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Morphological characteristics of illitic clay minerals from a hydrothermal system
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Variations in the morphology of illitic clay minerals were observed in the Kamikita
hydrothermal system for illitized smectite. Particle sizes and microtopographies were mea-
sured by transmission electron microscopy using Pt shadowing and Au decoration. Particle
size distributions normalized to the modes gave steady-state profiles skewing toward larger
values both for equivalent diameters and for thicknesses, which were independent of the
formation ages and temperatures. Growth spirals were observed commonly on the basal
surfaces of illite crystals. These data indicate that spiral growth operated as a growth-
controlling process for the Ostwald ripening, which occurred during the late stages of
illitization. However, the normalized particle-size distribution curves fitted to a log-normal
distribution curve better than the theoretical profile calculated for a screw-dislocation
model by Chai (1975), as found by Eberl et al. (1990). The ripening illite crystals changed
in morphology from laths to hexagons while they grew at a constant ratio of particle
diameter to thickness (approximately 40), as was estimated from the mean volume and
area of the particles. The ratio is consistent with the measured ratio of step separation to
step height of the growth spirals. This morphological evolution forms a trend on a plot of
mean diameter vs. mean aspect ratio that is distinct from a trend delineated for illitic
minerals from diagenetic shales and bentonites. The difference in trends may be related
to differences in the growth rate of illite crystals during ripening among various rock types.
The most likely factor controlling the growth rate of illite crystals during ripening might
be variations in the level of supersaturation with respect to illite in the pore solution by
advective solute flux from outside of the system. In the rocks associated with a high-
porosity, fluid-dominated system, such as hydrothermally altered pyroclastics from Ka-
mikita, a percolating flow may facilitate growth of larger illite crystals during ripening,
which would result in a coarsely skewed particle size distribution, as found in this study.

Ixrnooucrrox experiments (Whitney and Northrop, 1988). Addition-
ally, the measurement of particle diameters and particle

The conversion of smectite to illite occurs during burial thickness distributions indicated that recrystallization or
diagenesis, hydrothermal alteration, and contact meta- coarsening proceeds by Ostwald ripening (Inoue et al.,
morphism. During this reaction, the proportion of smec- 1988; Eberl and Srodori, 1988; Eberl et al., 1990). More
tite or of expandable layers in interstratified illite-smec- recently, Lanson and Champion (1991) and Eberl (1993)

tite (I/S) decreases as functions of temperature, time, and showed that Ostwald ripening occurs during the later
chemical variables (e.g., Srodofi and Eberl, 1984). How- stages of illitization during shale diagenesis, which is
ever, the mechanism and kinetics of this reaction are not characterized as a low-porosity, rock-dominated (LPRD)

well understood. Variations in the morphology of I/S system by Whitney (1990). The cited works suggested that
crystals, studied by transmission and scanning electron an understanding of the growth processes of illite during
microscopy (TEM and SEM), indicate that smectite dis- Ostwald ripening may provide important information that
solves and illite recrystallizes in high-porosity, fluid- could be used to model the dynamics of illite formation.
dominated (HPFD) systems, such as hydrothermally al- The present study has been undertaken first to char-
tered pyroclastics and diagenetically altered sandstones acleize quantitatively the morphology of illite and I/S
(Nadeau et al., 1985; Pollastro, 1985; Keller et al., 1986; from an HPFD hydrothermal system and includes mea-
Inoue, 1986; Inoue et al., 1987, 1988, 1992; Whitney, surements of crystal habits, particle size distributions, and
1990; Altaner, 1989). A dissolution and recrystallization surface microtopogtaphies. Second, a comparison was
mechanism also was indicated by drastic changes in O made between these morphologies and those formed dur-
isotopes during the illitization of smectite in laboratory ing the smectite to illite conversion in LPRD systems.
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Fig. 1. X-ray powder diffracrion patterns of glycolated samples from the Kamikita hydrothermal system. Ch : chlorite, Qz:
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Samples

