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Abstract

Pseudotachylytes from the Iida-Matsukawa Fault, Central Japan (Iida pseudotachylytes), are described down to the nanometer scale using
high-resolution electron microscopy, scanning electron microscopy, analyses of chemical compositions, and mercury intrusion porosimetry.
The pseudotachylyte matrix chiefly consists of nanoscale particles and elongated submicron fragments with biotite composition; amorphous
material of several tens of nanometers in size is also observed, despite the absence of melt textures. Lattice fringe images reveal that the amor-
phous phase coexists with lattice distortion in deformed biotite fragments that are several hundreds of nanometers in size. The presence of these
submicrostructures indicates that the amorphous material formed by mechanical stress during the comminution process; that is, via the ‘‘mech-
anochemical effect.’’ We conclude that amorphous material does not always provide evidence of the rapid cooling of melt in pseudotachylyte.
The amorphous materials present in the Iida pseudotachylyte resulted from the mechanochemical effect due to both shear stress and normal
stress during the comminution process that accompanied fault motion.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Pseudotachylytes are fault rocks that are generally thought
to form by frictional fusion and comminution during paleoseis-
mic fault movements (e.g. Philpotts, 1964; Sibson, 1975;
Allen, 1979). Although it has been debated in the past as to
whether pseudotachylyte matrix originates from frictional
fusion or comminution (Wenk, 1978), the controversy was re-
solved by Spray’s (1995) experimental study undertaken using
friction welding apparatus, which demonstrated that comminu-
tion is a necessary precursor to frictional melting.

Pseudotachylytes are now generally divided into melt-
origin types and crush-origin types. Melt-origin types contain
melt textures such as glass or glassy material, spherulites,
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dendritic microlites, vesicles, amygdules, rounded and em-
bayed clasts, and sulfide blebs (e.g. Philpotts, 1964; Sibson,
1975; Allen, 1979; Maddock, 1983, 1986; Maddock et al.,
1987; Magloughlin, 1989, 1992, 2005; Lin, 1994, 1999).
Melt-origin pseudotachylytes from the Fuyun Fault zone,
China, have a largely glassy matrix that is nearly isotropic
and variable in color from colorless to grey, brown, and yel-
lowish-brown, as well as containing flow streaks (Lin, 1994).

In contrast, crush-origin types show none of these melt tex-
tures. Such pseudotachylytes have been described from the
Iida-Matsukawa Fault, Japan (Lin et al., 1994; Lin, 1996,
1997b), the Nojima Fault, Japan (Shigetomi and Lin, 1999;
Lin et al., 2001), and the Shimotsuburai Fault (Kano et al.,
2004), part of the active fault system of the Itoigawa-Shizuoka
Tectonic Line, Japan.

Glass and other amorphous material are known to form not
only via the rapid cooling of melt, but also by alteration (e.g.
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Henley and Ellis, 1983) and comminution (e.g. Kubo, 1963;
Kubo and Miyazaki, 1968; Kieffer et al., 1976; Lin and Nadiv,
1979; Sakabe et al., 1998). The results of rotary shear sliding
experiments using samples of granite and quartzite have
shown that the amorphous silica formed by comminution on
a sliding surface can be observed by transmission electron mi-
croscopy (TEM) (Yund et al., 1990). Most recently, Goldsby
and Tullis (2002) and Di Toro et al. (2004) reported an extraor-
dinary progressive reduction in frictional resistance upon slid-
ing surfaces under wet conditions at subseismic slip rates. The
authors explained this weakening as resulting from amorphiza-
tion and the formation of gel via shearing and comminution in
the presence of water, and suggested this to be one of the
weakening mechanisms of faults during seismic slip.

The above experimental studies clearly show that the pres-
ence of amorphous material formed by comminution is an
essential factor in understanding fault strength and faulting
processes during earthquakes; however, the presence of amor-
phous material formed by comminution has yet been reported
from natural fault rocks.

The present study describes submicron-scale textures ob-
served via electron microscopy and comminution-origin
amorphous material revealed by TEM analyses of crush-origin
pseudotachylyte from the Iida-Matsukawa Fault, southern
Nagano Prefecture, Central Japan (Iida pseudotachylyte). We
propose that the amorphous material within the Iida pseudota-
chylyte formed via mechanochemical effects rather than rapid
cooling of the melt during seismic faulting.

2. Sample locality

The Iida-Matsukawa Fault strikes NWeSE and dips 75e
85� to the SW, extending for 12 km in the southern part of
the Kiso Range, Central Japan (Fig. 1). Geological and topo-
graphical evidence indicates that the fault is an active sinistral
strike-slip fault with a component of normal dip-slip displace-
ment, having a horizontal slip rate of 1 mm/y (Lin et al., 2000).

