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Abstract

Microscopic billow-like wavy folds have been observed along slip planes of the Nojima active fault, southwest Japan.
The folds are similar in form to Kelvin—-Helmholtz (KH) instabilities occurring in fluids, which implies that the slip zone
underwent “lubrication”such as frictional melting or fluidization of fault gouge materials. If the temperature range for
generation of the billow-like wavy folds can be determined, we can constrain the physical properties of fault gouge
materials during seismic slip. Here, we report on rock magnetic studies that identify seismic slip zones associated with
the folds, and their temperature rises during ancient seismic slips of the Nojima active fault. Using a scanning mag-
neto-impedance magnetic microscope and a scanning superconducting quantum interference device microscope,
we observed surface stray magnetic field distributions over the folds, indicating that the folds and slip zones are
strongly magnetized. This is due to the production of magnetite through thermal decomposition of antiferromagnetic
or paramagnetic minerals in the gouge at temperatures over 350 °C. The presence of micrometer-sized finely com-
minuted materials in the billow-like wavy folds, along with our rock magnetic results, suggests that frictional heating-
induced fluidization was the driving mechanism of faulting. We found that the existence of the magnetized KH-type

the frictional strength of the fault slip zone.

SQUID microscope

billow-like wavy folds supports that the low-viscosity fluid induced by fluidization after frictional heating decreased

Keywords: Rock magnetism, Nojima fault, Frictional heating, KH instability, Ml magnetic microscope, Scanning

Introduction

One of the only ways to identify a drastic decrease in the
friction coefficient during seismic slip in outcrop is to
measure the frictional heating on faults relative to the
surrounding rock. Di Toro et al. (2011) indicated that
the physical properties of fault gouge at seismic slip rates
(about 1 m/s) cause a significant decrease in friction (of
up to one order of magnitude), which we call fault “lubri-
cation,” lubrication reduces normal stress along the fault
plane, being mainly caused by frictional melting (Jeffreys
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1942; McKenzie and Brune 1972; Sibson 1975; Cardwell
et al. 1978; Allen 1979), thermal pressurization (Sibson
1973; Lachenbruch 1980; Mase and Smith 1984, 1987),
and/or fluidization (Monzawa and Otsuki 2003; Ujiie
et al. 2007; Boullier et al. 2009) of the fault gouge. As
these lubrication mechanisms might be recorded in fault
gouge as microtextures, it is important to find direct evi-
dence from natural gouge to evaluate ancient frictional
faulting mechanisms.

It is known that Nojima fault gouge preserves a unique
“billow-like wavy folds” microtexture produced dur-
ing ancient seismic slip events at a seismogenic depth
(Kameda et al. 2002; Otsuki et al. 2003). The wavy folds
are similar to the Kelvin—Helmholtz (KH) instability that
normally occurs in fluids (Helmholtz 1868; Kelvin 1871).
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Such an instability is generated at the interface between
two fluids of different densities that are shearing at dif-
ferent velocities. Each fold is inclined in shearing direc-
tion and tapers to the wave crest. The differing velocities
cause a pressure difference due to the “Bernoulli effect,’
leading to the instability. Therefore, the billow-like wavy
fold microtexture is an indicator that the fault slip zone
underwent “lubrication”

Such lubrication textures have been reported from
geological scale to microscopic scales. Brodsky et al.
(2009) examined a series of outcrop-scale asymmetrical
flow-like intrusions of ultrafine-grained fault rock on
the exhumed Kodiak Island megathrust, Alaska, using a
concept of gravitational (Rayleigh—Taylor) instability to
reveal a coseismic slip velocity of the order of 10 cm/s.
Wetzler et al. (2010) suggested that the various types
of outcrop-scale deformations in the Lisan Formation,
Israel, could be explained as the result of earthquake-
triggered KH instability. These field investigations give
no constraint of temperature conditions during the
deformation. High-velocity experiments carried out by
Mizoguchi et al. (2009) indicated that the microscopic-
scale billow-like textures in Nojima fault gouge are
characterized by folding and fluttering structures dur-
ing a steady-state frictional weakening stage. Moreover,
using numerical modeling based on temperature meas-
urements close to the gouge layer, they showed that the
microtextures were formed under a relatively low tem-
perature of less than 400 °C. In contrast, Otsuki et al.
(2003) suggested that local frictional melting in Nojima
fault gouge caused a fluid-like microstructure such as
billow-like fold, but that local fluidization may also occur,
which contributed to decrease the friction coefficient of
the fault slip zone. To determine which temperature con-
ditions occurred during ancient natural faulting in the
Nojima fault, we need to know a temperature rise in a
slip zone by frictional heating during seismic slips.

