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Abstract  The smectite-to-illite diagenetic transformation has been documented in 5 different sedimen- 
tary basins using X-ray diffraction (XRD). Intermediate reaction products coexisting because of the effect 
of kinetics on this reaction have been characterized using decomposition of XRD patterns and comparison 
with calculated patterns. The nature and relative abundances of the various subpopulations of particles 
are shown to vary as a function of the geothermal gradient and of the age of the sediment. In all 
sedimentary basins that experienced a low steady geothermal gradient the physico-chemical characteristics 
(coherent scattering domain size [CSDS], junction probabilities) of intermediate mixed-layered illite- 
smectites (I-S) are similar. However, both the relative abundance and the crystallinity of the end-member 
illite increase as a function of the age of the sediment. 

In basins that have experienced a higher geothermal gradient, the CSDS of the I-S subpopulation is 
higher for a given illite content, indicating a slightly different reaction pathway. This difference in the 
characteristics (peak position and width) of elementary peaks may be used to infer the presence of such 
a high geothermal gradient when no other data are conclusive. In this case the growth of the illite end- 
member is favored over the growth of intermediate I-S phases even in young basins. Illitic phases formed 
from the alteration of kaolin minerals exhibit characteristics similar to the reaction products of the smec- 
tite-to-illite diagenetic transformation in the case of a high geothermal gradient. In contrast with what is 
observed in shale diagenesis, the characteristics of the illitic subpopulations describe a continuum with 
absolutely no gap in between subpopulations. In sandstone reservoirs, the various subpopulations crys- 
tallize simultaneously from a kaolin precursor. As a consequence, no kinship is expected between the 
various subpopulations. 

Key Words- -Clay  Minerals, Decomposition, Diagenesis, Elite, Illite-Smectite, Mixed Layering, X-ray 
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I N T R O D U C T I O N  

Diagene t ic  evo lu t ion  of  c lay minera l s  has  been  ex- 
tens ive ly  desc r ibed  for  ove r  20 years  b y  m a n y  authors.  
Smect i t e  i l l i t izat ion,  especial ly,  is s h o w n  to occur  al- 
mos t  sys temat ica l ly  in  argi l laceous  d iagenet ic  series 
(Burs t  1969; Per ry  and  H o w e r  1970; H o w e r  et al. 
1976; Boles  and  Franks  1979; Srodofi  1979, 1984; 
Velde et  al. 1986; G la smarm et al 1989; McC ar t y  and  
T h o m p s o n  1991; Velde and  Vasseur  1992; Pol las t ro  
1993; L indg reen  1994; Hi l l ier  et  al. 1995; Varajao and  
M e u n i e r  1995). X R D  has  been  the essent ia l  tool used  
to ident i fy  and  charac ter ize  the  reac t ion  sequence:  

Smect i te  ~ r a n d o m l y  interstrat i f ied i l l i t e - smec t i t e  
mixed  layer  ( I -S )  ~ ordered  I - S  ~ il l i te [1] 

Addi t ional ly ,  an  apparen t  k ine t ic  effect  has  b e e n  
s h o w n  for  this  t r ans fo rma t ion  by  compar ing  clay min-  
eral evo lu t ion  in wells  o f  d i f ferent  ages ( L ahann  1980; 
Srodo6  and  Eber l  1984; Velde 1985; Velde et  al. 1986; 
J enn ings  and  T h o m p s o n  1986; F reed  and  Peacor  1989; 

Velde and  Vasseur  1992; Pol las t ro  1993). Th i s  appar-  
en t  k ine t ic  ef fec t  is also demons t r a t ed  f rom the 

c o m p a r i s o n  o f  the ma tu ra t ion  o f  organic  mater ia l  to 
reac t ion  progress  of  I - S  produc ts  in  the  same rock  
samples  (Francu  et al. 1989; Velde and  Espital i6 1989; 
Pol las t ro  1993; HiUier et al. 1995). 