Eight samples of I/S and illite from drill hole no. 12 in
the Kamikita hydrothermal alteration area (Aomori Pre-
fecture, Japan) were used in this study (Table l). K-Ar
chronological and petrographic studies of many drill holes
from this area distinguished four types ofalteration that
occurred at different times (Inoue and Utada, l99l).
Among them, the occurrence of systematic smectite to
illite conversion is restricted to the alteration related to
the Kuroko mineralization during the Miocene (Inoue
and Utada, I 99 I ; Inoue eI al., 1992). According to optical
microscopic observation of thin section of the core sam-
ples, the original rocks were dacitic lavas and pyroclas-
tics. The rocks were intensively altered to I/S, illite, chlo-
rite, quartz, and sporadic barite, and occasionally they
contain younger veinlets of siderite. The formation temper-
atures ranged from approximately 150 to 250 .C, as de-
duced from mineral assemblages (Inoue and Utada, I 99 I ).

Methods

The original rock samples were crushed gently in an
agate mortar and dispersed in distilled HrO by using an

ultrasonic vibrator, and then the <2-1rm fraction was sep-
arated from the dispersed solution by centrifugation. The
separated clay samples often contained a significant
amount of chlorite, which is undesirable for TEM obser-
vation. High-gradient magnetic separation (at 2 T) (Righi
and Jadault, 1988) was carried out on the chlorite-rich
samples for 4-5 h. As shown in Figure l, small amounts
of chlorite still remained in some samples; the maximum

TABLE 1. Percent of expandable layers, /rvalues, Kubler index-
es,2M, content, and K-Ar age of Kamikita illitic ma-
terials

Sample

Expand-
able

layers
("/"1 /r values

Kubler 2M,
index content K-Ar age

f) ("/") (m.y.)

12-40-m
12-50-m
12-80-m
12-140-m
12-201-m
12-223-m
12-262-m
12-29O-m

1 2
3
4
3
0
0
0
0

4.21
1 .30
1  . 1 9
1 .21
1 .20
1  . 1 1
1 . 0 1
1 . 1 2

1 .20
0.65
0.75
o.70
0.58
0.51
0.43
0.35

0 10.7(0.5)
10 1 1 .8(0.6)
5 11.6(0.6)

13 1 1 .5(0.6)
20 12.0(0.6)
30 11.3(0.6)
32 11.9(0.6)
25 12.4(0.6)

Note; values in parentheses indicate the standard deviation values of
K-Ar age determination.

o o o
10.oA 5.oA 3.33A
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10.oA 5.OA 3.33A

8 0 - m

Qz Ch

1 5

20 degrees



702 INOUE AND KITAGAWA: ILLITIC CLAY MORPHOLOGY

a
c
o
c

.=
o
c
o

F

tr

Frg. 2. X-ray powder diffraction patterns of Kamikira illitic materials measured in random preparations. The dashed and solid
lines trace the peak positions indexed on the basis of lM and 2M, wit cells of mica, respectively.
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20 degrees (Cu Ka)

Fig. 3. Example (140-m sample) of three-dimensional size
measurement of particles by a Pt-shadowing technique. Particles
l. 2. and 3 are selected for three-dimensional size measurement.
Only length and width are measured on particle 4. Particle 5 is
not measurable. The arrow indicates the shadowing direction.

25 30

20 degrees (Cu Kc)

amount was approximately 100/o in the 40-m sample,
which was estimated by semiquantitative X-ray diffrac-
tion (XRD) analysis. No dispersing agent was used
throughout the preparation.

The percentage of expandable layers in illitic minerals
was determined by comparing the observed XRD pat-
terns (Fig. l) with computer-simulated patterns using a
Newmod program (version 2.3, developed by R. C.
Reynolds, Dartmouth College, Hanover, New Hamp-
shire). XRD patterns of randomly oriented specimens (Fig.
2) show the Kamikita samples to be mixtures of lM and
2M, polytypes having variable proportions. The 2Mt/(2M,
+ llut) ratio was determined by a comparison of XRD
intensity between ll2 or I 12 peaks for lM and I 14 or
ll4 peaks for 2M, (Togashi, 1979; Mukhamet-Galeyev
et  a l . .  1985).

