and 132 
to within a few percent. At  larger N values, the dis- 
tributions spread out, and there are more size classes 

< . . . .  

parameters from Equation (1). A) area-weighted distributions 
of illite fundamental particles for five samples with different 
mean thicknesses; B) area-weighted thickness distributions of 
illite (ID) and illite + smectite (ISD) fundamental particles 
for the same randomly interstratified sample; C) area-weight- 
ed (AW) compared to particle number-weighted (NW) distri- 
butions of a sample with a large mean particle thickness. The 
scatter of data, owing to poor counting statistics, is larger for 
the AW distribution. 
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Figure 2. Plot of lognormal parameters c~ vs. f32 calculated 
from the area-weighted thickness distributions of all studied 
samples (see Table 1). Dark circles: distributions of funda- 
mental particles of illite (ID); open triangles and squares: dis- 
tributions of fundamental particles of illite + smectite ([SD) 
of random (R = 0) and ordered (R > 0) clays, respectively. 
The arrow indicates the trend of the ISD in transition between 
R = 0 and R = I. Regression line (see text) refers to the ID. 

o f  par t ic les  to count .  A t  N = 10, 100 m e a s u r e m e n t s  
p roduce  a tognormal  c u r v e  wi th  cons iderab le  scatter, 
bu t  50  m e a s u r e m e n t s  m ay  dis tor t  the resul t  consider-  
ably by  over-  or  under -es t imat ing  bo th  c~ and 132. 

A W 11) versus ISD thickness distributions o f  particles. 
The  m e a n  of  the natural  logar i thms  of  the th icknesses  
(in nm),  a ,  is plot ted (Figure 2) versus the var iance  of  
the natural  logar i thms  of  the th icknesses  (in nm),  [32, 
for  a rea -weigh ted  (AW) distr ibut ions.  These  dis t r ibu-  
t ions inc lude  smect i te  part icles  (ISD) and exclude  
smect i te  par t ic les  (ID). For  c~ > 1.2, the plot ted cu rves  
coincide,  because  these  samples  do not  conta in  smec-  
tite par t ic les  (Table 1). The  scat ter  of  data at c~ > 1.8 
is re la ted to poor  coun t ing  statistics (Table 1). A t  a < 
1.0, the two sets o f  data  contrast .  ID data  form a well-  
def ined  trend,  s tar t ing at c~ = 0,69 and  [32 = 0, where  
this  po in t  co r respond  to samples  cons is t ing  only  of  2- 
n m  th ick  part icles.  ISD data  p lo t  close to the ID t rend 
where  there  are few smect i te  par t ic les  (R = 1 clays).  
R a n d o m l y  inters t rat i f ied (R = 0) clays fo rm a separate  
trend,  s tar t ing at (x = 0 and  [32 = 0, a poin t  that  rep- 
resents  pure  smect i te  (s ingle  2:1 layers),  wi th  [32 in- 
c reas ing  sharply  wi th  increas ing  (x. In the t rans i t ion 
f rom R = 0 to R = 1 (at a of  0.7), [32 of  ISD decreases  
abrupt ly  (note arrow, Figure  2). 

Characteristics o f  AW-thickness  distributions o f  illite 
particles. The  ID data, in cont ras t  to ISD, are char- 
ac ter ized by  a l inear  t rend of  a vs. [32 paramete r s  (Fig- 
ure  2). N o  apparen t  addi t ional  t rends  are de tec ted  
where  samples  f rom dif ferent  locat ions  are plot ted sep- 
arately. 