In spite o f  this  apparen t  k ine t ic  effect,  the  d r iv ing  
force for  the  smecti te- to- iUite  c o n v e r s i o n  is l ikely to 
be  unique,  at least  for  the end  o f  the  i l l i t izat ion reac-  
t ion, and  re la ted  to the  m i n i m i z a t i o n  of  free ene rgy  for  

the  I - S  part ic le  popu la t ion  (Eberl  and  Srodofi  1988; 
L a n s o n  and  C h a m p i o n  1991). Th i s  m i n i m i z a t i o n  first 
impl ies  the p rogress ive  i l l i t izat ion of  I - S  and, ult i-  
mately,  the i m p r o v e m e n t  of  iUite crystal l ini ty.  How-  
ever, because  of  the  kinet ic  ef fec t  the  p recursor  smec-  

titic I - S  will  evo lve  as a func t ion  of  the t i m e - t e m p e r -  

ature condi t ions  expe r i enced  by  the  sediments .  As  a 

consequence ,  i t  is especia l ly  impor tan t  to prec ise ly  de-  
scr ibe in te rmedia te  I - S  phases  because  they  are l ikely 

character is t ic  o f  d i f ferent  reac t ion  pa thways .  
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Table 1. Geographic, stratigraphic and bibliographic information about the samples described in this study. 

Sam- Present 
Location References Well pies Stratigraphy depth (rn) 

Illinois basin (USA) Gharrabi and Velde 1995 27 Carboniferous~Cambrian 130-2652 
20 Carboniferous-Devonian 487-1615 
16 Devono-Mississipian 146-1475 

Paris basin (F) Lanson 1990; 66 Portlandian-Keuper 1275-3119 
Lanson and Champion 1991; 83 Cretaceous-Permo-Trias 800-3572 
Lanson and Besson 1992; 62 Lias-Stephanian 60-2130 
Lanson, unpublished data 46 Maastrichtian-Autunian 105-3604 

19 Senonien-Permien 385-3090 
Gulf Coast (USA) Matthews, unpublished data; 40 Miocene 1528-5300 

Lanson 1990; 
Velde and Vasseur 1992 
Velde et al. 1986 
Lanson et al. 1995, 1996 

Niger delta (Nigeria) 
Rotliegend sandstone 

reservoir 
Broad Fourteens basin (NL) 

Roliegend sandstone 
reservoir 

On shore (NL) 

Lanson, unpublished data 

Sergipe-Alagoas basin (BZ) Varajao and Meunier 1995 

#66 
#13 

New Albany group 
M 
D 
C 
L 

Cr 
G 

Mustang Island 45 
22 

1 7 
2 12 
3 17 
4 15 
5 16 
6 9 
7 20 
8 17 
9 13 
10 13 
11 25 

FU- 1 25 
FU-25 12 
CSMC 18 
SMC 18 
BSM 14 
Total 697 

Oligocene (Frio/Vicksburg) 
Lower Cretaceous 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Cretaceous 
Lower Cretaceous 
Lower Cretaceous 
Lower Cretaceous 
Lower Cretaceous 

958-5233 
630-2454 

2976-2991 
3320-3495 
4230-4485 
2479-2546 
2880-2970 
2893-2948 
1889-1938 
2253-2270 
1512-1520 
2267-2278 
2570-2668 

513-2457 
993-1773 

1095-2631 
1245-2732 
2460-3325 

Us ing  the  decompos i t i on  p rocedure  for  the process-  
ing of  X R D  profiles,  the p resen t  paper  descr ibes  the 
s tructural  character is t ics  o f  the var ious  subpopula t ions  
fo rming  illi t ic c lay assemblages .  Sha le  samples  f rom 
5 di f ferent  i l l i t izat ion sequences  are s tudied in the l ight  
of  the  d iagenet ic  h is tor ies  o f  the  sediments .  These  
samples  are then  c o m p a r e d  to illitic p roduc ts  fo rmed  
direct ly  f rom the a l tera t ion of  kao l in -group  minera l s  
in  a r e se rvo i r  sandstone.  