Lin et al. (1994, 1996, 1997a,b) described in detail the field
occurrence of pseudotachylytes and cataclastic rocks from
along the Iida-Matsukawa Fault. The zone of fractured rock
along the fault generally ranges in width from several meters
to several tens of meters, and consists of cataclastic rocks
such as cataclasite, foliated cataclasite, fault breccia, fault
gouge, and pseudotachylyte (Lin, 1996, 1997a,b). The pseudo-
tachylyte veins observed along the fault are several millimeters
to several centimeters wide, dark brown to black in color
(Fig. 2b), locally show a vitreous luster, and occur both as sim-
ple veins along the main fault plane (fault veins) and as complex
networks of veins (injection veins; Fig. 2a) within host granitic
cataclasite (Lin et al., 1994; Lin, 1996, 1997a,b).

The granitic cataclasite, the host rock of the pseudotachy-
lyte, occurs along the main fault plane in a zone that ranges
in width from several tens of centimeters to several tens of me-
ters (Lin et al., 1994). The host rock is largely composed of
quartz, feldspar, and biotite (Lin, 1997a). In places, the
cataclasite contains a well-developed foliation that dips at
25e35� to the SE, subparallel to the main fault plane. The
foliation is defined by the preferred orientation of biotite clasts
and aggregates of quartz grains and feldspar porphyroclasts.
Deformed biotite in the cataclasite shows cleavage steps,
mica ‘‘fish’’ geometries, and kink bands, indicating a sinistral
sense of shear (Lin, 1996, 1997a; Lin et al., 2000).

The pseudotachylyte analyzed in the present study was
collected from a fault vein in an outcrop that corresponds to
Location 2 of Lin et al. (1994) and Lin (1996), located along
the central segment of the Iida-Matsukawa Fault at the south-
ernmost part of Tsunbodaira, along the Matsukawa River in
Iida City (Fig. 1).

3. Analytical methods

Microstructures in the pseudotachylyte were observed
using a JEOL JSM-6320F high-resolution scanning electron
microscope (HRSEM) with an accelerating voltage of 5 kV,
a JEOL JEM-100CX TEM with an accelerating voltage of

Fig. 1. Index map and simplified geological map of the Iida region, southern

Nagano Prefecture, Central Japan (modified from Lin, 1996).
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Fig. 2. Photographs of the field occurrence of Iida pseudotachylyte. (a) Pseudotachylyte occurring as black veins (arrow). The location of this outcrop is shown in

Fig. 1. White circles indicate sampling points for XRF-EDS analyses. (b) Pseudotachylyte and granitic cataclasite.
100 kV, and a JEOL JEM-2100 high-resolution transmission
electron microscope (HRTEM) with an accelerating voltage
of 200 kV. The freeze-dried breakage surface of the pseudota-
chylyte was investigated by HRSEM. Foils for TEM observa-
tions of microstructures in the pseudotachylyte were prepared
from thin sections, without epoxy resin, using an ion-beam.
Samples for HRSEM and TEM observations of particles
smaller than 2 mm were prepared as follows. Untreated lumps
of the pseudotachylyte were suspended in distilled water using
ultrasonic agitation; the <2 mm fractions were then selected by
hydraulic elutriation. The suspension was again dispersed
with ultrasonic agitation, then dropped onto an aluminum
tape subjected to hydrophilic treatment for HRSEM observa-
tions of the shapes and surface textures of fragments within
the pseudotachylyte. The same suspension was dropped
onto a microgrid (without films) subjected to hydrophilic
treatment for TEM observations. Samples for HRSEM anal-
ysis were covered with platinum, while TEM specimens
were carbon-coated.

X-ray diffraction (XRD) patterns of the pseudotachylyte
and host granitic rock were obtained using a RINT RAD-C
X-ray diffractometer operated under the following analytical
conditions: filtered Cu-Ka radiation, X-ray generator at
40 kV, 25 mA, scanning step 0.02�, scanning speed 2�/min, di-
vergence slit 1�, scattering slit 1�, and receiving slit 0.15 mm.
Powdered samples for XRD analysis, analyzed to identify clay
minerals, comprised the <2 mm fractions selected by hydraulic
elutriation and prepared as well-oriented aggregates on a silica
glass slide. The treatments used in this study were as follows.
Individual samples were heated to either 150, 350, 450, 550, or
600 �C for 1 h, followed by quenching in air and treatment
with ethylene glycol.

The bulk chemical compositions of the pseudotachylyte
and host rock were determined via the analysis of whole-
rock powder samples using a JSX-3220 energy-dispersive
X-ray fluorescence spectrometer (XRF-EDS). The powder
sample of pseudotachylyte for XRF-EDS analysis was se-
lected, as much as possible, from only black veins of pseudo-
tachylyte, as viewed under the microscope.