For TEM examination, a droplet of diluted suspension
from each sample after high-gradient magnetic separation
treatment was deposited on a C-coated collodion grid.
The proper concentration of clay suspension needed to
obtain a good dispersion on the grid was determined by
trial and error. After drying at room temperature, the
TEM grids were Pt-Pd shadowed at a known angle of
about 20". The length (l,), the width (ltl), and the shadow
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Fig. 4. Histograms of equivalent diameter for the Kamikita illitic materials at different depths. Arrows indicate the mean values.
The n indicates the number of particles measured.
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breadth of apparently individual particles were measured
on TEM photographs, as described by Inoue et al. (1988).
The thicknesses (Z) of individual particles were calculat-
ed using the measured shadow breadth, the shadowing
angle, and the magnification. The measurement error on
the photographs was i0.05 mm for each dimension; the
final uncertainty is estimated to be -r2 nm for L and W
and +0.5 nm for 7' In this study, the length and width
of a particle are defined as the greatest and smallest dis-
tances of regular form, as shown in Figure 3. The I and
Wvalues defined here are slightly greater than those used
by Lanson and Champion (1991) but are the same as
those used by Nadeau (1985, 1987).

The equivalent circular diameter lD : 2(LW/r)0'1, the
aspect ratio (R : L/W), the area (A -- Lrn, and the

volume (V: LWn were calculated for each particle. The
D value defined in this study is different from both the
equivalent square diameter lD : (Lrno'l used by Na-
deau ( I 98 5, I 987) and that defined by Lanson and Cham-
pion (1991), who calculated it from the axes ofan ellipse
inscribed in each particle's convex outline (the detailed
method is described in Champion, 1989). Values for D
were recalculated from Nadeau's data in order to com-
pare the D values ofillite from different rock types.

Experimental procedures for the Au decoration were
similar to the techniques adopted by Kitagawa et al. (1983)
and Kitagawa and Matsuda (1992).

The K-Ar age determination of clay fractions (<2 pm)
was carried out by Teledyne Isotope Company Limited
(Table l). The KrO contents ranged from 3.2 wto/o in the

TABLE 2. Mean for length, width, equivalent diameter, and aspect ratio, and area of particles in the Kamikita illitic materials

Particles
Sample measured

EQD
0rm)

width
furm)

Length
(pm)

Area
(nm, x 10r)

2.O

140-m
n=522

20
t
o
c
o)=
u
o
IL

201-m
n = 3 7 2

2.O

223-m
n = 3 4 6

2.O

262-m
n = 2 7 7

2.O

290-m
n = 2 1 1

12-40-m
1 2-50-m
12-80-m
12-140-m
12-2O1-m
12-223-m
12-262-m
12-290-m

322
430
623
522
372
346
277
211

0.396(0.272)
0.695(0.499)
0.663(0.38s)
o742(0.394)
0.885(0.487)
0.984(0.503)
0.967(0.524)
0.985(0.563)

0.1 01 (0.0s4)
0.1 93(0.1 21 )
0.1 84(0.086)
0.287(0.1 49)
0.387(0.216)
0.465(0.259)
0.505(0.286)
0.51 7(0.314)

o.222(0.11O)
0.395(0.210)
0.382(0.1 69)
0.505(0.226)
0.645(0.322)
0.749(0.369)
0.773(0.39s)
0.789(0.434)

4.041(2.743)
3.991(2.609)
3.841(2-0s0)
2.864(1.586)
2.449(1.1401
2.31641.3241
2.097('t.OO2l
2.146(1.145)

3.08
9.77
9.48

16.22
25.35
33.81
34.67
37.76

Note: standard deviations are given in parentheses.
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Fig. 5. Histograms of logarithmic aspect ratio for the Ka-

mikita illitic materials at different depths. Arrows indicate the
mean values.

40-m sample to 7.9 wto/o in the 223-m sample. The un-
certainty ranged from 0.5 to 0.6 m.y.

ExpnnrprnNrar, RESULTS

XRD analysis

The percentage of expandable layers in the Kamikita
samples ranges from 12 to 0 and decreases with depth
and K-Ar age (Table l). Srodori (1984) introduced an
XRD peak-intensity ratio, Ir [1r : (001/003,t..."J/(001/
003,,"."r)1, to detect small amounts of expandable layers
in I/S. The estimated percentage of expandable layers in
Table I were almost equal to those calculated from the
1r values (Table l), according to a calibration curve given
by Eberl et al. (1987). The Kubler index (full width in
degrees 20 athalf height ofthe 001 peak), measured as
defined by Eberl and Velde (1989), is given in Table I
for comparison.