E X P E R I M E N T A L  

Samples  

M o s t  o f  the 700  samples  ( f rom about  30 deep wells) 
used for  this study have  been  descr ibed previously  and  
extensively  by  various authors and  their  s ignif icance in 
terms of  diagenet ic  condi t ions  is also descr ibed in detail  
(Velde et al. 1986; Lanson  1990; Lanson  and C h a m p i o n  
1991; Lanson  and  Besson  1992; Velde and Vasseur  
1992; Ghar rab i  and  Velde 1995; Varajao and  Meunie r  
1995; Lanson  et al. 1996). References  and  strat igraphy 
of  these sequences  are g iven  in Table 1. General ly,  sam- 
pies f rom the Il l inois bas in  represent  the typical  evo-  
lution of  I--S under  low- tempera ture  condi t ions  over  a 
long per iod of  t ime (Gharrabi  and Velde 1995). Bo th  
c lay-minera l  and  organic  mat ter  evolut ion indicate a 
progressive buria l  wi th  a constant  thermal  gradient  o f  
30 ~ f rom deposi t ion t ime to the Tertiary (50 Ma)  

fol lowed by the erosion o f  about  1500 m of  overburden  
over  the 5 0 - 2  M a  t ime span. The  burial  h is tory  of  the 
Paris bas in  looks very  s imilar  to that  o f  the Il l inois ba- 
sin, wi th  a progress ive  burial  (constant  thermal  gradient  
of  35 ~ fol lowed by erosion of  about  600 m of  
overburden  in the center  of  the bas in  (Velde and  Vas- 
seur 1992; Ghar rab i  and  Velde 1995). It  should  be  no ted  
that  4 of  the 5 wells sampled  are located in the center  
of  the bas in  where  the erosion is minimal .  The  fifth well  
is located in the eastern part  of  the bas in  where  mos t  
of  the late Cretaceous--early Tertiary sect ion has  been  
removed.  A similar  progress ive  burial  wi th  a constant  
low thermal  gradient  (33 ~ has  been  descr ibed for 
Gu l f  Coas t  sequences  (Velde and Vasseur  1992). The  
ma in  dif ference in the Gu l f  Coast  versus the Il l inois and 
Paris basins  is the younger  age (Ol igocene)  of  the Gu l f  
Coast  sediments .  Characterist ic  X R D  pat terns f rom the 
Paris bas in  and  f rom the Gul f  Coas t  area are shown  in 
Figure 1. 

In the Niger  delta,  the buria l  h i s to ry  is in te rmedia te  
be tween  those  obse rved  for the Paris  bas in  and  the  
G u l f  Coas t  area. However ,  the Nige r  del ta  has  a m u c h  
h igher  geo the rmal  gradient  (about  100 ~ than  in 
the o ther  s tudy areas (Velde et al. 1986). The  buria l  
and  the rmal  h i s tory  of  the fifth area, the Serg ipe-A1-  
agoas  bas in ,  is unreso lved  as there  is no  ag reemen t  on  
the evo lu t ion  of  c lay minera l s  and  the ma tu ra t ion  o f  
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Characteristic XRD patterns of air-dried samples 
from the Gulf Coast area (M3660, Mustang Island 3660 m) 
and from the Paris basin (C350 and C1730, Well C 350 and 
1730 m, respectively). References to these wells are in Table 
1. Size fraction is less than 2.0 p.m. 

organic matter obtained from vitrinite reflectance data 
(Varajao and Meunier 1996). The sediments from this 
area are similar in age to those from the Niger delta 
area, both areas being symmetrically distributed on 
both sides of the southern Atlantic Ocean. Combined, 
the samples from our study represent the evolution of  
I -S  in shales from a variety of burial histories. To 
ensure similar lithology, all samples, except for a few 
wells from the Paris basin, were hand-picked shale 
fragments. 

