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Characterization of mixedJayer illite-smectite from bentonites using microscopic,
chemical, and X-ray methods: Constraints on the smectite-to-illite

transformation mechanism
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Ansrn-q.cr

we studied mixed-layer illite-smectite (us) (<1 or 0.5 pm size fractions) in 28 diage-
netic bentonite samples, Pliocene to Ordovician in age, from different locations in North
America and Europe to investigate the smectite-to-illite transformation mechanism. XRD-
measured illite contents ranged from 3 to lo07o, and layer ordering varied continuously
from R : 0 to R = 3. XRD polytype analysis showed that with progressive illitization, VS
changes from a predominantly cis-vacant to a trans-vacant structure, although considerable
scatter is present in the data. There is no evolution of illite in the VS from lMo to IM
polytypes with progressive illitization. Microprobe chemical analysis and combustion anal-
ysis for N showed that NHf comprised 9-22Vo of the total fixed cation content. We
calculated an interlayer charge for the illite end-member of 1.5 per Oro(OHo). Sample
morphology was studied by atomic force microscopy, which showed a constant aspect
ratio and particle diameter over the whole VS series. Particle thickness increased with
percent illite. Oxygen isotope compositions of the VS clays did not display any systematic
trends. Our results suggest that illitization of bentonite VS proceeds via a solid-state mech-
anism, with local lattice realrangements that permit structural (octahedral cis/trans occu-
pancy) and chemical changes in 2:1 layers and cause interlayer coalescence.

fnrnonucrroN

The mechanism of the transformation of smectite into
illite is key to understanding the thermodynamic relation-
ship among the minerals in the transformation sequence
(smectite, VS of different compositions, and illite) and the
detailed kinetics (not only the overall kinetics) of the pro-
cess. Many studies have shown that two main mecha-
nisms operate during the transformation: solid-state trans-
formation (SST) and; dissolution followed by
precipitation (DP). The first mechanism (Shutov et al.
1969; Dunoyer de Segonzac 1970; Hower e. aL 1976)
involves illitization in the solid state, with the gradual
replacement of smectite by illite on a layer-by-layer basis.
In this process, which typically also involves fluids that
can act as catalysts and transport media, the replacement
of smectite by illite occurs in close topotactic contact.
The second mechanism involves complete dissolution of
smectite followed by precipitation of VS or illite. This
process allows major changes in structure and texture to
occur as illitization proceeds so that the struchrral mem-
ory of the precursor mineral is lost. Two main versions
of the DP mechanism have been described, including: (1)
progressive dissolution of smectite in a reaction front on
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a very small scale with in situ precipitation of the new
phase (Ahn and Peacor 1986); and (2) initial dissolution
of smectite followed by progressive coarsening of illite
governed by an Ostwald ripening process (Eberl and Sro-
dod 1988; Eberl et al. 1990).

Many authors have reported evidence supporting one
or the other reaction mechanism. In many cases the SST
mechanism was proposed for materials with low perme-
ability such as bentonite (Altaner et al. 1984; Srodori et
al. 1986; Inoue et al.1990;, Elliott et al. 1991), shale and
bentonite (Bell 1986), and mudstone (Lindgreen and Han-
sen 1991; Lindgreen et al. 1991). Support for this mech-
anism was found by the mentioned authors in older K-Ar
ages for more illitic VS; chemical composition of samples
showing preservation of illite layers formed in the earlier
steps of the transformation or progressive changes in the
VS composition; VS interlayer ordering suggesting a
gradual transformation; and absence of morphological
and crystallographic changes during illitization. Con-
versely, the DP mechanism has been proposed for envi-
ronments of higher permeability, such as hydrothermal
systems (Inoue 1986; Yau et al.1981; Inoue et al. 1988;
Kitagawa et aL. 1994; Inoue and Kitagawa 1994). These
authors found support for this mechanism mainly in the
morphological changes undergone by the clay particles
during illitization and also in the spatial relationships be-
tween smectitic and illitic particles in undisturbed clay
separates. Robert et al. (1991) proposed that higher tem-
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perature also favors the DP mechanism. Many authors
conclude that both mechanisms are possible and that they
are controlled by rock permeability (Inoue et al. 1990;
Yau et al. 1981; Inoue and Kitagawa 1994), temperature
(Robert et al. 1991), or both (Harvey and Browne 1991).
Eberl (1993) proposed a transition from SST to DP with
depth in the Gulf of Mexico, and related the change in
mechanism to acidity generated during organic
manrratron.

In any case, it is difficult to determine the precise con-
ditions that favor one mechanism over the other. Some
authors have found evidence for a DP mechanism in ben-
tonite (Nadeau et al. 1985; Sucha et al. 1993), mudstone
(Buatier et al. 1992; Awwiller 1993), and shale (Sucha et
al. 1993). Moreover, there are reports of lithologies in
which both mechanisms seem to occur, including sand-
stone and shale studied by Pollastro (1985) and a hydro-
thermal system studied by Amouric and Olives (1991),
as indicated by scanning electron microscopy (SEM) and
high resolution transmission electron microscopy
(HRTEM), respectively.

It is important to realize that formation of VS or illite
in hydrothermal systems may not necessarily follow a
pathway of progressive illitization of smectite. For ex-
ample, hydrothermal alteration of volcanic rocks may in-
volve VS formation directly from a glass precursor rather
than from a smectite precursor (Lanson and Champion
r99r).

There are numerous closed-system experimental stud-
ies of smectite illitization that include interpretations
about the possible reaction mechanisms for illitization
(Eberl 1978; Roberson and Lahann 1981; Whitney 1990,
1992); however, we question the application of those
studies to natural systems. The actual extent of illitization
is unclear in many ofthose studies because reaction prod-
ucts, which generally are not analyzed chemically, be-
come expandable when exchanged with cations such as
Ca, Mg, or Na (Whitney and Northrop 1988; Huang et
al. 1993). This was corroborated by Cuadros and Linares
(1996), who characterized the extent of illitization using
several analytical techniques and found a maximum trans-
formation of about 0.3Vo of the original smectite in their
hydrothermal experiments.

