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AFM Study on Surface Microtopography, Morphology and Crystal
Growth of Hydrothermal Illite in Izumiyama Pottery Stone from

Arita, Saga Prefecture, Japan
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Abstract: Atomic force microscope (AFM) observation and analysis of lzumiyama hydrothermal illite (the weaker al-
tered illite-kaolinite zone (1Z-1) and the higher altered illite zone (1Z-2)) were performed to understand the crystal growth
mechanism and the relation between morphology and polytype of the illites. Our AFM results suggest that growth of the
Izumiyama illite was controlled by a mechanism of solution-mediated polytype and spiral-type transformations, based on
the Ostwald ripening process. The sequential variations could follow the changes in supersaturation and/or temperature of
the solution. The paths of the thermal and supersaturation condition changes of the hydrothermal solutions for the two
samples were estimated from the saturation state of the solution, which was evaluated by the step separation, polytype and

mineral assemblage of the samples.
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INTRODUCTION

After Frank [1] suggested the spiral growth mechanism
to account for the growth of vapor-phase crystals, growth
spirals with unit-cell-order step heights were observed on
many mineral surfaces mainly by the following two meth-
ods, phase-contrast and interference contrast microscopy [2-
4] and the platinum-carbon (PT-C) replica and gold-
decoration methods for transmission electron microscopy
(TEM) [5-11]. These methods, however, do not permit to
quantify surface microtopography on the unit-cell-order of
minerals. Phase-contrast and interference contrast micros-
copy are sensitive to vertical resolution, but the lateral reso-
lution is limited to that of optical microscopy [6]. In the PT-
C replica and gold-decoration methods, the thickness of a
sample is primarily estimated from the length of its shadow
cast at a low angle in PT-shadowed TEM specimen [12]. The
resolution of thickness measurement of the shadowed speci-
men is 4 A at a shadowing angle of 10°, making it difficult
to determine whether the thickness is within 10 A or 7 A, i.e.
a2:1 or 1:1 phyllosilicate layer [12-14].

This problem has largely been overcome by atomic force
microscopy (AFM). It is a promising tool for quantifying
surface microtopography on the order of the unit-cell of
minerals. The use of AFM for ultrafine particles such as clay
minerals permits morphological measurement of high accu-
racy, including particle dimension, step height, and step
separation, that cannot be performed by other techniques [12,
14-18].
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It is well known that illite and kaolin minerals formed
under hydrothermal condition show spiral growth pattern on
their (001) crystal surfaces, produced by the spiral growth
mechanism [6, 7, 9, 17, 18]. The morphology of growth spi-
rals of illite or micas can potentially yield information on the
solution saturation state during crystal growth. Kitagawa [9]
and Kuwahara et al. [18] showed that the spiral shape and
step separation of hydrothermal illite crystals depend
strongly on the supersaturation condition of the solution. The
morphology of growth patterns is also closely related to the
occurrence (fissure filling, metasomatic, and massive meta-
somatic) and aggregation texture of crystals (higher and
lower porosities in specimen) [9].

lzumiyama pottery stone deposit, located in the Saga
prefecture of southwestern Japan, is a deposit discovered
first in Japan in 1616 and thereafter has been used as materi-
als of the Arita ware making until the Edo era [19]. The de-
posit was formed by hydrothermal alteration of a rhyolite
intrusion and can be divided into four zones from the center
to the outer of the alteration area (Fig. 1) [19]. In the deposit,
hydrothermal illite is included mainly in the illite zone with
illite veins (fissure filling or higher porosity) and the illite-
kaolinite zone (lower porosity) that produced high quality
clay for the Arita ware [19, 20]. Therefore, the deposit pro-
vides the opportunity to understand the formation process
and mechanism of hydrothermal illite and the difference be-
tween the two types. It has been revealed by XRD, TEM and
AFM studies that the hydrothermal illite in the two zones has
the different structural and morphological characteristics
[17-20]. However, the formation process and mechanism of
the hydrothermal illite and the difference between the two
have not been understood. On the other hand, in Izumiyama
pottery stone, many lath-shaped hydrothermal illite particles
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Fig. (1). Alteration zones of the Izumiyama pottery stone deposit. (after Nakagawa et al. [19]).