The last area sampled, the Rotliegend sandstone res- 
ervoir in the Netherlands (both onshore and offshore), 
represents a different pathway for the formation of il- 
litic phases (illite and illitic I-S). The permeability of 
the Rotliegend sandstone reservoir is much higher (up 
to several hundreds mD) than that of  the shales from 
the other 5 areas. Further, the illitic material does not 
result from a steady smectite-to-illite evolution with 
increasing depth but from the sudden illitization of ka- 
olin-group minerals in response to an influx of K-rich 
brines into the reservoir (Lanson et al. 1995, 1996). 
Even though there was a significant increase of the 
heat flow during the Kimmerian orogeny, the geother- 
mal gradient was quite low during the whole burial 
history as maximum temperatures range from - 1 1 0  
~ at 3000 m to - 1 6 5  ~ at 5000 m (estimated max- 
imum burial depth; Lanson et al 1996). 

Methods 

All samples were studied by XRD on both air-dried 
(AD) and ethylene glycol- (EG) or glycerol- (GLY) 

solvated oriented preparations of similar size fractions 
(usually <2 ixm, and <5 t~m for the samples from the 
Rotliegend sandstone reservoir). Results reported here 
have all been obtained on the 14-10 A band (Lanson 
and Velde 1992) observed on AD patterns and related 
to I-S and illite phases. However, for any series of  
samples several EG, or GLY, patterns have been pro- 
cessed with the decomposition routine to check the 
consistency of the decomposition performed on the 
AD pattern (Lanson 1997). Details on the various ex- 
perimental settings used to record XRD patterns are 
given by the respective authors. All experimental XRD 
patterns recorded on AD samples were fitted with sev- 
eral elementary curves assumed to represent the re- 
spective contributions from the various subpopulations 
of particles to the total profile using a unique calcu- 
lation code (DECOMPXR; Lanson 1990, 1997). For 
all samples, the acceptable fits (Lanson 1997) were 
obtained using at least 1 elementary peak for the or- 
dered I -S  (R1) and 1 for illite. Most often (all samples 
except those from the Gulf Coast area) the illite con- 
tribution was fitted with 2 elementary peaks associated 
with the poorly crystallized (PCI) and well-crystal- 
lized (WCI) end members of the illite particle popu- 
lation (Lanson and Meunier 1995; Lanson 1997). If 
necessary, additional elementary peaks were intro- 
duced to account for the contributions of  randomly 
interstratified I-S (R0) and chlorite. Except for the 
usual parameters such as peak position or width (full 
width at half maximum intensity [FWHM]) an addi- 
tional parameter was derived from these fits for the 
present study. The I -S  over illite ratio parameter is the 
ratio of the surface areas of I -S  peaks (R1 plus pos- 
sibly R0) over the surface areas of illite (PCI plus 
WCI). The surface area is calculated for any elemen- 
tary peak from adjusted FWHM and intensity. 

EXPERIMENTAL RESULTS 

Low Steady Geothermal Gradient 
(Illinois Basin-Paris Basin-Gulf  Coast Area) 

Within the 3 basins with similar low, constant geo- 
thermal gradients (30-35 ~ the abundance of or- 
dered I-S can be related to the age of the sediments. 
The I -S  subpopulation is more abundant in the youn- 
ger sedimems of the Gulf Coast area and in the shal- 
lowest samples from the Paris basin (Figure 1). In old- 
er sediments, the 10-,~ band is dominated by the con- 
tributions of illite (PCI and WCI) over I -S  with a max- 
imum at 10 tk showing an asymmetry on the low-angle 
side. In spite of contrasting relative abundances, the 
characteristics of the I -S  are very similar for the 3 
areas. The FWHM versus peak position trends ob- 
tained for all samples from the 3 areas may be super- 
imposed to the one obtained for the Illinois basin, 
which may be considered as typical of  the I -S  mineral 
transformation under low temperature for very long 
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Figure 2. a) FWHM plotted as a function of position for the various elementary peaks fitted on experimental diffraction 
profiles obtained on samples from the Illinois basin (air-dried state). The error bars are those given by Lanson (1997). WCI, 
PCI and I-S refer respectively to the well-crystallized illite, poorly crystallized illite and illite-smectite mixed-layer subpo- 
pulations associated to the various elementary peaks (Lanson and Meunier 1995). b) Comparison of the FWHM-position 
trends obtained for WCI, PCI and I-S elementary peaks fitted on experimental XRD profiles from the Illinois basin (open 
circles), the Paris basin (crosses) and the Gulf Coast area (solid triangles). The solid line defines the I-S domain for the 
Illinois basin samples. The regular and irregular dashed lines define the I-S domains for the Paris basin and Gulf Coast area 
samples, respectively. 

