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Abstract—In order to elucidate the process of mineralization of clay minerals in fault gouge and its
spatial-temporal relationship with fault-zone evolution and hydrothermal alteration, X-ray diffraction
(XRD) analysis and K-Ar dating were performed on clay samples from the Kojaku Granite of central Japan,
including fault gouge along an active fault. The area studied is suitable for understanding thermal
constraints on clay mineralization because the wall rock is homogeneous and its thermal history well
defined. The results from XRD indicated that the clay minerals in the gouge samples are dioctahedral
smectite, kaolinite, and 1Md illite, whereas clay fillings in fractures and joints in the intact granite (clay
vein) include 2M1 illite in addition to dioctahedral smectite and 1Md illite. The evolution of clay
mineralization is reconstructed as follows: (1) high-temperature hydrothermal alteration of feldspar and
biotite produced 2M1 illite in clay veins; and (2) alteration accompanied by shearing at a lower temperature
resulted in the formation of 1Md illite in the gouges. This scenario is consistent with the cooling history of
the granite constrained by fission-track, U-Pb, and K-Ar dating methods. K-Ar dating of the clay samples
separated into multiple particle-size fractions indicated that the low-temperature alteration leading to the
production of 1Md illite was dated to ~40 Ma. Based on the cooling history of the granite, the 1Md illite
formed at temperatures of 60�120ºC. This temperature range was at the lower limit of the range reported in
previous studies for faults. The spatial and geometrical relation of the faults studied and their K-Ar ages
infer evolution which can be described as extensive development of small-scale faults at ~40 Ma followed
by coalescence of the small-scale faults to form a larger, recently reactivated, active fault. The K-Ar ages
have not been reset by the recent near-surface fault activity.
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INTRODUCTION

Clay production during the evolution of fault gouge

affects both the strength and frictional behavior of faults

(Saffer and Marone, 2003; Numelin et al., 2007; Ikari et

al., 2009), as well as the permeability structure of fault

zones (Faulkner and Rutter, 2001; Solum et al., 2005,

2010). Several methods have been proposed to reveal the

neomineralization process of clay minerals in gouge,

including radiometric dating for various size fractions,

illite-smectite quantification, illite-polytype analysis,

fabric-intensity measurement, and electron microscopy

(e.g. Vrolijk and van der Pluijm, 1999; Yan et al., 2001;

Solum et al., 2005; Haines et al., 2009). In particular,

K-Ar and 40Ar/39Ar dating of authigenic and synkine-

matic clay minerals (especially illite) have been used to

determine the timing of neomineralization induced by

brittle faulting (e.g. Zwingmann and Mancktelow, 2004;

Haines and van der Pluijm, 2008). Physical factors such

as temperature and pressure are among the important

constraints on neomineralization. Systematic patterns of

clay alteration in gouge from low-angle normal faults

with widely varying ages and wall-rock compositions

were studied by Haines and van der Pluijm (2012) who

summarized the temperature range of each alteration.

Both the age of authigenic clay minerals in a fault and

the time-temperature history of the wall rock must be

known to place thermal constraints on clay growth; few

studies (e.g. Zwingmann et al., 2010b) of this type exist

in crystalline rocks, however, because the lithology in

and around a fault is often heterogeneous and compli-

cated. Homogeneous wall rock would help in terms of

defining the time-temperature history of the wall rock,

which is often reconstructed based on thermochrono-

logical studies.

The Tsuruga Peninsula of central Japan is an

excellent region for investigating fault gouge, especially

in terms of better understanding the processes and

thermal constraints on the neomineralization of clay in

fault gouge, because the wall rock is composed of a

single lithology and its thermal history is well defined.

The basement rock throughout the entire peninsula

consists of the Late Cretaceous Kojaku Granite

(Kurimoto et al., 1999). Following geological surveys
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conducted as part of safety assessments for nuclear

power plants, the Japan Atomic Energy Agency (JAEA,

2010) identified Quaternary activity on the Shiraki-Nyu

Fault (Figure 1), and the cooling and exhumation

histories of the Kojaku Granite were reconstructed by

Sueoka et al. (2016) using zircon U-Pb dating and

apatite and zircon fission-track (AFT and ZFT, respec-

tively) analyses.

In the present study, XRD analysis including poly-

type identification, particle-size distribution analysis,

and K-Ar dating were performed on several types of

fault gouge developed in the Kojaku Granite. One of the

gouges sampled was taken from the active Shiraki-Nyu

Fault, whereas the other gouge samples were taken from

inactive faults. Based on these analyses and the

reconstructed cooling histories of the Kojaku Granite,

thermal constraints on the neomineralization of clay in

the gouges and their relations with fault-zone evolution

were discussed.

In addition, clay minerals found in filled fractures or

joints in the Kojaku Granite were also studied. Fractures

filled with clay minerals, described as ‘‘clay veins’’
(Kitagawa et al., 1981; Kitagawa and Nishido, 1994)

occur in quartzo-feldspathic rocks due to hydrothermal

alteration (Schleicher et al., 2006a; Bartier et al., 2008).

The establishment of hydrothermal circulation accom-

panied by fracture development facilitated hydrothermal

alteration within the granite (Turpault et al., 1992;

Nishimoto and Yoshida, 2010). Analysis by XRD of a

clay-vein sample was performed to distinguish the

effects of secondary faulting events from primary

hydrothermal alteration. Based on the analytical results

of both fault gouges and clay veins, the origin and

evolution of the clay minerals were discussed to

elucidate the spatial-temporal relation between brittle

faulting and hydrothermal alteration.

GEOLOGIC SETTING

The samples analyzed were collected from fault

gouges in the Kojaku Granite in the western part of the

Tsuruga Peninsula, central Japan (Figure 1). The Kojaku

Granite is a fine- to coarse-grained granite (syenogranite

to monzogranite; Sawada et al., 1997). The granite is

composed of quartz, K-feldspar, plagioclase, biotite, and

minor accessory minerals such as zircon, apatite,

monazite, and opaque phases. A zircon U-Pb age of

68.5 � 0.7 Ma (2s) is regarded as the age of intrusion of

the granite in the study area (Sueoka et al., 2016).