The 40-, 50-, 80-, and 140-m samples (Fig. 2) display
peaks typical of the lM polytype of mica, and the 40-m
sample, lMo, is slightly disordered, according to the cri-
teria of Yoder and Eugster (1955). The samples at depths

Thickness (nm)
Fig. 6. Histograms of thickness for the Kamikita illitic ma-

terials at different depths. Arrows indicate the mean values. The
n indicates the number of particles measured.

from 201 to 290 m contain a significant amount of illite-
2M,inaddition to -lM.The2M,/(2M' + lM ratio rang-
es from 0 to 0.32 and is highest in the 262-m sample
(Table l).

TEM examination

Figure 4 shows the histograms of frequency of equiv-
alent diameter (D) as a function of depth. The histograms
show asymmetrical distributions skewed toward larger
diameters. The diameter distribution becomes broader
with increasing depth, parallel to the decrease in the per-
centage of expandable layers in samples. The mean di-
ameter calculated increases from 0.222 rrm for the 40-m
sample to 0.789 ;rm for the 290-m sample (Table 2).

Figure 5 presents the histograms of frequency of the log
of the aspect ratio (log R) as a function of depth. The
40-m sample shows a wide range of distribution, from
1.335 to 0.01 in log R (from 21.6 to 1.02 in R), and the
mean value of R is 4.04 (Table 2). l/S particles in the
40-m sample are laths elongated along the crystallograph-
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Fig. 1. Examples of spiral patterns observed on the surface
of Kamikita illitic materials; (a) illite-lMin the 80-m sample,
(b) illite-lM in the 262-m sample, and (c) tllite-2M in the
262-m sample.
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Fig. 8. (a) Equivalent diameter of Kamikita illitic materials
normalized to the mode. The solid and dashed curves are a
reduced profile calculated for the log-normal distribution curve
and the theoretical curve of the screw-dislocation model calcu-
lated by Chai (1975), respectively. (b) Thickness of Kamikita
illitic materials normalized to the mode. The solid line indicates
the log-normal distribution curve calculated by using the same
mean (a) and variance (B'?) values as those for the equivalent
diameter in a. (c) Equivalent diameter of Shinzan illitic materials
normalized to the mode. The solid line indicates the log-normal
distribution curve calculated by using the same mean (a) and
variance (B'?) values as those for the equivalent diameter ofKa-
mikita i l l i t ic malerials in a.
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Taau 3. Mean thicknesses and volume of particles in the Ka-
mikita illitic materials
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Particles
Sample measured

A/ote.'standard deviations are given in parentheses.

ic a axis, as determined by a TEM diffraction technique.
The aspect ratio distribution becomes asymmetrical and
sharp and shifts toward smaller values with increasing
depth. The mean R value of the 290-m sample is 2.15
(Table 2). Hexagonally shaped particles were commonly
observed in the deeper samples.

Figure 6 shows the variation ofthickness (7) as a func-
tion ofdepth. The histogram changes from a sharp and
narrow distribution for the 40-m sample to a broad and
flat one for the 290-m sample. The mean thickness cal-
culated increases from 5.9 nm for the 40-m sample to
22.7 nm for the 290-m sample (Table 3). The mean area
(A) and volume (I/) of particles are summarized in Tables
2 and 3, respectively.

Examples of surface microtopographs observed on the
Au-decorated specimens are given in Figure 7. A variety
of step pattems, e.g., polygonal, elongated, malformed,
composite, etc., patterns that were highlighted by the
preferential precipitation ofAu along steps, was observed
on the basal surfaces of illitic minerals. Elongated rect-
angular spiral patterns, which originated from either a
single or a few dislocation points, were characteristic of
those samples composed dominantly of the lM polytype
(at depths from 40 to 140 m), as shown in Figure 7a. The
longest straight section of the steps is always parallel to

[00]. The number of steps in the spirals on the basal
surface of illite-lMtends to increase with depth (Figs. 7a
and 7b). In the samples that contain a significant amount
of the 2M, polytype (depths from 201 to 290 m), the
spirals are characterized by a hexagonal form following
the crystal morphology. They often exhibit interlacing
patterns (Fig. 7c). These step patterns are interpreted as
the growth spirals of the lM or 2M polytype of illite,
according to Baronnet (197 2, 197 6, 1980).