per iods  of  t ime  (Figures  2a and  b). However ,  one  m a y  
note  that  the  F W H M  of  I - S  e l e m e n t a r y  peaks  f rom 
the G u l f  Coas t  area is s l ight ly lower  for  a g iven  po- 
sition, ind ica t ing  a s l ight ly i m p r o v e d  crystal l ini ty.  The  
un iqueness  of  the  g lobal  t rend indica tes  tha t  for  a giv-  
en  compos i t i on  bo th  the s tacking sequences  ( junct ion 
probabi l i t ies )  and  the average  C S D S  are s imi lar  in all 
3 s tudy areas. Addi t ional ly ,  one  m a y  note  (Figure 2b)  
that  the I - S  d o m a i n  is more  and  more  l imi ted  on  the 

h igh-smec t i t e  side as the age of  the bas in  increases ;  
the I -S  d o m a i n  is m u c h  smal le r  for  the  I l l inois  bas in  
than  for  the G u l f  Coas t  area. S imul taneous ly ,  this  do- 
ma in  shifts gradual ly  to inc lude  more  illitic, be t te r  
c rys ta l l ized  I -S .  Excep t  for  the re la t ive  con t r ibu t ions  
o f  the  var ious  subpopula t ions ,  there  is one ma jo r  dif-  
ference  be tween  the I l l inois  bas in  and  the  Paris  bas in  
on  the one  h a n d  and  the G u l f  Coas t  area on  the  o ther  
hand.  In the  former,  the 2 end  m e m b e r s  of  the  i l l i te 
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particle population, PCI and WCI, are well expressed 
and define separated domains (Figures 3a and b). In 
the younger Gulf Coast sediments, in addition to its 
relatively lower abundance, the illite particle popula- 
tion is not as well crystallized. For some samples it 
was impractical to separate the respective contribu- 
tions of PCI and WCI, and the resulting peak char- 
acteristics lie in between the 2 domains (Figure 3c). 
In any case the global illite domain is much more ex- 
tended towards high FWHM, and high d(001), indi- 
cating smaller CSDS. 

High Geothermal Gradient 
(Niger Delta-Sergipe-Alagoas Basin) 

For both series of samples, the characteristics of both 
I--S and illite peaks are very similar and will be de- 
scribed together. The FWHM versus peak position trend 
(Figure 4) is different from that of the 3 basins with a 
constant low geothermal gradient. For a given peak po- 
sition, the FWHM is lower, indicating a larger CSDS, 
as the broadening related to interstratification may be 
considered constant for a given I-S peak position. In 
addition to this improved crystallinity of I-S, both end 
members of the illite particle population are well sep- 
arated to indicate the presence of illite particles with 
large CSDSs. 

Chemically Induced Illitization (Rotliegend 
Sandstone Reservoir of The Netherlands) 

For this series of samples, the FWHM versus peak 
position trend (Figure 5) is similar to the one obtained 
for the former 2 basins. However, if the characteristics 
(composition, junction probabilities and CSDS) of 
these illitic phases are very similar, there is a major 
difference among the various subpopulations. There is 
no apparent limit among the I-S, PCI and WCI do- 
mains, even though the same decomposition routine 
and logical procedure were used to obtain the fits. The 
characteristics of the illitic phases describe a complete 
continuum. 