with 2M; polytype have been found by recent AFM study
[18]. This is inconsistent with a previous conclusion regard-
ing the shapes of 1M laths and 2M; platelets of hydrothermal
illite and synthetic mica based on TEM and powder X-ray
diffraction (XRD) studies [21-23].

In this study, we performed the surface microtopographic
observations and analyses of lzumiyama hydrothermal illite
particles in the two hydrothermal alteration zones by AFM,
to obtain the understanding of the spiral growth and poly-
type-transformation mechanisms. The comparison in mor-
phological characteristics between the two hydrothermal
illites demonstrates that they grew under different supersatu-
ration conditions and different temperatures.

EXPERIMENTAL
Materials

Two ore samples (1Z-1, 1Z-2) from the lzumiyama pot-
tery stone deposit, Arita, Saga prefecture, Japan, were exam-
ined in this study. Sample 1Z-1 is a white massive ore col-

lected from the outer, weaker altered illite-kaolinite zone
(Fig. 1) [19]. It contains illite with 1M, 1Md, 2M; and 2M,
polytypes, kaolinite, K-feldspar and quartz, based on XRD
and TEM [20]. Sample 1Z-2 is a white clayey ore from illite
veins of the inner, higher altered illite zone (Fig. 1) [19], and
is consisted of nearly pure illite, with a mixture of 1M, 2M;
and 2M, polytypes, based on XRD and TEM [20] or a mix-
ture of 1M, 2My, and 20 polytypes, based on AFM [18]. Our
previous scanning electron microscopy (SEM), XRD and
AFM studies of the samples showed that the illite particles
are concentrated in the <5 um fraction [18, 20]. The age and
temperature of hydrothermal alteration related to the forma-
tion of the Izumiyama pottery stone deposit have been esti-
mated at 2.2-2.1 Ma and ~250°C, respectively [20, 24].

AFM Imaging

The sample preparation method used for AFM observa-
tions has been described by Kuwahara et al. [17]. Briefly, a
dilute suspension of illite with distilled water was evaporated
on a Si wafer, which is flat at the subnanometer scale. The
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AFM used was a Nanoscope 11 with a Multimode SPM unit
(Digital Instruments). The samples were scanned in air in
tapping-mode AFM (TMAFM), using a J-head piezoelectric
scanner (125 um XY scans and 5 um Z scan) and 125 um
microfabricated Si cantilevers. The scanner was calibrated to
both the Au-coated proof standard for the X and Y directions
(1 um) and the Pt-coated crosshatched standard for the Z
direction (150 nm). In addition, the c unit-cell height, meas-
ured using a phlogopite mica standard sample, was 1.0 +
0.08 nm. The scanning rate was 1.0 Hz. Setpoint voltage and
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integral and proportional gain were adjusted for each scan
accordingly.

We collected parallel height and amplitude images. The
TMAFM height image is digitally recorded surface topogra-
phy. The TMAFM amplitude image is essentially a record of
the error in the height image under a constant force mode
and amplifies the stepped appearance on the surface. The
AFM image analysis, including the measurement of particle
dimension, step height, and step separation, was performed
using Nanoscope software (Veeco) and image SXM analysis