Biotite K-Ar ages of the granite are 62.9 � 3.1 Ma

Figure 1. (a) Location of the Tsuruga Peninsula in Japan. (b) Location of the Shiraki-Nyu Fault and the Kojaku Granite within the

peninsula. Sampling locations are shown in (b). Base map is from Fukui Prefecture (2010).
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(Kurimoto et al., 1999), 62.0 � 3.1 Ma, 62.3 � 1.4 Ma,

and 66.7 � 3.3 Ma (1s; Sueoka et al., 2016). The AFT

and ZFT ages are 51.8 � 6.5 Ma (1s) and 70.4 � 2.0 Ma

(1s), respectively (Sueoka et al., 2016). Based on these

age data, fission-track (FT) length analysis, and whole-

rock chemical composition analysis, the cooling and

exhumation histories of the granite were reconstructed

by Sueoka et al. (2016), who revealed a three-step

process: Late Cretaceous intrusion, then rapid cooling to

180�380ºC by heat conduction (within a few million

years or less), followed by slow cooling due to

peneplanation beginning at 50�60 Ma.

The north�south striking, east-dipping Shiraki-Nyu

Fault cuts the western part of the Tsuruga Peninsula and

continues offshore to the north, based on the interpreta-

tion of acoustic-sounding data (Figure 1). The estimated

total length of the fault is ~15 km (JAEA, 2010).

Offshore acoustic surveys also show that upthrust of

the east side of the fault occurred in the late Pleistocene

or later. The estimated average annual rate of vertical

uplift, based on the displacement of middle to late

Pleistocene strata, is ~0.2 mm/y. The total vertical

displacement of the fault based on the middle

Pleistocene strata is 20�30 m. The total displacement

prior to the Pleistocene is unknown. Onshore trench

excavation and dating of sediments using radiocarbon

methods and tephrochronology indicate that the more

recent reverse dip-slip movement along the fault

occurred at least 9000 y ago (JAEA, 2010).

A few minor faults with shear structures, like faults at

locations 2 and 3 as described in the next section, were

observed in the study area. Although their length and

fault-zone width are incomparably smaller than those of

the Shiraki-Nyu Fault, their orientation showing a NNE

strike with a steep eastward dip is subparallel to that of

the Shiraki-Nyu Fault.

Quartz veins, aplite veins, and pegmatite dikes are

commonly observed in the Kojaku Granite. Planar or

anastomosing networks of clay veins are developed

along these felsic veins and dikes. The clay veins in the

Kojaku Granite occur as thin films of clays that fill

linear fractures, or anastomosing networks of fractures.

The clay veins are pale gray, white, or pale green, and

range in thickness from several millimeters to centi-

meters. The estimated length of each clay vein is several

tens of meters or less. These veins are oriented mostly

subparallel to joints with subvertical dips in the granite.

The most common strike of the subvertical joints is NNE

to NE, and a secondary, major orthogonal strike of NW

is also found.

DESCRIPTION OF THE SAMPLES

Three fault-gouge samples from different faults were

analyzed. The sample at location 1 (35º43’19’’N,

135º58’46’’E) is from the fault zone of the Shiraki-Nyu

Fault. The sample at location 2 (35º44’27’’N,

135º59’21’’E) is from an inactive minor fault located

east of the fast-breeder nuclear reactor known as

‘Monju.’ The sample at location 3 (35º44’01’’N,

135º59’00’’E) is from a separate inactive fault located

south of the Monju site. In addition, a clay sample from

a typical clay vein oriented parallel to the quartz veins at

location 4 (35º43’35’’N, 135º58’42’’E) was collected.

Gouge from the Shiraki-Nyu Fault (location 1)

The outcrop of location 1 is along the southern part of

the Shiraki-Nyu Fault, where a fault core and adjacent

damage zones are present. The fault core is 2�3 m thick

in surface outcrop (Figure 2a), and is composed of in-

cohesive cataclasite and fault gouge (Figure 2b; fault-

rock terms are consistent with those of Brodie et al.,

2007). The damage zones are characterized by granite

with a high degree of fracture intensity. The overall

thickness of the damage zones is ~25 m.

The cataclasite is characterized by very abundant

fractures and granite breccia. Relatively continuous

fractures in the cataclasite define an anastomosing

foliation that strikes to the north and dips steeply to

the east, subparallel to the orientation of the Shiraki-Nyu

Fault. The cataclasite is composed mainly of subangular

fragments of granite and aplite veins, quartz, feldspar,

and biotite in a gray (partly brownish) matrix of finer

granitic fragments and clay minerals. Recycled frag-

ments of older granite cataclasite are included in the

cataclasite, suggesting the occurrence of multiple

cataclastic deformation events (Figure 2c). The aplite

and quartz veins occurred prior to the cataclastic

Figure 2 (facing page). Photographs of the fault zone of the Shiraki-Nyu Fault at location 1. (a) Outcrop view of the fault zone.

Arrows indicate the principal slip surface. (b) Close-up view of the fault core. Yellow arrows indicate the principal slip surface

including the planar brownish gouge sampled. Aplite fragments (Ap) are included in the hanging-wall cataclasite. (c) Slice of a

sample from the fault core. The reworked clast of cataclasite is cut by a brownish gouge injection (arrow). (d) Eastern margin of the

fault core (broken yellow line). Aplite vein (Ap: broken red lines) is cut by the cataclasite of the fault core. Yellow arrows indicate

the principal slip surface. (e) Polished slab containing gouge and adjacent cataclasite. Yellow arrows indicate laminae in the gouge.

(f) Injection of the brownish gouge. Note convex arcuate foliation in gouge recording drag along injection walls (arrows).

(g) Slickenlines with a high-angle pitch on the brownish gouge of the principal slip surface. (h) Slice of a core sample containing

gouge and adjacent cataclasite. A composite planar fabric comprising a P foliation and Y shears within the footwall cataclasite

indicates a normal dip-slip sense of shear (red arrows). The broken red line shows the location of part g. (i) Slice of a core sample. A

composite planar fabric comprising a P foliation and Y shears within the gouge indicates a reverse dip-slip sense of shear (hanging-

wall cataclasite is thrust into the top). The gouge materials are injected into the footwall cataclasite (white arrows).
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deformation, because the veins are cut by the cataclasite

(Figure 2d) and aplite fragments are included in the fault

core (Figure 2b).

Dark brownish fault gouge (<6 cm thick) occurs

continuously along the eastern margin of the fault core

(Figure 2b). The gouge consists of laminae defined by

differences in color intensity which arise from variations

in fragment size, density, and mineral content

(Figure 2e), indicating an accumulation of shearing

along the gouge (e.g. Lin et al., 2001; Otsuki et al.,

2003). Syntectonic injection or swelling of the gouge

materials into the adjacent cataclasite is identifiable in

the gouge. The injection breaks and cuts the original

cataclsite structure (Figure 2c). The gouge materials are

dragged along the injection walls (Figure 2f). This is

typical of injection structures accepted as evidence of

seismic activity (e.g. Lin, 1996; Rowe et al., 2012). The

brownish gouge cuts all structures and foliation of the

cataclasite. Based on its continuity, and features showing

an accumulation of shearing and occurrence of seismic

slip, the brownish fault gouge is probably the principal

slip surface of the Shiraki-Nyu Fault zone. A sample of

the brownish fault gouge was collected for analysis.