In order to identify seismic slip zones and constrain
the temperature rise in fault gouge during seismic slip,
electron spin resonance (ESR) (Fukuchi 2003, 2012),
biomarkers (Savage et al. 2014), vitrinite reflectance
(Maekawa et al. 2014), and rock magnetism (Mishima
et al. 2006) investigations have been conducted. The ESR
and rock magnetism studies focus on the production of
ferromagnetic minerals in the slip zone due to thermal
decomposition of paramagnetic minerals by frictional
heating. The production of magnetic minerals yields
remanent magnetization under Earth’s magnetic field
that is a permanent magnetization resulting in magnetic
minerals (Dunlop and Ozdemir 1997). Therefore, mag-
netized slip zones can be regarded as a fossilized signa-
ture of frictional heating. This suggests that ESR and rock
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magnetic investigations have advantage for determining
the temperature rise in fault gouge. To identify spatial
distribution of frictionally heated slip zones, Fukuchi
(2012) developed a scanning ESR microscopy technique
with a 0.25 mm spatial resolution; however, such tech-
nique has not been applied to the billow-like wavy folds
in Nojima fault gouge. Moreover, there is no application
of scanning magnetic microscopies to the folds.

There are three possible explanations of why a fault
slip zone has high remanent magnetization than its sur-
roundings. First, ferrimagnetic minerals in the fault slip
zone may acquire a thermal remanent magnetization
(TRM) upon cooling (Piper and Poppleton 1988; Ferré
et al. 2014). Second, earthquake lightning may consti-
tute an additional magnetization process (Enomoto and
Zheng 1998; Ferré et al. 2005). Third, a fault slip zone
may acquire chemical remanent magnetization (CRM)
due to neoformation of ferrimagnetic minerals by ther-
mal decomposition during seismic slips (Nakamura et al.
2002; Fukuchi 2003; Fukuchi et al. 2005; Hirono et al.
2006; Chou et al. 2012); it can be explained that many
kinds of antiferromagnetic or paramagnetic minerals
are thermally decomposed into ferrimagnetic minerals.
Fukuchi (2003) indicated that Nojima fault gouge con-
tains antiferromagnetic minerals such as kaolinite or
smectite that can be changed into ferrimagnetic miner-
als such as maghemite by thermal dehydration. Nojima
fault gouge contains siderite (FeCO;) (Enomoto and
Zheng 1998), which thermally decomposes into magnet-
ite with carbon dioxide at 470 °C under reducing condi-
tions (French 1971). Mishima et al. (2009) showed that
paramagnetic minerals such as siderite in Taiwan Che-
lungpu fault gouge changed into ferrimagnetic magnet-
ite through thermal decomposition above about 400 °C.
These studies imply that analysis of ferrimagnetic miner-
als contributes to identifying seismic slip zones and the
reconstruction of their temperature history during fault
slips. In Japan, a scanning magneto-impedance (MI)
magnetic microscope and a scanning superconducting
quantum interference device (SQUID) microscope (SSM)
for room-temperature samples have been developed at
Tohoku University (Uehara and Nakamura 2007) and
the Geological Survey of Japan (GSJ) National Institute
of Advanced Industrial Science and Technology (AIST)
(Kawai et al. 2016; Oda et al. 2016), respectively. These
lines of equipment can detect the surface stray magnetic
field over a thin section with a spatial resolution of 0.4
and 0.10 mm, respectively. In this study, we use a scan-
ning magnetic microscopy method to identify seismic
slip zones and obtain the temperature rise distribution
around the billow-like wavy fold microtextures of Nojima
fault gouge during seismic slip.
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Study area and sampling