1 nm

Fig. (2). (@) TMAFM amplitude image of a malformed illite particle showing circular step spirals (1Z2-1). (b) Magnified view within the box
in (). (¢) TMAFM height image enlarged within the box in (b). Z = 30 nm. (d) A cross-sectional view along the white line in (c). Each step
has a height of 1.0 nm corresponding to the thickness of a single unit-cell layer of mica.
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Fig. (3). (a) TMAFM amplitude image of a malformed illite particle having circular paired step spirals (1Z-1). (b) Magnified view within the
box in (a). Each step has a height of 1.0 nm corresponding to the thickness of a single unit-cell layer of mica. (c) TMAFM amplitude image
of a polygonal platy illite particle showing interlacing patterns on the (001) surface (1Z-1). (d) Magnified view within the box in (c). Step
height is 1.0 nm corresponding to the thickness of a single unit-cell layer of mica or 2.0 nm to the thickness of two single unit-cell layers.

program [25]. The error of the analysis is estimated to be less
than 5% [17, 26].

RESULTS

Izumiyama hydrothermal illite particles exhibited platy to
lath shapes (Figs. 2-4). The individual platy particles were
circular, malformed circular, rectangular, hexagonal and
other polygonal shapes. Lath-shaped particles had commonly
euhedral or straight terminations. Coalesced particles as well
as single crystals were also found in some instances.

Many of the lzumiyama illite particles exhibited various
growth spiral patterns or successive steps on their (001) sur-
faces (Figs. 2-4). Tables 1 and 2 show the morphological
data of the illite particles with such spiral patterns in the
samples 1Z-1 and 1Z-2, respectively. The particle shape
seems to be related to the spiral shape. The circular or mal-
formed crystals are characterized by circular spiral pattern,
while the polygonal or lath-shaped particles exhibit polygo-
nal spiral, in both the samples. However, the mean particle
dimension and step separation tend to be larger in the sample
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Fig. (4). (@) TMAFM height image of a polygonal platy illite particle showing polygonal single unit-cell layer spiral patterns on the (001)
surface (1Z-2), Z = 100nm. Each step has a height of 1.0 nm. Yellow allow (a) indicates a single screw dislocation point generating a single
unit-cell layer and white allow (b) indicates the spiral direction. (b) TMAFM height image of a lath-shaped illite particle showing interlacing
patterns on the (001) surface (1Z-2), Z = 300nm. Step height is 1.0 nm within the zigzag parts and 2.0 nm in the parallel parts. Yellow allow
(a) indicates a single screw dislocation point generating a 120° rotation of two single unit-cell layers and two white allows (b) indicate the

two spiral directions.

IZ-2 than those in the 1Z-1, especially in the polygonal and
lath-shaped particles. In addition, in the 1Z-1 the frequency
of the circular and malformed particles was > 50%, whereas
in the 1Z-2 that of the polygonal and lath-shaped particles
was > 80%.

Many of the circular and malformed particles in the 1Z-1
and all of those in the 1Z-2 showed a single unit-cell layer
circular spiral on their (001) surfaces (Tables 1 and 2). The
step height was 1.0 nm, in consistent with the thickness of a
2:1 layer of mica (Fig. 2). lllite particles with such circular
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Table1. Morphology, Spiral Shape, Polytype and Dimension of lzumiyama Hydrothermal Illite and Kaolinite Particles in the
Sample 1Z-1 (N = 82)
. Frequency Length Width Thickness Step Separation
Morpholo Spiral Shape Polytype
photody piral Shap P (%) (u) (u) (nm) (nm)
circular or circular or mal- M 44 0.56-3.28(1.65)* | 0.31-2.45(1.11) | 20-163(69) 22-158(72)
malformed platy formed circular 2M 12 0.63-3.03(1.56) | 0.57-2.15(1.06) | 34-229(88) 20-259(100)
1M 11 1.22-2.23(1.82) | 0.42-2.02(1.23) | 26-140(83) 63-274(112)
polygonal platy polygonal
2M 12 0.43-3.04(1.20) | 0.24-1.30(0.77) | 7-435(142) 40-285(132)
polygonal 2M
lath-shaped (rarely malformed) (M) 7 151-2.67(1.94) | 0.23-0.66(0.42) | 36-145(65) 62-158(122)
kaolinite olygonal 14 0.77-3.10(1.77) | 0.34-2.34(1.25) | 39-545(249) 34-173(82)
(polygonal platy) Polyg T R

* Values in parentheses are the mean value.