The slickenlines along the gouge in outcrops show a

dip of north to vertical pitches (Figure 3). In core

samples taken from vertical boreholes that penetrate the

gouge near location 1, the slickenlines have a moderate

to steep plunge (Figure 2g). A composite planar fabric,

consisting of a P foliation and Y shears, is well

developed in the fault core. Kinematic history within

the cataclasite is complicated, because not only reverse

faulting but also normal and strike-slip faulting are

identified (Figure 2h). In contrast, all observed compo-

site planar fabric in the gouge exhibits a reverse dip-slip

sense of shear (Figure 2i). The fault core has sharp

contacts with the damage zone (Figure 2d) which

contains microcracks but no distinct shear structure is

identified and the original equigranular texture is well

preserved. The cataclasite and its surrounding granite

protolith are affected extensively by hydrothermal

alteration characterized by the dissolution, illitization,

or chloritization of biotite and the sericitization of

feldspar. The hydrothermal alteration is relatively clear

in the hanging wall because aplite veins are abundant.

Gouge from a fault located east of the Monju site

(location 2)

The fault at location 2 strikes NNE with a steep

eastward dip, with a total length of >40 m. Quartz veins

subparallel to the fault are present at the site. The fault is

marked by a pale green to gray fault gouge 2�20 cm

thick (Figure 4a). Slickenlines along the fault plane are

sub-horizontal (Figure 3). The fault zone contains a

clearly defined composite planar fabric with a dextral

strike-slip sense of shear (Figure 4b). Offset on the fault

was unknown because a well-defined geologic marker

intersecting the fault was not found. Granite fragments,

several cm in size, occur within the gouge. The granite

bedrock in contact with the gouge is intact and retains its

primary equigranular texture in spite of alteration and

fracturing (Figure 4b,c). The fracturing is mostly attrib-

uted to primary joints and open cracks along quartz or

clay veins. An increase of fracture intensity near the

gouge is unclear. The alteration is characterized by the

sericitization of feldspar, the chloritization, illitization,

or dissolution of biotite, and the formation of secondary

opaque minerals such as iron oxides. In the altered

granite, plagioclase is greenish, while gray translucent

quartz and pink K-feldspar retain the same features as in

the unaltered equigranular granite (Figure 4d).

The southern end of the fault converges with clay

veins in the granite that occur as anastomosing or grid-

like fracture networks with clay fillings (Figure 4e). At

microscopic scale, clays in the gouge show a partial

alignment and define the foliation (Figure 4f), while the

clay veins include many fine granite fragments with

random alignment (Figure 4g).

Gouge from a fault located south of the Monju site

(location 3)

The fault at location 3 is exposed in a stream south of

the Monju site. The fault zone is composed of a clay-rich

fault core and damage zones either side. The total

thickness of the fault zone is ~1 m (Figure 5a). The fault

Figure 3. Equal-area lower hemisphere projections showing foliation and lineation in the gouges at locations 1, 2, and 3, and

orientations of clay veins in and around location 4.
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Figure 4. (a) Photograph of the fault (arrows) exposed in the granite bedrock at location 2. Rectangle shows the location of part b.

(b) Enlargement of the fault. A composite planar fabric comprising a P foliation, Y shears, and R1 shears indicates a dextral strike-

slip sense of shear. (c) Photograph of the core penetrating the gouge of the fault at location 2. The granite on both sides of the gouge is

thoroughly altered; i.e. plagioclase is green due to replacement by sericite, and biotite is absent. (d) Polished slab containing gouge

and adjacent granite. The granite retains an equigranular texture even though microcracks are pervasive. Translucent quartz (Qz)

and pink K-feldspar (Kfs) are relatively unaltered, but plagioclase (Pl) is greenish due to sericitization. Dashed lines indicate grain

boundaries. (e) Photograph showing the southern end of the fault converging with clay-vein networks. (f) Photomicrograph of the

gouge.Matrix clays are well aligned defining a foliation of N�S trend. Crossed-polarized light. (g) Photomicrograph of the clay vein

in part e with a large amount of fine fragments of the host-rock granite origin. Crossed-polarized light.
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core consists of a pale gray fault gouge, 2�6 cm thick. A

weak foliation defined by an alignment of mineral

fragments and a clayey matrix occurs locally in the core

(Figure 5b). The damage zone is characterized by

anastomosing or grid-like fractures in granite. The

fractures in the damage zone are filled with very fine

granite fragments and clays of weathering origin

(Figure 5c). The fault strikes NNE and dips steeply to

the east. The slickenlines along the gouge are sub-

horizontal, or plunge gently north or south (Figure 3).

Detailed geologic mapping of the fault zone indicates a

maximum extent of several hundred meters. The offset

on the fault was also unknown here because no well-

defined geologic markers intersecting the fault were

found. The fault is covered with talus deposits at the

southern end of the outcrop. The talus deposits are not

displaced by the fault.

Clay vein (location 4)

The clay vein at location 4 is pale gray to green and is

exposed along a road cut (Figure 6a). In this outcrop,

quartz veins several cm thick are developed in the

weathered granite. Locally, the veins are fragmented in a

lenticular pattern and are associated with dark gray

concentrations of iron-manganese oxides. An anasto-

mosing clay-bearing fracture network, ~30 cm thick, is

developed along the quartz veins (Figure 6b). The

fractures with clay are not sheared. The observed length

of the clay vein is ~30 m. A clay sample, free of granite

fragments, was collected from the clay vein in contact

with the quartz vein.

The granite adjacent to the clay vein is affected by

hydrothermal alteration characterized by the illitization

or chloritization of biotite and the sericitization of

feldspar (Figure 6c,d). The most common strike of the

clay veins in and around location 4 is northeast, and a

secondary major strike is northwest (Figure 3). Most of

these veins dip subvertically. The sampled vein strikes

northeast and dips steeply to the southeast.

