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ILLITE-SMECTITE MIXED-LAYER MINERALS IN FELSIC VOLCANICLASTIC
ROCKS FROM DRILL CORES, KAKKONDA, JAPAN
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Abstract—Crystallization processes of the illite-smectite (I-S) mixed-layer mineral series during
alteration of felsic vitric materials in volcaniclastic sediments through two drill holes (IT-2 and IT-8)
near the Kakkonda active geothermal system, Japan, were examined by optical microscopy, scanning and
transmission electron microscopy (SEM and TEM), electron microprobe analysis, X-ray diffraction
(XRD), and oxygen isotope analysis. Temperatures measured through the drill holes increased nearly
linearly with depth up to 317°C at the bottom (1700 m) of IT-8. Homogenization temperature
measurements of fluid inclusions indicated that the alteration occurred at temperatures similar to the
present temperatures. In selected volcaniclastic rocks, excluding andesitic rocks and black shales, clay
minerals occurred as glass replacements and pore fillings as seen under SEM and optical microscopy, and
exhibited predominantly euhedral hexagonal and elongated forms under TEM, implying that they
precipitated in situ through hydrolytic reactions of glass and fluid. Based on XRD examination, I-S
minerals showed a sigmoidal variation in illite layer percentage (%]I) in the range of ~150 to 220°C and RO
I-S minerals with intermediate %I between 20 and 40% rarely occurred (where R is the Reichweite
parameter). The chemical composition also showed a specific variation with depth. Intermediate clays
including smectite and I-S minerals are enriched in Al compared to those reported previously from
hydrothermal alteration of almost equivalent parent rocks. The oxygen isotope data indicated that the
reacting solution was percolating groundwater in the shallow levels and with fossil seawater in the deeper
levels. Furthermore, calculating the fluid/rock (W/R) ratio from the isotope variations revealed that the
alteration occurred at a nearly constant W/R ratio condition irrespective of %I. Consequently, the observed
specific variations in structure and chemical composition of I-S minerals reflect the compositional
variations of fluid participating in the crystallization at given temperatures under the conditions of a given
original rock and constant W/R ratio. High pH and Na-rich solutions generated by progressive hydrolytic
reactions between felsic glass and groundwater favored the precipitation of Al-rich smectite up to ~150°C
and was followed by precipitation of an aluminous R1 I-S mineral with few intermediate RO I-S minerals at
higher temperatures. The crystallization obeys Ostwald’s step rule behavior of smectite illitization
processes under a high geothermal gradient.

Key Words—Alteration of Felsic Rocks, Fluid-rock Ratio, Illite-smectite Mixed-layer Minerals,
Ostwald’s Step Rule, Oxygen Isotope, Precipitation.

INTRODUCTION (e.g. Altaner and Ylagan, 1997). Among the many

Dioctahedral clay minerals such as smectite, illite-
smectite (I-S) mixed-layer minerals, and illite are
widespread as hydrothermal alteration products, so that
understanding the crystallization processes of the
minerals provides useful information about the thermal
and geochemical history during alteration. Sequential
distribution from smectite to illite via I-S minerals as a
function of temperature, similar to that in burial
diagenetic environments, has been documented in
many active and extinct hydrothermal systems (Inoue,
1995, and references therein). The formation of I-S
minerals is actually affected not only by temperature, but
also by other factors such as fluid chemistry, time, fluid/
rock (W/R) ratio during the formation of I-S minerals,
and chemical composition of the precursor materials
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factors, we tentatively ignore time in the case of the
formation of I-S minerals in hydrothermal environments
because the formation generally took place over a
geologically short period of time, probably during a
single event, in contrast to burial diagenesis. Boiling and
mixing of fluids in addition to alteration overprint may
be more important concerns because they are potentially
misleading in terms of the relationship between the
observed mineral assemblages and present-day tempera-
ture (e.g. Patrier et al., 1998).

In the present study, we focus on the formation of
dioctahedral minerals during alteration of felsic vitric
materials through drill holes near the Kakkonda
Geothermal System, Japan. Based on our previous
studies (Inoue et al., 2001), the vitric materials in parent
volcaniclastic rocks, excluding andesitic rocks and black
shales, are assumed to be roughly homogeneous in
composition from rhyolitic to dacitic. There was no
geological evidence indicating remarkable boiling of
fluids and alteration overprint. The aim of this paper is,
based on the detailed mineralogical and oxygen isotopic
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examinations, to elucidate how glassy materials altered
to dioctahedral clay minerals under a given hydrother-
mal condition and how the structure and chemical and
isotopic compositions of product phases were affected
by the effects of fluid chemistry and temperature (or
thermal gradient) under the conditions of given rock
composition and fluid/rock ratio.

GEOLOGICAL BACKGROUNDS OF STUDY
HOLES

Kakkonda is an active geothermal system located in
the central part of Sengan Basin, Hachimantai, northeast
Japan (Figure 1). Here, two power plants have been
operated to supply constant electric power of 80 MW
since 1978, utilizing relatively shallow (<1500 m)
reservoir fluids (Nakamura and Sumi, 1981). By
successive drilling exploration, a hidden granitic pluton
known as the Kakkonda Granite was recently discovered
at >2860 m in Hole WD-1la (Figure 1b). The granite
yielded young K-Ar ages of 0.068-0.34 Ma (Kanisawa
et al., 1994) and in situ temperatures >500°C inside the
body (Muraoka et al., 1998). Thus it is expected to act as
a heat source for the deep reservoir system at Kakkonda.

