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Abstract—The continuous conversion of smectite to illite in samples from the Shinzan hydrothermal
alteration area of Japan has been examined by X-ray powder diffraction (XRD) and transmission (TEM)
and analytical transmission electron microscopy (AEM). TEM shows that randomly interstratified illite/
smectite (I/S) containing 100-50% expandable layers exhibits a flakey shape, whereas regularly and
partially ordered interstratified I/S having 50-0% expandable layers exhibits a lath-like habit. An early-
formed lath of regularly interstratified I/S is typically <35 A in thickness and 300-500 A in width; these
dimensions gradually increase with decreasing percentage of expandable layers. XRD shows that the lath-
shaped I/S has a 1M polytype mica structure. AEM shows that the interlayer K content of flakey 1I/S
increases monotonously with decreasing percentage of expandable layers in the range 100-50% expandable
layers, whereas the interlayer K content of lath-shaped I/S increases along a different trend from that for
the flakey I/S in the range 50-0% expandable layers. These observations suggest that randomly inter-
stratified I/S is fundamentally smectite that is undergoing K-fixation and dissolution and that regularly
and partially ordered interstratified I/S are immature illite which is still growing. Consequently, they
suggest a mechanism for the hydrothermal smectite-to-illite conversion that is based on the K-fixation
in and dissolution of smectite and the precipitation and growth of thin illite particles. Furthermore, these
data suggest that the kinetics of smectite dissolution and illite growth are the most important factors
controlling the smectite-to-illite conversion.

Key Words— Diagenesis, Expandable layers, Illite, K-fixation, Smectite, X-ray powder diffraction.
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1981). Such a conversion series has application in un-
derstanding the alteration processes in active and fossil
geothermal fields (Steiner, 1968; Mufller and White,
1969; Browne and Ellis, 1970; Eslinger and Savin, 1973;

INTRODUCTION

Numerous clay mineralogical studies of shale, sand-
stone, and bentonite have shown that the conversion

of smectite to illite through interstratified illite/smec-
tite (I/S) is of great importance as a sensitive indicator
or a geothermometer in estimating the degree of dia-
genesis of sediments (Dunoyer de Segonzac, 1970;
Weaver and Beck, 1971; Foscolos and Kodama, 1974,
Hower et al., 1976; Hoffman and Hower, 1979; Hower,
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Inoue and Utada, 1983; Horton, 1985; Jennings and
Thompson, 1986). Previous mineralogical data have
suggested a conversion mechanism in which illite forms
from smectite by means of cation substitution in smec-
tite layers (Hower et al., 1976; Boles and Franks, 1979).
Recently Pollastro (1985) supported this solid-state
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Figure 1. Diagram showing A28, vs. A28, for illite/smectites
used in this study.

transformation process for the smectite-to-illite con-
version which requires partial dissolution of smectite
layers in more expandable 1I/S substrates and reprecip-
itation of dissolved materials on less expandable I/S
clays.

On the other hand, Nadeau et al. (1984b, 1985) ad-
vocated an alternative neoformation process for the
smectite-to-illite conversion on the basis of particle-
thickness measurements of highly dispersed I/S clays
by transmission electron microscopy. They demon-
strated that randomly interstratified I/S can be formed
from physically mixed suspensions of elementary
smectite (10-A thick) particles and “illite” (20-A thick)
particles; the “illite” particle corresponds to a rectorite-
type interstratified mineral (Nadeau et al., 1984a). The
X-ray powder diffraction (XRD) patterns of well-known
IS-, 1IS-, and IIIS-type ordered minerals as described
by Reynolds and Hower (1970) were interpreted as
interparticle diffraction effects wherein water and or-
ganic molecules are adsorbed on the smectite-like in-
terfaces within aggregates of thin “illite” crystals (Na-
deau et al., 1985). Furthermore, they applied the
neoformation process, based on this concept of inter-
particle diffraction, to the conversion of smectite to
illite in bentonites and sandstones. Their idea un-
doubtedly sheds new light on the concept of interstrat-
ification; however, several issues regarding their inter-
pretation are still unresolved, particularly the chemical
nature of the neoformed clay particles. In addition,
although the samples used in their studies were from
various geological settings, the conversion of smectite
to illite was considered to occur by a common mech-
anism.

