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Introduction: Fluid/mineral interfaces have an effect on fault slips in the Eatorust. Deformation of rocks in the Earth
s crust is often localized within fault zones, and the slip behavior strongly depends on the frictional strength of these fault
zones. Phyllosilicates (e.g., clay minerals and mica) are ubiquitous in natural fault zones and these layered-structure minera
can decrease the frictional strength of the fault zones. One of the reasons to explain the low frictional strength is the lubricatior
due to adsorbed and interlayer water molecules on these phyllosilicate minerals [1]. To know the lubrication properties and th
stability of water on mineral surfaces is important to develop the fundamental physics of fault mechanics. Here we investigatec
the structure, dynamics and stability of water on the muscovite surfaces using classical molecular dynamics (MD) simulations
density functional theory (DFT) calculations, and x-ray crystal truncation rods (CTR) scattering measurements.

Methods: (1) Classical MD simulations: The interatomic potential models for muscovite, water, and ions were originally
developed. These models succeeded to be applied to water/mineral interfaces [2]. (2) DFT calculations: The calculations wel
performed by the code Quantum-Espresso to know the stability of water confined between muscovite surfaces. (3) Surface x-re
scattering measurements: The measurements were carried out at Photon Factory, KEK, Japan (BL-4C) by using monochroma
x-rays of 11.0 keV.

Structure of aqueous NaCl/Muscovite interface [3]: The sub-A-scale atomic distribution of muscovite surface in aqueous NaCl
solution was measured as a function of the distance normal to the interface. The four distinguished peaks were observed at z
1.4,2.8,5.3, and 9 A in the NaCl solution. The electron-density oscillation decayed and disappeared at z ? 12 A. The oscillatiol
of the electron density can be explained by the adsorbed hydrateiNa as the inner sphere complexes (IS).

Implications for the mechanism of lubrication: The radius of the first hydration shell dfidbias adsorbed on the muscovite
surface was extended over 4 A from the outermost oxygen layer of the mica surface. In the previous shear measurements of Na
solution confined between muscovite surfaces [4], the increased viscosity and high lubricity were observed at a surface separati
of 6+ 3 A, which corresponds to the distance of contact of the first hydration shell‘ofdtes adsorbed on opposite muscovite
surfaces. To realize water lubrication, the water molecules must be confined between the muscovite surfaces during the shear.
this context, the hydrated Naons adsorbed on the muscovite surface as IS could retain the water molecules around them due
to the attractive coulomb forces and be a candidate for an effective lubricant between muscovite surfaces.

The stability of hydration shell: The stability of water around*N@ans at high temperature and pressure conditions was
discussed by the combined methods of DFT calculations, the thermodynamics, and the shear measurements. The compress
differential stress larger than 1.7 GPa was necessary to squeeze out the water film.

References: [1] Morrow, C. A. et al (2000) GRL 27 815?818. [2] Sakuma, H. and Kawamura, K. (2011) GCA 75 63?81. [3]
Sakuma, H. et al (2011) JPCC 115 15959. [4] Sakuma, H. et al (2006) PRL 96 046104.
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We numerically investigate the effect of thermal pressurization (TP) on fault branch behavior during dynamic rupture propa-
gation; a situation is likely to occur during large earthquakes at subduction interfaces.

We consider a 2-D mode Il rupture that propagates along a planar main fault and encounters an intersection with a pre-existin
branching fault. The fault system is in an infinite, homogenous, and elastic medium, and it is subjected to uniform external
stresses. The friction coefficients and Dc are assumed to be uniform and the same on the two faults. The numerical algorisi
is based on the 2-D boundary integral equation method (BIEM) using the integration kernels proposed by Tada and Madariag
(2001, IINME). A rupture is initiated in a small patch on the main fault, and then proceeds spontaneously, governed by a slip:
weakening law with the Coulomb failure criteria. On a fault with TP, we allow effective normal stress to vary with pore pressure
change owing to frictional heating using the formulation of Bizzarri and Cocco (2006, JGR).