The drill holes studied here are IT-2 and IT-8 drilled
at ~5 km east of Kakkonda by NEDO (1993). A
schematic geological cross-section along the two drill
holes is shown in Figure 2. The pre-Tertiary basement
rocks constituting the framework of the Sengan basin
structure were encountered by two drill holes adjacent to
the study site, WD-1a and AZE-1 (Figure 2). In WD-1a,
rocks were contact-metamorphosed by the intrusion of
the Kakkonda Granite to form biotite, anthophyllite,
andalusite and cordierite (Kato and Sato, 1995). Rocks
of AZE-1 consist of chert and slate without the influence
of contact metamorphism. The Yamatsuda-Koshidomae
and Aniai Formations are marine sediments of Miocene
age composed mainly of vitric tuff, tuff breccia,
tuffaceous silt to sandstone, and lapilli tuff in the
studied holes. The composition of constituent volcanic
debris in sediments ranges from rhyolitic to dacitic
(Nakamura and Sumi, 1981; NEDO, 1993). The Middle
and Lower Aniai Formations contain andesitic tuff
breccia and black shale and lignite beds, respectively.
The Plio-Pleistocene pyroclastic flow deposits which
unconformably overlie the Yamatsuda-Koshidomae
Formation consist of rhyolitic to dacitic tuff and tuff
breccia with weak welding textures. They are inter-
calated locally by lacustrine sediments. In addition to
thin andesite dikes, a relatively large intrusive body, the
Torigoenotaki Dacite, is emplaced between the
Kakkonda system and the studied drill holes.

As shown in Figure 3, temperatures measured
through IT-2 and IT-8 increase linearly with depth
(geothermal gradient ~15-20°C/100 m) and attain a
maximum of 317°C at the bottom of IT-8 (NEDO, 1993).
The linear profile of temperature suggests that there are
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neither anomalous fluid flows nor boiling of fluids at
this location, and the present thermal structure is
essentially controlled by conductive heat flow. There
was no significant circulation loss during drilling except
for a small one at ~920-940 m along the boundary
between dike and the surrounding rocks (NEDO, 1993).
The two holes studied are insignificant in terms of
production of geothermal fluids, although small amounts
of hydrothermal fluids were recovered at 1004 m from
IT-2.

STUDY SAMPLES AND ANALYTICAL METHODS
Samples

We collected core samples every 5 to 10 m in the
ranges of 0—1000 m from IT-2 and 1000 to 1700 m from
IT-8, with a total of 268 samples collected. Samples
were not collected from levels shallower than 1000 m in
IT-8, but as the two drilling sites of IT-2 and IT-8 are
very close each other, we regarded them as a continuum
of samples from 0 to 1700 m at this location. After
routine examination of alteration minerals by thin-
section observation and powder XRD analysis, for the
present study, samples were selected with particular
emphasis on obtaining volcaniclastic rocks with rhyolitic
to dacitic vitric materials to minimize the effect of
variable chemical compositions in parent rocks.
Andesitic rocks, black shales and dike rocks were
excluded from the present study of clay minerals. Clay
fractions (<2 pum) that were separated from rock samples
using ultrasonic vibration and centrifugation were used
throughout the present mineralogical and isotopic
examinations.

X-ray diffraction and electron microscopic analysis

A step-scanning method at a fixed time of 4 s was
used for XRD analysis to examine the nature of
interlayering using preferentially oriented samples on
glass slides in two air-dried and glycolated states.
Samples mounted on Al holders were used to determine
the polytypic structure and the dyg, values. Polytypic
structure determination was based on the structure data
of muscovite compiled by Bailey (1980). Percentages of
illite layers (%I) of I-S clay minerals were determined
using convenient techniques developed by Inoue et al.
(1989) and Watanabe (1981). The results were con-
firmed by comparing the observed XRD patterns with
computer-simulated patterns generated using the
NEWMOD program (Reynolds, 1985). The precision
of %Il determination is usually 5%, but reduces to
+10% for samples containing more than two types of I-S
minerals.

Mineral textures and paragenesis were determined by
scanning electron microscopy (SEM), using JEOL JSM-
5600LV equipped with an Oxford energy dispersive-type
spectrometer (EDS), using freshly broken rock chips
sputter-coated with Au. The morphologies of clay
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minerals also were observed under a Hitachi H-7100FA
transmission electron microscope (TEM).

Chemical analysis

Electron microprobe analysis was carried out on the
flat surfaces of clay pellets, prepared by pressing the
separated powder, using a JEOL JSM-5600 equipped
with an Oxford Link EDS detector operating with an
accelerating voltage of 15 kV, a beam current of 0.8 nA,
an analytical area of 5X 5 um, and a counting time of
100 s. The ZAF correction of the EDS data obtained was
made by a Link ISIS system calibrated with synthesized
oxides and natural minerals as standards. Chemical
analyses were performed on more than 10 points on the
clay pellet and, using the averaged values, were cast into
the structure formula on the basis of O;o(OH),. Although
XRD examination showed that some of the samples used
were inevitably contaminated by trace amounts of
impurities, the effect of contamination was ignored in
the calculations of structure formulae. All the Fe
determined was calculated as ferric iron. The exchange-
able and non-exchangeable interlayer cations were
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distinguished in the calculations of the structure
formulae using the independent exchangeable cation
measurements described below. The precision of micro-
probe analysis is better than #2% for all the elements
measured. However, some of the analyzed samples
contained trace amounts of impurities and/or were a
mixture of I-S minerals with different %I. Note that the
data represent the bulk composition of separated clay
fractions.

The exchangeable interlayer cation composition of
clays was determined following Inoue (2000). About
0.1 g of clay sample were placed in a polyethylene bottle
with 50 mL of 0.1 N strontium chloride to extract
exchangeable cations from the interlayer positions of
clay minerals. After keeping the bottles at room
temperature for one day, the suspension was separated
into solid and solution phases by centrifugation. Then
Na, K, Mg and Ca in the supernatant liquid were
analyzed as exchangeable cations of the clay by atomic
absorption spectroscopy. The precision of exchangeable
cation measurements is better than 0.5 meq/100 g clay
for all the elements.
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Figure 1. (This and opposite page) Structure map of the Hachimantai volcanic area, together with Bouguer anomaly area (a) and
geologic map of the Kakkonda area and locations of drill holes studied (b), which was simplified from NEDO (1993).
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Oxygen isotope analysis

The clay samples prepared for oxygen isotope
analysis were the same as those for XRD and chemical
analyses. Oxygen isotope analyses were obtained by the
BrFs method (Clayton and Mayeda, 1963); the analyses
were performed at CRPG-CNRS (Nancy, France).
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Isotopic data are reported in the 3'%0 notation, §'%0 =
[(Rampie/Rstandara) — 11 % 1000, where R = '%0/'°0; they
are reported relative to SMOW (Standard Mean Ocean
Water). The precision of 3'%0 measurements is better
than +0.2%o. The presence of impurities in the samples
used for the 8'80 measurements was ignored because of
their small amounts.
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Figure 2. Schematic geologic cross-section along the E—W line of Figure 1. See the legend of Figure 1 for symbols of stratigraphic

units.