In the present investigation, transmission electron
microscopy (TEM) and analytical electron microscopy
(AEM) techniques in addition to ordinary X-ray pow-
der diffraction (XRD) techniques were used to examine
the morphological and chemical changes in a hydro-
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Table 1. Illite/smectite interstratified minerals from the
Shinzan hydrothermal alteration area in Japan.
Sam-

ple Drilthole Depth (m) Mineralogy!
A WS-2 183.50 100% smectite
B WS-1 336.75 95 £ 5% I/S (g =0)
C WwS-4 329.50 85 + 5% I/S (g = 0)
D WS4 383.00 73 £ 5% 1/S(g=0)
E WS-2 377.80 70 £ 5% I/S (g = 0)
F WS-2 407.35 68 + 5% I/S (g = 0)
G WS-22 383.80 55+ 5% /S (g = 0)
H WS4 392.80 50+ 10% I/S(g=0)
1 WS-2 423.20 40£5%1/SEg=1)
J WS-10 199.90 35+£5%1/S@Eg=1)
K WS4 440.60 30£5%1/S(g=1)
L WS-2 622.25 23+ 5% 1/S(g=2)
M WS-5 240.10 20£ 5% 1/S(g=2)
N WS.7 123.60 15+£5%UI/S@g=3)
P WS-7 115.45 15+ 5% 1/Sg=3)
Q WSS 185.90 125+ 25% 1/S(g = 3)
R  WS.7 197.00 5+5%I/S(g=3)
S WS-8 452.80 0% illite

! Mineralogy by X-ray powder diffraction of ethylene glycol-
solvated samples using the method of Watanabe (1981). g
stands for the Reichweite value.

thermal smectite-to-illite conversion series from the
Shinzan area of Japan.

SAMPLES AND EXPERIMENTAL METHODS

Interstratified 1I/S minerals from the Shinzan area
were probably formed by the hydrothermal alteration
of silicic volcanic glass during Kuroko ore mineraliza-
tion or during later vein-type ore mineralization in the
Miocene Period. As described by Inoue et al. (1978)
and Inoue and Utada (1983), a complete smectite il-
litization series is present from the center of the hy-
drothermally altered mass to the margin in the Shinzan
area. In the present study, 18 samples of the I/S clays
were used, as listed in Table 1.

The <1-pm fractions of untreated clay samples were
isolated by centrifugation. The suspensions were
smeared on glass slides, dried at room temperature,
solvated with ethylene glycol (EG) vapor, and exam-
ined by XRD on a Rigaku RAD I-B diffractometer
using monochromatized CuKa radiation, a 0.5° diver-
gence silt, and a 0.6-mm receiving slit. The percentage
of expandable layers and ordering type (Reichweite) of
the I/S samples were determined using the A26, — A24,
diagram of Watanabe (1981) (see Inoue and Utada,
1983). The definition of Reichweite (g) values used in
this paper follows that of Jagodzinski (1949). The ac-
curacy of the determination of the percentage of ex-
pandable layers was =5% for most I/S samples, be-
cause the d-values of EG-clay éomplexes are sensitive
to the nature of component layers and EG-vapor pres-
sure (Srodon, 1980). The accuracy for sample H, may
be as low as +10% because of the interference of dis-
crete illite.


https://doi.org/10.1346/CCMN.1987.0350203

Vol. 35, No. 2, 1987

Chemistry and morphology of smectite-to-illite conversion

1 1 1 1 1 1 1 3 ] H 1 L 1

113

1 ] ) I

Ai L
20 30 40 20
°20 Cu Ka radiation

°28 Cu Kq radiation

A i L
40 50 2 10 20 30 40
°20 Cu Kg radiation

30 50

Figure 2. X-ray powder diffraction patterns of illite/smectites from samples A, C, D, G, H, I, K, M, N, P, R, and S after
solvation with ethylene glycol. I = illite, Q = quartz, C = chlorite.