F igure  3 presents  re la t ions  for  m e a n  a rea -weigh ted  
th icknesses ,  N,, and  a and  [32. I f  ideal  lognormal  dis- 
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Figure 3. Correlation between mean thickness (N~) and log- 
normal parameters c~ (3A) and [~ (3B) for area-weighted 
thickness distributions of illite fundamental particles (ID 
AW). The sample marked with an open circle was not used 
in the regression analysis, where R ~ = the regression coeffi- 
cient. 

t r ibut ions  are assumed,  [32 also m a y  be  ca lcula ted  us- 
ing Equa t ion  (7) and  the regress ion  equa t ion  of  Figure  
3A. The  re la t ion  ob ta ined  in this  way, [32 = - 0 . 0 2  + 
0.09 In Na, is near ly  ident ical  to tha t  der ived  by  ex- 
pe r imen t  (Figure 3B), ind ica t ing  that  the exper imenta l  
data  fo l low the lognormal  d is t r ibut ion  closely. The  
precis ion of  the regress ion  equat ions  presen ted  in Fig- 
ure 3 was cons idered  by  fitting on ly  data  for  Na < 6, 
wh ich  have  super ior  coun t ing  statistics,  and  di f ferenc-  
es in  the resul ts  were  negl igible .  C o m b i n i n g  equat ions  
f rom Figure  3A and  3B produces  a l inear  re la t ionship  
be tween  c~ and  [32 that  charac ter izes  ID (Figure 2): 

[32 = 0.107or - 0.03. (11) 
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Area (AW) versus number-weighted (NW) thickness 
distributions. Number-weighted ID curves also are 
lognormal, and are described by similar equations to 
those in Figure 3. Figure 4 gives regression curves for 
N W  versus A W  lognormal parameters. Both distribu- 
tions are related _uniquely: with values of 132 identical 
(Figure 4A), but N and e~ values increasing more rap- 
idly for AW than for NW in N > 3 s._amples (Figure 
4B and 4C). This  rapid increase in N and c~ values 
implies that for Na > 3, the thickness and the area of 
illite particles are positively correlated. Thus, for an 
identical value of 132, N and a values are larger for 
AW than for NW distributions. Figure 4 can be used 
to calculate AW parameters from NW parameters for 
these types of clays. 

Evolution of  the frequencies of  particles o f  a given 
thickness during illitization. Figure 5 shows the evo- 
lution of particle thickness during illitization (ISD AW 
data) in a plot of frequency of particles of  a given 
thickness vs. sample mean thickness (an increase in 
mean thickness is indicative of the progress of the il- 
litization of smectite). Particles appear and disappear 
in a regular fashion during illitization: thin particles 
have a greater maximum frequency and occur with a 
narrower range of N than thick particles. 

Fundamental-particle thickness versus mixed-layer 
crystal thickness. Mean fundamental-particle thickness 
(Na), mean mixed-layer crystal thickness (T), and "ex-  
pandability" (i.e., percentage of smectitic interlayers, 
or %S) are related and characterize mixed-layer clay 
crystals in the [001]* direction (Drits et al., 1997): 

Na = 100T/[(T - 1)%S + 100], (12) 

N, and T are means of AW ISD and are given as num- 
bers of layers (equal to the thickness in nm for de- 
hydrated illite-smectite). 

Equation (12) may be used to calculate Na from %S 
and T, the latter measured from XRD peak broadening 
of K-saturated and d.__ehydrated mixed-layer  clays 
(Drits et al., 1998). N~ of ISD distributions may be 
calculated also from the fixed cations content [Equa- 
tions (2) and (3) of Srodofi et al., 1992]. The XRD 
method of Bertaut-Warren-Averbach (Drits et al., 
1998), when applied to fundamental particles (PVP 
technique of Eberl et al., 1998b), gives Na for only the 
population of  illite particles (ID), because isolated 2:1 
layers do not contribute to diffraction peaks. Thus, if 
TEM measurements are not available, the PVP tech- 
nique is the best alternative for determining the thick- 
ness distribution for illite fundamental particles. 