In this paper, we characLerize diagenetically trans-
formed bentonites having a wide range of illite contents
by means of numerous mineralogic, microscopic, and
geochemical techniques. For an SST mechanism, one ex-
pects gradual changes in mineralogy, crystal structure,
chemical composition, and oxygen isotopic composition
as illitization proceeds, whereas for the DP mechanism,
one expects such changes to be abrupt. In addition, large-
scale changes in structure and composition support a DP
mechanism, whereas small-scale changes (on the order of
I nm) indicate that an SST mechanism operated. These
small-scale changes might be detected by HRTEM, ana-
lytical electron microscopy, and electron diffraction. The
different analytical techniques used in this work (XRD
analysis of polytype, chemical, thermal, morphological,

TaeLe 1. Sample labels, geologic age, and location of the
studied bentonites, as well as references to
orevious studies

S-2 Pliocene
1-87 Miocene
2-86 Miocene
I Crelaceous
1 1a Cretaceous
11b Cretaceous
14b Cretaceous
82-2s Cretaceous
82-16-1 1b Cretaceous
82-1711 Cretaceous
82-199 Cretaceous
83-1e Cretaceous
R-80 Carboniferous
82-29 Devonian
82-32c Devonian
82-32u Devonian
82-36a Devonian
82-36b Devonian
82-37c Devonian
82-38 Devonian
Nl-6 Si lur ian
WDH-25 Silurian
3-1 Ordovician
26-59 Ordovician
26-171 Ordovician
CPO-S Ordovician
SWE-79 Ordovician
WAL-14 Ordovician

Almeria, Spain"
Oregon, U S A.f
Oregon, U.S A.
Montana, U.S.A.t
Montana, U.S A.
Montana, U.S A.
Montana, U.S A.
Montana, U.S A
Montana, U S.A.
Montana, U S A
Montana, U S.A
Montana, U.S.A.
Silesia, PolandS
Virginia, U S A.f
Virginia, U.S A
Virginia, U.S A
New York, U S.A.+
New York, U S.A.
New York, U.S.A.
N e w Y o r k , U S A .
Northern lrelandll
Newton, U.K ll
Ouebec, Canada#
Ouebec, Canada#
Quebec, Canada#
Northern lreland..
Swedentt
Walestt

'Cuadros and Linares 1996
t Altaner and Grim 1990.
t Altaner 1985.
$ Srodon et al 1986

Cetin and Hufl 1995.
#Brun and Chagnon 1979
*. Cameron and Anderson 1980
tt Bergstrom and Nilsson 1974.
t+ Smallwood 1986.

and oxygen isotope analysis) show whether these changes
are gradual, abrupt, or even non-existent, thus supporting
one or the other transformation mechanism. Our results
indicate that smectite transforms into illite through a solid
state process in the bentonite samples investigated in this
study.

M.q,rnnr,ar-s AND METHoDS

We studied 28 bentonite samples of various geologic
ages from diverse geographic locations (Table 1). Most
of the bentonite beds were 5 to 20 cm thick. However.
sample S-2 is from a 30 m thick bed; samples 1-87 and
2-86 are from a 15 m thick bed; samples lIa, llb,82-
2s, and 83-1e are from a 2.5 m thick bed; and sample R-
80 is from a 2 m thick bed. VS has a burial diagenetic
origin in all bentonites (see references in Table 1) except
S-2, in which the original tuff was first altered by hydro-
thermal fluids (-80 "C) and later by meteoric waters
(Delgado 1994).

All analyses reported in this work were performed at
the University of Illinois except the electron microprobe
and oxygen isotope analyses, which were performed at
the Department of Geology at the University of Chicago
and at the Estaci6n Experimental del Zudin (CSIC) in
Granada (Spain), respectively. Thin sections were studied
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by optical microscopy. Rock chips were examined by
means of SEM using a JEOL JSM-840A, equipped with
an energy-dispersive X-ray analyzer (Kevex 7500).
Whole-rock samples were ground in isopropyl alcohol us-
ing an agate mill micronizer. The resulting powders were
malyzed by X-ray diffraction (XRD) using a Siemens
D500 with a Cu-tube, and 1' divergence and receiving
slits, at 30 kV and 30 mA, with a step size of 0.04. ZO
and a count time of 1 s. The relative abundance of iden-
tified minerals was determined by measuring the inte-
grated areas of selected peaks and normalizing them us-
ing an intensity factor for each mineral. The intensity
factors correspond to peak intensities relative to the
strongest reflection of corundum (1(), which were taken
from Bayliss (1986), except for the following: phyllosil-
icates, IlI": 0.21 for the 4.5 A reflection: potassium feld-
spm, I/1, : 2.6 for the 3.25 A peak: and anatase, 1/{ :
1.5 for the 3.52 A peak.

For clay mineral analysis, the samples were placed in
deionized water, then sonified and centrifuged to the de-
sired size fraction, typically <1 or 0.5 pm. Oriented ag-
gregates were prepared by placing several drops of the
sample suspension onto a glass slide and letting them dry.
The samples were studied by XRD after air drying, sol-
vating with ethylene glycol (24 h in a 60 "C glycol at-
mosphere), and heating at 450 "C for t h. Some of the
< I lrm size fractions contained a small amount of ka-
olinite; for these, the <0.5 pm size fraction was used.
The amount of kaolinite in this fraction was smaller. The
abundance of kaolinite was determined from the glycol
patterns using integrated peak areas of VS and kaolinite
and mineral intensity factors calculated using the program
NEWMOD (Robert C. Reynolds, Darrmouth College).
The abundance of kaolinite was <l%o in all cases. One
sample (82-16-11b) contained calcite, which was re-
moved by dispersing the sample in water and adding di-
lute HCI until a pH of 4 was reached. The dispersion was
constantly stirred. Subsequently, the sample was washed
repeatedly with deionized water and centrifuged until no
Cl- could be detected with addition of AgNO,. XRD pat-
terns of this treated sample showed no calcite peaks.