Chemical analysis was carried out with a Hitachi
H-500 transmission electron microscope equipped with
a Kevex 5000 solid-state detector for energy-dispersive
X-ray analysis and a microcomputer for quantitative

- data processing. The accelerating voltage and beam
current were 100 kV and about 240 pA, respectively;
the relevant count time was arbitrarily adopted to min-
imize the beam damage of crystals of various thick-
nesses. Analyses were made only for Mg, Al, Si, K, Ca,
and Fe(total); Na was neglected in this investigation.
The measured X-ray intensity of each element was first
corrected by subtracting the background intensity which
was measured at two energy positions devoid of inter-
ference and then corrected using k-values obtained from
kaolinite, muscovite, celedonite, and chlorite standard
specimens. A linear relationship between the intensity
of characteristic X-ray of each element and the total
intensity can be established on a specimen thin enough
for the conventional 100-kV electron microscopy. In
such a thin area X-ray absorption and fluorescence can
be neglected (Cliff and Lorimer, 1975). If the crystal
analyzed was very thin (i.e., a few unit cells thick), the
electron beam penetrated the crystal and the analysis
was impossible. Thus, particles at least a few hundreds
Angstrom units thick were used to obtain useful X-ray
signal/noise ratios.

For TEM examination, duplicates of specimens used
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for the AEM examination were prepared by spreading
the sample on Ni TEM grids and shadowing it with
Pt-Pd at an angle for which the ratio of the particle
thickness to shadow length is 0.5. Shadow lengths of
20-75 particles and particle dimensions of 70-80 par-
ticles per sample were measured from micrographs.
The accuracy of particle-thickness and particle-dimen-
sion determinations was =6 A and +10 A, respec-
tively.

EXPERIMENTAL RESULTS
Interstratification by XRD

The A28, vs. A28, plots for the 1/S clays examined
are given in Figure l; XRD patterns of the samples
after EG-solvation are illustrated in Figure 2. As shown
in Figures 1 and 2, sample A is pure smectite, having
100% expandable layers; samples B~G and probably
H are randomly interstratified (g = 0) I/S. Although
sample H plots in the intermediate field between g =
0 and g = 1 curves, the sample is contaminated by a
small amount of discrete illite as shown in Figure 2.
Thus, the accuracy of the A26, and A2, values is some-
what less. Samples I-K are regularly interstratified (g =
1) I/S; for samples L and M, g = 2, for samples N-R,
g = 3. Sample S is pure illite, having no expandable
layer component.
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Figure 4. Histograms of lath-width distribution (a) and lath-
thickness distribution (b) in illite/smectites from samples E,
H, I, K, Q, and R for width and from samples D, F, H, M,
and Q for thickness.

Morphology by TEM

TEM examination of the I/S series showed the fol-
lowing characteristic morphological changes with vary-
ing percentage of expandable layers. A particle of pure
smectite is flake-like or moss-like and exhibits curling
on its edges (Figure 3a). Anhedral flakes are dominant,
but a euhedral hexagonal habit has been noted for some
particles in the pure smectite sample. At 80—-70% ex-
pandable layers, very thin lath-shaped particles coexist
with dominant flake-like particles (Figure 3b). In these
samples, some of the particles which appear to be flakes
were found under high magnification to be dense ag-
gregates of very thin laths. The flakey habit gradually
disappeared with decreasing percentage of expandable
layers. At <50% expandable layers, the particles were
chiefly subhedral thin laths; no flakes were noted (Fig-
ures 3¢ and 3d). The laths were elongated along a, and
the intensities of the 02, 11, and 11 reflections were
consistently characteristic of the 1M polytype, accord-
ing to Giiven (1974). In addition, the laths were ag-
gregated in a rather regular manner because the dif-
fraction did not show the ring pattern typical of a perfect
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Figure 5. X-ray powder diffraction patterns of illite/smec-
tites from samples I, K, M, P, R, and S measured in random
preparations. Dashed lines indicate the positions of Ak/ re-
flections of 1M polytype; shadowed peaks represent Ak/ re-
flections of 2M, polytype. Q = quartz, C = chlorite.

turbostratic structure, but instead showed discrete ik
spots with rings. Such a regular arrangement of laths
has often been observed for illitic clays (Giiven et al.,
1980; Srodon and Eberl, 1984). Impure, discrete illite
laths associated with the samples were easily distin-

—

Figure 3. Transmission electron micrographs of illite/smectites from (a) sample A, (b) sample D, (c) sample J, (d) sample

L, (e) sample R, and (f) sample S.
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Table 2. Structural formulae (/O,,(OH),) of illite/smectites having different morphologies, based on the analytical transmission electron microscopy analyses.