Table 2. Morphology, Spiral Shape, Polytype and Dimension of Izumiyama Hydrothermal Illite Particles in the Sample 1Z-2 (N =
60) (After Kuwahara et al. [18])
. Frequency Length Width Thickness Step Separation
Morphology Spiral Shape Polytype
(%) (um) (um) (nm) (nm)
circular or . .
circular or malformed circular M 13 0.94-2.93(1.52)* | 0.85-1.82(1.15) 20-66(42) 27-56(44)
malformed platy
single unit-cell layer M 15 1.18-4.67(1.37) | 094-2.46(137) | 41-184(98) | 74-255(175)
polygonal spiral
polygonal spirals of two 20 10 0.88-382(2.04) | 056-1.46(1.12) | 24-218(93) | 106-344(185)
polygonal platy unit-cell layers rotated 180°
polygonal spirals of two
unit-cell layers rotated 2M, 42 0.85-5.00(2.58) | 0.70-2.70(1.74) | 54-304(143) 97-479(251)
120°(interlacing patterns)
polygonal spirals of two
lath-shaped unit-cell layers rotated 120° 2M; 20 1.84-5.41(3.84) | 0.39-1.30(0.66) | 83-438(163) | 210-797(436)
(interlacing patterns)

* Numbers in parentheses are the mean value.

spiral pattern were believed to be of 1M polytype [18]. In the
1Z-1, malformed crystals having circular, paired step spiral
were found (Figs. 3a and b), which could be the 2M
polytype [9]. The mean particle dimension and mean step
separation of illite particles with circular spiral pattern were
the smallest and narrowest, respectively, in all the types (Ta-
bles 1 and 2).

Three types of the polygonal spiral patterns were ob-
served on the (001) surfaces of the polygonal platy particles
(see Fig. 2 in Kuwahara et al. [18]). The first is a single unit-
cell layer polygonal spiral arising from a single screw dislo-
cation point on the surface of a polygonal platy particle (Fig.
4a) [18]. The step height is 1.0 nm, and thus this illite parti-
cle is the 1M polytype [10, 18]. The second type is the inter-
lacing pattern formed by two single unit-cell layers rotated
by 120°, originating from a single screw dislocation point on
the particle surface (Figs 3c, d and 4b) [18]. The step heights

are 2.0 nm in the parallel parts where the front of advancing
step with a single unit-cell height overtakes that of the adja-
cent lower step and 1.0 nm in the zigzag parts where the one
step does not overtake the adjacent lower step, respectively.
This evidence confirms that the illite particle is the 2M;
polytype [6, 17, 18]. Generally, the mean particle thickness
and mean step separation of the polygonal platy illite 2M;
particles are larger and wider than those of other platy parti-
cles in the samples. The third type, found only in the 12-2, is
parallel spiral patterns formed by two single unit-cell layers
rotated by 180°, originating from a single screw dislocation
point on the particle surface [18]. Each step has a height of
1.0 nm, but this particle exhibits paired step patterns. The
illite particle with such step spirals was first discovered by
Kuwahara et al. [18], and is the 20 polytype. The frequency
of 20 illite particles in the 1Z-2 is up to 10% (Table 2), al-
though the 20 polytype is quite uncommon in illite or mus-
covite [27, 28]. The mean particle thickness and mean step
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separation of the 20 illite particles were nearly equal to
those of the polygonal platy 1M illite particles.

Many of the lath-shaped particles exhibited interlacing
patterns, which are identical to the second type of the po-
lygonal spirals showing on the surfaces of polygonal platy
particles, as mentioned above (Fig. 4b). These lath-shaped
particles, therefore, are the 2M; polytype. In general, the
mean step separation of the 2M; lath-shaped particles is rela-
tively wide.