The amount of illite layers in the yS samples and the
Reicheweite (R) ordering factor were determined from
the glycol XRD patterns using methods described in
Moore and Reynolds (1989). To facilitate maximum ran-
dom orientation of VS clay particles, samples were
freeze-dried before polytype analysis. We used a Labcon-
co Freezone 6 freeze-dryer. After freeze-drying, the
smectite-rich samples had the texture of long, thin inter-
woven fibers. We repeatedly chopped the samples with a
blade to reduce fiber size. The samples were side-loaded
in the holder without compression and then studied by
XRD at 30 kV and 30 mA, with a 0.05" 20 srep size and
90 s count time. The polytypes were determined by com-
paring experimental patterns with those calculated using
the program WILDFIRE (Reynolds 1993). These data
showed the presence of minerals other than VS (such as
anatase, quartz, and calcite; see Table 3 in Cuadros and

Altaner 1998) in some of the samples. Their relative
amounts were quantified as indicated above for the
whole-rock samples.

The VS samples were chemically analyzed using a Ca-
meca SX-50 microprobe equipped with four wavelength
dispersive spectrometers. A relatively low beam crxrent
(25 nA with an accelerating voltage of 15 kV) and a
defocused beam (50 pm diameter spot size) were used to
minimize volatilization of alkali cations (Velde 1984).
The samples were prepa.red as pressed pellets in a 3 mm
cylindrical die. Three different spot locations were ana-
lyzed in each pellet and the results were averaged. If a
significant variation occurred in one of the three analyses,
two more analyses were performed, the anomalous anal-
ysis was discarded, and the other four were averaged.
Typically analyses were reproducible to within a margin
of 2Vo of the determined value. Although the pellets did
not have a perfectly flat top surface, Ylagan (1996) found
no significant differences in chemical composition of an-
other set of clays using electron microprobe analysis of
pressed powder pellets and X-ray fluorescence analysis
on fused glass disks.

The VS samples were also analyzed for N using a Lee-
man Labs CEA40 Elemental Analyzel In this technique,
the samples are heated at -960'C, and the amounts of
evolved COr, HrO, and N, are measured by thermal con-
ductivity (Culmo 1969). The standard error for N is 0.67o
of the determined value. N was assumed to correspond
to NHj in the clay interlayer. Infrared spectra of the sam-
ples showed the presence of the NH; band at 1430 cm ',
whose area correlated well with measured Nr.

The chemical results were corrected for mineral im-
purities quantified in the XRD polytype analysis (27o in
weight or less; see Table 3 in Cuadros and Altaner 1998).
Corrected chemical data were converted into VS structur-
al formulae assuming a total negative charge of 44. All
Fe was considered to be Fe*3. For the S-2 sample, Mg
was distributed between the octahedral sheet and the in-
terlayer using the whole sample wet chemical analysis
and exchangeable cation analysis by Cuadros and Linares
(1996).

Morphological analysis of VS parlicles was performed
by atomic force microscopy (AFM) in contact mode, us-
ing a Topometrix Explorer with a silicon nitride tip and
an air scanner having a movement range x : ! : 2.5 p"m
and z : 0.9 pm. The analyses were performed under
ambient humidity conditions. Relative humidity was not
measured but it was very likely 3O-50Vo. Approximately
0.5 mg of VS clay was dispersed in 10 ml of ultra-deion-
ized water. Samples were not pretreated by cation ex-
change. Suspensions were sonified for 15 min in a water
bath. One drop of the suspension was placed on a freshly
cleaved mica surface and dried on a hot plate at -40 'C.

We attempted to measure particle dimensions of at least
60 particles for each sample, although it was not possible
in a few cases. We performed our measurements on com-
pletely separated, flat-topped particles. The dimensions
measured were length (the largest particle axis), width
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(the axis perpendicular to length within the particle plate),
and thickness. Prior to the measurements, the images
were smoothed using the AFM equipment software in
order to flatten the background completely. The estimated
erors are +2.1 nm for length or width, and, +0.2 nm for
thickness.

For oxygen isotope analysis, US samples were heated
initially at 130 "C under vacuum for at least 12 h to re-
move externally adsorbed and interlayer H,O. Following
a method similar to that described by Borthwick and Har-
mon (1982) and modified by Venneman and Smith
(1990), O was extracted by reaction with ClF, and con-
verted quantitatively to CO, over red-hot graphite. Com-
mercial CO, was used as a standard, after being compared
with the international standards V-SMOW SLAB and
GISP The analyses were performed using a Finnigan-Mat
251 mass spectrometer. All samples were analyzed twice,
with a standard deviation <0.4%o in D'SO. The NBS-28
standard was also analyzed with a measurement deviation
below O.2%o in 6180 from the accepted value. All 6rsO
values are given relative to SMOW.

Rnsur,rs
Optical microscopy, SEM, and XRD of bulk rocks

Binocular microscopy indicates that samples consist
mainly of clay minerals with a variety of accessory
phases such as biotite, plagioclase feldspar, and alkali
feldspar. Optical microscopy of thin sections confirmed
the argillaceous nature of the studied bentonite samples.
Relict textures of precursor volcanic glass are only sel-
dom preserved (Fig. 1a). Although clay minerals typically
exhibit a massive texture, we assume that volcanic glass
was the precursor for most of the clay minerals present
in the bentonites. In some cases, alteration of biotite or
plagioclase phenocrysts contributes to the clay mineral
assemblage (Fig. 1b).

SEM examination revealed VS morphologies of very
fine, irregular, curved flakes or mats of coalesced flakes.
In general, flakes seem to be anhedral, but it was difficult
to determine their exact texture because of particle co-
alescence. Our observed clay mineral morphologies are
typical for VS minerals from bentonite (e.g., Keller et al.
1986).

XRD analysis of bulk samples indicates that the ben-
tonites consist mainly of VS clay minerals with lesser
amounts of quartz, plagioclase feldspar, alkali feldspar,
and calcite (Table 2). Several samples contain other ac-
cessory minerals like pyrite, gypsum, dolomite, and an-
atase (Table 2).

XRD and chemical analysis of <1 pm size fractions

Our VS samples span a complete range of illite com-
positions and Reicheweite (R) values for interlayer or-
dering (Table 3). The composirions at which there is a
transition of R values (e.g., from R0 to Rl) are similar
to those observed in other studies (Bethke et al. 1986;
Inoue et al. 1988; Moore and Reynolds 1989). VS with

Frcuns 1. Photomicrographs of bentonite samples in plane
polarized light. (a) Sample 83-7e (56Vo I in I/S) shows relicl
texture of curved glass shards replaced by VS (light gray) (b)
Sample 82-36b (87Va I) contains abundant biotite altered to I/S.