Figure 4. Comparison between area (AW) and number- 
weighted (NW) thickness distributions for illite particles (ID). 
The sample marked with an open circle was not used in the 

0.4 

~ 0.3 

~ 0.2 

0.1 

regression analysis. (A) comparison between 132 values; (B) 
comparison between c~ values; (C) comparison between mean 
thicknesses. R 2 is the regression coefficient. 
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Par t ic le  d imens ions  in the (001)  p l a n e  

A positive correlation between the mean thickness 
and the mean area of illite particles for samples with 
N > 3 is shown in Figure 6A. The large scatter of the 
data can be understood if mean length and mean width 
are plotted separately against mean thickness (Figure 
6B). The two lines in Figure 6B are drawn through 
minimum values of mean length and mean width for 
a given mean thickness. These lines correspond to the 
line drawn through the minimum-area values in Figure 
6A. Samples that plot on these lines contain plate-like 
particles with an aspect ratio (mean length/mean 
width) of about 2:1. However, many samples plot 
above these lines, which indicates that these samples 
have larger mean areas for a given N value. These 
particles are both plate-sh__aped and lath-shaped, with 
aspect ratios to 9:1. For N < 10, F igure6C indicates 
that both shapes are found, and at larger N values only 
platy particles occur. 

The increase in length and width of particles with 
increasing thickness is observed also within individual 
samples, but only for samples with larger particle siz- 
es. These data show scatter (Figure 7A) as do the 
length versus  width plots (Figure 7B) and therefore, 
regression analyses were not obtained. Figure 7B also 
indicates that smectite and illite particles of a given 
sample have similar dimensions within the (001) plane 
and similar aspect ratios. 

Most distributions of length and width for individual 
samples are lognormal. If the lognormal parameters 
for all samples are plotted together, an approximate 
increase in 132 with et is observed (Figure 8). The 
trends are sub-parallel, but the data are too scattered 
to determine reliable regression equations between ct 
and [~2 for width and length. 

THEORETICAL APPROACH 

Most of the samples, collected from seven locations, 
have lognormal populations of illite fundamental-par- 
ticle thicknesses. The log___normal parameters a and 132 
can be calculated from Na (Figure 3) and, for most of 
the ID samples, 132 increases linearly with c~ [Figure 2 
and Equation (11)]. These relations hold despite the 
fact that the correlations among thickness and dimen- 
sions within the (001) plane are not strong (Figure 6). 
In other words, samples of a given mean particle thick- 
ness may be composed of particles with highly vari- 
able mean areas and mean elongations, but particle 
thicknesses follow Equation (11), i.e., a unique path 
in et vs. ~2 plot. Therefore, it is feasible that each lo- 
cation shows the same growth mechanism along the 

[001]* direction, and it is this mechanism that is re- 
sponsible for the generation and the evolution of log- 
normal distributions. 

The mathematical law that generates lognormai dis- 
tributions is known as the Law of Proportionate Effect 
(LPE), discovered by Kapteyn (1903). Numerous 
physical mechanisms operate according to this law and 
lognormal distributions are therefore common in nat- 
ural systems. We assume for illite-smectite, that the 
growth mechanism for fundamental particles along the 
[001]* direction follows this law. Applied to crystal 
growth, LPE states that for a given growth cycle, par- 
ticles will grow in proportion to their size times a ran- 
dom number: 

x . ,  = xj + ~jxj, (13) 

where Xj and Xj+~ are crystal dimensions before and 
after a growth cycle, respectively, and ~j is a random 
number between 0 and 1. Lognormal distributions are 
generated and evolved by repeating growth cycles for 
a large number of particles. 