Irsrrnpnnrlrrox

Normalized particle size distribution

As described above, the D and Tvalues of illite crystals
from Kamikita increase with decreasing percentage of ex-
pandable layers and increase with increasing depth, K-Ar
age, and 2M,-polytype content, indicating that the illitic
minerals have coarsened during the smectite to illite con-
version as functions of temperature and time. If coars-
ening proceeds by Ostwald ripening, it can be detected
by an indirect method in which the particle size distri-

bution is normalized to the modes, for example, by plot-
ting frequency normalized to maximum frequency for the
ordinate and diameter normalized to the mean diameter
for the abscissa, as shown in Figure 8. The normalized
distribution forms a steady-state profile, which becomes
independent of ripening time and initial particle size dis-
tribution at steady state (Lifshitz and Slyozov, 1961;
Wagner, 196 1; Chai, 1975; Baronnet, 1982, 1984).

Figure 8a shows the normalized distribution of particle
diameter in the Kamikita samples. It is apparent that the
shape of the plots is independent of time and tempera-
ture, and gives a steady-state distribution with a maxi-
mum at D/D^""": 0.7-0.8, skewing to larger values, and
almost vanishing at D/D^."" : 2.5-3.0. According to
Hanitzsch and Kahlweit (1968, 1969), Chai (1975), and
Baronnet (1982,1984), the shape ofa steady-state profile
is indicative of the type of the growth-controlling mech-
anism. The TEM observations of Au-decorated speci-
mens favor the spiral growth mechanism for the Kami-
kita illitic materials, as shown in Figure 7. Sun and
Baronnet (1989) have shown unambiguously from growth
rate measurements that the growth of {hk}) faces of syn-
thetic phlogopite is controlled by a screw-dislocation
mechanism. Indeed, the profile in Figure 8a is similar to
the curve calculated on the basis of Chai's (1975) growth
model controlled by a screw dislocation, but there are
significant deviations at the smallest and greatest sizes.
Following Eberl et al. (1990), it was assumed that the
steady-state profile of diameter distribution is approxi-
mated by a log-normal distribution curve (plots of data
on log-normal probability paper provided almost linear
curves for all the data). The best-fil curve, determined by
a least-squares method, has a : -0.09, 0t : 0.23, where
a is the mean of the logarithmic D/D^., values and B2 is
the variance (solid curve in Fig. 8a).

The normalized distribution of particle thickness for
the Kamikita samples is illustrated in Figure 8b. It is also
evident that the thickness distribution provides a steady-
state profile, which is nearly coincident with that of the
diameter. That suggests that the coarsening process of
illitic minerals at Kamikita proceeds by Ostwald ripening
and, in addition, that it occurs in the same manner both
in the directions perpendicular to and within the ab plane
of the illite crystals.

Figure 8c shows diameters of I/S and illite from the
Shinzan hydrothermal system, recalculated from the data
oflnoue et al. (1988). Surprisingly, the best-fit curve to
the D and T dala of Kamikita samples appears to be
applicable to the diameter distribution of Shinzan illitic
materials. Growth spirals, similar to those on the Ka-
mikita samples, were observed on the basal surfaces of
the Shinzan illitic minerals (Kitagawa, unpublished data).
The best-fit curve obtained in the present study is not too
different from the coherent domain-size distribution of
hydrothermal illite obtained from XRD data by Eberl et
al. (1990) and from the particle-diameter distribution of
diagenetic illite given by Lanson and Champion (1991).
Although Baronnet (1982) has shown from his autoclave

Thickness
(nm) (nm3 x 10a)

124O-m
1 2-50-m
1 2-80-m
12-14O-m
12-201-m
12-223-m
12-262-m
12-29O-m

5.9(2.4)
8.s(3.1)
8.6(4.1)
s.2(4.6)