45Vo lllite (Fig. 2) shows mainly random interlayering,
but shows a small development of Rl ordering (e.9.,
slightly elevated background at 13 and 20 "20, the loca-
tion of the 004 and 006 reflections for rectorite). Samples
between 56 and 60Vo lllite (Fig. 2) have R values inter-
mediate between 0 and 1. Samples wrth 82Vo and from
86 to 8870 illite (Fig. 2) have R values between 1 and
1.5, and 2 to 3, respectively. For 96Vo illite and above,
the US ordering cannot be determined using the program
NEWMOD.

Polytype analysis was not performed on all VS sam-
ples. Some of them contained other minerals with peaks
that interfered with the diagnostic illite polytype peaks
(see Table 3 in Cuadros and Altaner 1998). Smectite-rich
samples were not analyzed because of turbostratic dis-
order, which greatly increases error in polytype determi-
nation (Reynolds 1993). In simulations done with the pro-
gram WILDFIRE, the degree of rotational disorder in
illite is given by the parameter Po, which represents the
probability of a zero degree rotation between successive
2:1 layers (Reynolds 1993). For Po : 1, there are no
rotations other than zero degrees in the layer stacking
sequence, which represents the lM polytype. For Po :
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Trale 2. Weight percent abundance of minerals in bulk rocks

Sample YS Otz Plg K'sp GyPyCri

s-2
1-87
2-86
I

1 1 b
14b
82-2s
82-1 6-1 1 b
82-17tt
82- 1 99
83-1 e
R-80
82-29
82-32o
82-32u
82-36a
82-36b
82-37c
82-38
Nt-6
WDH-25
3-1
26-59
1 0 - t I l

cPo-5
SWE.79
WAL-14

96
98
v 3

95
90
59
72
72
74
86
73
69
91
o6

52
90
93
90
91
95
74
89
82
70
81
89
Y J

81

8
39

J

zc

J

2
27
8

26
48
1 0

q

7
3

8
1 0
1 7
5
o

o

t o

'I

1
2

23

1 0

'I

tr
'I

1

1

'16

2

'I

2

1 7
1
1
2
7
1

No fe j l l s : i l l i t e - smec t i t e , q12 :qua r t z ,K -sp -6 fe l dspa r ,Ca l  : ca l c i t e ,P lg -p l ag ioc l ase ,C r i  : c r i s t oba l i t e ,Py -py r i t e ,Gy :gypsum,Do :
dolomite. Ana : anatase. tr - trace amount

TaeLe 3. Percent illite in l/S, degree of interlayer ordering (B),
percent cis-vacancy (vs. trans-vacancy), rotational
disorder (Po), and fraction of 60" rotations (Puo)

Sample | (%) cis (%) p

0.33, the rotational disorder is maximum, which corre-
sponds to the lMu polytype. The rotational disorder is
further described with the WILDFIRE parameter P60,
which defines the nature of the non-zero degree rotations.
For Puu: 1, all non-zero degree rotations in the stacking
sequence are of the n.60" type (n : 1, 2, or 3). For Puu
: 0, all rotations are of the m.l2o type (m : I or 2).

Figure 3 shows three representative polytype patterns
and their corresponding computer simulations. VS with
up to 97Vo illite has rotational order intermediate between
the IM, (fully disordered) and lM (fully ordered) poly-
types (Table 3). There is no systematic relationship be-
tween Po and percent illite in US. In general, the most
illitic VS samples have lower Puo values than smectitic U
S. The sample with l\OVo illite contains a mixture of 1M
and 2M, lllite.

Polytype analysis also gives information about the oc-
tahedral sheet structure in terms of cis/trans occupancy.
All of our VS samples are dioctahedral. The octahedral
vacancy can be in either the cis-position with respect to
the hydroxyls (M2 site) or the trans-position (Ml site, on
the mirror plane of the unit cell) (Gtiven 1988). Roughly,
our VS samples become more trans-vacant with increas-
ing illite (Table 3, Fig.  ). The most illitic sample is a
mixture of trans-vacant lM and trans-vacant 2M, lllite.

Chemical analysis (Table 4) showed that the VS sam-
ples consist mainly of SiO, AlrO., MgO, and FerO., with
lesser amounts of TiOr, Na,O, and CaO. The samples
were also analyzed for R Cl, and S to detect possible
contamination. The bold value indicates a suspected con-

1-87
2-86
s-2
82-1 99.
R-80
83-1 e
82-2s"
1  1 b -
82 -16 -11b
1 4b-
82-17tt"
1  1a t
26-171.

9.
26-59
SWE-79
82-36b
82-38
82-36a
82-37c
WDH-25
WAL-14-
82-32u
cPo-s-
Nt-6-
82-29
82-32o

3
1 0
t o

30

56
57
60
62
64
oc

68

72
76
82
86
6 l

87
88
90
93
93
93
96
97
97

100

70

70
OU

OU

JU

70
70
d3

85
30
40

30
30
45

0

0

0
0
0+ 70 0.8 1

0-1 50 075 0 65
0 -1  55  09  0 .5
0 - 1 5 2 | 0

o 7 5 0 3

1 - 1  5

2-3
z-J

2-3

3

3 o r > 3
3 o r > 3
3 o r > 3
3 o r > 3

0 8  0
o.7 0 25
o.4 0.5
0.75 0 5
0 6  0
0 5 7  0 2 5
0 52 0.2
0.57 0
0 7  0 . 2
0 8  0 2 5
0 3 3  0 3
0 7 5  0  1 5
0 8  0 2
0 5 5  0 2

Note. Asterisk indicates samoles with trace amount of kaolinite
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16.5
57%1,R0-1

1  1 5

v . . 1  |
5.38

5 '1 0 15 20 25 30
"20

Frcunn 2. XRD patterns of oriented aggregates of glycolated
I/S with intermediate ordering (R).

767

20 25 30 35 +0 "20
ftcuns 3. Observed (upper) and calculated (lower) XRD pat-

terns of randomly oriented VS for polytype analysis. The numbers
above the reflections correspond to their /2ftl indexes. The parameters
used in the calculations are as follows For 45Vo | : Crs 9a) : 70.