A computer model (GALOPER) simulates this 
growth mechanism and other types of crystal growth 
(Eberl et al., 1998a). A comparison between simulated 
and measured shapes for crystal-size distributions 
(CSDs) may yield the crystal-growth mechanism. Sur- 
face-controlled, open-system growth involves Equa- 
tion (13) only, which yields lognormally shaped dis- 
tributions for which [3 ~ increases linearly with et. Dur- 
ing such growth, the growth rate is limited by how 
fast crystals can grow given an infinite reservoir of 
reactants. This "ability to grow" is represented by the 
ejXj term. During supply-controlled growth, however, 
the limiting step is the rate at which reactants reach 
the crystal surface. This growth is modeled by nor- 
malizing the amount of growth allowed by Equation 
(13) to the amount of designated mass available during 
each growth cycle. During this type of growth, the 
shape of the CSD based on the previous cycle is pre- 
served as the mean size increases (i.e., 132 is constant 
with increasing o0. Simultaneous nucleation and 
growth is modeled by permitting nuclei of a specified 
size to form at a constant or variable nucleation rate, 
while earlier-formed nuclei grow according to the 
LPE. This mechanism yields an "asymptotically" 
shaped CSD, and 132 increases exponentially with et. 
The GALOPER program also models Ostwald ripen- 
ing (i.e., simultaneous dissolution of small particles 
and growth of larger ones) using equations for supply- 
and surface-controlled ripening. During this process, 
132 generally decreases as et increases, and the shape 

<--. 

Figure 5. Percentage of particles of a given thickness in a sample (%) vs. sample mean thicknesses (N-'~) which is a measure 
of the progress of the reaction. Both data are for area-weighted distributions of illite + smectite (ISD) fundamental particles. 
Plots illustrate how particles of a given thickness appear and disappear in the course of illitization. 
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of  the CSD approaches a steady-state, reduced, nega- 
t ively skewed profile. A detailed discussion of  all these 
models  is presented by Eberl  et  al. (1998a). 

I N T E R P R E T A T I O N  OF  T H E  ID A N D  ISD D A T A  

I n t e r p r e t a t i o n  o f  the  1D c u r v e s  

The experimental  ID data (solid circles in Figures 2 
and 9) and the data for mean length and mean width 
(Figure 8), which shows more  scatter, support a pre- 
dominant ly  surface-control led growth mechanism for 
fundamental  illite particles, because ~ and 132 are pos- 
i t ively correlated. The ID data in Figure 2 are simu- 
lated using G A L O P E R  (Figure 9A) by assuming a 
br ief  period, during which 2-nm thick illite crystals 
nucleate and grow (line 1 in Figure 9A for which (x 
and 132 are exponential ly related), fo l lowed by surface- 
control led growth without simultaneous nucleation 
(line 2 for which c~ and 132 are l inearly related). 

In the G A L O P E R  program, 2-nm thick crystals are 
permit ted to nucleate in two steps. In the first step, 
500 2-nm thick crystals nucleate, fo l lowed by a the 
second step where 500 more crystals nucleate while 
the first 500 crystals grow one step according to the 
LPE [Equation (13)]. During this process, the relation 
be tween c~ and 132 fol lows curve  1 in Figure 9A. There- 
after, the 1000 crystals continue to grow according to 
Equat ion (13) (i.e., surface-control led growth) without  
additional nucleation, and the parameters are now re- 
lated by curve  2 in Figure 9A. The simulation of  the 
ID data can not distinguish whether  the initially 
formed 2-nm thick illite crystals nucleate on previ- 
ously formed smecti te crystals, i f  they are formed by 
the coalescence of  two smecti te  layers adjacent to an 
interlayer potassium, or i f  they are complete ly  neofor- 
med. Each of  these mechanisms produces identical re- 
lationships be tween  c~ and 132 for the ID curves during 
nucleat ion step. After  nucleation, however,  surface- 
control led growth [Equation (13)] is the only process 
we have found that can duplicate the experimental  re- 
lationship described by curve  2. 

As noted above, Ostwald ripening decreases 132 with 
increasing (x, and during supply-control led growth 132 
remains constant with increasing (x. G A L O P E R  cal- 
culations indicate that crystal  coalescence as the sole 
process where existing particles are bound by interlay- 
er potassium to form thicker particles is not consistent 
with the experimental  c~ vs. 132 plot. In addition, these 
mechanisms do not yield lognormal  CSDs.  