15.q13.0)
16.6(9.1)
17.1(9.2)
22.7('t3.31

18.17
86.95
81.53

149.22
400.53
561.25
592.86
857.15

125
129
108
136
45

1 1 5
126
107
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experiments that the normalized size-distribution curve
for phlogopite crystals grown by a spiral growth mecha-
nism agrees almost perfectly with the theoretical profile
calculated for a screw-dislocation model by Chai (1975),
the present study seems to support the hypothesis that
the particle size distribution of illite crystals formed by a
spiral growth mechanism during Ostwald ripening is ap-
proximated by a log-normal distribution, as found by
Eberl et al. (1990). As well as in the case of natural illitic
minerals, log-normal distributions have been observed
for most particulate materials, such as other minerals,
metals, and snow (Colbeck, 1987; Eberl et al., 1990). No
one has yet succeeded in matching experimental log-nor-
md particle size distributions with theory. Colbeck (1987)
noted as problematic that Ostwald-ripening processes lead
to a log-normal size distribution.

Relation between area and volume of particles

Nadeau ( I 987) has shown that a good correlation exists
between the mean volume and area of particles in mi-

- 80-m sample
0r=1.09x+0.49
o 140-m sample

+ 8O-m

--- 140-m
=  1 . 1 l x  +

4 5 6
LOG A (nmz)

caceous clay minerals, including sericites, illites, and nat-
ural and synthetic I/S minerals. The log Zvs. log I plots
of data from the Kamikita samples are given in Figure 9.
A positive correlation is evident between the area and the
volume of particles for each sample, suggesting that a
simple geometrical relation is obeyed in growing illite
particles. If the slope of a log Z vs. log A plot in Figure
9 is 1.0, the volume of particles increases with increasing
area at a constant thickness during growth (see Fig. l0).
If the growth takes place with increasing thickness at a
constant area, the log Z vs. log ,4 plot exhibits a straight
line parallel to the volume axis. In fact, the slopes deter-
mined by the least-squares method range from 1.09 to
1.20 for the samples at depths from 40 to 140 m and
from I . 19 to | .34 for the samples at depths from 201 to
290 m. These values of slope indicate that the growth of
illite at Kamikita is due to a spiral mechanism rather than
to a two-dimensional layer by layer mechanism. The nu-
merical distinction in slope is related to the content of
the 2M, polytype in the samples; the samples containing

Fig. 9. Relationship between logarithmic area and volume of particles in Kamikita illitic materials at different depths. The lines
indicate the best-fit equations.

+ 262-msample
_ 262-m sample
U = 1 . 1 9 x + 0 . 1 O
o 290-m sample

--- 290-m
= 1.34x -
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Fig. 10. Relationship between logarithmic mean area and

volume in illitic minerals, including solid circles : Kamikita
samples (this study), open circles : Inoue et al. (1988), triangles
: Nadeau (1987). The solid line indicates the best-fit equation
for the Kamikita samples. The dashed lines indicate a constant
thickness (T) for l, 5, 20, and 100 nm.

a significant amount of lllite-2M, show relatively greater
slope values than those in the samples dominantly com-
prising the lM polytype.

To characterize quantitatively the morphological evo-
lution associated with the growth process of illitic min-
erals at Kamikita, the logs of the mean values of volume
and area for each sample are plotted in Figure 10, follow-
ing Nadeau (1987). The relation log Zvs. log,4 is de-
scribed by the equation: log V: 1.50 log A - 1.54 (cor-
relation coefficient r : 0.99). The equation can be easily
converted to the relation between the thickness and the
area of the particles: T : (l/34.7)(A)05. In turn, the ratio
of diameter to thickness is 39.2 for the Kamikita samples,
since I : rD2/4. The calculation shows that, on average,
the Kamikita illitic minerals grew at a constant D/T ratio
of approximately 40. By comparison, the D/T value for
all the illite data, plotted in Figure 10, including data
from Nadeau (1987) and Inoue et al. (1988), is slightly
larger (i.e., D/T : 57.1).