The Nojima fault is an active fault in Japan, which strikes
N20°E-N60°E, dips 75°-85° to the southeast, and forms
a boundary between granites and siltstone of the Osaka
Group made of sandy gravel bed layer (Yoshikawa 1973;
Uda et al. 2001). The fault ruptured during the Hyogo-
ken Nanbu (Kobe) earthquake in 1995 (Mw. 6.9 accord-
ing to National Earthquake Information Center). The
earthquake yielded composite surface right-lateral dis-
placement of 1.2-1.6 m and vertical displacement of
0.5-0.8 m, with maximum surface displacement of
2.5 m (2.1 m right-lateral and 1.3 m vertical) observed in
the central part of surface faults in Hirabayashi district
(Awata et al. 1996).

In a project that was part of the Nojima Fault Zone
Probe (Oshiman et al. 2001), we trenched the Hira-
bayashi outcrop, found laminated fault gouge zone, and
collected oriented samples (Fig. 1a, b). The hanging wall
comprises white-colored weathered granite, and the
foot wall comprises Osaka group siltstone (Fig. 1c). The
fault gouge is about 20 cm wide (Fig. 1c) and is com-
posed of alternating thin layers of very fine-grained
material including weathered cataclastic granite, and
laminated cohesive blackish and incohesive grayish fault
gouges (Fig. 1d, e). Furthermore, we found billow-like
wavy folds within cohesive blackish gouge and also at
the boundary between blackish gouge and weathered
granite (Fig. 1d, e). A power rock saw with a diamond
blade was used to cut the oriented fault gouge blocks
after they were reinforced with non-magnetic dental
cement. The trenched fault zone was oriented N45°E
and dipped to 80°E.

Detailed observations suggest that the surface seis-
mic slip of the 1995 Hyogo-ken Nanbu earthquake only
occurred in the soft fault clay along western-side silt-
stone (Otsuki et al. 1997). In our study, we focused on the
laminated fault gouge zone with microtextures adjacent
to the weathered granite. Therefore, this fault gouge zone
preserves the signature of the large earthquake events
in the ancient time before the 1995 event. This is not
the product of the 1995 event. The estimated formation
depth of this gouge is 3 km according to the clay mineral
stability field (Otsuki et al. 2003). The thin sections of the
fault gouge zone were taken perpendicular to the lami-
nae on the horizontal plane, because the rake of the stria-
tion is unknown. A typical thin section of the laminated
fault rock is shown in Fig. 2a. The fault gouge consists of
three parts, incohesive grayish gouges, cohesive blackish
gouges, and weathered granites (Fig. 2a, d). The gouges
display disordered microtextures with turbulent, lami-
nated structures and billow-like wavy folds (Fig. 2a, d).
The billow-like wavy folds are observed at the boundary
between the weathered granites and cohesive blackish
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gouge (Fig. 2d) and also in the laminated microtextures
(Fig. 1d; Additional file 1: Fig. S1).

To describe the configuration of the billow-like wavy
folds, we defined the width (/) as the distance between
the base of the billow-like wavy folds and the most upper
part of the curved folds and wavelength (1) as the dis-
tance along the base between the two minimum points
(Fig. 2e). Each fold is inclined in the same direction and
tapers to the wave crest. The fold inclination suggests the
left-lateral orientation of the fault movement, implying
the ancient slip sense and ancient stress field were dif-
ferent from the present those. The amplitude and wave-
length of the billow-like wavy folds stemming from the
same boundary are almost equal. The billow-like wavy
folds in Nojima fault gouge are similar to the wavy folds
induced by KH instability that were identified in Dead
Sea sediments by Wetzler et al. (2010). We adopted Wet-
zler et al’s (2010) approach of characterizing the folds
by a power spectrum comprising amplitude squared (/%)
and the inverse of wavelength (k = 1/1), as shown in
Fig. 3. We plotted /° and k for the billow-like wavy folds
in Nojima fault gouge with those from the Dead Sea
sediment deformations compiled by Wetzler (2009). The
power spectrum (2 = 0.15 k=) has a similar trend with
a power law fit of —1.9 and correlation coefficient (R?)
of 0.98 (Fig. 3). This differs from the exponent of —5/3
which is predicted from Kolmogorov’s phenomenologi-
cal picture of an energy cascade of turbulence, although
such fold characteristics still imply fluid-like deformation
in the fault gouge (Wetzler et al. 2010). In order to under-
stand the process of formation of the billow-like wavy
folds, it is important to identify the temperature during
seismic slip, but this has not been previously investigated
for Nojima fault gouge.