A B C D D F F G G H I
flake flake flake flake lath flake lath flake lath flake and lath lath lath

Sample
Morphology

stacked

18

4

14

12

Analyzed
particle

3.47 (8)
2.28 (11)
0.10 (2)
0.27 (9)
0.05 (1)
0.34 (7)

0.31(9)

3.59 (8)
1.96 (5)
0.17 2)
0.42 (8)
0.05 (1)

3.51(2)

2.14 (5)
0.13 (1)
0.33 (8)
0.07 (1)
0.36 (6)

3.52(7)
2.15(9)

0.13(2)

0.32 (8)
0.07 (1)
0.29 (7)

3.51(4)

2.12 (6)
0.13 (1)
0.33 (4)

0.07 (1)
0.41 (2)

3.57 (14)
2.11(6)
0.13 (1)
0.32 (15)
0.04 (4)
0.29 (9)

2.10 (10)
0.13(2)

3.58 (8)
0.32 (11)
0.04 (3)
0.27 (1)

1.85 (13)
0.12 (1)

3.70 (5)
0.43 (9)
0.08 (2)
0.26 (2)

3.65(7)
1.90 (9)
0.14 (2)
0.43 (6)
0.08 (2)
0.25 (6)

3.77
1.94
0.13
0.27
0.04
0.11

3.81(3)
1.59 (3)
0.22 (2)
0.54 (6)
0.09 (1)
0.08 (1)

3.84 (6)
1.84 (7)
0.08 (1)
0.31(11)
0.08 (3)
0.05 (3)

Si
Al
Fe
Mg
Ca
K

S
hexagonal
9

R R
lath hexagonal
21 3

Q
lath
13

lath

Sample
Morphology
Analyzed
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3.13(9)
2,65 (8)
0.05 (1)
0.23(11)
0.07 (2)
0.78 (8)

3.08 (6)
2.73(11)
0.04 (1)
0.19 (5)
0.08 (1)
0.80 (1)

3.37(14)
2.32(16)

0.06 (1)
0.24 (8)
0.07 ()
0.73 (8)

2.51(12)

3.22 (8)
0.07 2)
0.24 (15)
0.06 (3)
0.76 (6)

3.22 (6)
2.49 (11)
0.10 (2)
0.24 (12)
0.06 (2)
0.73 (6)

3.25 (10)
2.57 (12)
0.06 (3)
0.20 (7)
0.04 (2)
0.61 (5)

2.49 (13)

3.28 (8)
0.07 2)
0.20 (9)
0.05 (1)
0.71 (2)

2.47 (10)

3.28 (8)
0.08 (2)
0.25 (8)
0.06 (2)
0.59 (9)

3.44(11)
2.25 (6)
0.07 (1)
0.37 (14)
0.05 (2)
0.43 (7)

3.42(7)
2.28 (7)
0.07 (1)
0.37 (6)
0.05 (2)
0.44 (15)

3.41(8)
2.25(5)
0.11(3)
0.31 (10)
0.08 (3)
0.48 (7)

2.21(8)
0.11 (1)
0.29 (10)
0.08 (1)
0.43 (10)

3.47(9)
The numerical figures in the parentheses indicate the standard deviations.

Si
Al
Fe
Mg
Ca
K

particle

Clays and Clay Minerals

guished from I/S laths because of the greater thickness
and thereby a high contrast image for the former. At
<10% expandable layers, tiny hexagonal crystals (0.1—
0.2 um in size) together with dominant, euhedral lath-
like crystals were common (Figure 3e). In pure illite,
clearly hexagonal plate habits coexisted with rigid laths
(Figure 3f).