Complementa ry  evidence for the proposed mecha-  
nism is obtained by compar ing the shapes of  ID curves 
at two postulated stages of  the reaction: nucleation and 
growth (at R = 0) v e r s u s  pure growth (R > 0 clays). 
As noted above, the nucleation and growth mechanism 
produces " a sympto t i c "  distributions, and pure growth 
produces lognormal  distributions. Figure 10 presents 
two pairs of  ID (R = 0 and R > 0) selected for close 
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resent plots of mean dimensions of smectite particles in ran- 
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means. The difference in curve  shapes is striking. The 
samples with R > 0 have shapes that are lognormal,  
as is shown by the models.  In contrast, the curve  
shapes for samples with R = 0 deviate f rom lognor- 
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Figure 7. Relations among length, width, and thickness of 
individual fundamental particles in two samples, one with a 
large N, (A), and the other with a small N, (B). 

mality. These samples are dominated by the finest par- 
ticles, which is characteristic of simultaneous nucle- 
ation and growth. 

This specific shape (asymptotic) of curves for ID of 
R = 0 clays is inconsistent with an alternative hy- 
pothesis, i.e., illite growth from a smectite nucleus. If 
illitization proceeds by nucleation of smectite, fol- 
lowed by growth of the single layer nuclei into illite 
particles, the resulting ID curves would be strictly log- 
normal, as confirmed by modeling. 

In terpre ta t ion  o f  the ISD curves  

A successful model of the illitization mechanism 
must explain also the evolution of the ISD illustrated 
in Figure 2. Figure 9B presents a GALOPER simula- 
tion that is consistent with the experimental data. The 
simulation involves decaying nucleation and growth, 
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Figure 8. Plot of lognormal parameters calculated for length 
and width distributions of fundamental particles. Data are 
scattered, but approximate parallel trends occur for lines 
drawn contouring the plot areas for width (solid lines) and 
length (dashed lines). 

followed by pure growth. From experimental evidence 
(Table 1), the pure nucleation stage probably ends 
when the clay contains - 7 5 %  single layers and 25% 
double layers, and the nucleation and growth follows. 
The process consumes single layers which become ex- 
hausted at near the mean thickness of 2.5 nm, in agree- 
ment with the experimental data. Pure surface-con- 
trolled growth follows. 

The consumption of single layers during illitization 
is illustrated in Figure 11, where the percentages of 
single layers in the ISD versus  mean thickness of ISD 
or ID is plotted. The means are measures of the pro- 
gress of the reaction. Three models of growth are eval- 
uated, each starting from the same pure nucleation 
stage, which is 75% single layers and 25% double lay- 
ers. The simulations show that pure growth is inca- 
pable of consuming the available single layers at the 
rate indicated by experimental data. The mechanism 
for the fast consumption of single layers is nucleation. 
This mechanism consumes all the available single lay- 
ers, and no additional dissolution and reactant removal 
mechanism is required. The best fit of the experimental 
data is obtained when the model of decaying nucle- 
ation accompanied by growth is applied (Figure 11). 

CONCLUSIONS 

Analysis of the illite fundamental-particle thickness 
distributions measured by TEM indicates the operation 
of a unique growth mechanism. Figure 12 shows the 
relationship between the expandability along [001]* 
direction as measured by XRD (%S) and the percent- 
age of single layers in the ISD as measured by TEM. 
These two measurements are not compatible: %S > 0 
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for surface-controlled (LPE) growth. (B) Simulation of the 
ISD from the reaction pattern discussed in the text. See Figure 
2 for symbols. 