METHODS

Sample preparation

Gouge samples from the Shiraki-Nyu Fault at

location 1, the fault east of the Monju at location 2, and

the fault south of the Monju at location 3 were gently

disaggregated using a repetitive freeze-thaw technique

(Liewig et al., 1987) to avoid a reduction in size of the

minerals and thereby contamination of the finer size

fractions with relict K-bearing minerals. To facilitate the

Figure 5. (a) Photograph of the fault zone at location 3. (b) Photomicrograph of the fault core. The matrix clay (arrows) shows a weak

alignment of N�S trend. Crossed-polarized light. (c) Photomicrograph of the damage zone. Qz: quartz, Kfs: K-feldspar. Crossed-

polarized light.
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freeze-thaw process, samples immersed in deionized

water were sealed in Teflon bottles and maintained in a

thermostatic bath (Julabo F34, Seelbach, Germany) for

2 weeks at temperatures ranging from �20ºC to 25ºC.

From each disaggregated sample, particles of <1 mm in

diameter were separated by elutriation according to

Stokes’ law (Tanner and Jackson, 1947; Williams et al.,

1958; Jackson, 2005). The three increasingly fine frac-

tions (<0.1, <0.4, and <1 mm) were further separated

using a high-speed centrifuge, based on the modified

Stokes’ equation (Puretz, 1979; Ross and Morrison, 1988;

McFadyen and Fairhurst, 1993; Laidlaw and Steinmetz,

2005). The sample separation into three size fractions

using a repetitive freeze-thaw technique allows for the

identification of authigenic clay minerals that are

abundant in finer fractions, in contrast to primary minerals

such as K-feldspar and micas, which are major compo-

nents of host rocks and generally abundant in coarser

fractions. Such careful sample preparation is important to

date the brittle faulting adequately (Zwingmann et al.,

2010a; Yamasaki et al., 2013).

Particle-size distributions were measured for each

fraction with a laser diffraction-scattering particle-size

distribution analyzer (HORIBA LA-950V2, Kyoto,

Japan; Figure 7) to verify that the separated fractions

were actually composed of progressively finer particles.

Particle sizes were calculated based on their volumes.

The refractive indices of muscovite (1.590) and water

(1.333) were used for the calculations.

XRD analysis

Mineral composition was determined by XRD

analysis using a Rigaku Ultima IV, Tokyo, Japan,

housed at JAEA, with a two-axis goniometer, CuKa
radiation, a Kb filter, and a one-dimensional X-ray

detector (D/teX Ultra) at 40 kV and 30 mA, with 0.5º

and 10 mm divergence slits, and an 8 mm anti-scattering

slit. First, randomly oriented powder films of unaltered

bulk granite were analyzed. The bulk granite samples

were collected from the bedrock at location 2 and

another bedrock outcrop located ~50 m west of the

outcrop at location 3. For the analyses of granite

powders, each scan ranged from 3 to 70º2y with a scan

rate of 5º2y min�1 and a step size of 0.01º2y (Figure 8).

For each separated fraction from the gouge samples at

locations 1, 2, and 3, both oriented smear mounts to

identify clay phases, and randomly oriented powder

films to determine the illite polytype (Bailey, 1980,

Figure 6. (a) Photograph of a clay vein along with quartz veins in weathered granite at location 4 (white arrows). White rectangle

shows the location of part b. (b) Granite with a network-like development of fractures with pale gray to green clay fillings (clay+Gr).

Quartz veins, 2�3 cm thick (Qz), are developed on both sides of the granite with clay fillings. A sample was collected from the clay-

rich part along a quartz vein in the footwall (clay+Qz). (c) Photomicrograph showing altered granite along the clay vein. Biotite (Bt)

is chloritized and illitized along the fractures. Pl: plagioclase, Qz: quartz. Plain-polarized light. (d) Crossed-polarized light version

of part c.
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1984) and smectite structure (di or trioctahedral) were

analyzed. The oriented samples were treated with

ethylene glycol (EG) to help in the identification of

smectite. For the illite-polytype analysis and subsequent

K and Ar measurements, the remaining suspension of

each fraction was dried at 40ºC for two days. Dried

solids were crushed gently to powder in an agate mortar.

An oriented smear slide and randomly oriented

powder film were analyzed for the clay-vein sample

from location 4. To make the smear slide, a suspension

of particles <2 mm in diameter was separated by

elutriation from a sample immersed in deionized water.

A powder film was prepared by pulverization of the bulk

dried clay sample using an agate ball mill. In addition,

oriented smear slides were analyzed for the cataclasite

matrix at location 1 to compare the mineralogy between

the cataclasite and gouge. Three samples were collected

from the cataclasite matrix from the eastern end, center,

and western end of the fault core. A suspension of <2 mm
particles was used for the analysis.

For analysis of the oriented smear slides, each scan

ranged from 3 to 40º2y with a scan rate of 0.5º2y min�1

and a step size of 0.01º2y (Figures 9, 10). For the

polytype analyses of randomly oriented powder films,

each scan ranged from 16 to 44º2y with a scan rate of

0.1º2y min�1 and a step size of 0.01º2y (Figure 11). The

scan of the smectite (060) peak ranged from 57 to 64º2y
with a scan rate of 0.1º2y min�1 and a step size of

0.01º2y (Figure 12). In the present study, the

WILDFIRE# -sof tware package from Crofton,

Maryland (Reynolds, 1993) was used to quantify the

amount of 2M1 and 1Md in the illite mixtures. The

procedure to determine the best match between samples

and WILDFIRE#-calculated patterns was based on the

description by Haines and van der Pluijm (2008).

K-Ar dating

K-Ar dating for each separated fraction from the

gouge samples at locations 1, 2, and 3 was carried out.

Quantitative determination of K concentration was

analyzed by flame photometry using an Asahi-Rika FP-

33D instrument (Chiba, Japan), housed at the JAEA. The

K analytical procedure was based on the work of

Matsumoto (1989). Approximately 100 mg of dried

and weighed powder was heated and dissolved with a

triacid mixture (HF, HClO4, and HNO3). Lithium was

used as the internal standard. The potassium concentra-

tion in each fraction was calculated from the mean of

two measurements per fraction. Standard deviations of

multiple analyses for a standard sample were ~0.5% of

the mean. On the other hand, standard deviations of the

two measurements of each fraction, i.e. half of absolute

value of (1st�2nd), were 0.07�2.25% of the mean. Thus,

errors in the potassium concentrations were assumed to

be 2% of the mean for each fraction.