Estimation of fluid/rock ratios

It is possible to estimate fluid/rock (W/R) ratio
during alteration from oxygen isotope variations (Taylor,
1974). However, the ratios obtained depend strongly on
the alteration model adopted in the calculations.
According to the mode of occurrence of the clay
minerals, as will be described below, we assumed here
a simple model for the formation of clay minerals based
on dissolution of glass and subsequent precipitation of
clays in a closed system (see Appendix). In this model, it
is an important assumption that the dissolving reactant is
in disequilibrium, while the precipitating products are in
equilibrium with the system. Moreover, it was assumed
that the initial values of 8'®0 of rock and fluid prior to
alteration are 7%o and —11%o, respectively. The former
value (7%o) was cited from the compilation of Matsuhisa
(1979) for Cenozoic igneous rocks in this area. The
BISOﬂuid of —11%o is a mean value of meteoric waters in
this area (Inoue et al., 2001).

GENERAL DESCRIPTIONS OF ALTERATION
AND FLUID GEOCHEMISTRY

Based on bulk rock mineralogy of IT-2 and IT-8
(Figure 3), the alteration is characterized by the follow-
ing zoning of Na-rich silicate minerals from the surface
to the bottom: smectite + unaltered glass (<260 m,
<78°C) — clinoptilolite + smectite (~260-560 m,
~78-140°C) — mordenite + smectite (~390-580 m,
~101-143°C) — analcime + smectite or I-S
(~532-664 m, ~133-160°C) — albite + I-S or illite

(>750 m, >174°C), where the temperatures in parenth-
eses are cited from the present-day measurements. The
boundary temperatures of zeolite zones are in agreement
with those estimated from alteration of silicic tuff in
Yucca Mountain reported by Bish and Aronson (1993).
It is also noted that the boundary temperature (~170°C)
of analcime (+ quartz) and albite is close to that
determined experimentally by Thompson (1971).

The zoning is subparallel to the formation boundaries
and is developed continuously from the upper non-
marine formation to the lower marine formations without
interruption by the unconformity. The alteration miner-
als generally occurred as glass replacements and pore
fillings, but not as veins (Figure 4). Primary plagioclase
(oligoclase to andesine) was rarely replaced by clay
minerals and zeolites through IT-2. They remained
unaltered above a depth of 750 m, although the
phenocrysts contained intensive dissolution pores from
~600-750 m. Below 750 m, pure albite overgrew along
the fringes of dissolution pores together with the
precipitation of euhedral albite crystals in the interstitial
pore spaces of matrix (Figure 4d). Secondary K-feldspar
was detected only locally in the deeper levels.
K-feldspar in Plio-Pleistocene pyroclastic rocks is
possibly one of the recrystallization products due to
intensive welding. Corrensite (Figure 4e) filled pore
spaces intimately with I-S or illitic minerals in the
limited range ~740-1060 m (~172-229°C). Kaolinite
was identified at local horizons such as lacustrine
deposits and the unconformity. Small amounts of
kaolinite also occurred around 700 m; it exhibited
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Figure 3. Distribution of secondary minerals in IT-2 (a) and IT-8 (b). The lengths of the bars represent the qualitative abundance of
the minerals. The curves in the figures are the present-day temperatures. Cpt: clinoptilolite, Mrd: mordenite, Anl: analcime, Dol:
dolomite, Mgs: magnesite, Anh: anhydrite, I-S: illite-smectite minerals.

euhedral shapes and was grown on the flakes of I-S The above zoning also is overlapped by the zonal
minerals (Figure 4f), suggesting a later product after the distribution of carbonate, sulfate and sulfide (Figure 3).
crystallization of I-S minerals. In reference to the present study, it is noted that dolomite
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Figure 4. Optical and SEM photomicrographs showing the occurrence of altered minerals: (a) smectite and clinoptilolite occupying
vesicles of pumice, (b) smectite pseudomorphically replacing pumice wall, (c) I-S minerals precipitated in pore spaces in volcanics,
(d) euhedral albite (Ab) and magnesite (Mgs) occupying pore spaces, (e) corrensite (Cor) precipitated in pore spaces in volcanics,

(f) kaolinite crystals (Kaol) grown on I-S flakes.

and magnesite predominated from ~740-1190 m asso-
ciated with euhedral crystals of albite (Figure 4d),
corrensite, and/or chlorite. Anhydrite was widespread
from 973 m to the bottom of IT-8. The compositional
variations of carbonate minerals were described by
Inoue et al. (2001).

The homogenization temperatures of fluid inclusions
in secondary quartz, calcite and anhydrite were plotted

along the depth profiles of present-day temperature
(NEDO, 1993; Inoue et al., 2001), implying that the
alteration minerals probably formed at temperatures
similar to the present temperatures. The measured
homogenization temperatures were always lower than
those of the boiling point of pure water at respective
depth, assuming hydrostatic pressure (Inoue et al.,
2001).
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Table 1. Chemical and isotope compositions of hydrothermal
solution recovered from 1004 m from IT-2 and the calculated
logarithmic activities at in sifu temperature.