DISCUSSION
Growth Habit and Illite Polytype Dependence

A strong dependence of the growth habit on the polytype
of mica, i.e. 1M laths and 2M; platelets, has been suggested
by previous XRD and TEM studies of hydrothermal illites
and synthetic micas [21-23]. Inoue et al. [23] showed that
the growth of illite during smectite-to-illite conversion in the
hydrothermal setting consists of two distinct growth se-
quences. The first stage is the growth of lath-shaped particles
present in illite-smectite (I-S) with 55-20% expandable lay-
ers, continuing metastably up to 0% expandable layers. The
second stage is the growth of hexagonal particles in I-S with
20-0% expandable layers. The first stage corresponds to the
evolution from the 1Mq4 to 1M illite, while the second stage
corresponds to the evolution of the 2My illite.

In contrast, our AFM study on Izumiyama hydrothermal
illites revealed that hexagonal or other polygonal platy parti-
cles have not only the 2M polytype but also the 1M or 20
polytype, and many of the lath-shaped ones are the 2M
polytype and the 1M or 20 platy particles occur frequently in
the samples (Table 2). Therefore, there may be no correlation
between the growth habit and the polytype of illite. As dis-
cussed below, this inconsistency between the previous XRD
and TEM and our AFM studies may be caused by a crystal
growth mechanism, based on the Ostwald ripening process,
involving solution-mediated polytypes and spiral-type trans-
formations of mica [18, 21].

The elongation of lath-shaped illite is well known to be
parallel to the a axis direction [16, 17, 29, 30]. It has natu-
rally been supposed that the lath habit of illite would be pro-
duced by a preferential growth in the (100) direction. Fig. (5)
shows the relation between the length or width and the
thickness of Izumiyama hydrothermal illites, indicating the
relative growth rates of the individual crystal surfaces. In the
1Z-2 where lath-shaped illite particles were well formed, the
ratio of the length to the thickness (L/T) of the lath-shaped
particles was nearly equal to that of the platy particles (Fig.
5c). There was also no difference in the length or thickness
between the lath-shaped and polygonal platy particles.
Therefore, the growth rate in the length direction (100) was
uniform within a certain range, regardless of the crystal mor-
phology. In contrast, the ratio of the width to the thickness
(WIT) of the lath-shaped particles was much lower than that
of the platy particles (Fig 5d). These facts reflect that the lath
habit of 1zumiyama hydrothermal illites was produced by an
inhibited growth in the width (010) direction instead of a
preferential growth in the length (100) direction of the parti-
cles. Specifically, the formation of the lath habit was con-
trolled by the growth rate in the (010) direction of the parti-
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cles. It, however, is unclear what controlled the growth rate
in the (010) direction of the illite particles.

On the other hand, in the 1Z-1, there is a tendency that
the ratio of the length or width to the thickness of the circular
and polygonal platy 1M illite particles is higher than that of
the polygonal platy 2M illite particles (Figs. 5a and b). The
former seems to have grown more rapidly in the a and b axis
directions and more slowly in the c axis direction than the
latter. Hirasawa and Uehara [20] has reported that these illite
particles in the 1Z-1 are divided into three types, based on
their occurrence, morphology, and polytype: type 1 is euhe-
dral 2M illites growing in micropores of rocks, type 2 is sub-
hedral 1M illites occurring as inclusion of quartz crystal, and
type 3 is subhedral to euhedral 1M and 1My illites in associ-
ated with quartz and K-feldspar. They also concluded that
the type 1 illite was formed at higher temperature than those
of type 2 and type 3 illites and that the formation order was
type 2 — type 1 — type 3. Judging from the morphology and
polytype of the particles, the circular and polygonal platy 1M
illites identified by our AFM observation correspond to the
type 2 or type 3 illite reported by Hirasawa and Uehara [20],
and the polygonal platy 2M illite corresponds to the type 1
illite. The type 1 illite was usually composed of many pack-
ets which are stacked in parallel to the c* direction, filling
interstitial pore spaces, whereas the type 2 and type 3 illites
tended to be thin, probably due to the limited space [20].
Therefore, the more rapid growth rate in the ¢ direction of
the polygonal platy 2M illite (type 1) than the circular and
polygonal platy 1M illite (type 2 and 3) was likely caused by
relatively larger pore space for crystal growth as well as
higher temperature.