The micrographs discussed above suggest that the
lath-shaped crystals increase in thickness and width
with decreasing percentage of expandable layers. The
lath-width distribution (Figure 4a) shows that at 70%
expandable layers (E) the laths are about 300-500 A
in width, in terms of the peak of distribution, and at
40% expandable layers (I) they are about 500-700 A
wide. Furthermore, at 5% expandable layers (R) the
lath width is about 1100-1300 A, with some laths of
>2000 A width also being present. The lath-thickness
distribution (Figure 4b) shows that at 73% expandable
layers (D) the lath thickness is mostly less than 35 A,
and confirms the morphological observation that the
lath thickness also gradually increases with decreasing
percentage of expandable layers. The particle-thickness
distribution found here seems to be consistent with the
observations of Nadeau et al. (1985).

Polytype by XRD

Figure 5 shows the k! reflections in the range 19°-
36°20 of I/S clays having <50% expandable layers.
Similar to pure smectite, I/S clays having >50% ex-
pandable layers exhibited turbostratic structure: only
02,11 and 20,13 prismatic reflections were observed
in the same range of 26 degrees. The I/S clay having
40% expandable layers (I) exhibited a few Ak/ reflec-
tions which could be indexed as from a 1M polytype
of mica. These reflections sharpened with decreasing
percentage of expandable layers. Samples M, P, and R
exhibited another reflection at 3.86-4.00 A which could
not be indexed by the 1M polytype. The 113 peak of
1M polytype tended to shift to higher angles. In the
pure illite (S) several Akl reflections indexed by 2M,
polytype were found in addition to the principal 1AM
polytype reflections. Taking into account the previous
TEM observations, illite having a hexagonal habit
probably has 2M, symmetry. XRD indicated that I/S
clays exhibiting lath-like habit have a 1M mica poly-
type structure even if their percentage of expandable
layers is large.

Chemical analyses by AEM

The empirical formulae of I/S clays calculated from
AEM analyses on the basis of O,,(OH), are listed in
Table 2. These data were averaged from the analyses
of 1-21 particles/sample. Generally speaking, the
present AEM data are consonant with the “wet”” chem-
ical analyses reported by Inoue et al. (1978), except
that the Si content is smaller and the Al, K, and Ca
contents are somewhat larger in the AEM analyses.
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The relationship between the percentage of expand-
able layers and the K content is shown in Figure 6,
wherein all the K in the I/S clays has been assumed to
be present as non-exchangeable interlayer cations. From
these data, the K content of I/S having flakey habit
and 100-50% expandable layers appears to increase
monotonously with decreasing percentage of expand-
able layers, whereas the K content of I/S having a lath-
like habit does not increase as much in the range 70—
40% expandable layers and varies along a different
trend from that of the flakey I/S. The increase in K
content of I/S having a lath-like habit becomes sig-
nificant in the range 40-20% expandable layers; in
1/S having <20% expandable layers the increase in K
is less steep and reaches a value of about 0.75-0.8
K/O,,(OH),. The relationship between the percentage
of expandable layers and the total layer charges of I/S
clays calculated from the data in Table 2 is similar to
that found for the percentage of expandable layers and
the K content.

Inoue and Utada (1983) demonstrated that the re-
lationship between the percentage of expandable layers
and K content can be expressed by a linear equation,
percentage of expandable layers = —137 K + 103, on
the basis of wet chemical analyses of I/S samples, in-
cluding the present samples. The data, however, cor-
respond to the average of the chemical composition of
morphologically different particles. In fact, the increase
in K with decreasing percentage of expandable layers
progresses along different paths between flake- and lath-
like habit 1/S clays as shown in Figure 6. On the other
hand, Srodon and Eberl (1984) and Srodon et al. (1986)
indicated from detailed statistical analyses of the per-
centage of expandable layers and the K contents of
many different series of I/S, including the data of Inoue
and Utada (1983), that the relationship is approxi-
mated by two curves of different slopes, percentage of
expandable layers = —181.5 K + 102.3 and = —99.21
K + 74.75. The curves intersect at about 0.3 K and
46% expandable layers. The significance of the inter-
section reported by Srodon et al. (1986), however, is
questionable considering the present study because I/S
clays having lath-like habits begin to appear at 80-70%
expandable layers, and the K contents are relatively
constant in the range 70-40% expandable layers, as
shown in Figure 6.