Observed Calculated
(NEDO, 1993) (Inoue et al., 2001)
Temperature (°C) 218
pH (room temp.) 7.3 log ay = -6.3
Na (mg/L) 2820 logan, = —1.2
Ca (mg/L) 9.5 logac, = —-4.8
K (mg/L) 51.0 logax = -3.2
Mg (mg/L) 1.1 logan, = —5.4
SiO, (mg/L) 397 logasio, = 2.3
Al (mg/L) 9.7
B (mg/L) 48.7
HCO5 (mg/L) 1340 logaco,totay = —1.6
Cl (mg/L) 3420 i
SO,4 (mg/L) 286 logaso, = —3.6
D (%o0) -48.9 -553
5180 (%o) -4.0 -52
313C (%o) -23
8>S (%) 19.6
Tritium (TR units) <0.9

Hydrothermal fluid, NaCl-rich saline type (Table 1),
was recovered at 1004 m from IT-2. Based on the cation
activity ratios, Inoue et al. (2001) demonstrated that the
fluid was in chemical equilibrium with respect to

Crystallization of illite-smectite during alteration of felsic rocks 73

muscovite, albite, chlorite, dolomite and quartz, but
slightly undersaturated with magnesite, calcite and
anhydrite at in situ temperature (218°C). From compar-
ison of the solute and isotope composition with those of
related waters around the Kakkonda area, the recovered
fluid differs in origin from hydrothermal fluids circulat-
ing in the Kakkonda system and is probably a stagnant,
mixed solution of meteoric water and fossil seawater
trapped in the Miocene Aniai formations (Inoue et al.,
2001).

RESULTS
X-ray diffraction

Representative XRD patterns of the clay samples
examined are illustrated in Figure 5. Samples from near-
surface to ~635 m are smectite and RO-type I-S.
Smectite from ~125-320 m showed a decrease in
expandability to some extent based on the saddle/001
peak intensity method (Inoue et al., 1989). The samples
showed a relatively larger full width at half maximum of
the 001 reflection and the higher-order reflections were
hardly observed compared to samples from deeper
levels. This suggests that smectite samples from the
near-surface have a smaller coherent domain size (or
number of layers) than that in smectite from deeper
levels. Some samples (e.g. from 645 m) are a mixture of

a b [
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Figure 5. Representative XRD patterns of the studied samples after ethylene glycol (EG)-saturation: (a) smectite and RO type of I-S,
(b) R1, RO + R1 types of I-S, R3 type of I-S, and illite from various depths of drill hole IT-2. The illite layer percentages were
determined using the techniques of Inoue ez al. (1989) and Watanabe (1981). ill: illite, qtz: quartz, cor: corrensite.
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Figure 6. Variation of %I in I-S minerals as a function of the
present-day temperature in IT-2 and IT-8. The tie lines between
open circles indicate the presence of more than two I-S samples
with different %I in a rock specimen. Squares indicate the %I
data of I-S minerals obtained from andesitic rocks in the Aniai
Formation.

RO and RI1. Illite-smectite minerals from ~640-740 m
and from ~740-900 m were identified as R1 and R3
ordered structures, respectively. The variation of %I
determined is plotted as a function of the present-day
temperature in Figure 6. The %I values increase with
temperature from about 150°C to ~220°C, but the
increase seems to be discontinuous so as to display a
gap between ~20 and 40%I. More than two types of I-S
minerals coexist at intermediate stages. True illite
without any expandability appears at ~250°C. As the
%1 data of I-S minerals obtained from thin felsic
sediments and andesitic rocks in the Middle Aniai
Formation were plotted in Figure 6 for comparison,
they showed a smooth variation following the previous
trend of I-S minerals.

X-ray diffraction patterns of the randomly oriented
samples (not presented here) showed that I-S minerals
with <50%1 were characterized by a turbostratic
structure caused by random rotation of layers and those
with >50%I basically had a 1M polytype structure. The
hkl reflections corresponding to 1M polytype structure
became sharp in I-S minerals with >75%I (e.g. 756 m
sample), but broadened in those with ~50-75%I. Thus
the latter may be classified as 1M4. The 1559 m sample,
which is pure illite, was a mixture of 1M and 2M, based
on the indexing of hkl reflections. The dye, values were
almost constant at ~1.497-1.500 A throughout the
entire I-S series.

Clays and Clay Minerals

Chemical composition

Chemical composition, determined by electron
microprobe analysis, is given in Table 2. Some unrea-
listic values in the calculated structure formulae for
some samples were due to the presence of impurities.
The low total weight percent values were attributed
mainly to the surface roughness of prepared clay pellets.
Despite the imprecision, the chemical variation in the
2:1 silicate layer can be qualitatively represented in the
triangle diagram of pyrophyllite, muscovite and celado-
nite as shown in Figure 7. Ferric iron was regarded as
substituting for Al in the figure. Smectite from the near-
surface (e.g. 125 m sample) is classified as an Fe-rich
beidellite-montmorillonite solid-solution. The smectite
composition becomes montmorillonitic at ~320-435 m
and then beidellitic at 580 m, accompanying a small
increase in total layer charge. The compositions of I-S
minerals are much more aluminous between 600 m and
700 m and then become enriched in Mg below 740 m
(e.g. 756 m sample), the depth which corresponds to the
first appearance of dolomite and magnesite (Figure 3).
The almost pure illites at 919 m and 1559 m have a
phengitic composition with more than —0.75/0,¢o(OH),
of total layer charge. Illite and the illite component of
I-S minerals show some solid-solution with paragonite,
taking account of the non-exchangeable Na content
(Table 2).

Figure 8 shows the variations of exchangeable cation
composition of clay samples as a function of depth. The
clays from near-surface are enriched in Ca and Mg and
depleted in Na and K as the exchangeable interlayer
cation. The Ca and Mg contents decrease and the Na
content increases concomitantly with depth down to
~300 m at which level clays coexist with clinoptilolite.
The Na content in clay samples stays constant at a high
level (>0.7 in equivalent fraction) between ~300 and
750 m, higher still in the analcime zone. Below ~750 m,
however, the Na content decreases again with depth,
concomitant with increasing Mg. The exchangeable K
content is always low throughout the rock column of IT-2.