Backscattered electron (BSE) observations indicate
that the billow-like wavy folds consist of micrometer-
sized finely comminuted grains with a lack of flow struc-
ture evidence for melting (Fig. 2c). The average volume
fraction of the grains shown by pixel counting in the
five squares in Fig. 2c was calculated as 0.6 with a vari-
ance (¢®) of 0.003 using image processing software (GNU
Image Manipulation Program, GIMP), whose detail data
are shown in Additional file 1: Table S1.

Methods
We conducted two experiments: (1) heating experiments
of fault gouge to confirm the neoformation of magnetite
during heating, and (2) magnetic microscopy observa-
tions to reveal a new acquisition of remanent magnetiza-
tion by neoformation of magnetite after heating and their
spatial detection of heated zones.

To determine the spatial distribution of ferrimagnetic
minerals in Nojima fault gouge, we used a custom-made
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Fig. 1 a Location of Awaji Island, Japan, showing active faults and geology in the Kobe-Osaka area, modified after Lin et al. (2015) and Murakami

et al. (2002). b Nojima fault gouge sampling location, modified after Otsuki et al. (2003). € Outcrop of the Nojima fault gouge. The fault gouge is
observed between the weathered granite and the Osaka group siltstone, with dashed and dotted white lines indicating its upper and lower bounda-
ries, respectively. The fault slip zone strikes N45°E, and dips 80° to the southeast. The X-axis indicates the strike and the Z-axis indicates up. The same
X-Y-Z coordinate system is used in Figs. 1d, e, 2a, b, 6, and Additional file 1: S2. d Macroscopic photograph of the fault gouge sample used for scan-
ning magneto-impedance (MI) magnetic microscope observation. Block samples used for making a thin section are indicated by red numbering.
Billow-like wavy folds are observed within the laminated cohesive blackish gouge and also in between weathered granite and blackish gouge. e
Macroscopic photograph of the fault gouge sample used for superconducting quantum interference device (SQUID) microscope observation. Block
samples used for making a thin section are indicated in red. Billow-like wavy folds are observed within the laminated cohesive blackish gouge

scanning MI magnetic microscope developed by Uehara
and Nakamura (2007, 2008). This allows mapping of
the two-dimensional vertical component of a magnetic
field by documenting dipole-like features with a spa-
tial resolution of 0.4 mm with a magnetic sensitivity
of 10 nT (Uehara and Nakamura 2007, 2008). The dis-
tance between the MI sensor head and the thin-section

sample was about 300 pm. Since the stray magnetic
field of fault gouge on thin sections was weaker than
the MI sensitivity, the thin-section samples were given
isothermal remanent magnetization (IRM) at 1 T by
pulse magnetizer (Magnetic Measurements MMPM10)
to emphasize the spatial distribution of ferrimagnetic
minerals.
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blackish gouges, and weathered granites. The microstructure shows turbulent disordered textures, laminated textures, and billow-like wavy folds. b
Surface magnetic field distribution of the thin-section sample observed under the MI magnetic microscope after imparting IRM at 1 T. White regions
correspond to near-average magnetic field, and red (blue) regions correspond to upward (downward) oriented fields. The voltage is proportional

to the magnetic field detected by the Ml sensor. € Backscattered electron (BSE) image of the billow-like wavy folds in the solid red rectangle in (a). d
Schematic of the billow-like wavy folds in the red dashed rectanglein (a), which are generated between the cohesive blackish gouge and the weath-
ered granites. e Definition of width (/) and wavelength (A) of the billow-like wavy folds