The chemical composition of the pseudotachylyte matrix
was determined from carbon-covered specimens, polished
thin sections, and foils for TEM analysis. The thin sections
were examined using a JEOL JSM-5600LV scanning electron
microscope (SEM) operating at 15 kV with an energy-disper-
sive X-ray spectrometer (EDS). The foils for TEM analyses
were examined using a JEOL JEM-2100 HRTEM with
a 200 kV accelerating voltage and fitted with an EDS.

The pore-size distributions of freeze-dried specimens of the
pseudotachylyte and host rock were determined using a Shi-
madzu-Micromeritics AutoPore IV-9520 mercury porosimeter.
This method is capable of determining pore sizes ranging from
0.003 to 180 mm.

4. Microstructures

4.1. Optical observations

The pseudotachylytes investigated in this study contain an-
gular clasts of quartz and feldspar within a dense fine-grained
matrix that is pale to dark brown under plane-polarized light
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(Fig. 3a, b). The boundary between the pseudotachylyte and
host rock (granitic cataclasite) is generally sharp (Fig. 3a).
Pseudotachylyte veins cut across deformed biotite in the host
rock, which is elongated and contains kink bands (Fig. 3c,
d); however, few fragments of biotite are observed in the pseu-
dotachylyte itself. The pseudotachylyte matrix contains thin
dark brown layers that resemble flow structures (Fig. 3a).
The pseudotachylyte contains no melt textures such as spher-
ulites, dendritic microlites, vesicles, amygdules, rounded and
embayed clasts, and sulfide blebs.

4.2. HRSEM observations

The pseudotachylyte matrix is relatively porous, and
mainly characterized by extremely fine-grained aggregates
that range in size from several tens of nanometers to a few mi-
crometers (Fig. 4aec). Most of the larger fragments of a few
micronmeters in size, are angular to subangular and irregular
in shape, with sharp or little-blunt edges and peaks. The frag-
ments show conchoidal fractures and step-like textures on the
surfaces. Most of the surface features are relatively smooth,
without etch pits or deep cavities (Fig. 5aed). Some fragments
contain numerous small scratches and holes upon sub-rounded
surfaces (Fig. 5b).

Roundness is an estimate of the degree of smoothness of
a grain surface (e.g. Leeder, 1982), and the analyzed fragments
show a low degree of roundness, approximately 0.2e0.3
according to the scheme of Krumbein (1941, Plate 1). The
smaller submicron fragmentsdseveral hundreds of nanome-
ters in sizedtend to have more spherical forms; however,
they also have many corners on their surfaces, with relatively
low roundness values of 0.3e0.4 (Fig. 5eeg). The surface tex-
tures of submicron fragments with blunt edges are slightly
rough, without etch pits or deep cavities (Figs. 4b, 5eeg).
The pseudotachylyte matrix does not contain melt textures
such as stringy textures (e.g. Spray, 1989, 1995; Kennedy
and Spray, 1992).

4.3. TEM observations

The pseudotachylyte matrix mainly consists of randomly
oriented fragments that range in size from several tens of
nanometers to a few micrometers; the minimum size is
approximately 20 nm. The larger angular to sub-rounded frag-
ments, which range in size from several hundreds of nanome-
ters to a few micrometers, are generally isolated within the
matrix, and supported by elongated fragments of several hun-
dred nanometers in length and nanoscale particles smaller than
100 nm (Figs. 6a, 8a). The nanoscale particles have irregular
tabular shapes (Figs. 7a, 8b), while the elongated fragments
show evidence of gliding and are bent and torn along layer
boundaries (Figs. 6c, 8cee). Few euhedral particles are
observed in the pseudotachylyte matrix.
Fig. 3. Photomicrographs of the textures of Iida pseudotachylyte. (a) Thin dark brown layers with flow structures. The texture formed by fluidization (arrow). PPL.

(b) Fine-grained pale brown to dark brown matrix and angular fragments of quartz and feldspar. The outlined area indicates the field of view shown in Fig. 9. PPL.

(c) Dark brown layers (deformed biotite) cut by a pseudotachylyte vein. PPL. (d) Biotite with kink bands cut by a pseudotachylyte vein (arrow). PPL.
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The selected area diffraction (SAD) patterns obtained from
100 kV TEM observations of areas dominated by the elon-
gated fragments and nanoscale tabular particles revealed the
superimposition of diffuse ring patterns, ring patterns with bi-
otite spacings, and several diffraction spots (Fig. 6b, c). This

Fig. 4. HRSEM photomicrographs of textures on the breakage surfaces of Iida

pseudotachylyte. (a) Angular to subangular fragments and extremely fine-

grained matrix (�7000). (b) Pseudotachylyte matrix (�30,000). (c) Fragments

of several tens of nanometers in size exist within the pseudotachylyte matrix

(�50,000).
finding indicates that amorphous material coexists with very
fine crystalline fragments in such areas of the pseudotachylyte,
and that the fragments are randomly orientated. The SAD pat-
terns were taken with an aperture of 500 nm diameter due to
the limitations of the technique employed by the 100 kV
TEM. There is also the risk of amorphization arising from
damage by the ion-beam when preparing specimens thinned
by ion milling. To cope with these problems, fragments
smaller than 2 mm were dispersed by ultrasonic agitation in
distilled water, and the particles on the microgrids were then
observed to verify the amorphous material more accurately,
as shown in Fig. 7. SAD revealed that most of the angular
to sub-rounded particles of several hundreds of nanometers
in size have a single-crystal pattern (Fig. 7b), while agglomer-
ations of nanoscale tabular particles show diffuse ring patterns
(Fig. 7a).