even  w h e n  s ingle  layers  are absen t  owing  to the inter- 
par t ic le  d i f f rac t ion  be t w een  illite fundamen ta l  par t ic les  
(Nadeau  et al., 1984). Three  stages of  the process  as 
d i scussed  above  are s h o w n  in the plot: 1) The  nucle-  
a t ion of  2 - n m  th ick  crys ta ls  at  the inc ip ien t  s tage of  
i l l i t izat ion,  unt i l  a c lay con ta in ing  75% single  layers 
fo rms  (at - - 7 0 % S  as measu red  by  XRD) ;  2) The  si- 
mu l t aneous  nuc lea t ion  and  g rowth  of  2 -nm nucle i  in 
the  7 5 - 0 %  single  layer  r ange  ( 7 0 - 2 0 % S ) .  S imula t ions  
of  this  stage imply  a process  where  ill i te crys ta ls  nu- 
c leate  and  grow at the expense  of  s ingle  layers,  pos-  
sibly in a c losed  system. T he  nuc lea t ion  occurs  at a 
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Figure 10. Pairs of experimental values of ID of R = 0 
(filled circles) vs. R > 0 (empty circles) illite-smectite sam- 
ples selected to have similar mean values. R > 0 clays are 
strictly lognormal, as shown by the model (triangles), whereas 
R = 0 clays strongly deviate from lognormality owing to 
excess of 2-nm particles. 

decay ing  rate,  thus  for  R = 0 clays ( > 1 0 %  single  lay- 
ers) nuc lea t ion  domina tes  the process,  and  for  R > 0 
clays ( < 1 0 %  single  layers)  g rowth  is dominan t ;  3) 
S u r f a c e - c o n t r o l l e d  g r o w t h  ( s ing le  l ayers  absen t ,  
< 2 0 % S )  proceeds  in three  d imens ions ,  un l ike  s tage 2. 
Because  all s ingle layers  have  been  consumed ,  the or- 
igin  of  the  reac tants  to grow illite in  this  s tage is un-  
certain.  Il l i te g rowth  may  be  suppor ted  by  the disso-  
lut ion of  amorphous  mater ia l  or o ther  minera l s  (e.g.,  
fe ldspar)  in the ben ton i tes  or  in the  ad jacent  wal l  rock, 
by  percola t ing  reac tant - r ich  solut ions,  or by  r a n d o m  
d i s s o l u t i o n  ( r a n d o m  wi th  r e spec t  to i l l i t e -pa r t i c le  
th ickness)  of  previous ly  fo rmed  illi te crystals .  The  lat- 
ter  m e c h a n i s m ,  cal led sur face-cont ro l led  r a n d o m  rip- 
en ing  (Eber l  et al., 1998a) is ef fec t ive  on ly  i f  the  sup- 
ply  of  reactants  f rom dissolu t ion  of  uns tab le  illite par- 
t icles is fas ter  than  the reac tant  use  by  the g rowth  of  
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Figure 11. Plot of percent of single layers in ISD vs. means 
(Na) of ID and ISD to illustrate the rapid depletion of single 
layers during illitization. The experimental data are fitted with 
lines representing modeling by GALOPER of surface-con- 
trolled growth of 2-nm nuclei in three versions: pure growth, 
growth plus constant rate nucleation, and growth plus decay- 
ing rate nucleation. The latter model produces the best fit. 
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Figure 12. Plot of % smectite measured by XRD (%S) vs. 
percent of single layers in ISD measured by TEM, which 
reflects three stages of the smectite illitization process: nucle- 
ation, nucleation and growth, and surface-controlled growth. 
empty circles = random clays, filled circles = ordered clays. 

stable illite particles. The  analysis excludes Ostwald 
r ipening as an illite growth mechanism.  