% : 08, P*: 1. For 5'77o I :  Cis (7o) = 55, P. - 0.9, Pa,:0.5
For977o I  :  C is  (Eo) :45 ,  % -  0 .55 ,  P6-  02
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a a a

40  60  80  100

|  (%)

Frcunn 4. Percent cis-vacancy vs. percent illite in I/S. The
arrow through the data shows the trend with progressive
illitization

taminant in sample 82-36a, which contains 1.5% PrOs.
Although no P-bearing mineral was found in this sample,
both Na and Ca seem anomalously high, considering that
it contains 88Vo lllite. We detected gypsum in sample 82-
17ff by XRD, and quartz in samples 82-32o and 82-36a,
but their amounts could not be quantified because of in-
terference from US X-ray peaks. Hence, no correction
was performed for these samples.

Most of the structural formulae listed in Table 5 seem
reasonable for VS clay minerals based on octahedral oc-
cupancies close to ideal (4.00 cations), and calculated lay-
er charges that are typical considering the layer compo-
sitions (percent illite in VS) of the minerals. For sample
82-36a, the layer charge seems anomalously high, prob-
ably due to an excess of Na and perhaps Ca from sus-
pected contamination.

Both total interlayer charge and the fixed cation content
(K + NHl) of our VS samples increase systematically
with an increasing percent of illite (Fig. 5), although fixed
cation content correlates better than layer charge. The
poorer correlation between interlayer charge and the per-
cent of illite may be due to the small amounts of Ca and
Na mineral impurities, which would increase the calcu-
lated interlayer charge and cause greater scatter of the
data. In the plot involving fixed cation content (Fig. 5a),
the interlayer charge for the illite end-member extrapo-
lates to 1.5,.a value essentially identical to the one deter-
mined by Srodori et al. (1986) in a study of US from
bentonite. Our results show that the bentonite VS samples
contain considerable amounts of NHo, averaging between
9 and 22Vo of the total fixed cation content. Increasing
illitization does not affect the octahedral charge system-
atically, but results in a progressive increase of the tet-
rahedral charge (Fig. 6). Thrs is in agreement with what
is generally found in other studies of US (Hower 1981;
Srodori et al. 1986; Lindgreen et al. 1991).

Atomic force microscope analysis
AFM analysis indicates that our US samples consist of

irregular, fine-grained plates that show no major morpho-
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N! 60
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o40
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0
200

TaeLe 4. Chemical composition of size-fractionated l/S in terms of weight percent oxide except for N, which is expressed in
elemental weight percent

Sample sio, Alro3 FerO" Tio, Mgo KrO Naro CaO N Total

s-2
1-87
z-60

I
1 1 a
1 1 b
14b
82-2s
82-1 6-1 1 b
82-17f t
82-1 99
83-1 e
R-80
82-29
82-32o
82-32u
82-36a
82-36b
82-37c
82-38
Nt-6
WDH-25
3-1
26-59
26-171
cPo-s
SWE-79
WAL-14

57.0
56.0
58.2
5 U . 5

5 3 2
537
53.3
5 3 0
5 3 8
4 8 6
49.9
52 1
5 7 2
4 9 9
5 0 3
51  4
4 7 6
4 9 2
5 3 7
51  3
49.7
4 8 9
51  9
a t  I

5 t  0
4 8 6
5 0 3
50.1

1 8 0
1 9 4
1 7 4
2 5 4
26.6
2 4 7
248
25 1
253
2 4 3
2 6 0
250
2 2 3
2 7 7
23.8

26.6
27.1
238
25.2
26.8
28.9
27.5
240
z o . 1

260
28.4
283

4 3
8 .1
9 1

1 9
2 1
1 9
2 5
2 0
J U

2 8
2 1
2 7
4 0
5.7
2.8
3 .1
3.3
'1.0

2 7
2 8
2 2
0.8
3 0
1 2

1 1
1 7

0 1
1 2
1 1
0 5
0 1
o 2
o 2
o 2
0 5
'I 3
' I I

o 2
0 1
0 6
U J

0.6
0 .1
0.2
0 1
o.2
0.4
o 2
o 2
1 . 1
1 2
o.2
0 1
0 .1

<0.05
<0 05
<0.05
<0 05
<0.05
<0 05
<0.05
<0.05

0.05
<0.05
<0.05
<0 05
<0.05
<0.05
<0 05
<0.05
<0 05
<0 05
<0.05
<0 05

no
0 0 5

<0 05
<0 05
<0 05

0 0 6
<0 05

o 0 7

5 7
t . o

1 . 8
2.2
2.7
2.9

3 2
3 0
z c
2 4
3 5
3 5
2 4
2 3
2 5

2 4

3 4
J J

2 7
3 .5
2 8
2 8
2 5
2 3

1 0
0.5
U 5
6 2
5 5
4.4
5.3

4.9
3 U

2 8

2 9
6 4
7 8
o o

O J

6.4
7 6
6 7
8 4
7 8
4 4
5 4
4 9

6 4
8 3

1 0
0 9
0 9
0 1
0 1
o 2
0 3

<0 .1
U C

0 6
o 2

<0 1
2 0

<0 1
0 .1

<0  1
0.6
0 .1

<0 .1
<0 .1

0 .1
0 .1
o 2
0 . 1
o 4
0 6
o 2
0 1

1 3
t o

1 5
1 3
1 l
1 5
1 . 1
1 . 4
1 . 1
'I 5
1 . 9
1 2
o 2

<0 1
<0 1
<0 1

1 2
0 9
0 3
0 3
o 2
o 2
0.7
t o

1 0
0 . 1
0 6
0.6

0.05 88 6
0 05 89.4
0.05 90.5
0 1 3  9 0 . 4
0  20  91 .5
o 17 90.0
0.19 90 4
0.18 89.7
0 .19  91  . 2
0.22 90 1
0.11 87.9
0.16 88.6
0 .10  90  I
0.38 90 I
0 1 3  9 0 7
o.29 91 4
0 3 9  8 7 7
o29 90 0
0 .13  90  8
0  15  90  0
0 1 3  9 1 9
o 1 7  9 0 9
0 5 6  8 9 1
0 3 90.8
o32 89.1
0 2 3  8 8 4 6
0  31  89 .1
0 0 9  9 1  6