SEM and TEM observations

Scanning electron microscopy observations showed
that in near-surface rocks, smectite occurred as partial
replacements of glass shards and pumice wall
(Figure 9a) and pore-fillings often associated with
goethite and opal. In deeper rocks, glassy materials are
totally replaced by smectite (Figures 4b and 9b). The
occurrence of I-S and illite was almost the same as those
of smectite, i.e. pore fillings and glass replacements.
They show a hair or filament texture and stiffer, thicker
filaments or laths aggregate textures under SEM,
depending on %I (Figure 9c and d).

Figure 10 shows TEM images of I-S minerals. They
display a morphological change from flaky to lath-
shaped with increasing %I, while they tended to increase
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Figure 7. Triangular plots of chemical compositions of I-S minerals. The appended numbers correspond to the depths of samples.
Arrows indicate the chemical variations as a function of depth. Samples 645 m and 700 m are a mixture of RO and R1 structures.

Sample 635 m is contaminated by quartz as seen in Figure 5.

slightly in crystal size based on the preliminary
measurements on TEM images. It is noteworthy that
I-S minerals from 635 m (RO 45%]I) and 664 m (R1
67%I1) samples contain significant amounts of euhedral
crystals with distinct forms of hexagonal flake and
elongated lath. Both euhedral crystals are thought to be
neoformed in situ by direct precipitation from solution,
but not to replace precursor smectite.

Oxygen isotope variation

The 5'®0 values of clay samples determined, together
with the 8'®0 values of coexisting carbonates deter-
mined previously (Inoue et al., 2001), are given in
Table 3. The 8'®0 values of clays decrease with
increasing depth (or temperature) from 12.6%0 at
214 m (68°C) to 6.2%0 at 873 m (196°C), as illustrated
in Figure 11. The %I of the samples ranges from 2 to
~90%.

If it is assumed that I-S minerals were isotopically
equilibrated with fluids at given temperatures, the 5'0
values of equilibrated fluids can be evaluated using an
oxygen isotope fractionation equation between I-S and
water proposed by Savin and Lee (1988) as a function of
temperature and %I:

AI/wa = 618OI/S - 6180ﬂuid =
10%Ina = (2.58 - 0.19N(10°T7%) - 4.19 (1)

where [ is the fractional content of illite layers in I-S
minerals and T is the temperature in Kelvin. Using the
present-day temperatures and %I values determined, the
5'80 values of fluids were calculated from equation 1 as
given in Table 3 and Figure 11. The calculated §'®*0
values of fluids equilibrated with coexisting carbonate
minerals (Inoue et al., 2001) are also appended in the
figure. It is obvious that the calculated SISOﬂuid values
follow a smooth curve, irrespective of minerals, imply-
ing that the secondary minerals precipitated simulta-
neously from a common fluid and were probably in
isotopic equilibrium with the fluid.

The upward extrapolation of the 8'%0guq plots
extends around —11%o at the surface. The value
coincides with the 3'®0 of meteoric water (—10 to
—12%o0) in this area (Inoue et al., 2001). Thus, the
reacting solution is basically of meteoric origin,
supporting our previous conclusion; the observed
isotopic variations were caused by the degree of fluid-
rock interaction at different temperatures. On the other
hand (>873 m), though few in number, the $'%0 values
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Figure 8. Variation of exchangeable interlayer cations in clay
samples as a function of depth, expressed as an equivalent fraction
of the total exchangeable cation. Thin dashed lines delineate each
mineral zone. Smt: smectite, Clpt: clinoptilolite, Mord: morde-
nite, Anl: analcime, Dol: dolomite, Mgs: magnesite.

Table 3. Oxygen isotope data of clays and carbonates in
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of fluids equilibrated with less expandable I-S, illite, and
calcite seem to be constant at —0.6%o. This value is close
to the seawater values (~0%o) rather than the §'%0 value
(=5.2%0) of hydrothermal fluid recovered at 1004 m of
IT-2 (Table 1).

Fluid/rock (W/R) ratios

Assuming an alteration model (Appendix), the
evaluated W/R mass ratios are constant at ~0.3 on
average, irrespective of %I (Table 3). This value is
smaller than those (0.5-2.0) given previously for active
and extinct hydrothermal systems (Larson and Taylor,
1986; White et al., 1992). Christidis (1998) reported still
greater W/R ratios (0.9-13.3) for the smectitization of
volcanic glass in Milos Island based on mass-balance
calculations. The value should be regarded as tentative,
based on many assumptions, but we can say in the
present study that the alteration took place at nearly
constant W/R ratio.

DISCUSSION

Crystallization of clay minerals

The textural evidence of clay minerals under SEM
and TEM, in addition to the thin-section observations,
indicates that glass was dissolved by hydrolytic reaction
and the clay minerals precipitated in situ. The 5]80ﬂmd
evaluated from the alteration minerals supports the
meteoric origin of fluids participating in the alteration
at least at shallower levels (<740 m).

Under oxidative conditions at the near-surface, the
reaction of glass with percolating groundwater favored
the formation of Fe-beidellitic smectite together with
goethite or with siderite under increased fco, conditions.

IT-2 and IT-8 and evaluated fluid/rock (W/R) mass ratios.

Samples Minerals %1 Temp. 880 mineral 880 qui™ W/R**
(Reichweite) °C) (%0) (%0) (mass unit)

IT-2-214 smectite 5 (RO) 68 12.6 -53 0.09
1T-2-320 smectite 13 (RO) 89 8.4 -6.9 0.59
1T-2-435 smectite 2 (RO) 111 9.2 -4.1 0.21
IT-2-510 siderite - 128 13.3 -2.6 -
IT-2-580 smectite 4 (RO) 143 7.1 -3.6 0.28
IT-2-635 I-S 45 (RO) 154 6.8 -2.7 0.28
IT-2-645 I-S 45+60 (RO+R1) 156 6.2 -3.1 0.33
IT-2-656 I-S 62 (R1) 158 6.1 -3.0 0.33
IT-2-664 I-S 67 (R1) 160 5.6 -3.2 0.38
1T-2-690 I-S 57 (R1) 164 5.9 -29 0.33
IT-2-700 I-S 62 (R1) 166 6.7 -1.9 0.25
IT-2-756 I-S 75 (R3) 175 5.6 -24 0.32
IT-2-815 dolomite, magnesite - 186 10.6 -1.9 -
IT-2-873 I-S 90 (>R3) 196 6.2 -0.6 0.21
IT-8-1591 calcite - 304 4.7 -0.6 -

* The §'80gmow values of fluids equilibrated with clays were calculated using the fractionation equation of Savin and
Lee (1988) and those for carbonates were cited from Inoue et al. (2001).