Ar isotopic ratios were measured using the sensitivity

method of Bonhomme et al. (1975), employing a

Micromass VG5400 mass spectrometer (Manchester,

UK), housed at JAEA. Approximately 20 mg of dried

powder was wrapped in clean Cu foil, then heated for

>2 days in an evacuated holder to remove adsorbed

atmospheric Ar from the mineral surfaces. Ar was

extracted from the molten samples using a molybdenum

crucible in a resistance furnace (Horiguchi Ironworks

Ltd., TH-250H, Inami, Hyogo, Japan) at 1500ºC within a

vacuum line. After fusion of the sample, the gases

released were purified using a Ti-Zr getter and non-

evaporable getter pumps. The isotopic composition of Ar

was measured using an on-line mass spectrometer

employing a Faraday cup. During the course of the

study, standard gas of atmospheric composition and a

standard sample of SORI93 biotite with a known

radiogenic 40Ar volume (Sudo et al., 1998) were also

measured. Argon isotopic ratios were calculated based

Figure 7. Results of particle-size analysis.
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on the method reported by Matsumoto et al. (1989),

Takaoka (1989), and Sudo et al. (1996). The decay

constants used were those recommended by Steiger and

Jäger (1977). The age uncertainties take into account the

errors during sample weighing, 38Ar/36Ar and 40Ar/36Ar

measurements, and K analysis. For all measurements in

the present study, errors are shown as 2s. Separation
into size fractions for K-Ar dating was not performed for

the clay vein at location 4 due to a lack of pure samples.

RESULTS

Mineral identification based on XRD analysis

Based on XRD analyses of randomly oriented powder

films from the unaltered bulk granite at locations 2 and

3, the granite is noted to contain abundant quartz,

plagioclase, and K-feldspar, and less abundant biotite,

muscovite (sericite), and chlorite (Figure 8, Table 1).

These minerals were clearly identifiable in thin sections

of the Kojaku Granite.

All clay samples included smectite and illite

(Figure 9, Table 1). Smectite is present in greater

concentrations than illite at all localities. Illite is more

abundant in the fault gouge at location 3 and in the clay

vein at location 4 than in the gouge samples from

locations 1 and 2. Kaolinite, quartz, and K-feldspar were

found in the gouge samples, but their amounts decreased

with decreasing particle size. Smectite, illite, and

kaolinite as well as quartz and feldspar were included

in the cataclasite matrix from location 1 (Figure 10). The

mineral composition of the cataclasite is similar to that

of the gouge. Illite and smectite in all studied samples

were generally not interstratified, based on the typical

relations between compositions and peak positions for

interstratifications of illite and EG-saturated smectite

(Reynolds, 1980; Watanabe, 1988). The (060) reflections

at 1.50 Å (61.85º) indicate that the smectite was

dioctahedral (Figure 12).

The results of analysis of randomly oriented powder

films for each fraction of the gouge samples (Figure 11)

show the occurrence of a 1Md polytype of illite from the

following lines of evidence: (1) all fractions had

relatively large (020) and 2.58 Å peaks, typical of

common illite. (2) An area of broadly elevated intensity

between 21 and 31º2y, defined as an illite hump

(Grathoff and Moore, 1996), was identified clearly in

all fractions. This outcome is primarily due to the

presence of 1Md illite. (3) No clear peaks specific to

2M1 illite (Moore and Reynolds, 1997) were visible.

The relatively large illite (020) and 2.58 Å peaks, and

the clear illite (001) and (002) peaks for oriented

analyses, could be attributed to the occurrence of 1Md

polytypes in all fractions. In particular, the larger illite

hump in the gouge at location 3 indicated the dominance

of 1Md illite as a K-bearing mineral, whereas the

<0.1 mm fraction from the gouge lacked K-feldspar.

The 1Md polytype of illite was also identifiable from

the bulk analysis of the randomly oriented powder film

made from the clay vein (Figure 11). In contrast to the

gouge samples, peaks specific to 2M1 illite were also

visible in the clay vein sample. The best-fit model for

the calculated XRD patterns, obtained using the

WILDFIRE# software package, consisted of 55% 1Md

illite and 45% 2M1 illite.

K-Ar ages

The results of K analysis showed that the difference

between the repeated K measurements in each fraction for

each location was within 2% of the mean, except for the

<0.1 mm fraction from location 1 and the <0.4 mm fraction

from location 3 (Table 2). Ar isotopic ratios were

measured two to three times per fraction. One measure-

ment for the <0.4 mm fraction from location 1 was

unsuccessful because sample loading into the vacuum line

failed. In addition, one measurement for the <0.1 mm
fraction from location 3 was also unsuccessful because Ar

Table 1. Summary of XRD analyses.

Location Sample High abundance Medium abundance Low abundance Illite polytype

2 Bulk granite at location 2 Qz, Pl, Kfs Bt, Ms, Chl
3 Bulk granite at location 3 Qz, Pl, Kfs Bt, Ms, Chl

1

Gouge <1 mm Sme Ilt, Kln, Qz, Kfs 1Md
Gouge <0.4 mm Sme Ilt, Kln, Qz, Kfs 1Md
Gouge <0.1 mm Sme Ilt Kln, Qz, Kfs 1Md
Cataclasite matrix <2 mm Sme Ilt, Kln, Qz Pl, Kfs

2

Gouge <1 mm Sme Ilt, Qz, Kfs Kln 1Md
Gouge <0.4 mm Sme Ilt, Qz, Kfs Kln 1Md
Gouge <0.1 mm Sme Ilt Kln, Qz, Kfs 1Md

3

Gouge <1 mm Sme, Ilt, Kln Qz Kfs 1Md
Gouge <0.4 mm Sme, Ilt, Kln Qz, Kfs 1Md
Gouge <0.1 mm Sme, Ilt Kln, Qz 1Md

4 Bulk clay vein Sme, Ilt Qz 2M1, 1Md

Bt: biotite, Chl: chlorite, Ilt: illite, Kfs: K-feldspar, Kln: kaolinite, Ms: muscovite, Pl: plagioclase, Qz: quartz, Sme: smectite
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Figure 9. XRD patterns of oriented smear slides for each fraction from gouges at locations 1, 2, and 3, and for <2 mm particles from a

clay vein at location 4. Dotted lines are air-dried patterns and solid lines are EG-saturated patterns. Fsp: feldspar, Ilt: illite, Kfs:

K-feldspar, Kln: kaolinite, Qz: quartz, Sme: smectite.
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was dispersed by sample overheating. Results of Ar

analysis showed that variations in values within the same

fractions and samples were somewhat large (Table 3).