Lattice fringe images of the deformed elongated fragments,
as obtained using 200 kV TEM, revealed some lattice fringes
with 1 nm spacings, with some of the spaces of the lattice
fringes being non-periodic and indistinct (Fig. 8def). The
above results indicate that the nanoscale tabular particles are
amorphous material, whereas the deformed elongated frag-
ments include amorphous phases and lattice distortion. The
diffraction spots in the SAD patterns obtained by 100 kV
TEM are probably derived from the larger grains (several hun-
dreds of nanometers in size) adjacent to the smaller particles.

Biotite fragments were picked out of the host rock and ob-
served by 100 kV TEM by placing them on a microgrid with-
out a film. SAD revealed that most of the biotite fragments
have single-crystal patterns (Fig. 7c).

5. X-ray diffraction patterns

The XRD patterns of the main minerals in the pseudotachy-
lyte and host rock are shown in Fig. 9a. The pseudotachylyte
consists of quartz, plagioclase, alkali feldspar, and a little clay
mineral. No increased background is observed in the XRD
patterns of pseudotachylyte. The host rock consists of quartz,
plagioclase, alkali feldspar, and clay mineral that include mica
clay minerals. The XRD patterns of the clay minerals in the
pseudotachylyte and host rock are shown in Fig. 9b and c,
respectively. The clay minerals were identified according to
Oinuma and Kodama (1967). The 7-Å reflections in both pseu-
dotachylyte and host rock disappeared after heating at 550 �C,
suggesting kaolinite. The 10-Å reflection in the host rock did
not disappear after heat treatment, suggesting mica clay min-
erals, while the 14-Å reflections in both the pseudotachylyte
and host rock shifted to 17 Å, suggesting montmorillonite.
The pseudotachylyte contains fewer clay minerals than the
host rock. Of note, the peaks of mica clay minerals were iden-
tified only in the host rock, not in the pseudotachylyte.

6. Chemical composition

Table 1 shows the bulk chemical compositions of the pseu-
dotachylytes and host rock analyzed by XRF-EDS. Sampling
points for the XRF-EDS analyses are shown in Fig. 2a. The
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Fig. 5. HRSEM photomicrographs of the surface textures of fragments <1 mm. (a) Angular fragment with conchoidal fractures (cf) and step-like textures (st). (b)

Enlargement of the upper part of the fragment shown in (a). Arrows highlight many small scratches and holes. (c) Conchoidal fracture. (d) Step-like textures upon

a conchoidal fracture surface. Enlargement of the central part of the fragment shown in (c). (e) Submicron fragments with relatively rounded shapes and slightly

rough surfaces, similar to orange peel-like texture. (f) Enlargement of the upper right part of the fragment shown in (g). Submicron fragments with blunt edges

similar to subconchoidal fracture (arrow).
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Fig. 6. TEM micrographs of bright-field (BF) images of the pseudotachylyte matrix obtained using 100 kV TEM. (a) Randomly orientated fragments that range in

size from several tens of nanometers to a few micrometers. (b, c) Higher-magnification micrographs of a region of the pseudotachylyte matrix dominated by nano-

scale particles smaller than 100 nm. Deformed elongated fragments are locally observed (c). Insets in (b) and (c) show the corresponding SAD patterns, showing

the superimposition of diffuse ring patterns, ring patterns with biotite spacings, and diffraction spots. The SAD patterns were obtained with an aperture diameter of

500 nm.
pseudotachylytes have a slightly lower SiO2 content and
higher TiO2, Fe2O3, and MgO contents than the host rock.
Elemental maps obtained using SEM-EDS reveal that the
pseudotachylyte matrix is particularly enriched in Mg, Ti,
and Fe (Figs. 3b, 10).

The chemical compositions of particles smaller than 1 mm
in the pseudotachylyte matrix were analyzed using TEM-
EDS. Both the elongated fragments and the nanoscale tabular
particles consist of Mg, Al, Si, K, Ti, and Fe. The C peaks
detected by TEM-EDS analysis reflect contamination from
the carbon coating (Fig. 11a, b).