** The W/R values correspond to the fluid:rock mass ratios calculated on the basis of assumptions of —11%o and 7%o for
the initial values of fluid and rock, respectively, prior to alteration.
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Figure 9. SEM images of alteration products: (a) montmorillonitic smectite (IT-2-320) partially replacing volcanic glass,
(b) beidellitic smectite (IT-2-580) entirely replacing glass, (c) hairy I-S mineral (IT-2-664) precipitating in pore spaces in

volcanics, (d) lath-shaped illite (IT-2-919).

It is known that solutions reacted with felsic vitric
materials at a given temperature might increase in pH
and dissolved solids, particularly Mg, Ca and Na as well
as SiO, with increasing the degree of reaction progress.
The resulting high pH and Na solution favors the
formation of smectite and zeolites (e.g. Hay and
Sheppard, 2001). In IT-2, the zeolite species changed
from clinoptilolite to mordenite with increasing tem-
perature and then the co-precipitated smectite was
montmorillonite (e.g. 320 m and 435 m samples). As
hydrolysis reaction progressed further at higher tem-
peratures, the solution became more enriched in Na and
higher in pH and favored the formation of beidellitic
smectite (e.g. 580 m sample) and analcime, because Al
in alkaline solutions is present as a tetrahedrally
coordinated aluminate ion, AI(OH),. The abundance of
aluminate ion, together with the concentrated Na ion,
could promote the formation of analcime and beidellite,
substituting for Si in the structures at relatively high
temperatures. In the 600—-740 m intervals, the hydrolytic
reaction formed aluminous I-S minerals instead of
beidellite by incorporating K ions into the structure
from ambient solutions.

Such alteration, mentioned above, is similar to that in
open hydrologic systems first described by R.L. Hay (see
arecent review by Hay and Sheppard, 2001), though the
present alteration occurred at higher temperatures.
Unfortunately, we did not find any direct evidence of
downward flow of groundwater through the drill holes.
Rather, the present-day temperature profiles are almost
linear (Figure 3). The exchangeable cation composition
varies linearly with depth up to ~300 m as well
(Figure 8). These facts suggest that although the down-
ward migration of groundwater occurred pervasively, the
flow rate may be diminished with increasing depth, so
that the alteration took place approximately in a closed
system. A small W/R ratio value of 0.3 obtained in the
present study supports this model of crystallization
process.

The mineral assemblages of altered rocks below
740 m involving dolomite, magnesite and corrensite
reveal that the alteration was brought about by a saline
solution, which is probably fossil seawater trapped in the
Miocene formations. Previous thermodynamic calcula-
tions (Inoue et al., 2001) demonstrated that the fluid
recovered from IT-2 was in chemical equilibrium with
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4L
Figure 10. TEM images of I-S minerals with various %I: (a) hexagonal flake of I-S (IT-2-635, 45%]I), (b) coexistence of hexagonal
flake and lath (IT-2-664, 67%]), (c) thin laths (IT-2-690, 57%]I), (d) thin laths (IT-2-756, 75%]I), (¢) mixture of thick lath and platy
crystals (IT-2-873, 90%]I), (f) thick laths (IT-2-919, >95%]I). Scale bars are 0.5 pm.

the observed alteration minerals at in situ temperature. calculated from the minerals did not coincide with that
On the other hand, however, the 8'80p,4 value of the recovered fluid as noted above. When oxygen
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Figure 11. Variation of 8'%0 of clay samples (solid circles) and
8180 of water calculated from the data from clay samples (open
circles) and carbonates (squares) assuming the equilibration
between solid and fluid. The open cross symbol indicates the
8'80 value of hydrothermal fluid recovered at 1004 m from IT-2
after correcting the steam separation effect at recovery. The
dashed curves are the simulated curves for the 3'%0 variations of
clay minerals and fluids, assuming a constant W/R mass ratio of
0.3, 880, 0 = 7%o0, and 880 g = —11%o prior to the alteration.

fractionation during the interaction of rhyolitic to dacitic
rocks with fluid was calculated approximately using the
calibration curve of albite proposed by Matsuhisa et al.
(1979), the rocks of 8'%0 = 7% could be equilibrated
with a fluid of 8'*Ofyiq = —0.6%o at 213°C; the value is
close to the in situ temperature (218°C) of hydrothermal
fluid recovered at 1004 m of IT-2. On the contrary, when
the rock of 7%o is in equilibrium with the recovered
hydrothermal fluid of —5.2%o, the equilibrium tempera-
ture is calculated to be ~130°C, quite distinct from the
observation. Therefore, the discrepancy between the two
8'80puia values suggests that the Miocene formation was
not subjected to diagenesis, bringing about significant
‘O-shift’ in water prior to the present alteration. The
observed alteration occurred at relatively earlier stages,
after the deposition of Plio-Pleistocene pyroclastics, and
subsequent meteoric dilution may be responsible for the
observed isotopic disequilibrium.