Specifically, variations within the <1 mm fraction from

location 1 and the <0.4 mm fraction from location 2 were

larger than their respective errors. Because the lack of

K-feldspar in the <0.1 mm fraction from location 3

suggested that it could provide a more reliable age for the

1Md illite, ten measurements were performed for this

fraction after dried and powdered samples were stirred

carefully in an agate mortar. Seven of the ten Ar

measurements were successful. For the K analysis, the

difference between maximum and minimum values was

within 2.3% of the mean (Table 4). For the Ar analysis,

ages for the successful measurements ranged from 40.5 �

1.6 Ma to 44.0 � 1.3 Ma (Table 5). Variations between

the values were still considerable.

DISCUSSION

Clay mineralogy and the history of hydrothermal

alteration

The XRD analyses indicate that illite, smectite, and

kaolinite are secondary minerals that formed by altera-

Figure 10. XRD patterns of oriented smear slides for <2 mmparticles from the cataclasite matrix at location 1. Dotted lines are the air-

dried pattern and solid lines are the EG-saturated pattern. Fsp: feldspar, Ilt: illite, Kfs: K-feldspar, Kln: kaolinite, Pl: plagioclase,

Qz: quartz, Sme: smectite.
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tion due to the development of fault rocks or clay veins.

This follows from the finding that these clay minerals

are typically included in the fault rocks and in the clay

veins (Figures 9, 10), but have not been detected in the

granite host rock (Figure 8).

The XRD analyses of the smear slides indicated that

smectite and illite are the main mineral components of

the clays within the study area (Figures 9, 12). Polytype

analysis of the randomly oriented powder films indicated

that both 1Md- and 2M1-type illites were included in the

clay vein, whereas only 1Md illite was included in the

gouges (Figure 11). Numerous studies have suggested

that illite growth is a prograde process in the following

order: smectite ?1Md/1M illite ? 2M1 illite (Yoder and

Eugster, 1955; Velde, 1965; Hunziker et al., 1986;

Weaver, 1989); the formation of 1Md illite and smectite

probably occurred after the formation of 2M1 illite in the

study area for the following reasons, however. First, no

smectite occurred in the granite host rock as a precursor

mineral to illite formation (Figure 8). Second, no mixed-

layer illite-smectite was identified (Figure 9). If illite

and smectite had formed through the same prograde

process, mixed-layer illite-smectite should exist along

with 1Md illite and smectite.

On the other hand, the alteration of feldspar and

biotite is also a major trigger of illite formation (Wintsch

Figure 12. The (060) peaks of smectites from clays sampled in the present study. Qz: quartz.

Table 2. Results of K analysis for K-Ar age determinations.

Location Fraction 1st measurement
(K2O, wt.%)

2nd measurement
(K2O wt.%)

Mean
(K2O, wt.%)

Absolute value of
(1st�2nd)/mean

<0.1 mm 1.947 1.997 1.972 0.026*
1 <0.4 mm 2.363 2.406 2.384 0.018

<1 mm 2.545 2.508 2.526 0.015

<0.1 mm 3.552 3.517 3.535 0.010
2 <0.4 mm 3.817 3.822 3.820 0.001

<1 mm 3.890 3.915 3.903 0.007

<0.1 mm 3.549 3.538 3.543 0.003
3 <0.4 mm 4.066 4.253 4.160 0.045*

<1 mm 4.397 4.427 4.412 0.007

* Absolute value of (1st�2nd) is greater than the error for age calculation in this study (>2%).
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et al., 1995). In the area studied, plagioclase and biotite

were altered strongly along the granite�gouge contact

and in the clay veins. The altered plagioclase is greenish

due to sericitization, and the dark gray biotite has

illitized, chloritized, or dissolved (Figures 4c,d, 6c,d).

The formation of 2M1 illite in the clay veins could thus

be controlled mainly by the alteration of feldspar and

biotite instead of the prograde alteration from smectite.

Several studies have proposed a retrograde process

for illite formation, i.e. 2M1 illite ? 1Md/1M illite

(Nieto et al., 1994; Zhao et al., 1999; Abad et al., 2003;

Schleicher et al., 2006b; Bense et al., 2014). On the

other hand, Haines and van der Pluijm (2012) docu-

mented the formation of 1Md illite from K-feldspar as

well as from 2M1 illite. The gouges from locations 1, 2,

and 3 include 1Md illite and K-feldspar but lack 2M1

illite. The 1Md illite is typically found in all size

fractions, while K-feldspar decreases in abundance as

the size fraction decreases (Figure 11). These character-

istics indicate that the 1Md illite in the gouges grew from

the breakdown of fragmented K-feldspar, as documented

by Haines and van der Pluijm (2012). In contrast, the

clay vein at location 4 is characterized by the

coexistence of 1Md and 2M1 illites and the absence of

K-feldspar. The illite composition in the clay vein is

probably explained by the retrograde transformation of

high-temperature 2M1 into low-temperature 1Md illite,

consistent with the studies mentioned above.

The fault core of the Shiraki-Nyu Fault cuts aplite

and quartz veins (Figure 2b,d) while the clay vein is

Table 3. Results of Ar analysis and calculated K-Ar ages for each sample.

Location Fraction K2O Radiogenic 40Ar K-Ar age Non-radiogenic 40Ar
(wt.%) (10�8cm3STP/g) (Ma) (%)

1

<0.1 mm 1.97�0.04
262.6�3.1 40.8�1.0 53.31
250.7�3.0 39.0�0.9 52.78

<0.4 mm 2.38�0.05 381.0�4.3 48.8�1.1 32.23

<1 mm 2.53�0.05
415.3�4.8 50.2�1.2 39.35
382.7�4.4 46.3�1.1 42.37

2

<0.1 mm 3.54�0.07

515.2�6.1 44.6�1.0 40.52
513.0�6.1 44.4�1.0 26.86
498.2�5.7 43.1�1.0 38.93

<0.4 mm 3.82�0.08

637.5�7.2 51.0�1.2 18.55
633.5�7.2 50.6�1.2 24.29
576.2�6.5 46.2�1.1 18.35

<1 mm 3.90�0.08
665.4�7.7 52.0�1.2 32.31
638.2�7.3 50.0�1.2 27.29

<0.1 mm 3.54�0.07 454.4�5.6 39.3�0.9 52.11

3
<0.4 mm 4.16�0.08

643.6�7.4 47.3�1.1 41.70
628.1�7.2 46.2�1.1 41.51

<1 mm 4.41�0.09
748.8�8.6 51.8�1.2 35.87
725.4�8.3 50.2�1.2 38.45

SORI93
(this study)

8.16�0.04*
2500�29 92.49�1.17 6.36
2580�28 92.61�1.14 2.96

SORI93 reported by
Sudo et al. (1998)** 8.16�0.04 2500�10 92.6�0.6

* For the K-Ar age calculation, K2O data were referred to the value by Sudo et al. (1998).
** For the measurements by Sudo et al. (1998), errors are reported as 1s.
STP: standard temperature and pressure

Table 4. Results of repeated K2O measurements of the <0.1 mm fraction from location 3.