Polytype and Spiral Shape Transformation and Spiral
Growth Mechanism

In the 1Z-2, there is a clear relation between particle mor-
phology and spiral shape and mean step separation of illite
particles (Table 2). Platy particles with circular spirals have
narrower step separations than other particles. Polygonal
platy and lath-shaped particles with interlacing patterns (2M;
illite particles) tend to have wider step separations than other
polygonal particles (1M and 20 illite particles). This relation
is also found in the 1Z-1, although the relation is not apparent
relative to that in the 1Z-2 (Tables 1 and 2).

In general, polygonal steps having wider step separation
are formed under lower supersaturation conditions than those
of circular steps with narrower step separation [6, 8, 15]. The
spiral growth rate of a particle having wider step separation
is slower than that having narrower step separation because
of the lower supersaturation conditions [31]. Therefore, par-
ticles having wider step separation should be thinner than
those having narrower step separations.

In the sample 1Z-2, however, illite particles with wider
step separation tend to be thicker and longer than those hav-
ing narrower step separation (Figs. 6d and e). As mentioned
above, the particle dimension and step separation of circular
1M illite particles with circular spiral patterns are the small-
est and narrowest, respectively, in all the types. In addition,
the particle dimension and step separation of the polygonal
2M; illite particles are larger and wider than those of other
polygonal (1M and 20) particles. Therefore, the thickness
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Fig. (5). Plots of length vs. thickness and width vs. thickness for individual illite and kaolinite particles in 1Z-1 (a), (b) and 1Z-2 (c), (d), re-
spectively. Blue and pink arrows show trends of changes in particle dimensions of platy and lath-shaped particles, respectively. (after Kuwa-

hara et al. [18])

and length of the particles seem to be proportionally related
to the step separation, sequentially varying the morphology,
spiral shape and polytype (i.e., circular 1M — polygonal
platy 1M and 20 — polygonal platy and lath-shaped 2M;).
The 1Z-2 is a white clayey ore, which is composed of nearly
pure illite, from illite veins of the inner, higher altered illite
zone (Fig. 1). These illite particles must have been precipi-
tated directly from hydrothermal solutions in open space
(vein). In contrast, such variation is not apparent in the 1Z-1
(Figs. 6a, b, and c), although the step separation of circular
platy particles tends to be narrower than those of polygonal
platy and lath-shaped 2M illite particles (Table 1). In the 1Z-
1 three types of illites were likely formed under different
temperature and pore space conditions, as described above.

The sequential variation observed especially in the 1Z-2
is consistent with a speculative mechanism of solution-
mediated polytype transformations for mica based on the
Ostwald ripening process [21]. According to Baronnet [21],
a large number of 1My particles first form during the initial
nucleation stage. When supersaturation degree of the solu-
tion decreases, the particles smaller than the critical size will
dissolve and form 1M overgrowths on the larger 1My parti-
cles. Coalescence of particles could also take place along
with the ripening, consequently producing the larger parti-
cles. As supersaturation degree decreases, the dissolving,
smaller 1M particles feed 2M; overgrowths on the larger 1M
particles.
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[18]).