The appearance o f  illite fundamental  particles in be- 
tween smecti te  single layers produces R = 0 mixed  
layering. Dissolut ion of  smecti te (single layers), nu- 
cleation of  illite (double layers), and growth of  illite 
fundamental  particles all result in the evolut ion of  the 
mixed- layer  crystals towards more illitic composi t ion 
and explain the transition f rom R = 0 to R = 1. Note 
that this transition occurs during the second stage o f  
the illitization process�9 Clays iden t i f ed  by X R D  as R 
= 1 or R = 2 still contain some single layers (Table 
1), which are consumed s lowly during stage 2 o f  the 
process. Rapid deplet ion of  single layers in R = 0 
clays is caused by nucleact ion (Figure 11). Of  course, 
i f  nucleat ion is not  sufficiently intense, an alternative 
mechanism may  be the removal  of  the excess reactants 
produced by the dissolution o f  single layers in an open 
system. 

The data in this paper are l imited to illite formed 
from smecti te in altered pyroclastic rocks and benton- 
ites but the proposed model  may  explain also the 
shape of  %S vs .  depth (or temperature) plots for illite- 
smecti te  f rom shales of  sedimentary basins. These 
plots show a marked decrease o f  %S per  unit depth or 
temperature at early stages o f  the reaction, and small  
or  unmeasureable  decreases be low 15%S ( e . g . ,  Jen- 
nings and Thompson,  1986; Sucha e t  a l . ,  1993). If  the 
reaction involves  growth of  illite crystall i tes in a 
smecti te  matrix, the growth by one layer f rom a mean 
of  2 nm to a mean of  3 nm corresponds to a decrease 
f rom nearly 100%S (R = 0 clays) to 15%S (R > 1 
clays). Further decrease to 5%S corresponds to an in- 
crease in mean crystall i te thickness f rom 3 to 10 nm 
(Table 1). Therefore,  illitization may only appear to 

cease at 15%S because %S is a non-l inear  indicator o f  
the progress of  reaction. 

Figure 5 suggests why  only R = 1 clays often form 
regular interstratifications. Regular  interstratification 
implies a perfect  alternating pattern, such as A B A B A B  
or A B B A B B A B B .  Such patterns correspond to a sam- 
ple containing fundamental  particles of  a unique thick- 
ness. The mechan ism of  illitization al lows for such 
particle-thickness distribution only at the beginning of  
the process, where a sample may  be composed  pri- 
mari ly of  2-nm thick particles. The optimal  condit ions 
for the occurrence of  regularly interstratified R = 1 
clay are an intense nucleation of  2-nm particles lead- 
ing to complete  dissolution o f  single layers before  sub- 
stantial numbers of  3-nm and thicker particles could 
be grown. Later  in the growth process, distributions 
spread out (Figures 1 and 5) and a regular interstrati- 
fication cannot be realized. 

Our data relating the area of  the (001)* plane and 
particle length v s .  width dimensions with inc_.reasing 
particle thickness indicate that, at least until N = 3, 
growth seems to proceed only in the [001]* direction: 
no correlation be tween particle thickness and area is 
observed (Figures 4C and 6A). The large variat ion of  
particle area and shape among different samples at this 
stage of  illitization seems to be related to original var- 
iations in the dimensions o f  nuclei. This conclus ion is 
supported by the same size and shape of  smecti te  and 
illite particles in a g iven sample (Figure 7B). For  
coarse samples, elongated shapes do not occur  (Figure 
6C), and a posi t ive correlat ion between mean thick- 
ness and area (Figure 6A) indicates three-dimensional  
growth. 

The absence of  major  morphologica l  changes at ear- 
ly stages o f  illitization has been presented as the best 
evidence that smecti te alters to illite by a solid-state 
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t ransformat ion (SST mechanism;  Altaner  and Ylagan, 
1997; Cuadros  and Altaner, 1998). However,  an alter- 
native hypothes is  is that illite nuclei precipitate be- 
tween  smect i te  layers, and that lateral growth  along 
the (001) plane is dependen t  on the d imens ions  of  the 
smec t i t e  layers .  T h r e e - d i m e n s i o n a l  g rowth  beg ins  
when  all o f  the smect i te  layers are dissolved.  
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