In order to confirm the production of ferrimagnetic
mineral during high-temperature treatments, we con-
ducted a heating experiment on the weakly magnetic
incohesive grayish gouge as a starting material. Seven
fault gouge samples were cut into approximately 1-cm-
square fragments with an ultrasonic cutter from inco-
hesive grayish gouge, avoiding the inclusion of magnetic
blackish gouges. The samples were taken from the gouge
that seemed to have not experienced high-temperature
conditions during friction. Seven fragment samples were
demagnetized at 100 mT using an alternating field (AF)
demagnetizer (DEM-93; Natsuhara Giken, Osaka, Japan),
and five of the seven were then placed in a direct cur-
rent (DC) magnetic field of 100 pT thermal demagnet-
izer (TDF-98; Natsuhara Giken) and heated stepwise
in a quartz glass tube with a low-oxygen state close to a

vacuum (0.4 mbar, similar to conditions at 3 km depth).
The heating steps were 100, 200, 300, 350, 400, 450, 500,
550, and 600 °C, and after each remanent, magnetiza-
tion of the samples was measured using a fluxgate spin-
ner magnetometer with a sensitivity of 5 x 107® mAm?
(ASPIN; Natsuhara Giken).

To confirm that the increase in remanent magnetiza-
tion of fragment samples in the previous experiments
mainly stemmed from the acquisition of thermal rema-
nent magnetization (TRM) by newly formed ferromag-
netic minerals, rather than by preexisted ferromagnetic
grains, we conducted the following procedure. The
remaining two of the seven fragment samples were AF-
demagnetized at 100 mT and acquired IRM at 1 T by a
pulse magnetizer. Then, these were heated at 600 °C with
a low-oxygen state (0.4 mbar, similar to conditions at
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3 km depth) in a glass tube, and then it acquired IRM at
1 T at room temperature. Their remanent magnetizations
were measured in each step using the fluxgate spinner
magnetometer.

We employed the SSM at GSJ, AIST (Kawai et al. 2016;
Oda et al. 2016), in order to measure the natural rema-
nent magnetization (NRM) of the billow-like wavy folds
and estimate the time of NRM acquisition. The limit-
ing magnetic moment sensitivity of the SSM is about
1 x 107 A/m? at a sensor-to-sample distance of 200 pm
(Oda et al. 2016). The measurements were taken with a
distance of about 656 pm between the thin-section sam-
ple and the SQUID pickup coil.

Results and discussion

From inertial isotropic Kolmogorov turbulence power
law, turbulent flow energy cascades to smaller scales
with no loss of viscosity with a power law slope of —5/3.
However, Li and Yamazaki (2001) observed from their
fluid experiments that the power law slope at low wave-
numbers is close to —2, rather than —5/3, which agrees
with our plotting of data from Dead Sea sediments and
billow-like wavy folds in Nojima fault gouge (Fig. 3).
Considering the effect of the fluctuations in dissipation
rate, the fractal dimension (D) of the turbulence distribu-
tion is used to describe the energy spectrum as follows:
E(k) o e23k=5/3(Lk)=B=D)/3 where E(k) is the energy
spectrum, ¢ is the dissipation rate, k is the wave number
(k = 1/, where A is the wavelength), and L is the maxi-
mum amplitude of turbulence (Frisch et al. 1978). If tur-
bulence is spatially distributed, with a fractal dimension
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of 3, the energy spectrum becomes E(k) §2/3k—>/3,
which matches the Kolmogorov turbulence power law
exponent and indicates that the energy of turbulent flow
is distributed to the whole volume. Our study shows that
the power spectra of the Dead Sea sediment deforma-
tions and the billow-like wavy folds in Nojima fault gouge
follow a similar trend with a power law fit of about —2.
Therefore, we deduce a fractal dimension of 2, derived
from —5/3 — (3 — D)/3 = —2. This indicates that the
energy of turbulence tends to be distributed in a two-
dimensional surface.