Nole: Mn was not determined for Nl-6 Bold value is discussed in the text
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Teele 5. Structural formulae of l/S on the basis Oro (OH)4

769

Sample Si t4lAl tolAl Fe Ti Mn totMg K Na Ca Mg., NH" Ch >, oct

s-2 7 72
1-87 7 57
2-86 7 73
I  6 9 3
1 1 a  7  O g
1 1 b  7  2 4
14b  7  19
82-2s 7 17
8 2 - 1 6 - 1 1 b  7  1 5
82-17tt 6 80
82-199 7 03
83 -1e  7  14
R-80 7 57
82-29 677
82-320 6 97
82-32u 6 91
82-36a 6.71
82-36b 6 78
82-37c 7.29
82-38 7.04
Nl-6 6.77
wDH-25 6.68
3-1 6 99
26-59 7 13
26-171 7 00
cPo-s 6 84
swE-79 6 85
wAL-14 6 80

0.28 2 58
0 .43  272
o 27 2.55
1.O7 3 09
0  9 1  3 2 7
0 7 6  3 1 7
0 . 8 1  3 1 3
0 8 3  3 1 7
0  85  3  16
1 20 281
097 334
0 8 6  3 1 7
0 4 3  3 0 5
t , 1 0  c z l

1  03  286
1 . 0 9  3 2 2
1 2 9  3 1 3
1  22  3 .18
o 7 1  3 1 0
0 .96  312
1.23 3 08
1.32 3 34
1 01 3,41
087 3 02
1.00 3 30
1 . 1 6  3  1 5
1  1 5  3 4 0
120 3.33

0.45 0.01 0
0 8 4  0 0 6  0
0 9 5  0 0 7  0
0 4 4  0 0 1  0
0 1 9  0 0 1  0
0 2 2  0 0 2  0
0.20 0 02 0
024  002  0
0 2 0  0 0 5  0 0 1
0 5 2  0 1 2  0
0 2 9  0  0 0 1
0.22 0 02 0
o 2 7  0 0 1  0
0 4 0  0 0 1  0
0 60 0.06 0
0 2 8  0 0 6  0
0.33 0 01 0
0 3 5  0 0 2  0
0 08 0.01 0
026 002 0
o 28 0.04 0
o 23 0.02 0 01
0 08 0.02 0
0,31 0.01 0
0.13 0.03 0
0 .23  002  001
0 1 1  0 0 1  0
0 1 7  0 0 1  0 0 1

1  03  0 .18
0 3 3  0 0 9
0 3 6  0 0 8
0 4 5  1 1 0
0 5 4  0 9 4
0.58 0.75
0 6 7  0 9 1
0.64 0 71
0 61 0.86
0 53 0.89
0 51 0.50
o 71 0.74
0.68 0.48
0  4 8  1 . 1 0
047 1 37
0.50 1 13
0 . 4 6  1 1 6
0 . 4 8  1 1 3
0.82 1 31
0.68 1 17
0.67 1.47
0.47 137
0  55  077
073 0 96
0 59 0.86
0.58 1 42
0 5 2  1 1 1
047  1  44

0.25 0.19
o 24 0.24
o 24 0.22
0 0 3  0 1 7
o o 2  0  1 6
0.05 0.22
0 . 0 6  0 1 6
0.01 0 20
o .o7  0 .15
0 .16  0  23
0 0 4  0 2 8
0 . 0 1  0 1 8
0 5 1  0 0 2
0.01 0 01
0 03 0.01
0.01 0 01
0 .17  0  18
o o 2  0 1 3
0 0 1  0 0 4
0 01 0.05
0 0 4  0 0 3
0 03 0.02
0  06  0 .10
0.04 0.10
0 0 9  0 1 3
0  15  0 .01
0 05 0.09
0.02 0.08

0 03 1.09 4 07
0 0 3  0 8 3  3 9 5
0.03 0 79 3.93
0 0 8  1 5 4  3 9 9
0 1 1  1 3 9  4 0 2
0 1 0  1 . 3 4  4 0 0
0 1 1  1 4 1  4 0 2
0 . 1 0  1 2 2  4 . 0 8
0 1 1  1 3 4  4 0 2
0 . 1 3  1 6 4  3 9 9
0 0 7  1 1 8  4 1 1
0 0 9  1 2 1  4 1 2
0.06 1.09 4.01
o22  134  4 .12
0 08 1 50 3.98
o 17 1 33 4.06
0.24 1.93 3.94
o 17 1.59 4.03
0.08 1.46 4.02
0.09 1.36 4.O9
0.08 1.63 4.07
0 .10  1 .54  4  08
0.33 1.37 4 06
0 . 1 8  1 3 8  4 0 7
0  19  1 .41  4  05
0 14 1 .73 4.00
0 1 8  1 5 2  4 0 5
0.05 1.67 4.00

0 .13
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

/Vofej Ch. stands for interlayer charge. Bold values are discussed in the text,

logical changes through the entire range of VS composi-
tion (Fig. 7). In many cases, we found aggregates of par-
ticles probably due to the fact that we did not use a
dispersant during sample preparation. For our size anal-
ysis, we only measured the dimensions of completely sep-
arated particles. The VS clay particles were nearly always
flake-shaped, with rounded edges. Elongate particles with
irregular shapes were observed in a few cases. However,
no relationship exists between the presence of elongate
particles and the degree of illitization. Only two samples
(S-2 and R-80) had a somewhat different morphology,
containing very flat particles with relatively straight edg-
es. VS in the S-2 sample is hydrothermal in origin rather
than diagenetic, which might explain its differenr mor-
phology. Nevertheless, R-80 has a diagenetic origin and
a possible explanation for its more regularly shaped par-
ticles may be that the VS has a kaolinite precursor rather
than a smectite precursor. R-80 is from a Carboniferous
bentonite located in a section with abundant coal seams,
which are commonly associated with tonsteins (volcanic
ash layers altered to kaolinite). Also, the particles in sam-
ples R-80 and S-2 were more completely dispersed (Fig.
7c). The reason for the exceptional dispersion ofparticles
in R-80 is that Na is the dominant interlayer cation in
this sample.