If the growh process of illite at Kamikita proceeds by
a spiral growth mechanism, the geometrical ratio D/T of
a particle can be related to the ratio ofstep separation (I)
to step height (fr) ofgrowth spirals appearing on the basal
surface. As a first approximation, consider an ideal Ar-
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Fig. 1 1. Schematic drawing of a hypothetical Archimedean

spiral viewed from various directions: (A) an overview, (B) a
top view, (C) a side view.

chimedean spiral developed from the emergence ofa screw
dislocation at P on the crystal depicted in Figure I l. In
such a case, D/T < )\o/h, where Xo and h are the step
separation and step height, respectively. Here, 11 is the
thickness of the crystal body that remains after subtract-
ing the portions of the spirals at the top and bottom. If
Il is zero, D / T : )r,o/ h and D / T becomes smaller than )6/ h
with increasing 1L In other words, if a crystal is very thin,
)6/h is close to D/7. Figure l2 shows the measured dis-
tances between the arms of the spiral in two samples. The
mean)g/h ratios were calculated to be 37.8 and 52.2 rn
the 80- and 262-m samples, respectively, assuming that
the height of a step in illite-lM or -2M is a polytype
repeat distance. The values are close to the geometrical
ratio of D/T : 40 obtained from the previous particle
size measurement. Of course, these values are within the
range of values, 10'-103, reported by Sunagawa et al.
(1975), Kitagawa et al. (1983), and Tomura (1985) for
the ratio of step separation to step height in muscovite
and illite from natural hydrothermal systems.

The morphological evolution of illite in different
rock types

Figure 13 is a plot of the mean particle diameter and
the logarithmic mean aspect ratio of illitic minerals from
different rock types. In the Kamikita samples, again, I/S
having 120lo of expandable layers from the 40-m sample
occurs as thin laths elongated in the a-axis direction. The
mean values of diameter and aspect ratio are 0.222 prn
and 4.04 (Table 2). During the coarsening process, the
I/S particles did not continue to grow as elongated crys-
tals but rather as equidimensional forms similar to hexa-
gons. For example, the mean diameter and aspect ratio
are 0.789 pm and 2.15 in the 290-m sample (Table 2).
This variation in morphological evolution provides a
unique trend on the diagram. Hydrothermal illitic min-
erals from Shinzan (Inoue et al., 1988), the original rocks
of which are similar to those in Kamikita, appear to scat-
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Fig. 12. Histograms of the step separation of spirals in (A)
80-m and (B) 262-m samples.

ter along the same trend as the Kamikita samples (Fig.
l3). The trend for the two hydrothermal samples is de-
scribed approximately by the following relation: log R :
0.903 - 0.771D (the curve is not shown in the figure), in
the range from about 50 to 00/o expandable layers. Illitic
minerals from diagenetic sandstones (Nadeau, 1985) ap-
parently tend to scatter along the hydrothermal trend,
though with great deviation. On the other hand, when the
data ofI/S and illite from diagenetic shales (Lanson and
Champion, l99l) and from diagenetic bentonites (Na-
deau, 1985) are plotted on the diagam, they give a dif-
ferent trend: a cluster ofpoints scattering within the area
delineated by smaller values of R and D, without regard
for their percentage ofexpandable layers.

The rock types plotted in Figure 13 are considered to
represent those in the HPFD and LPRD systems, accord-
ing to Whitney (1990); hydrothermally altered pyroclas-
tics and diagenetically altered sandstones are rocks in the
HPFD systems, and diagenetically altered shales and
bentonites are those in the LPRD systems. The duration
of the smectite to illite conversion ranged from I to 2
m.y. in the Kamikita (this study) and Shinzan (Inoue et
al., 1992) hydrothermal systems. Although the K-Ar ages
of the diagenetic samples cited are not reported, it may
be assumed that the smectite to illite conversion occurred
over longer times in diagenetic environments. It has been

0 0 0.2 0.4 0.6
Mean Equivalent Diameter

Fig. 13. Plots of logarithmic mean aspect ratio vs. mean
equivalent diameter of illitic materials from various rock types.
Open circles : the Kamikita hydrothermal system (this study),
open triangles: the Shinzan hydrothermal system (Inoue et al.,
1988), solid triangles : diagenetic bentonites (Nadeau, 1985),
closed circles : diagenetic shales (Lanson and Champion, I 99 1),
open squares: diagenetic sandstones (Nadeau, 1985). Numer-
ical figures indicate the percentage ofexpandable layers.

demonstrated that the samples in Figure 13, except Na-
deau's samples, have undergone Ostwald ripening. It is
also known that the illite crystals grew by the spiral growth
mechanism at Kamikita and Shinzan. When one takes into
account these assumptions, the two distinct trends in mor-
phological evolution depicted in Figure 13 may be related
to differences in the growth rate of illite crystals during
Ostwald ripening between the HPFD and LPRD systems.