Relative Abundances of I-S and Illite 
Subpopulations 

As this has been described qualitatively on Figure 
1 for the 3 basins with low constant geothermal gra- 
dient, the relative abundance--estimated from the rel- 
ative surface areas of I-S, PCI, and WCI peaks--of  
I-S subpopulation versus illite subpopulations is high- 
er when the age of the sediment is lower. This is con- 
sistent with the observations of Velde and Lanson 
(1993; Figure 1). On Figure 6a, the ratio between the 
surface area of elementary peaks associated with I-S 
(R0 plus R1) and the surface area of elementary peaks 
associated with illite (PCI plus WCI) is much higher 
for Gulf Coast samples than for Illinois basin samples. 
The behavior of the samples from the Paris basin is 
intermediate between the previous two, as the shallow- 

est samples from the Paris basin (Tertiary to Late Cre- 
taceous in age) behave roughly as the samples from 
the Gulf Coast area whereas the deeper samples 
(Permian to Stephanian in age) behave as the samples 
from the Illinois basin. This may indicate that kinetics 
of illite growth is very slow in a basin submitted to a 
low geothermal gradient. In both Lower Cretaceous 
basins (Niger delta and Sergipe-Alagoas) the trend is 
similar to the one observed in older basins. There is 
an overwhelming presence of illite over I--S (Figure 
6b). This is equally true for illitic material crystallized 
directly from kaolin-group minerals (Rotliegend sand- 
stone reservoir; Figure 6c). 

DISCUSSION 

From the above observations, it is possible to derive 
a global scheme for the smectite-to-illite conversion 
process in sediments. In all examples described in this 
paper, as well as in most basins studied since Hower 
and Mowatt (1966), well-crystallized illite is undoubt- 
edly the ultimate product of the smectite-to-illite dia- 
genetic transformation. However, because of an ap- 
parent kinetic effect, various subpopulations of parti- 
cles with different mean characteristics (composition, 
CSDS, junction probabilities) may coexist (Lanson 
and Champion 1991). Using decomposition of XRD 
profiles, it is possible to characterize these coexisting 
subpopulations. Here I-S, PCI and WCI (Lanson and 
Meunier 1995) coexist. These subpopulations are rep- 
resentative of various steps during the illitization pro- 
cess. In response to increasing temperature conditions, 
the physical characteristics of these subpopulations 
(composition, CSDS) evolve as do their relative pro- 
portions. With increasing diagenetic conditions (time 
and temperature), not only I-S particles become pro- 
gressively more and more illitic but, in addition, illite 
crystals grow at the expense of I-S, in agreement with 
Pollastro (1985). The I-S illitization and illite growth 
are promoted in contrasting ways as a function of the 
time-temperature conditions experienced by the sedi- 
ments. 

Illite Subpopulation 

In basins which experienced a steady burial with 
a low geothermal gradient (Figure 7a) WCI is the 
most favored subpopulation in the oldest sediments 
as all major pathways (large black arrows) tend to 
form WCI. With increasing burial, the I -S  subpop- 
ulation is progressively illitized, part of I -S  crystals 
grow (small light gray arrows) but most of them are 
dissolved as PCI and WCI particles dominate the 
assemblage. This results in the presence of a well- 
expressed WCI subpopulation and, as a conse- 
quence, in an increase of the illite mean CSDS 
(crystallinity). Restriction of the discrete illite do- 
main and its shift towards both lower d-values and 
lower FWHM with increasing burial time (Figure 3) 
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Figure 3. Comparison of the FWHM-position trends ob- 
tained for the illite subpopulations (WCI and PCI) from 
a) the Illinois basin (open circles); b) the Paris basin 
(crosses); and c) the Gulf Coast area (solid triangles). 
Lines as in Figure 2b. 