DISCUSSION

The present results regarding particle-thickness dis-
tribution seem to support the theory of interparticle
diffraction by Nadeau er al. (1984a, 1984b, 1985).
Nevertheless, applying their neoformation model based
on the interparticle diffraction theory to the present
smectite-to-illite conversion, several modifications for
their model may be suggested.

For random 1I/S clays having 100-50% expandable
layers (as noted above), Nadeau et al. (1984a) dem-
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Figure 6. Relationship of percentage of expandable layers
and fixed interlayer K/O,,(OH), for illite/smectites. Symbols
indicate morphology of each particle.

onstrated that the XRD patterns of mixed suspensions
of 100% smectite and 50% regular I/S in various pro-
portions show a strong resemblance to those of ran-
domly interstratified I/S clays. They also predicted that
the K contents in I/S clays will be proportional to the
number of “illite” layers having a rectorite structure.
In terms of the former proposal, unpublished data from
this laboratory on the half-height width of the (003),,/
(005),, XRD peak after EG-solvation for mixtures of
100% smectite and 50% rectorite of various propor-
tions indicated that the half-height width of mixtures
tended to be greater than those of each end-member
clay, showing a maximum at 1:1 mixture. The half-
height width of the present I/S series after Sr-saturation
and EG-solvation, however, showed a nearly monot-
onous decrease from 100 to 50% expandable layers. In
terms of the second proposal by Nadeau ez al. (1984a),
Figure 6 shows that in samples D and F the K contents
are almost the same for both the flake-like and lath-
like habits. In sample G, however, having fewer ex-
pandable layers than samples D and F, the K contents
of the lath-like and flake-like habits are clearly distinct:
0.3 for the laths and 0.4 for the flakes. In addition, the
K contents of particles mixed with the flakes and the
laths plot in the intermediate position between the re-
spective values. These observations are contrary to the
prediction of Nadeau ez al. (1984a) and suggest that
the randomly interstratified 1/S clays are not physical
mixtures of smectite and regular I/S, but that the ran-
domly interstratified I/S clays having flake-like habits
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Figure 7. Possible mechanism for the continuous conversion
of smectite to illite in the Shinzan hydrothermal alteration
area.

are structurally, morphologically, and chemically dis-
tinguished from the regularly interstratified I/S clays
having lath-like habits. Consequently, the randomly
interstratified I/S clays are fundamentally smectite that
has adsorbed K in the interlayer spaces.

For less expandable I/S clays, if the increase in K
content with decreasing percentage of expandable lay-
ers is attributed only to simple stacking of elementary
“illite™ particles (20-1& thick) of the model of Nadeau
et al. (1984a), the K content will increase to a maxi-
mum of about 0.5 K/O,,(OH), in pure illite. Accord-
ingly, the fact that pure illite has 0.75-0.8 K/O ,(OH),
implies that K ions exist to some extent on the smec-
tite-like interfaces between simply stacked elementary
“jllite” layers, as was diagrammatically represented in
Figure 9 of Nadeau ef al. (1984b). In other words, the
smectite-like interfaces are developing into true illite
layers with apparently decreasing percentage of ex-
pandable layers.

Finally, a possible mechanism for the present con-
version series of smectite to illite is shown schemati-
cally in Figure 7. The I/S clays from the Shinzan hy-
drothermal alteration area were considered to be
converted from early-formed smectite in turn accord-
ing to the prevailing gradients of temperature and
chemicals (Inoue and Utada, 1983). Therefore, the
present process of smectite-to-illite conversion is very
similar to those taking place in bentonites during dia-
genesis. In the conversion of smectite to illite as shown
in Figure 7, interlayer K first increases in the flakey
smectite by cation exchange and cation fixation, re-
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Figure 8. Schematic diagram showing the conversion of
smectite to illite in nature. Slopes of the solid and dashed
curves that represent the boundary between smectite and illite
were assumed on the basis of occurrence of illite/smectite in
many drillholes previously reported.