The remanent magnetization of the five fragment sam-
ples abruptly increased at above 350 °C, reaching levels
that were about 7-26, 25-77, and 29-981 times more
intense than the original remanent magnetization at
100 °C at temperatures of 400, 500, and 600 °C, respec-
tively (Fig. 4). In all samples except Nojima 14, rema-
nent magnetization saturated above 550 °C. To isolate
the effect of thermal treatments, we compared rema-
nent magnetization of the samples that were heated and
acquired IRM at 1 T (Nojima 15: 2.13 x 10> A/m, Nojima
19: 1.52 x 10' A/m) with the ones that only acquired
IRM at 1 T (Nojima 15: 1.03 x 10' A/m, Nojima 19:
2.53 A/m). The thermally treated sample acquired six
times more intense remanent magnetization than non-
heat-treated one (Fig. 5). This suggests the occurrence
of thermal decomposition of antiferromagnetic or para-
magnetic minerals into magnetite by frictional heating in
seismic slip (e.g., Nakamura et al. 2002). The production
of magnetite by a thermal decomposition was confirmed
in thermomagnetic experiments of incohesive grayish
fault gouge (see Additional file 1: Fig. S3). Using our MI
magnetic microscope, a stray magnetic field distribution
of the billow-like folds in the fault gouge in an isother-
mally magnetized state shows that the cohesive blackish
gouges and the billow-like wavy folds are strongly mag-
netized, while the weathered granites are weakly or null
magnetized (Fig. 2b; Additional file 1: Fig. S2). This sug-
gests that these strongly magnetized slip zones had been
exposed to high temperature (>350 °C).

Chou et al. (2012) also suggested that newly formed
ferrimagnetic mineral in Taiwan Chelungpu fault gouge
records Earth’s magnetic field during the post-seismic
period as a NRM. This implies the possibility to deter-
mine the age of ancient frictional heating. However, our
MI magnetic microscope is not able to detect weakly
magnetized fault gouge. To capture the NRM distri-
bution in fault gouges, we need to use a high-sensitiv-
ity SSM. The NRM magnetic field distribution of the
Nojima fault gouge shows that the blackish gouge adja-
cent to the billow-like wavy fold was strongly magnet-
ized in opposite directions (Fig. 6). Our results show
that a SSM can detect the NRM distribution of fault
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gouge (Fig. 6), and the patterns of positively and nega-
tively magnetized states seem to be due to geomagnetic
polarity reversals. These patterns are related to the slip
zone and the billow-like wavy folds of the fault gouge.
This suggests that the NRM distribution of fault gouge

may allow us to date frictional slips using a geomagnetic
polarity timescale.

From our fault gouge heating experiments and scanning
MI magnetic microscope observations, we hypothesized
that the cohesive blackish gouges are the fault slip zone
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Fig. 6 a Optical image of a thin section from block sample b3 in

Fig. Te. The yellow arrow indicates a direction of fault movement
estimated from the billow-like wavy folds. b A semitransparent SQUID
microscopic image superimposed on the optical image. ¢ A SQUID
microscopic image of the thin section. Positive (negative) magnetic

field values correspond to upward (downward) oriented fields

and reached 350 °C at least. The maximum attainment
temperature of the fault slip zone can be determined from
the aspects of the BSE image and the billow-like wavy folds
caused by KH instability. Otsuki et al. (2003) indicated that
Nojima fault gouge underwent local melting or fluidization
and that the melt viscosity changed from 10’~° Pa s at 750
800 °C to 10 Pa s at 1280 °C. However, they suggested that
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the phase transition from a grain friction regime to fluidi-
zation of granular materials could be achieved, if the tem-
perature of frictional heating does not reach the fault gouge
melting point. At that time, relative viscosity [the ratio of
total fluid viscosity (7,) to the pore fluid viscosity (#,,)] is
about 100, if the volume fraction of an equivalent diameter
spherical particle (N) is 0.6 (Frith et al. 1996). We hypoth-
esized that the fault slip zone was exposed to high tempera-
ture (>350 °C) and that the fault gouge formation depth was
3 km. Under such temperature and pressure conditions,
Schmelzer et al. (2005) showed that the viscosity of water
[pore fluid (77,,)] is 9.137 x 107° Pa s, being approximately
1.0 x 107* Pa s. Therefore, if micrometer-sized finely com-
minuted products approximate to an equivalent diameter
spherical particle, total viscosity (7,) is 1.0 x 107% Pa s. Due
to frictional heating, the pore fluid expands in volume (e.g.,
Lachenbruch 1980). If the permeability of the fault slip zone
decreases, the volume fraction of fault gouge decreases; this
suggests that the total fluid viscosity of the fault slip zone
further reduces below 1.0 x 1072 Pa s. Although Woods
(1969) has demonstrated that KH instability can be gener-
ated under high Reynolds number conditions, we cannot
deduce the concrete Reynolds number due to the difficulty
in the estimation of the flow velocity in fault gouge. With
regard to shear flow, viscosity dissipates disturbance energy
and stabilizes the flow. The viscosity of fluid in the fault
gouge caused by fluidization is much lower than that asso-
ciated with melting, which suggests that fluidization is a
more appropriate condition for the generation of KH insta-
bility; this is supported by the BSE observations showing
that the folds consist of micrometer-sized finely commi-
nuted grains without flow structures. This finding suggests
that the low-viscosity fluid and frictional heating decreased
the frictional strength of the fault gouge, and that the tem-
perature was below its melting point of 750 °C. Monazam
et al. (2014) demonstrated that the oxidation of magnet-
ite to hematite was terminated at 900 °C within a minute
in a continuous stream of air. Although the experimental
conditions are different from those in the Nojima fault, it
is considered that the oxidation of magnetite to hematite
did not occur during ancient seismic slips in our case. This
result supports that magnetite was formed in the fault slip
zone around the billow-like wavy folds because of frictional
heating below 900 °C during seismic slip, which contributes
strong remanent magnetization. Therefore, frictional heat-
ing between the fault grains occurred in seismic slip and
generated magnetite. After that, the low viscous fluid com-
posed of water and the fault grains induced by fluidization
decreased the frictional strength of the fault slip zone. Dur-
ing a frictional slip, the velocity difference in viscous fluids
formed magnetized billow-like wavy folds due to KH insta-
bility, and the microtexture had been preserved in fault
gouge after the cease of an ancient seismic slip.
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Conclusion