For the Izumiyama illite, the platy 1M illite particles with
circular spirals were initially formed (probably after the ini-
tial stage of Baronnet [21]). Then the smaller particles dis-
solved, and 1M and/or 20 structures with polygonal spirals
formed on the (001) surface of the larger 1M particles having
circular spirals. Finally, the 2M, illite crystallized on their
surfaces. During the crystal growth and polytype transforma-
tion, the supersaturation of the hydrothermal solution proba-
bly decreased gradually. The particles exhibiting the 2M;
structure, which was finally formed on the (001) surface,
would be thicker than the other particles. In addition, our
AFM study has revealed the coalescence of illite particles
and overgrowth of illite layers (Fig. 7).

The deviation from equilibrium of a solution-precipitated
illite particle can be estimated using step separation [15].

The step separation of a spiral (rsep) is related to the critical
radius of nucleation (r;), which is defined by the molar vol-
ume (V), the surface energy (o), and the molar free energy of
the dissolution reaction (AGy;s) [15, 32],

Fstep ~ 197 = 19V / AGgis (1)

The mean step separations of five different types of lzu-
miyama illite in the 1Z-1 and 1Z-2 are listed in Tables 1 and
2, respectively. Using these mean step separations, V =
140.31 cm®mol for muscovite [33], and o = 40.2 ergs/cm’
for illite [34], equation (1) estimates each AGgs for each
mean step separation (Table 3). The saturation state of the
solution can be estimated from the following equation,

AGgis = 2.303RT log (Q/K) (2),
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where R is the gas constant, T is the absolute temperature, Q
is the activity product of the solution, and K is the equilib-
rium solubility product of illite. A log (Q/K) value > 0 indi-
cates increasing supersaturation while < 0 indicates under-
saturation.

The sample 1Z-2 is nearly pure illite from illite veins of
the inner, higher altered illite zone (Fig. 1) [19], and the

()

sub-particle A
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temperature of hydrothermal alteration has been estimated to
be ~250°C [20, 24]. Hence, the hydrothermal solution is
probably characterized by the illite (0.88K) phase below the
quartz saturation line (log au,sio, < -2.24) in Fig. 8) [35, 36].
On the other hand, the sample 1Z-1 is from the outer, weaker
altered illite-kaolinite zone (Fig. 1) [19] and contains 1M and
1My illite (type 2 and type 3), 2M illite (type 1), kaolinite,

sub-particle B X
> ’.

T
\:'\‘-}

Fig. (7). (&) TMAFM amplitude image showing an illite particle into which two lath-shaped particles (sub-particles A and B) coalesced. (b)
Magnified view within the box in (a). Open arrows show that the illite layers of sub-particle B overgrow on the surface of sub-particle A.

Solid arrows show polygonal steps on the surface of sub-particle B.
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Fig. (8). Isothermal, isobaric phase diagram from Yates and Rosenberg [36] showing the stability fields of illite, I-S, and smectite at 150°C,
200°C and 250°C. Metastable phase boundaries are indicated by stippled lines. Invariant points of different smectite composition are indi-

cated by numbers 1 and 2.

K-feldspar and quartz [20]. As mentioned above, the type 1
illite formed at higher temperature than the type 2 and the
type 3 illites and the order of formation was type 2 — type 1
— type 3 [20]. The type 2 illite occurred as inclusions of
quartz crystals, whereas the type 1 illite grew in contact with
quartz or K-feldspar in micropores of rocks. Our AFM ob-
servation of the 1Z-1 newly provides evidence that 2M illite
layers overgrew on the surface of kaolinite particle (Fig. 9).
Based on these facts and the phase diagram in Fig. (8), the
temperature of the hydrothermal solution may vary at least
from about 150°C (1M and 1My illite, kaolinite and quartz)
to 200°C (2M illite, K-feldspar and quartz), and finally de-
crease below 150°C (1My illite, kaolinite and quartz).