sulting in the formation of randomly interstratified I/S
clays having 100-50% expandable layers. At this stage,
both the octahedral and tetrahedral layer charges have
increased only slightly and the total layer charges of
random I/S clays have reached a value of no more than
about 0.5. Such randomly interstratified I/S clays hav-
ing flake-like habit are structurally and morphologi-
cally unstable if the K contents in random I/S exceed
about 0.4 or if the percentage of expandable layers
<50%, resulting in the I/S clays dissolving and sub-
sequently precipitating as “illite.” Although the unsta-
ble flakey 1/S clays dissolve, clays having lath-like hab-
its begin to precipitate and are associated with flakey
randomly interstratified 1I/S clays having 80-70% ex-
pandable layers. The initial precipitates having lath-
like habits may be elementary “illite” layers (20-A thick)
having insufficient K on the two outer-interfaces of 2:1
silicate layers and a regularly interstratified structure
of g = 1, which is the same as the model of Nadeau et
al. (1985). The elementary “illite” particle has a 1M
polytype structure and therefore can be regarded as an
immature or embryonic illite. Furthermore, the laths
thicken by growing. In the growth stage the lath-like
illite exhibits various kinds of interstratifications, such
asg=2and g = 3, according to the layer-thickness or
the heterogeneity in the tetrahedral layer charge. If the
laths grow larger, they may break along certain crys-
tallographic directions to create hexagonal plates and
finally transform to a 2M, polytype mica.

The smectite-to-illite conversion mentioned above
is neither a continuous transformation process by sol-
id-state reaction nor a neoformation process associated
with stepwise dissolution-precipitation previously pro-
posed. The present conversion can be considered to be
a complex neoformation process consisting of two el-
ementary transformation reactions and a dissolution-
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precipitation reaction in the intermediate stage. The
random interstratification that occurred in the range
100-50% expandabile layers can be principally respon-
sible for the K-fixation of initial smectite; this stage
can be represented by a transformation process. The
regular and partially ordered interstratifications in the
range 50-0% expandable layers result from the layer-
thickness of immature illite growth; this stage can be
also a transformation process. During these two trans-
formation reactions, unstable smectite dissolves and
reprecipitates as elementary illite particles.

In a stricter sense, however, the above interpretation
suggests that the interstratification generated in the
smectite-to-illite conversion is a secondary phenom-
enon associated with the chemical conversion of smec-
tite to illite in nature (Figure 8). Specifically, the con-
version of smectite to illite requires material transport;
this reaction might be formally expressed as smectite +
Al + K = illite + Si. The present experimental results
suggest that the conversion is due to the dissolution of
smectite and the precipitation and growth of illite. In
general, the dissolution, precipitation, and growth of
minerals occur over a finite time period and are strong-
Iy sensitive to ambient conditions. If the conversion
of smectite to illite is a simple solid-solid transition,
the conversion can be expressed by a univariant curve
in a P-T region, as represented by the solid curve in
Figure 8. Because, however, the conversion of smectite
to illite is a complex chemical reaction of dissolution,
precipitation, and growth with material transport, the
conversion apparently occurs in a broad P-T region,
as represented by the area between the two dashed
curves in Figure 8. The interstratification phenomenon
in I/S clays is accidental in each stage of the dissolution,
precipitation, and growth, as mentioned above. There-
fore, interstratified I/S clays as mineral species do not
really exist during the conversion, but the well-known
random I/S clays having 100-50% expandable layers
can be regarded as smectite which is undergoing K-fix-
ation and dissolution; the ordered /S clays having 50—
0% expandable layers can be regarded as immature or
embryonic illite which is still growing.

In conclusion, according to the present hypothesis,
all problems on the smectite-to-illite conversion can
be ascribed to the kinetics of smectite dissolution and
illite growth in natural environments. Furthermore, in
terms of the phase problem of I/S clays (Garrels, 1984;
Nadeau et al., 1984b; Wilson and Nadeau, 1985), ran-
domly interstratified I/S clays can be considered as
metastable, one-phase smectite solid solutions and or-
dered I/S clays can be also considered as metastable,
one-phase illite solid solutions, anising from their finer
particle size. On the other hand, a perfectly ordered
rectorite mineral generally shows a different occurrence
and mineralogic properties, compared to the familiar
1/8 clays (Inoue and Utada, 1983). True rectorite can
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be an interstratified mineral species and thereby should
probably be excluded from the category of familiar I/S
clays in question.
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