1st

wt.%
2nd

wt.%
3rd

wt.%
4th

wt.%
5th

wt.%
6th

wt.%
7th

wt.%
8th

wt.%
9th

wt.%
10th

wt.%
Mean
wt.%

SD (max�min)/
mean

3.259 3.287 3.324 3.274 3.270 3.270 3.271 3.262 3.248 3.261 3.273 0.021 0.023

SD: standard deviation
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developed along quartz veins (Figure 6b). The catacla-

site in the fault core has similar mineral composition to

the gouge (Figure 10). Based on the low illite crystal-

linity, indicated by the broad illite peaks in XRD

patterns, most illite in the cataclasite matrix could be

1Md. These findings suggest that the activities of the

gouges associated with the formation of 1Md illite

clearly followed the development of aplite and quartz

veins and subsequent clay-vein development associated

with the formation of 2M1 illite.

The cooling history of the granite in the study area,

based on analyses by FT, U-Pb, and K-Ar analyses,

involved a two-step process: rapid cooling to

180�380ºC a few million years or less after intrusion

during the Late Cretaceous, followed by slow cooling

over 50�60 Myr (Sueoka et al., 2016; Figure 13). 2M1

illite generally grows at temperatures >~280ºC (Yoder

and Eugster, 1955; Velde, 1965; Środoń and Eberl,

1984), although several cases have been reported where

2M1 illite formed at temperatures slightly >125ºC during

burial diagenesis in a sedimentary basin (e.g. Clauer and

Liewig, 2013). In contrast, 1Md illite can crystallize at

temperatures <~200ºC (Velde, 1965). Specifically,

authigenic 1Md illite growth in a fault zone appears

likely at <180ºC (Haines and van der Pluijm, 2012). The

formation of 2M1 illite and clay veins involved with the

hydrothermal alteration of feldspar and biotite could

have occurred during or shortly after the rapid cooling

stage. The synfaulting alteration indicated by 1Md illite

corresponds to the slow cooling stage.

The (060) peak scans indicated that smectite in the

studied samples was dioctahedral (Figure 12).

Authigenic dioctahedral smectite is commonly found in

faults that cut acid volcanics or plutonic rocks (Haines

and van der Pluijm, 2012). Smectite crystallizes at

<~135ºC (Surdam et al., 1989; Eberl, 1993; Pollastro,

1993; Inoue, 1995; Aplin et al., 2006). Smectite can

crystallize independently when interacting with

K-depleted fluids, while K-rich fluids initiate illite

crystallization. Post-faulting authigenic mineralization

of smectite was distinguished (Solum et al., 2003) from

synfaulting authigenic mineralization of mixed-layer

illite/smectite on the basis of microscopic analysis of

fault-rock samples from the Punchbowl fault, southern

California. This has also been confirmed by more recent

studies of samples from the San Andreas Fault

Observatory at Depth (Solum and van der Pluijm,

2004). Dioctahedral smectite from the studied area

could be also the product of post-faulting near-surface

weathering-related alteration. In contrast, trioctahedral

smectite, derived from Mg-rich minerals such as biotite

and chlorite, is absent from both the clay veins and

gouges (Figure 12). Biotite could possibly have been

consumed in the formation of 2M1 illite in the clay veins,

but the temperatures were too high for smectite to exist

stably when forming 2M1 illite.

Clay samples from locations 1, 2, and 3 include

kaolinite. The reaction of plagioclase and white mica to

produce kaolinite is well documented and is particularly

well known from the hydrothermal or supergene alteration

of granite (Robertson and Eggleton, 1991; Wintsch et al.,

1995). Key factors controlling this reaction are tempera-

tures of <120ºC, high fluid-to-rock ratios, and acidic

conditions attributed to meteoric water. Thus, kaolinite

formation in the clays studied probably occurred as a

result of near-surface alteration of gouge clay minerals,

similar to the formation of dioctahedral smectite.

Implications of K-Ar ages for the gouges

The K-Ar ages of the gouges (Figure 14) are clearly

younger than the reported K-Ar ages for biotite

(66.7�62.0 Ma) of the granite host rock (Kurimoto et

al., 1999; Sueoka et al., 2016). Major K-bearing

minerals in these gouges are 1Md illite and K-feldspar.

K-feldspar increases in abundance as the size fraction

increases (Figures 9, 11), while samples of the coarser

<0.4 and <1 mm fractions from the same location yielded

older K-Ar ages than those of the finest <0.1 mm fraction

(Figure 14). The older ages in the coarser fractions were

probably affected by the occurrence of primary

Table 5. Results of repeated Ar measurements of the <0.1 mm fraction from location 3.

Number K2O Radiogenic 40Ar K-Ar age Non-radiogenic 40Ar
(wt.%) (10�8 cm3 STP/g) (Ma) (%)

1

3.27�0.07

452.2�10.9 42.3�1.3 48.97
2 456.4�9.3 42.7�1.2 51.24
3 470.7�10.8 44.0�1.3 47.36
4 433.1�14.5 40.5�1.6 47.82
5 439.9�14.9 41.2�1.6 48.36
6 468.9�11.6 43.8�1.4 44.46
7 459.3�12.1 42.9�1.4 46.01

SORI93 8.16�0.04* 2488�28 92.0�1.1 8.45

* For the K-Ar age calculation, K2O data were referred to the value by Sudo et al. (1998).
STP: standard temperature and pressure
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K-feldspar, which is present in all of the samples studied

except the <0.1 mm fraction from location 3.

In previous studies for fault-gouge dating, calculated

quantitative ratios of 1Md to 2M1 illite for each fraction

were plotted vs. each K-Ar or 40Ar/39Ar age and

extrapolated to 0% 2M1 (100% 1Md) to find the end-

member age (e.g. Solum and van der Pluijm, 2007;

Haines and van der Pluijm, 2008; Zwingmann et al.,

2010a). The end-member age is considered to be the age

of the authigenic 1Md illite formation. For the samples

studied, K-feldspar occurs in most fractions as well as

illite. It is generally difficult to distinguish K-feldspar

quantitatively from 1Md illite. The likely cause of this is

that the <0.1 mm fraction from location 3, which lacks

K-feldspar and 2M1 illite, represents the approximate

age of 1Md illite formation, corresponding to later, low-

temperature hydrothermal alteration accompanied by

faulting (Figure 13). In this regard, however, errors in

the age determinations are largely dependent on the

reliability of the illite compositional analysis as well as

Ar dating uncertainties. An absolute precision of 2�5%
has been reported for the polytype quantitative estima-

tion (Grathoff and Moore, 1996). Thus, the ages of the

<0.1 mm fraction from location 3 are also likely to be

Figure 13. Plots of thermometric age vs. closure temperature (Sueoka et al., 2016) and correlation between major hydrothermal and

tectonic events and their estimated ages. Large gray arrows show the estimated cooling path of the granite.