Particle dimension measurements support our finding
that no major changes except for thickening occur in par-
ticle morphology with degree of illitization. This result is
best displayed by the parameters mean diameter, aspect
ratio, and thickness of the particles. Mean diameter is
defined as the square root of the product of the length

and width (as defined in the methods section) of each
particle (Vl.w). Aspect ratio is defined as the ratio Vw.

Frequency diagrams (Fig. 8) for several representative
samples show no major changes in the diameter and as-
pect ratio of the particles with increasing illite content. In
contrast, average particle diameters of hydrothermal VS
do show very large changes as illite content increases.
Altaner and Ylagan (1997) summarized data from differ-
ent studies of hydrothermal VS, in which particle diam-
eter increased from -80 to -2000 nm for an illite content
of 40 to l00%o. In our study, particle thickness changes
in a manner similar to that observed in other morpholog-
ical studies of VS (Eberl et al. 1990; Lindgreen et al.
1992; Inoue and Kitagawa et al. 1994): As illite content
increases, the distribution flattens and the average and
maximum thicknesses increase.

Particle diameter, aspect ratio, and thickness are plotted
vs. percent illite for all samples in Figure 9.'Mean" refers
to the average value. "Maximum" refers to the maximum
observed value after eliminating l0%o of the data with the
highest values. In this way we avoided anomalously large
measurements. Neither diameter nor aspect ratio change
in a significant way with degree of illitization. In addition,
particle diameter showed no correlation with particle
thickness (not shown).

From 0 to -507o illite, the average thickness of VS
particles remains relatively constant at -2 rrm, and pro-
gressively increases to -10 nm for lO0Vo lllite (Fig. 9c).
Figure 8 shows that, for smectitic US, half of the particles
are I nm thick and the rest are distributed among greater
thicknesses. The presence of particles thicker than 1 nm
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Frcunr 6. K + NH4 content vs VS octahedral (O) and tet-
rahedral charge (O) Charge develops in the tetrahedral sheet
during illitization.

lite content (30-8OVo illite). In each one of the three se-
ries of more illitic samples (open symbols: circles,
squares, and inverted triangles), VS samples do show an
isotope composition variation, becoming depleted in '8O

with increasing illite, although one of the Devonian ben-
tonites (inverted open triangles) has a much lower 6180
value than the other Devonian bentonite VS samples. De-
vonian samples are from two different locations (Tables
1 and 6). Sample 82-36b, the one plotting below the other
Devonian samples, is from the same location as 82-31c
and 82-38, hence there is no evident reason for its lower
D'8O value. Three of the four Ordovician samples ana-
lyzed (open circles) are from the same location and one
is from a different locality. This last one (SWE-79) has
the lowest 6180 value, but it plots consistently with the
others.

DrscussroN

The absence of major morphological changes (in par-
ticle shape or size) in the bentonite VS samples investi-
gated by us provides the best indication that smectite was
transformed into illite by means of an SST mechanism.
Reactions involving dissolution of the smectite precursor
and precipitation of the VS (or illite) product likely would
have been accompanied by morphological changes re-
flecting the different conditions in which the new material
was precipitating, as has been commonly observed for
hydrothermal VS (Inoue 1986; Yau et al. 1987; Inoue et
al. 1988; Inoue and Kitagawa 1994). Although particle
thickening occurs during smectite illitization, we interpret
this change to represent coalescence of smectite sites as
interlayers (c* unit cells from one octahedral sheet to the
adjacent octahedral sheet) become illitic and interlayer K
is fixed. The fact that our study includes US samples from
different locations rather than from a single locality, sup-
ports the idea that the SST mechanism controls illitization
in bentonite lithologies in general. Morphological features

2.0

1 .5

05

00

2 .0

05
0 20  40  60  B0  100

|  ( % )

FrcunB 5. K + NH4 content vs percent illite in VS (a) and
interlayer charge vs. percent illite in VS (b).

may be due to incomplete dispersion because we did not
Li- or Na-exchange our samples before AFM analysis.
On the other hand, AFM analysis is carried out under
normal pressure and humidity conditions. In such condi-
tions, smectite particles should be hydrated and have
thicknesses of 1.2-1.5 nm.

Oxygen isotope analysis

Our oxygen isotope data present various trends de-
pending on the amount of illite in VS (Table 6, Fig. 10).
For smectitic US, we do not have enough samples to de-
scribe any trend. The sample with a 6180 value of 23%o
is from Almeria (Spain). Previous oxygen and hydrogen
isotope studies of the bentonite and quartz veins con-
tained in it (Delgado 1994) Ne consistent with an initial
incomplete alteration of the tuff by hydrothermal fluids
(-80 'C) followed by a pervasive alteration by meteoric
waters (-20 "C) having a composition of -5%o.

Cretaceous samples (solid dots), which are from the
same general area, show little variation in their O isotope
composition despite having a relatively large range of il-
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0 nm 500 nm 10@ nm

Frcunn 7. AFM images of some selected VS samples. (a) 1-
87 : 37o illite, (b) 82-l9g : 30Va lllite, (c) R-80 : 45Vo [lite,
(d) 82-2s : 5'7Vo ilhte, (e) 82-36b -- 87Vo lllite, and (f ) 82-32o
: IOOVo illite. Dimension measurements were performed only
on completely separated, flat-topped particles. Comrgations on
particle surfaces correspond to aggregates rather than growth
steps on single particles.

of all yS samples behave the same way as illitization
proceeds, irrespective of their location.

Other analytical results from our bentonite VS series
are not as conclusive as AFM data to the interpretation
of reaction mechanism, although they also point toward
an SST mechanism or can be considered consistent with
it. The interlayer ordering parameter (R) progressively in-
creases with percent illite, even showing non-integral val-
ues (Table 3). The progressive and gradual changes in R
are more consistent with an SST mechanism than with a
DP mechanism because the latter is more likely to have
generated distinct integral R values, which depends on
the environmental conditions, causing greater disconti-
nuities in the ordering succession. Also, the lack of a
trend from a more disordered lMoto a more ordered lM
illite with progressive illitization (Table 3) indicates some
inheritance of the stacking disorder from the original
smectite. A DP mechanism would have developed a
clearer transition toward the lM polytype (Eberl et al.
1987; Inoue and Kitagawa 1994). McCarty and Reynolds
(1995) also found no correlation between 3-dimensional
ordering and percent illite for bentonite containing from
9 to 33Vo expandable layers. Fixed cation content also

increases continuously with percent illite throughout the
yS series (Fig. 5), suggesting a single reaction
mechanism.