7. Pore-size distribution

The results of pore-size analyses are shown in Fig. 12. The
modal pore diameters of the pseudotachylyte and host rock are
0.0098 and 0.068 mm, respectively, while the total intrusion
volumes are 0.026 and 0.040 ml/g. The porosity of the



1862 K. Ozawa, S. Takizawa / Journal of Structural Geology 29 (2007) 1855e1869
Fig. 7. TEM micrographs of the particles of <1 mm in size in the pseudotachylyte matrix that were dispersed with ultrasonic agitation. (a) Agglomeration of nano-

scale tabular particles. The inset shows the corresponding SAD pattern, which demonstrates diffuse ring patterns, indicating amorphous material. (b) Sub-rounded

of several hundreds of nanometers in size show a single-crystal pattern by SAD. (c) TEM micrographs showing a BF image and SAD pattern of a biotite fragment

sampled from the host rock. All SAD patterns were obtained with a diameter aperture of 500 nm.
pseudotachylyte is 6.4%, whereas that of the host rock is
9.6%. These data clearly demonstrate that the host rock is
more porous than the pseudotachylyte.

8. Discussion

8.1. Evidence for crush-origin pseudotachylyte

Based on optical microscopy and SEM observations, Lin
et al. (1994, 1996) reported that pseudotachylytes from the
Iida-Matsukawa Fault contain few melt textures, and that the
matrix mainly consists of fine-grained angular fragments
larger than 2e3 mm, indicating an origin via crushing rather
than melting. Our own optical microscopy and HRSEM obser-
vations also reveal the absence of melt textures such as spher-
ulites, dendritic microlites, vesicles, amygdules, sulfide blebs,
and stringy textures.
Previous studies have reported the results of SEM observa-
tions of quartz grains within granitic rocks subjected to triax-
ial compression tests (e.g. Krinsley and Doornkamp, 1973;
Dengler, 1976; Kanaori et al., 1980, 1982). These studies de-
scribed quartz grains with angular shapes and sharp edges and
peaks, exhibiting conchoidal fractures and step-like textures
on the surfaces.

The fragments of a few micrometers in size in the Iida pseu-
dotachylyte also show conchoidal fractures and step-like tex-
tures (Fig. 5aec), indicating an origin via crushing; however,
some of their edges and peaks are rounded (Fig. 5b), and the
submicron fragments tend to be spherical in shape (Fig. 5ee
g). Such rounded fragments have been documented to form
not only by melting but also by attrition wear (e.g. Chester
et al., 1993, 2003) and chemical dissolution in groundwater
(e.g. Kanaori et al., 1980, 1982; Kanaori, 1983). Chester et al.
(1993) suggested that rounded fragments in ultracataclasites
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Fig. 8. HRTEM micrographs of the pseudotachylyte matrix. (a) BF image of the pseudotachylyte matrix. The outlined area indicates the field of view shown in (c).

(b, c) BF images of an area consisting of nanoscale tabular particles with irregular shapes and elongated fragments. Asterisks represent the sites of qualitative EDS

analyses (see Fig. 11). Both fragments have biotite compositions. (d) Lattice fringe image of the area outlined in (c). (e) Bent and fractured elongated fragment. (f)

Lattice fringe image of the area outlined in (e). Periodic lattice fringes with 1 nm spacing, corresponding to the (001) spacing of biotite, are indistinct and appear to

lack periodicity, indicating lattice distortion (D) and the presence of an amorphous phase (A).
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along the North Branch San Gabriel and Punchbowl faults
formed via attrition wear as angular fragments rolled within
the surrounding matrix. The shapes of particles of clay minerals
and quartz, formed by prolonged grinding within a mechanical

Table 1

Bulk compositions of host rock and pseudotachylyte, as determined by XRF-

EDS

wt.% Host rock Pseudotachylytes

A-1 A-2 B-1 B-2

SiO2 73.14 68.83 68.84 68.60 68.69

TiO2 0.15 0.57 0.58 0.64 0.65

Al2O3 13.39 13.55 13.56 13.54 13.60

Fe2O3 1.20 5.69 5.62 5.89 5.84

MnO 0.03 0.15 0.16 0.12 0.12

MgO 0.03 0.71 0.84 0.88 1.02

CaO 1.34 2.66 2.64 2.63 2.60

Na2O 3.06 4.03 3.93 4.31 4.17

K2O 7.35 3.31 3.34 2.84 2.80

P2O5 0.30 0.51 0.49 0.55 0.51

All values are normalized to 100% totals. The locations of sampling points are

shown in Fig. 2a.
agate mortar, revealed to become rounded by TEM observa-
tions (e.g. Takahashi, 1959; Shimazu, 1962).

Kanaori et al. (1980, 1982, 1983) examined the surface tex-
tures of quartz grains from various fault gouges using SEM,
and classified the surface textures of grains into four groups
based on the degree of corrosion by groundwater. They
showed that the features of the grains change gradually, with
progressive corrosion, from irregular angular shapes and
smooth surfaces to rounded shapes and rough undulatory sur-
faces with etch pits and deep cavities. Lin (1999) reported that
fragments of >10 mm in size that formed via melting have
a high degree of roundness (>0.4), whereas fragments that
formed via attrition wear or chemical dissolution in groundwa-
ter have a low degree of roundness (<0.4).