Position 

is characteristic of  this improved illite crystallinity. 
In the Gulf  Coast area, which experienced a similar 
low constant geothermal gradient but, in contrast, a 
short and deep burial, the favored subpopulation is 
the I -S  one (Figure 7b), as the growth of  illite sub- 
population is l imited as indicated by the small light 
gray arrows. However,  one may note that the char- 
acteristics of  this I -S  subpopulation are very similar 
to those observed in the former basins. Even though 
the end-member  illite (PCI, and WCI on a lower 
extent) is present, its abundance is very low, the 
formation of  discrete illite from I -S  crystals being 
limited, and its crystallinity is low as shown by the 
unique presence of  a PCI peak in the samples from 

Mustang Island well. This is probably induced by 
very slow kinetics of  the last step of  the smectite- 
to-illite conversion, that is, crystallization of  WCI. 
However, as shown by the results obtained in the 
Niger delta area, this last step may be thermally en- 
hanced if the geothermal gradient is high enough. 
This is consistent with the experimental  data ob- 
tained previously for geothermal (Yau et al. 1987) 
and nongeothermal recent sediments (Jennings and 
Thompson 1986). In such cases, the most favored 
subpopulation is WCI (Figure 7c), all major path- 
ways (large black arrows) tending to form WCI, as 
it is for long steady burial and low geothermal gra- 
dient. 
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Figure 5. FWHM-position trend obtained for WCI, PCI and 
I-S elementary peaks fitted on experimental XRD profiles 
from the Rotliegend sandstone reservoir (open triangles). 

I l l i t e -Smect i te  Subpopulat ion 

The results f rom the present study show that the 
characteristics of  the intermediate I - S  products differ 
as a function o f  temperature gradient. The mean C S D S  
of  the I - S  subpopulation increases with increasing 
temperature gradient (Figures 2b, 4 and 5), even  
though all intermediate reaction products are ordered 
I - S  with comparable  composi t ional  ranges. The origin 
of  this influence o f  the temperature gradient on the 
physical  characteristics o f  the I - S  particle subpopula- 
tion is unknown. However ,  one may  note that the 
C S D S  of  a crystall i te will  be higher, for a g iven com- 
position, i f  illite and smecti te  layers, rather than only 
illite layers, grow on the same initial crystallite. One 
may  also note that a strict layer-by-layer solid-state 
smectite-to-i l l i te t ransformation would  result in a ve ry  
low, and constant, C S D S  for all intermediate I~S and 
PCI material  as there is no growth o f  external layers 
in such a case. 

Additionally,  f rom the present data it seems realistic 
to constrain further hypotheses on the existence of  a 
high geothermal  gradient f rom a F W H i - v e r s u s - p o s i -  
t ion plot, which is roughly equivalent  to a CSDS-ver-  
sus-composi t ion plot. For  example,  in the case of  the 
Sergipe-Alagoas  basin it seems reasonable to assume 
that the very  mature, illite-rich I - S  may  result f rom as 
high a gradient as in the corresponding Niger  delta. 
The existence o f  contrasting intermediate I - S  material  
may  also account  for the kinetic influence on the 
smecti te illitization and especial ly on the crystall iza- 
tion of  end-member  illite. To mass ively  grow well-  

crystal l ized I -S  crystall i tes as a first step and to dis- 
solve these large crystals to grow end-member  illite as 
a second step is l ikely not  to be favored energetically.  

The 5 sedimentary basins studied document  the 
smectite-to-i l l i te convers ion series and consistently 
show that each subpopulation presents specific char- 
acteristics contrasting with the other subpopulations. 
These  subpopulations usually form separated domains  
and seem to be rather individualized.  Moreover ,  the 
various subpopulations behave specifically in response 
to diagenetic conditions,  as they have  specific crystal-  
lochemical  characteristics (CSDS,  composi t ion)  as a 
function of  these condit ions and as they are growing 
or dissolving (Figure 7). In the case of  the Broad  Four- 
teens basin, where illitic material  precipitates directly 
f rom kaolinite,  the opposite  may  be observed.  Even  
though the characteristics o f  the various subpopula- 
tions are similar to those described for high geother- 
mal  gradients, the different subpopulations fo rm no 
clearly defined domains.  There is no gap f rom illitic 
I - S  to WCI.  This cont inuum may be understood f rom 
a mechanist ic  point  of  view. In the first case, there is 
a convers ion sequence I - S  ~ PCI ~ W C I  where  each 
individual  subpopulation may  retain part o f  the struc- 
tural characteristics f rom their precursors. Conversely,  
in the latter case the 3 subpopulations crystal l ize si- 
multaneously.  Their  characteristics vary as a function 
of  the temperature condit ions during the il l i t ization 
event  (Figure 7d), but as no kinship exists be tween the 
various subpopulations no inheritance f rom former  in- 
termediate stages is expected.  
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Figure 6. I-S over illite ratio as a function of the illitization progress. The I-S over illite ratio is characterized by the ratio 
between the surface area of elementary peaks associated with I-S subpopulations (R0 plus R1) and the surface area of 
elementary peaks associated with illite subpopulations (PCI plus WCI). These surface areas are calculated for any elementary 
peak from adjusted FWHM and intensity after the decomposition process. The peak position of the I-S (R1) peak is used as 
an indicator of the illitization progress, a) Comparison between the Illinois basin, the Paris basin and the Gulf Coast area. 
Symbols as for Figure 2. b) Comparison between the Niger delta area and the Sergipe-Alagoas basin. Symbols as for Figure 
4. c) Data from the Rotliegend sandstone reservoir, Symbols as for Figure 5, 