Our data are in contrast with results of Srodori et al.
(1986), who concluded that the variation of fixed K with
percent illite should be represented by two straight lines,
one for R : 0 VS and the other for R > 0. They inter-
preted their results in terms of a transformation mecha-
nism in which illitization of smectite sites in VS with R
> 0 needs a higher charge development than for smectite
sites in US with R : 0. We found that a single straight
line fits our data regardless of whether or not the results
for VS with R : 0 are included. A possible explanation
for the different results is that our fixed cation data in-
clude both NHo and K whereas the Srodori et al. (1986)
study includes only K. In a later study. Srodori et al.
fi992\ concluded that the variation between fixed cation
content and percent illite, as measured by TEM deter-
minations of particle thickness, was best represented by
a single straight line. They considered the TEM measure-
ments of percent illite to be more accurate than the cor-
responding XRD measurements, because XRD underes-
timates the proportion of smectite in very illitic VS clays.
Altaner et al. (1988) also found that XRD underestimates
the proportion of smectite compared to nuclear magnetic
resonance (NMR) for very illitic VS samples. Our AFM
data of particle thickness are inappropriate to use as mea-

bs
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Frcunr E. Frequency diagrams of calculated particle diam-
eter (M.w), aspect ratio (l/w), and thickness for four samples.
Each row corresponds to the same sample. Percent illite in VS
is indicated at the right of each tow. "n" is the number of ana-
lyzed particles.
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FIcunn 9. (a) Calculated diameter of particles (M.w) vs. per-

cent illite in VS; (b) particle aspect ratio (Vw) vs. percent illite; (c)
particle thickness vs. percent illite. Mean refen to average of all
values. Maximum refen to the highest value, excluding the upper
I07a. Only thickness shows a significant change with illitization
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Teele 6. Oxygen isotope composition (in %" E'8O) of the l/S
samptes

Sample 6130 Sample 6130

=
I

C

CJ
P

CJ
I
L

o
a)

s-2
1-87
2-86
I
1 1 a
1 1 b
14b
82-2s
82-1 6-1 1 b
a2-17tI
Rt-1  Ad

83-1 e
R-80

82-29
82-32o
82-32u
82-36b
82-37c
82-38
Nt-6
WDH-25
3-1
26-59
26-171
SWE-79

2 3 0
9 8

I  t - c

1 3  0
1 1 8
1 a  A

t z  o

t z  J

12 .8
1 2 8
t J  c

1 2 7
1 6 4

I  o . o

15 .6
16 .8
1 2 6
1 8 _ 1
17 .0
13.2
13 .8
1 7 3
t c  v

1 8 8
1 3 1

U

5
sures of percent illite because of incomplete dispersal of
particles, as discussed above.

Progressive changes in the 2:1 layer include a greater
negative charge (produced mainly by tetrahedral Al for Si
substitution) and conversion from cis-vacant VS to frans-
vacant VS (Frg. a). The observed chemical and structural
changes indicate that significant lattice rearrangement occurs
during smectite illitization even with an SST mechanism.
However, these structural changes are much less systematic
and less extensive than those observed for hydrothermal V
S, where a DP mechanism is clearly indicated [compare the
XRD polytype patterns in Fig. 5 of Inoue et al. (1987) with
our polytype patterns in Fig. 3, and cis/frans occupancy vari-
ation with illite in Fig. 5 of Drits et al. (1996) with the same
variation in Fig. 4 of this shrdyl, which also supports an
SST mechanism for illitization in bentonite. We interpret the
broad correlation between percent iliite and cis/trans occu-
pancy in our samples (Fig. a) to be due to the fact that
sffuctural changes are somewhat hindered by an SST mech-
anism. Also, because our samples are from different loca-
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Frcunr 10. Oxygen isotope composition vs. percent illite of
the VS clays. V : Miocene, O : Cretaceous, I : Carbonifer-
ous, A : Pliocene, V : Devonian, O : Ordovician, n :
Silurian.
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tions, the cis/trans occupancy of the original smectites could
be different, thereby affecting their path lines in Figure 4.
We propose that illitization follows an SST mechanism in
which there is simultaneous rearrarlgement of a significant
fraction of atoms within the individual or adjacent 2:l lay-
ers. This local rearrangement allows for structural changes
and chemical substitutions within the area where it occurs.

Oxygen isotope results in our study are difficult to in-
terpret with respect to illitization mechanism because the
samples are from many different locations and must have
experienced very different conditions of formation and
diagenesis. Previous studies have shown that 6'80 values
of bentonite VS generally decrease with increasing per-
cent illite, although there is typically a wide range in 6180
for a given illite content (Yeh and Savin 1977; Eslinger
and Yeh 1986). In our study, the Cretaceous VS samples
from Montana are from the same area (filled circles in
Fig. 10), but do not show any appreciable variation in
D'8O over the range of 30-80Vo illite. Although lack of
isotopic variation could be interpreted as precluding any
major clay dissolution, this conclusion seems difficult to
justify in light of the more systematic isotopic variations
found in the study of Eslinger and Yeh (1986).

In summary, the mechanism of illitization in bentonites
seems to be a solid-state reaction that allows for rearrange-
ment of atoms at local scale producing structural (cis-fans
occupancy) and chemical changes in the 2:1 layer. This is
supported by different facts: the lack of VS particle mor-
phology alteration during illitization, except for the fact that
K fixation causes interlayers to coalesce, which results in
thicker particles; the progressive and gradual change of or-
dering R values; the lack of a ffend from a less ordered lM,
to a more ordered IM llhte polytype; and the fact that the
transition from a cis- to a trans-vacant sffuctwe during illi-
tization is somewhat hindered as compared to the transfor-
mation that operates in hydrothermal systems, in which a
DP mechanism seems to occur.
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