In Nojima fault gouge, we found billow-like wavy folds
which are similar in form to Kelvin—Helmholtz (KH)
instabilities. Scanning magnetic microscope using MI
and SQUID sensors detected the presence of magnetic
minerals in the slip zone surrounding the billow-like
wavy fold. The rock magnetic studies show that the mag-
netic mineral was formed as a result of thermal decom-
position (>350 °C) of antiferromagnetic or paramagnetic
mineral into magnetite during frictional slips. BSE obser-
vations indicated the billow-like wavy folds consisted of
micrometer-sized finely comminuted grains without flow
structures associated with melting. These results suggest
that fluidization induced by fault rupture and frictional
heating was the driving mechanism of fault lubrication.

Additional file

Additional file 1: Fig. S1. Transmitted light microscope images of thin-
section samples with billow-like wavy folds in their laminated microtex-
tures. Dashed red lines outline the billow-like wavy folds, and dashed
black dot lines indicate width (/) and the wavelength (A). Fig. S2. Optical
images (left) and surface magnetic field distributions observed by Ml
magnetic microscope (right) of thin-section samples shown in the rela-
tive intensity map. Dotted black lines indicate the billow-like wavy folds.
White regions correspond to near-average magnetic field, and red (blue)
regions correspond to upward (downward) oriented fields. The black
arrow indicates a direction of fault movement estimated from the billow-
like wavy folds. (a), (b), and (c) correspond to blocks 1, 2, and 4 in Fig. 1d,
respectively. Fig. $3. Thermomagnetic curves of incohesive grayish fault
gouge samples (a) and a subsequent heating curve (b). The curve (a) was
characterized by hump above 370 °C. The induced magnetization on a
heating step increases at about 370 °C, reached a maximum at 500 °C,
and decreases from 500 °C to 570 °C. This hump suggests the presence
of thermally unstable iron-bearing minerals that can be transformed to
magnetite at temperature above 370 °C. The subsequent heating curve
(b) showed that the induced magnetization decreases to the Curie
temperature of around 550 °C and increases reversibly back to the same
level of original magnetization. This indicates the existence of magnetite
without thermal oxidations to hematite even after heating up to 650 °C.
Table S1. Relationship between pixel counting and volume fraction of
fault grains. Table S2. Raw data of remanent magnetization of the five
fragment gouge samples after stepwise heating experiment at 100 uT.
Table S3. Raw data of remanence magnetization of two fragment gouge
samples under natural remanent magnetization (NRM), alternating field
demagnetization (AFD) at 100 mT, isothermal remanent magnetization
(IRM) at 1 Tand IRM at 1T after heating at 600 °C.
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