The fragments in the present pseudotachylyte of a few mi-
crometers in size and with rounded edges and peaks are
marked by small scratches and holes (Fig. 5b). These textures
(similar to the abrasion pits reported by Baker, 1976; Fig. 2E),
in combination with their low degree of roundness (0.2e0.3),
suggest that the rounded edges and peaks originated via attri-
tion wear. The degree of roundness of the submicron particles
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Fig. 10. Backscattered electron (BSE) micrograph and SEM-EDS elemental maps showing the distributions of Na, Mg, Al, Si, K, Ca, Ti, and Fe in the Iida pseu-

dotachylyte. Note that the matrix is enriched in Fe, Mg, K, and Ti. BSE and mapping images were taken of the area outlined in Fig. 3b.
in the pseudotachylyte is also low (0.3e0.4), suggesting that
the particles formed by processes other than melting. The sub-
micron particles have slightly rough surfaces, without textures
such as abrasion pits (Fig. 5eeg). These textures are similar to
the subconchoidal fracture and orange peel-like texture formed
when particles are weakly affected by chemical dissolution in
groundwater following fault movement (Kanaori et al., 1980,
1982); however, the present pore-size distribution data indicate
that most of the pores in the pseudotachylyte are smaller than
100 nm, and that the host rock is more porous than the pseu-
dotachylyte (Fig. 12), thereby suggesting that fluid is unlikely
to have passed through the pseudotachylyte subsequent to its
formation.

The obtained XRD patterns reveal that the Iida pseudota-
chylyte contains fewer clay minerals than the host rock; more-
over, most of the fragments have irregular shapes, and few
euhedral particles were observed in the pseudotachylyte ma-
trix. It is therefore inferred that the Iida pseudotachylyte is
negligibly affected by chemical dissolution in groundwater
and hydrothermal alteration subsequent to fault movement.
We propose that most of the spherical submicron fragments
formed by attrition wear during fault movement.

Flow structures were reported as melt textures in the melt-
origin pseudotachylyte (e.g. Sibson, 1975; Berlenbach and
Roering, 1992; Lin, 1994); however, they have also been
reported from fluidized intrusive systems such as dikes and
breccias, formed by the fluidization of solid particles (e.g.
Fairbairn and Robson, 1942; Reynolds, 1954). Lin (1996,
1997b) also suggested that veins of Iida pseudotachylyte
formed via the fluidization of crushed fine-grained material
generated in the shear zone during seismic faulting. This inter-
pretation was based on the similar bulk chemical compositions
and grain-size distributions of injection veins and fault veins.
Thus, the flow structures in the pseudotachylyte observed by
optical microscope are likely to have formed by fluidization
rather than the flow of a melt (Fig. 3a). On the basis of the
facts presented above, we conclude that the Iida pseudotachy-
lyte is of crush origin rather than melt origin.



1866 K. Ozawa, S. Takizawa / Journal of Structural Geology 29 (2007) 1855e1869
8.2. Formation of amorphous material

Naturally occurring amorphous material can form via the
rapid cooling of melt, chemical weathering, hydrothermal al-
teration, and mechanochemical effects induced by mechanical
energy during the comminution process. We strongly favor the
latter process in considering the formation of amorphous ma-
terial in the Iida pseudotachylyte, as explained in the following
text.

Fig. 11. TEM-EDS spectra of elongated fragments (a) and a nanoscale tabular

particle (b) in the pseudotachylyte matrix. The small C peaks in both spectra

are due to carbon coating. The sites of analyzed points are shown by asterisks

in Fig. 8b, c.

Fig. 12. Pore-size distributions of pseudotachylyte and host rock. Note that the

host rock is more porous than the pseudotachylyte.
It is well known that comminution induces solid-state phase
transformations such as amorphization and polymorphic trans-
formation, as well as changes in the physical and chemical
properties of materials. These phenomena are termed ‘‘mech-
anochemical effects’’ (e.g. Kubo, 1963; Kubo and Miyazaki,
1968; Lin and Nadiv, 1979). The driving forces of solid-state
phase transformations that take place during comminution
processes such as crushing, grinding, pulverizing, and polish-
ing, include strain energy, shear energy, thermal energy, sound
energy, and kinetic energy (e.g. Lin et al., 1975; Lin and
Nadiv, 1979). Numerous studies report marked amorphization
during the crushing or prolonged grinding of minerals, partic-
ularly quartz (e.g. Ray, 1923; De Carli and Jamieson, 1959;
Shimazu, 1962; Lin and Somasundaran, 1972; Sakabe et al.,
1998) and mica and clay minerals (e.g. Laws and Page,
1946; Mackenzie and Milne, 1953a,b; Yoder and Eugster,
1955; Takahashi, 1959; Perez-Rodriguez et al., 1988). Exten-
sive work on the grinding of clay minerals has led to the pro-
posal that the structure of crystalline parts in the material
becomes disordered due to mechanical stress such as shear
stress and impact stress, ultimately changing into amorphous
material (e.g. Takahashi, 1959).