Effect of fluid chemistry

As mentioned above, the present alteration took place
under the conditions of a given rock composition and
fluid/rock (W/R) ratio. Consequently the observed
structural and chemical variations of clay minerals
must be influenced by factors other than the effects of
rock composition and W/R ratio. In order to clarify the
effect of fluid chemistry on the structure and composi-
tion of I-S minerals, we compared the chemical
variations of I-S minerals with those formed from
similar original rocks: I-S minerals from Shinzan,
Japan (Inoue and Utada, 1983) and Ponza, Italy

Clays and Clay Minerals

(Ylagan et al., 2000) as shown in Figure 7. Though the
W/R ratios during alteration were not reported in the two
systems, the chemical compositions of original rocks are
not significantly different from each other. Nevertheless
Figure 7 shows that the chemical compositions of clay
minerals produced, especially those of intermediate I-S
minerals, are different from system to system. Previous
studies (Inoue et al., 1987; Ylagan et al., 2000)
attributed the entire smectite-to-illite reaction to the
dissolution and crystallization (DC) processes. This DC
model is, strictly speaking, different from the present
dissolution-precipitation model. For instance, Inoue et
al. (1987) interpreted the conversion from smectite to R1
I-S minerals (<50%]I) to be responsible for the K fixation
by precursor smectite due to the slight increase in layer
charge. Since the continuous R0O-to-R1 conversion was
not recognized in the present study, we cannot discuss
the detailed fluid chemistry effect on the chemical
composition of RO I-S minerals. Comparing the chemical
compositions of R1 I-S minerals which were regarded as
newly precipitated phases in either the DC or the present
model, it suggests that the chemical composition of clay
minerals precipitated in situ is a function of the fluid
chemistry participating in the alteration reaction.
According to previous studies, the reacting solutions in
the Shinzan and Ponza systems both were significantly
concerned with seawater. Thus, the precipitation of
aluminous smectite and I-S minerals observed in the
range of ~580 to 740 m in IT-2 was caused by high pH
and Na-rich solutions derived from reaction of felsic
glass with groundwater. Ylagan et al. (2000) noted that
the formation of relatively Mg-rich I-S minerals in
Ponza was related to the contribution of seawater. This is
exemplified more clearly by the present observations in
which I-S and illitic minerals precipitated below 740 m
become enriched in Mg.

Ostwald step rule behavior of I-S mineral crystallization

As shown in Figure 6, the observed relationship
between temperature (7) and %I in I-S minerals is
characteristic, as is the variation in chemical composi-
tion. The maximum temperature (~220-250°C) of the
appearance of I-S minerals is almost equivalent to those
reported previously from other hydrothermal systems
(e.g. Inoue, 1995; Ylagan et al., 2000). Smectite
precipitates up to ~150°C and with slight increase in
temperature, the precipitation of R1 ordered I-S minerals
follows without the continuous precipitation of inter-
mediate RO I-S minerals. It is also characteristic that
more than two types of I-S minerals coexist at
intermediate stages. The high maximum temperature
(~150°C) for smectite relative to those in burial
diagenesis is in part attributed to the composition of
precipitating smectite, taking account of many experi-
mental observations that aluminous smectite exists up to
relatively higher temperatures than the Mg variety (e.g.
Velde, 1985).
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On the other hand, Essene and Peacor (1995) pointed
out that most I-S minerals, even the end-member
smectite and illite, are thermodynamically metastable
and the sequential reactions from smectite to illite
through I-S minerals should be understood with kinetic
concepts based on the Ostwald step rule. As a matter of
course, the T vs. %I relation mentioned above must be
explained from the viewpoint of the Ostwald step rule.
For it, we assume here hypothetical logarithmic solubi-
lity product (K,p) curves of smectite and R1 I-S mineral
with a specific structure, composition, and size as a
function of temperature in the system K,O-Na,0-Al,05-
Si0,-H,0O, as well as that of illite. Smectite has a
different composition and is generally a favored phase at
lower temperatures than the R1 I-S mineral. The facts
predict reasonably that the two solubility product curves
intersect at a temperature 7, as shown in Figure 12a.

There are many factors related to Ostwald step rule
behavior, but it is primarily important to consider the
relative nucleation rates of solid phases being formed at
a given temperature (Morse and Casey, 1988).
Unfortunately there is a lack of knowledge about the
geometrical factor of crystal nuclei, the surface energy,
and the molar volume of clay minerals in relation to the
nucleation rates. Despite that, Ostwald step rule behavior

L

Smectite

log (solubility product)

~
T Ty T Ty
Temperature
RO
>
i —>>R1 <

Smectite

Amounts of clay minerals =

i} 100 150

Temperature (1C)

Figure 12. (a) Hypothetical relationship between logarithmic
solubility product curves of smectite, R1 I-S mineral, and illite
as a function of temperature. (b) Conceptual model illustrating
the relationship between temperature and amounts of clays
precipitated in situ.
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will operate when crystallization takes place below and
near the intersection temperature (e.g. 7. of Figure 12a)
and/or at very high supersaturations (Mutaftschiev,
2001). When the composition of supersaturated fluid is
represented by point A at temperature T; or A" at T, of
Figure 12a, the supersaturations with respect to smectite
and I-S mineral can be defined by the length AC and AB
at temperature 7 and by the length A'C’ and A'B’ at 75,
respectively. At T, near T, for instance, the crystal-
lization will take place through the first precipitation of
R1 I-S mineral as a metastable phase relative to smectite
because the difference between the supersaturations with
respect to smectite (length A’C’) and R1 I-S (length
A'B’) becomes too small to compensate for the effects of
geometrical factor, surface energy and molar volume of
two minerals (Mutaftschiev, 2001). Besides the effect of
nucleation rate, the extent of thermal gradient prevailing
in the study area can be related to the period of time
when the system can attain the threshold temperature,
i.e. T.. The above virtual analysis leads to the mode of
occurrence of precipitated clay minerals as schemati-
cally illustrated in Figure 12b, which is similar to the
present observations. In summary, the relationship of T
vs. %I (Figure 6) can be interpreted on the assumption
that the transformation of smectite to R1 ordered
structure occurred abruptly under high thermal gradient
(e.g. ~15-20°C/100 m) with few intermediate RO
structures, was subject to the Ostwald step rule, and
that the boundary temperature of smectite and RI1
structure increased under the chemical conditions favor-
able to the precipitation of aluminous clay minerals.