Figure 14. Plots of K-Ar age vs. fraction size. The age data obtained from repeat measurements (Table 5) are used for the <0.1 mm
fraction from location 3.
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mixing ages, even if they are dominated by the age of the

1Md illite. In addition, contamination of interlayer

potassium ions in smectite could be a possible cause of

the age variations, because the samples studied are rich

in smectite. Although some uncertainties remain in terms

of an interpretation of the calculated ages, the <0.1 mm
fraction from location 3 shows the nearest age of 1Md

illite formation in all fractions.

A previous thermochronological study of the Kojaku

Granite (Sueoka et al., 2016) indicates that the 1Md illite

formed when the granite temperature was 60�120ºC
(from the lower limit of AFT partial annealing zone to

the closure temperature of AFT). Previous studies were

reviewed by Haines and van der Pluijm (2012) who

suggested that the authigenic 1Md illite growth in a fault

zone occurred at 90�180ºC, possibly with some

occurrences at temperatures as low as 60ºC. The

temperature range obtained in the present study is at

the lower limit of the range proposed in previous studies.

Based on the present geothermal gradient around this

area (~35ºC/km; Tanaka et al., 2004), the 1Md illite

probably formed at depths of 2�4 km.

The <0.1 mm fractions from locations 1 and 2 have

ages which are similar to those of the <0.1 mm fraction

from location 3, even though they contain some

K-feldspar. One possibility is that each fault has a

different 1Md illite age, corresponding to different ages

of faulting. In this case, the 1Md illite ages from

locations 1 and 2 could be younger, but their <0.1 mm
fraction ages could be older than the true ages and

similar to that of the <0.1 mm fraction from location 3

owing to the mixing of primary K-feldspar. Specifically,

the estimated fault length and fault-zone thickness of the

Shiraki-Nyu Fault are considerably larger than those at

locations 2 and 3. One principal model of fault-zone

evolution is that initial, extensive small-scale faults

coalesce subsequently to form larger ones (Cox, 2007;

Willson et al., 2007; Niwa et al., 2011). The minor faults

at locations 2 and 3 have a similar trend of foliation to

that of the Shiraki-Nyu Fault (Figure 3). These minor

faults are located near the Shiraki-Nyu Fault (within 1

km) considering its total overall length (~15 km). The

Shiraki-Nyu Fault experienced many more significant

earthquakes over longer periods, whereas the minor

faults at locations 2 and 3 could have ceased their

activities a short time after initiation.

Nevertheless, K-Ar ages of the fault gouge of the

active Shiraki-Nyu Fault are significantly older than the

age of recent movements of the fault, as indicated by

trench excavations. K-Ar dating may be unable to

resolve the timing of near-surface fracturing, at least in

the study area. This indicates that illite growth requires

appropriate thermal conditions, a suitable wall rock

including parental K-bearing minerals, and a trigger (e.g.

faulting) to overcome the kinetic reaction barrier

(Vrolijk and van der Pluijm, 1999; Haines and van der

Pluijm, 2012).

CONCLUSIONS

The present study described in-depth analyses of fault

gouges from the active Shiraki-Nyu Fault (location 1),

the inactive faults east and south of the Monju site

(locations 2 and 3), and clay-filled fractures along quartz

veins (clay vein; location 4) in the Kojaku Granite of

central Japan. Analysis by XRD and K-Ar dating of

clays from the homogeneous bedrock having well known

cooling and exhumation histories based on thermochro-

nogical studies provided better understanding of the

relationship of clay mineralization with alteration and

faulting. The findings and their implications are as

follows:

(1) Analyses by XRD revealed that the clay samples

contained dioctahedral smectite, illite, and kaolinite as

secondary minerals, but no mixed-layer illite-smectite.

Polytype analysis indicated that both 1Md and 2M1-type

illites were included in the clay vein, whereas only 1Md

illite was included in fault gouge samples from locations

1, 2, and 3. Based on both field and microscopic

observations, the formation of 2M1 illite in the vein may

have resulted from the hydrothermal alteration of

feldspar and biotite at higher temperatures, during or

shortly after the rapid cooling stage of the granite. The

1Md illite in the gouges may have formed from the

breakdown of K-feldspar due to low-temperature hydro-

thermal alteration with shearing, corresponding to the

slow cooling stage. Growth of 1Md illite in the vein may

have resulted from the transformation of the existing

2M1 illite. The dioctahedral smectite and kaolinite were

formed as a result of near-surface weathering-related

alteration.

(2) K-Ar dating of three increasingly fine fractions

(<0.1, <0.4, and <1 mm) from the gouge samples showed

that the K-Ar age of the coarser fraction is slightly older

than that of the finer fraction due to the presence of

primary K-feldspar. In the <0.1 mm fraction from

location 3, 1Md illite was the major K-bearing mineral,

while K-feldspar and 2M1 illite were not detected. This

suggests that the low-temperature alteration, accompa-

nied by faulting, occurred at ~40 Ma. Based on the

cooling history of the granite, the growth of 1Md illite

occurred when the temperature of the surrounding host

rock was 60�120ºC. This temperature range is at the

lower limit of the range reported in previous works.

Combination of thermochronological studies of the host

rock and K-Ar dating with detailed XRD analysis for the

fine clay fractions made it possible to place thermal

constraints on the clay growth.

(3) Based on the K-Ar ages and clay mineralogy of

the fault gouges, and their spatial and geometrical

relationship, one principal model of their fault-zone

evolution is proposed as follows: (i) extensive develop-

ment of small-scale faults such as those at locations 2

and 3 at ~40 Ma; and (ii) development of the larger

Shiraki-Nyu Fault due to coalescence of the small-scale
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faults. The fault gouge from the active Shiraki-Nyu Fault

yields significantly older K-Ar ages than recent move-

ments on the active fault. The K-Ar dating does not

appear to be affected by recent near-surface fault activity

in the study area.
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