At a constant temperature, the overall growth rate of a
crystal is described on the basis of a simple power-law
relationship according to Baronnet (1982): R : Ko', where
R is the overall growth rate of crystal, K is the kinetic
coemcient, o is the relative supersaturation, and n is the
order of the kinetics. Second-order kinetics, i.e., n -- 2,
operates in the spiral growth processes under low-super-
saturation conditions. According to Baronnet (1982), the
growth rate of illite crystals during Ostwald ripening may
be affected by many factors, such as temperature, chem-
ical variables, rock porosity, flow rate ofsolution, etc. It
is known that the smectite to illite conversion occurs
within a similar range of temperatures in varied systems
(Srodori and Eberl, 1984). At a fixed temperature, the
kinetic coefficient, K is generally assumed to be constant
if the other variables remain unchanged during ripening.
Thereby the effect of temperature may be ignored. Huang
(1990) and Small et al. (1992) noted from their experi-
mental studies on illite morphology that fibrous illite is
favored by high silica activity in solution. This factor
may explain the presence of long lath-shaped illite in dia-
genetic sandstones. From the growth rate equation, it is
obvious that the grofih rate increases with increasing
supersaturation at a constant temperature. It is assumed
that the Ostwald ripening occurs at relatively low super-
saturation with respect to illite in the pore solution. How-
ever, a slight increase in the level ofsupersaturation dur-

S t e p  S e p a r a t i o n  ( n m )
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ing ripening, even if it is small, can result in a significant
increase in the growth rate of illite because the growth
rate is a function ofsupersaturation to the second power.
Since the Ostwald ripening is a diffusion-controlled pro-
cess, factors such as solute flux, flow rate, and HrO-rock
ratio influence the growth rate of illite through modifying
the level of supersaturation at the crystal-solution inter-
face. For example, flowing solution promotes the growth
rate of illite (Baronnet, 1982). Furthermore, solute flux
from outside of the system can modify the growth rate of
ripening illite crystals. It would be expected that advec-
tive flux exists in the HPFD systems, whereas diffusional
flux dominates in the LPRD systems (Whitney, 1990).
Here, we assume a continuum between advective and
diffusional fluxes. In the LPRD systems limited to the
solute flux from outside, similar to a closed system, the
growth rate decreases with increasing crystal size, as pre-
dicted by the theory of Ostwald ripening (Lifshitz and
Slyozov, l96l; Wagner, 1961), and the ripening ceases at
a finite time because of the limit of crystallizable mass in
the system. Additionally, although illite crystals can grow
until each crystal is impinged, rocks in the LPRD systems
do not provide free space for growing illite. The resulting
particle size of illite crystals increases to a limited extent
in the LPRD systems. On the other hand, in the HPFD
systems open to the solute flux, the level of supersatura-
tion with respect to illite in the pore solution would be
expected to be kept nearly constant during ripening, ow-
ing to continual advective flux. Such a situation allows
the original growth rate of ripening illite crystals to re-
main constant for longer times, and the growth rate does
not decrease as the size increases. The resultant particle
size of illite becomes larger during ripening in the HPFD
system. Additionally, the fact that the growth rate does
not decrease as the size increases may cause the particle-
size distribution to skew toward larger sizes (Colbeck, 1987),
as found in this study. The assumption of a closed system
plays an essential role in the classic theory of Ostwald rip-
ening (Lifshitz and Slyozov, l96l; Wagner, l96l). How-
ever, recent theoretical studies have shown that the the-
ory of Ostwald ripening is applicable to an open system
(Beenakker and Ross, 1985; Nakahara et al., 1991). Con-
sequently, the porosity and permeability of the rocks at
the time when the ripening of illite took place are strongly
related to the difference in the morphological evolution
by the variation in the growth rate of illite crystals during
ripening and to the resulting particle size distribution.
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