C O N C L U D I N G  R E M A R K S  

F r o m  the  exper imen ta l  data  in  this  study, W C I  is 
undoub ted ly  the u l t imate  reac t ion  p roduc t  for  the illi- 
t iza t ion of  bo th  smect i t ic  I - S  precursors  and  kaol in-  
group minerals .  However ,  the phys ica l  character is t ics  
(composi t ion ,  CSDS)  of  coexis t ing  crysta l l i te  subpop-  
u la t ions  ( I -S ,  PCI,  WCI) ,  as wel l  as the i r  re la t ive  pro- 
por t ions  m a y  be  represen ta t ive  of  t i m e - t e m p e r a t u r e  
condi t ions  exper i enced  by  the  sed iments  in  the case o f  

a progress ive  smect i te- to- i l l i te  convers ion .  The  struc- 
tural charac ter is t ics  of  I - S  subpopu la t ion  (CSDS and  

junc t ion  probabi l i t ies )  depend  on  the geo the rma l  gra-  
d ient  bu t  not  on  the age o f  the sediment .  This  m a y  be  
used  to assume the ex is tence  of  h igh  geo the rma l  gra- 

d ient  i f  no  o ther  data  give conc lus ive  evidence .  Ad-  
di t ionally,  for  a g iven  sed imen ta ry  age the  re la t ive  
propor t ions  o f  I -S  and  illi te subpopula t ions  are a func-  
t ion of  the the rmal  gradient ,  the g rowth  o f  i l l i te (WCI)  
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Figure 7. Schematic representation of the I-S to illite reaction pathways as a function of diagenetic conditions. Arrows sizes 
are indicative of the relative importance of the various transitions. Large black arrows indicate dominant pathways; medium 
size dark gray arrows indicate intermediate pathways; small light gray arrows indicate secondary pathways. For each sub- 
population, the thickness of the schematic particle is indicative of the average CSDS. a) Scheme for a low constant geothermal 
gradient and a long steady burial (Illinois basin and Paris basin), b) Scheme for a low constant geothermal gradient and a 
short steady burial (Gulf Coast area), c) Scheme for a high constant geothermal gradient and a short burial (Niger delta area 
and Sergipe-Alagoas basin), d) Scheme for the illitization of kaolin-group minerals (Rotliegend sandstone reservoir). 

be ing p romoted  i f  the gradient  is h igh enough.  For  a 
constant  low gradient,  the kinetics of  this growth  are 
very  slow. Finally, the absence  of  a gap, in the pro-  
posed  FWHM-ver sus -pos i t i on  plot, f rom illitic I - S  to 
W C I  where  illitic material  crystal l izes directly f rom 
kaol in-group minerals  could be  related to the absence  
of  kinship be tween  the various subpopulat ions,  as I - S  
is not the precursor  for  illite in this case. On the con- 
trary, in smecti te- to-i l l i te  convers ion  series each sub- 
populat ion forms  separated domains  and seems  to be 
rather individualized.  
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