Moreover, it can be emphasized from Figure 12 that
the R1 ordered I-S mineral may be a unique phase and
intermediate RO I-S minerals are mixed-phases of
smectite and R1 with various proportions. Altaner et
al. (1988) indicated in their >°Si NMR measurements
that R1 ordered I-S minerals like rectorite have a
structure consisting of polar 2:1 layers where the
interstratification is interlayer centered, and each layer
is identical but contains two low-charge and high-charge
tetrahedral sheets. Stixrude and Peacor (2002) demon-
strated that the polar 2:1 layer structure has a total
energy lower than the non-polar structure for R1 ordered
I-S minerals on the basis of first-principles quantum
mechanical calculation. Also, recent high-resolution
transmission electron microscopy studies of I-S minerals
(e.g. Dong et al., 1997, Tillick et al., 2001; Yan et al.,
2001; Bauluz et al., 2002) provide many observations
which support the above conclusion.

The transformation of R1 to illite including >R1
structures may also be described by a mixed-phase
system of R1 and illite under the control of the Ostwald
step rule, although the T vs. %I relation seems to be
apparently continuous (Figure 6). However, the solubi-
lity product curve of illite may not be so different from
that of R1 I-S as shown in Figure 12a. The precipitated
crystals basically contain a mica layer unit and they will
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undergo the successive crystal growth process under the
conditions where precipitation occurred. As a result, the
reaction progress of Rl-to-illite can be represented by
the extent of crystal growth, as noted by many previous
works (Inoue et al., 1987, 1988; Inoue and Kitagawa,
1994; Ylagan et al., 2000).

SUMMARY AND CONCLUSIONS

The present study provides information about how I-S
minerals crystallize under given conditions such as
negligible time effect, high geothermal gradient, a
given composition of precursor materials, and constant
fluid/rock ratio during the formation of clay minerals.
The observed textural relationships of product clay
minerals indicated that all the I-S minerals formed
simultaneously via direct precipitation from solution at
different temperatures rather than through a series of
sequential transformation reactions from precursor
smectite. This conclusion confirms the previous hypoth-
esis proposed by Bethke et al. (1986). Based upon the
model proposed in the present study, the fluid chemistry
affects primarily the chemical composition and as a
result, the structure of I-S minerals in situ precipitated at
respective temperatures. An aluminous R1 ordered I-S
mineral precipitates as a unique phase at relatively
higher temperatures and intermediate RO minerals may
be a mixed phase of smectite and R1 which appeared as
a result of the Ostwald step rule behavior in smectite
illitization processes.

Although, indeed, all the I-S series minerals may be
thermodynamically metastable phases (Essene and
Peacor, 1995), in situ precipitation of I-S minerals
might take place in chemical and isotopic equilibrium
with the reacting solution. Thus, examining both the
interstratification mineralogy and oxygen isotope com-
position of I-S minerals is useful for reconstructing the
thermal and geochemical histories as well as paleohy-
drology during alteration in active and extinct hydro-
thermal systems.
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APPENDIX

In a closed system, the isotopic mass-balance before
and after the alteration reaction may be written as follows:

m;8"%0Y + n;8"%0F = mB3 %0} + TnS'%0R (A1)

and

m; + ny = mg + Xng (A2)

where m and n denote the moles of oxygen in fluid and
solid phases and subscripts i and f stand for the initial
and final states of the system, respectively. 8'%0} and
3'80F are the oxygen isotope ratios of fluid and rock
prior to alteration, and 8'80P are those of secondary
minerals formed by the alteration, respectively. If
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product mineral phases are in equilibrium with a fluid
at a given temperature, the isotope ratio of each phase
can be written by:

3'%0P = 5'%0F + Apw (A3)

Putting equations A2 and A3 into equation Al, the
fluid/rock (W/R) ratio is:

W/R = my/n; =
[8'%0F — §'%0F - Z(ndny) - Ap W M(3'P0Y — §'%07) (A4)

Using equation A4 and assuming appropriate values
of 8'%0} and 5'80}", we can calculate a W/R ratio during
the formation of I-S minerals at a given temperature.

Here we used a dissolution-precipitation model for
clay mineral formation in order to evaluate W/R ratio. In
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the dissolution-precipitation model, the reactant glass is
out of isotopic equilibrium with the product mineral-
fluid system. Thus the dissolution results in unequal
addition of oxygen isotope to the mass balance of the
system. Subsequently formed product minerals precipi-
tate in isotopic equilibrium with the fluid. If the reactant
rhyolite to dacite glass is represented approximately by
an albite composition, the formation of clay minerals can
be written by the following Al-conservative reaction, for
smectite (Nag.33Al.33513.67010(0H)>),

NaAlSi;Og + 0.858H" =
0.429Na g 33A12.33513.67010(OH)2 +

0.858Na™* + 1.425S5i0,(aq) (AS)
and for illite (K0A9A12,90513‘IOOIO(OH)z),
NaAlSi;Og + 0.31K™ + 0.69H* =
0.345K 9.0Al5.90513.10010(0H)> +
Na* + 1.931Si0,(aq) (A6)

In equations A5 and A6, dissolving 1 mole of albite
glass forms 0.429 moles of beidellite and 0.345 moles of
illite, respectively. In terms of oxygen exchange, these

Clays and Clay Minerals

values correspond to 0.6435 (= 0.429 x [12/8]) and 0.126
(= 0.345 x[12/8]), respectively. Consequently, the term
ng/n; of equation A4 becomes {0.429 x (12/8)x (1 — 1) +
0.345 x (12/8)x I} as a function of the fractional content
of illite layer (/). Finally, we obtain an equation
describing the change in W/R ratio with increase in
illite layer, using equation 1 in the text:

W/R = [§'%0} - §'%0}y -
(0.6435 — 0.126DAys.)/(8'%0F - §'%0F) (A7)
Here, we took into consideration only the isotopic
exchange reaction of structural sites in smectite and illite
because the interlayer water is able to exchange more
easily with the surrounding fluid and thus the isotope
ratios are approximately equal to those of the fluid
phase. Also, we ignored the effects of co-precipitating
minerals such as silica polymorphs, zeolites and
carbonates for simplicity. The W/R of the above
equations is the atomic ratio. The atomic ratio can
easily be converted to the mass ratio by multiplying by
0.55 because the wt.% oxygen is 88.8% in water and
48.8% in rock (albite).
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