We estimated the log (Q/K) values at temperatures of
200°C for the 1Z-1 and 250°C for the 1Z-2 (Table 3). The
particles having circular spirals formed under relatively high
supersaturation conditions. In contrast, the 2M structure on
the polygonal platy or lath-shaped particles grew very slowly
under nearly equilibrium solution conditions. In the 1Z-1, the
2M structure could form under solution conditions with log
(Q/K) < 0.1. On the other hand, this in the 1Z-2 seems to oc-

cur mainly at lower log (Q/K) value. However, the 2M struc-
ture in the 1Z-2 could practically form under the same condi-
tions as in the 1Z-1, since the narrowest step separation of the
2M illite particles is about 100 nm corresponding to log
(Q/K) ~ 0.1. Fig. (10) illustrates the paths of the thermal and
supersaturation conditions of the Izumiyama hydrothermal
solutions. In the 1Z-1, the illite particles having circular spi-
rals and/or polygonal single layer spiral (1M) (and kaolinite
particles (Fig. 7)) were initially formed as the increase of
temperature (~150°C to 200°C) and the decrease in super-
saturation condition of the solution. When the supersatura-
tion condition, log (Q/K), decreased below about 0.1 and the
temperature reached 200°C, the 2M illite particles or struc-
tures would produce. Finally, the illite particles having circu-
lar spirals and/or polygonal single layer spirals (1M) then
formed as the increase in supersaturation condition of the
solution following the decrease in temperature. On the other
hand, in the 1Z-2, the supersaturation of the solution de-
creased gradually during the polytype transformation of a
spiral shape (1M circular spirals — 1M, 20 polygonal spirals
— 2M; polygonal spirals), at higher temperature (~250°C).

Table 3. Deviation from Equilibrium of a Solution-Precipitated lllite Particle Estimated from Mean Step Separations of Hydro-
thermal Illites in the 1Z-1 and 1Z-2

Spirals (1Z-1) 1M Circular 2M Circular 1M Polygonal 2M Polygonal 2M Polygonal (Lath-Shaped)
mean step separation (nm) 72 100 112 132 122
AGyis (kJ/mol) 149 1.07 0.96 0.81 0.88
log(Q/K) at 200°C 0.16 0.12 0.11 0.09 0.10

Spirals (1Z-2) 1M Circular 1M Polygonal 20 Polygonal 2M; Polygonal 2M; Polygonal (Lath-Shaped)
mean step separation (nm) 44 175 185 251 436
AGyis (kJ/mol) 244 0.61 0.58 0.43 0.25
log(Q/K) at 250°C 0.24 0.06 0.06 0.04 0.03
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Fig. (9). TMAFM amplitude image of illite particle overgrowing on the surface of kaolinite particle (1Z-1). (b) Magnified view within the
box in (a). (c) Height histogram of the data points within the box ¢ in (b). The step in the box c has a height of 2.01 nm corresponding to the

thickness of two single unit-cell layers of mica. (d) Height histogram of the data points within the box d in (b). The step in the box d has a
height of 0.72 nm corresponding to the thickness of a 1:1 layer of kaolinite.

CONCLUSIONS cence of particles also took place along with the ripening,

. . and consequently produced the larger particles. The over-
This study demonstrated that the Izumiyama hydrother- s

mal illite par)t/icles formed as the result of Z mech;/nism in- gr_owths of illite Igy_ers occurred on the_ surface .O-f not only

volving solution-mediated polvivoes and spiral-tvpe trans- illite but also kaolinite. The supersaturation conditions of the

format?on based on the Osrt)wglldy?ipening pprocessypThe ini- hydrothermal solutions for the two different occurrences

tially formed smaller particles would dissolve and form dif- ;zgngsld t;loen?raﬂlsfggrr;r;ttigzths, resulting in the overgrowth
ferent polytype structures on the larger particles. Coales- polytyp '
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Fig. (10). Thermal and supersaturation conditions of the Izumiyama hydrothermal solutions during crystal growth and polytype transforma-

tion of illites estimated from this AFM study.
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