Yund et al. (1990) reported the formation of amorphous
material via comminution in granite gouges generated experi-
mentally by rotary shear sliding. The authors stated that the
amorphous material coexisted with very fine angular crystal-
line fragments with irregular boundaries, and that there ap-
peared to be a continuum between the amorphous material
and crystalline fragments. In addition, the amorphous material
formed by comminution was distinct from the amorphous ma-
terial formed by melting, which had sharp, distinct boundaries
and uniform contrast in bright-field images (e.g. Dell’ Angelo
et al., 1987).

In the present study, bright-field images of the pseudotachy-
lyte matrix obtained from 100 kV TEM analyses also indicate
that the amorphous material coexists with very fine crystalline
fragments that range in size from several tens to several hun-
dreds of nanometers. As described in the earlier studies, the
fragments have irregular boundaries, and there appears to be
a continuum between the amorphous material and crystalline
fragments (Fig. 6b).

HRTEM images of the pseudotachylyte matrix reveal that
elongated fragments with 1 nm spacings, corresponding to
the (001) spacing of biotite, bend or glide parallel to the layers
(Fig. 8d, e), suggesting mechanical stress. The amorphous
phase coexists with lattice distortion within the deformed frag-
ments (Fig. 8e, f), indicating that the amorphous phases in the
elongated fragments formed due to mechanochemical effects
induced by mechanical stress.

Nanoscale amorphous material smaller than 100 nm has
been reported to form during chemical weathering and the hy-
drothermal alteration, such as primitive clay precursors, amor-
phous silica, allophone, imogolite, and ferrihydrite (e.g. Tazaki,
1986; Marumo, 1995). Tazaki’s (1986) HRTEM observations
of weakly weathered feldspar revealed ultrathin amorphous
material in 20e25 nm circular form, termed primitive clay pre-
cursors, on the feldspar surface. These precursors, formed by
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weathering, grow on the surface of the grain, whereas the nano-
scale particles of pseudotachylyte identified in the present
study are scattered randomly among the submicron fragments,
not on the grain surface (Figs. 4c, 6a, 8a).

In the present study, TEM observations reveal that the
nanoscale particles of pseudotachylyte are 20e30 nm in size
and have irregular shapes (Fig. 7a). These particles have bio-
tite compositions (see below; Figs. 8b, 11b), clearly indicating
that they are not amorphous silica, allophone, imogolite, or
ferrihydrite. Moreover, this pseudotachylyte is negligibly af-
fected by hydrothermal alteration and chemical weathering
following fault movement, as discussed above. For these rea-
sons, we suggest that the nanoscale amorphous material in
the pseudotachylyte formed by comminution rather than hy-
drothermal alteration and chemical weathering following fault
movement.

The SiO2 content of the Iida pseudotachylyte, as deter-
mined by XRF-EDS, indicates a granitic source rock. Lin
(1996) also reported similar average bulk chemical composi-
tions for the Iida pseudotachylyte and host rock, as determined
using XRF, and suggested that the pseudotachylyte formed
from the granitic host rock, which consists primarily of quartz,
feldspar, and biotite (Lin, 1997a). In the present study, XRF-
EDS analyses revealed slightly different bulk chemical com-
positions for the pseudotachylyte and host rock, as described
above. Given that the pseudotachylyte veins cut deformed bi-
otite in the host rock (Fig. 3c, d), and that biotite is rich in
TiO2, Fe2O3, and MgO, we assume that the discrepancy in
bulk chemical composition reflects differences in the biotite
contents of the pseudotachylyte and host rock. XRF-EDS anal-
yses also reveal that the pseudotachylyte is likely to contain
more biotite than the host rock, and that the compositions of
the elongated fragments and nanoscale tabular particles in
the pseudotachylyte matrix, which consist of Mg, Al, Si, K,
Ti, and Fe, are biotite compositions (Figs. 8a,b, 11).

SEM-EDS analyses reveal that the pseudotachylyte matrix
consists primarily of biotite composition (Fig. 10); however,
peaks for mica clay minerals were not detected in the XRD
patterns of the analyzed pseudotachylyte (Fig. 8). Lin (1996,
1997b) also reported the absence of XRD peaks for mica
clay minerals that formed by hydrothermal alteration; how-
ever, the Iida pseudotachylyte is only weakly affected by hy-
drothermal alteration after fault movement (see above). We
suggest that the absence of peaks for mica clay minerals in
the Iida pseudotachylyte probably reflects the amorphization
of biotite during the comminution process.

The amorphous material reported by Yund et al. (1990) from
granite gouges produced by rotary shear sliding experiments
has a feldspathic composition; however, the granite sample
used in these earlier experiments was homogeneous and mainly
composed of feldspar (67%), with just 5% biotite. In contrast,
the host cataclasite of the Iida pseudotachylyte contains a foli-
ation defined by the preferred orientation of biotite. The fact
that the pseudotachylyte veins cut across deformed biotite in
the host rock suggests that the pseudotachylyte was probably
generated in the biotite-rich layers within the foliation.
Shimada et al. (2004) and Toyoshima et al. (2004) reported
that pseudotachylytes from the Hidaka metamorphic belt are
concentrated along thin mylonitic foliation planes defined by
a strong preferred orientation of micas. Accordingly, we pro-
pose that the difference between the findings of Yund et al.
(1990) and the present study, in terms of the composition of
amorphous material, reflects differences in the compositions
of the host rocks.

XRD peaks for mica clay minerals were only detected in the
host rock, not in the pseudotachylyte (Fig. 8). In addition, bio-
tite fragments picked from the host rock are in single-crystal
form (Fig. 7c), clearly suggesting that the amorphization of
the biotite occurred by comminution during the formation of
pseudotachylyte. Grain-size reduction by comminution is com-
monly attributed to wear and the attrition of quasi-static cumu-
lative slip on the sliding surface induced by progressive shear
stress (e.g. Marone and Scholz, 1989). Other recent studies
have reported comminution processes attributed to dynamic
rock pulverization induced by unloadingeloading cycles of
normal stress during the propagation of earthquake rupture
(e.g. Brune, 2001; Wilson et al., 2005; Reches and Dewers,
2005). Based on the observation of a random fabric and the ab-
sence of localized slip zones, Lin et al. (1994) proposed that the
Iida pseudotachylyte formed during seismic fault motion. Ac-
cordingly, we interpret that the amorphization of biotite in
the Iida pseudotachylyte was induced by progressive shear
stress during quasi-static slip and normal stress during dynamic
rock pulverization on the sliding surface of the fault.

On the basis of rotary shear sliding experiments, Goldsby
and Tullis (2002) and Di Toro et al. (2004) suggested that
amorphization and the formation of gel via shearing and com-
minution under wet conditions is one of the weakening mech-
anisms of faults during seismic slip. It is therefore possible
that the amorphous material in the Iida pseudotachylyte in-
duced slip weakening during seismic slip; however, further
work is required to reveal whether the amorphous material
with biotite content is capable of forming a gel.

Recent studies of experimental and natural pseudotachy-
lytes reveal that comminution is an essential precursor to fric-
tional melting (e.g. Spray, 1995; Curewitz and Karson, 1999;
Otsuki et al., 2003). During the comminution process, the ac-
tivity of fragments within the pseudotachylyte increases with
increasing specific surface energy and internal energy of the
fragments due to grain-size reduction and the formation of lat-
tice defects, lattice distortion, and an amorphous phase within
the fragments (e.g. Kubo, 1963; Kubo and Miyazaki, 1968;
Lin and Nadiv, 1979). We assume that the nanoscale to submi-
cron fragments in the Iida pseudotachylyte are likely to have
been activated, as the fragments were comminuted to the
nanoscale and underwent amorphization and lattice distortion.

Many studies on the grinding of quartz, clay minerals, cal-
cite, and metal oxides such as Fe2O3, TiO2, and ZnO have re-
ported that an increase in the activity of fragments arising
from lattice distortion and amorphization during comminution
acts to change their physical and chemical properties, including
a lowering of the temperature of transformation, the dehydra-
tion of structural water, and increased solubility in water (e.g.
Gregg et al., 1954; Burns and Bredig, 1956; Kubo, 1963;
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Kubo et al., 1963; Senna et al., 1971; Lin and Somasundaran,
1972). However, the changes that occur in biotite during the
comminution process remain poorly understood. Unlike crys-
talline materials, amorphous materials do not generally have
a specific melting temperature; instead, such materials show
a gradual change in melting over a wide range of temperature
(e.g. Gwinn et al., 1988). To clarify the frictional melting
process of pseudotachylyte, further work is required to gain
an understanding of the changes in physical and chemical prop-
erties that take place during the comminution process in biotite
and the melting behavior of amorphous material formed by
comminution.

9. Conclusion

This study is the first to clearly document amorphous mate-
rial formed by comminution, without the rapid cooling of
melt, in natural crush-origin pseudotachylyte. The presence
of amorphous material is therefore not always indicative of
the rapid cooling of melt in pseudotachylyte. The amorphous
material within the matrix of the Iida pseudotachylyte formed
due to mechanochemical effects induced by shear stress and
normal stress during the comminution process that accompa-
nied fault movement.
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