We reveal that TP can alter the rupture propagation paths in the cases where a dip angle of the main fault is shallow. Th
rupture propagation paths depend on the branching angle when TP is not in effect on either of the faults, as described by Kar
et al. (2003, JGR). On the other hand, the ruptures propagate along the main fault in the cases with TP on the main fault, an
ruptures propagate along the branch when TP is in effect on both faults. These features are observed, regardless of the branch
angle. Thus, the dynamic rupture processes are strongly controlled by TP, compared with the branching angle.

Finally, we consider the case when free surface exists above the branch fault system. It should be noted that full space ar
half space computations are the same until the reflected waves from free surface arrive at the branch fault system. Therefore, t
above discussion is valid for half space case as far as we focus on the branching. However, once the reflected waves from tl
free surface arrive at the branch fault, they promote the rupture propagation along the branch fault. In this case, the rupture cc
propagate along both faults by the existence of the free surface in addition to TP on the main fault.

OO0000:0000,00004,thermal pressurization
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We investigate the formation process of wing-crack like sequentially occurring branch faults. Such branch faults are found
in field examples of exhumed fault rocks [e.g., Di Toro et al., 2005, Nature] and laboratory examples formed during dynamic
rupture propagation [e.g., Griffith et al., 2009, Geology]. Recent theoretical studies suggested that the angles and lengths
branch faults reflect dynamic rupture processes of main faults, which the branches are grown from, and the rupture velocitie
[Rice et al., 2005, BSSA] and the length [Ando and Yamashita, 2007, JGR] of the main faults can be estimated by using thes
geometrical parameters. In fact, Di Toro et al. (2005) used the theory and the model of Rice et al. (2005) to infer the condition for
exhumed branches filed by pseudotachylyte. However, these physical models lack some ingredients such as actual dislocatic
due to branching [Rice et al., 2005] or the mix mode rupture [Ando and Yamashita, 2007]. In this study we extend the numerical
simulation method developed by Ando and Yamashita (2007) using the boundary integral equation method (BIEM) in order to
deal with the mode | rupture as well as the previously implemented mode II. We perform the spontaneous rupture simulation tc
track the self-chosen fault growth path under various conditions of model parameters including the rupture velocity, the frictional
coefficients and the stress angle. The results are compared with the field example of the extension cracks branched from tl
1-mm-thick ultracataclasite, which are found in the Late Cretaceous Shimanto accretionary complex in eastern Kyushu, soutt
west Japan. The extension cracks having the length of a few mm exhibit a peak in the distribution of the branch angles aroun
60 degrees from the ultractaclasite, which is much higher than the numerical prediction only considering the mode Il with the
Coulomb criterion, 30 degrees.
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Subduction zone megasplay faults are known to cause great earthquakes and tsunamis and have been the subject of numel
geological and geophysical studies, but their initiation and evolution remains poorly constrained. Therefore, the Nobeoka Thrus
in the Shimanto belt in Kyushu, a fossilized megasplay fault in ancient accretionary prism is studied to understand the mechanisi
of the megasplay fault. In this study, we investigate the physical property and deformation pattern of the Nobeoka Thrust from
core description and logging data from the Nobeoka Thrust Drilling Project (2011).

The fracture zone (damage zone) observed in the hanging wall, fault core, and footwall of the Nobeoka Thrust have two types
cohesive/mineral vein filled fracture zones and brecciated fracture zones. The former causes high peak in resistivity and P ar
S-wave velocity while the latter causes rise in caliper and porosity, and drop in resistivity and P and S-wave velocity. These
two types of fracture zones coexist and the brecciated zones are generally in the center of the main fracture zone, whereas t
cohesive structures are distributed above and below the brecciated zones.

Here We assume that at the highest peaks in resistivity, strain is accumulating towards the main fracture zones, causing stre
hardening, but eventually collapses to become strain weakening, at which point critical stress state is attained. Why does resisti
ity rise with strain accumulation (strain hardening), even though porosity does not show significant decrease and start to decrea
after its maximum peak? Strain accumulation appears to cause strengthening, and rocks become more cohesive, and eventue
reach its yield point.

On the other hand, cross correlation with neutron porosity and resistivity at intervals of porosity increase in the fracture zone:
first shows sharp drop in resistivity in the lower porosity, but later once porosity reaches a certain value, decrease in resistivit)
becomes gradual, and porosity increase becomes more significant. Here, this porosity boundary ispecwdtion thresh-
old>.

We further set a hypothesis that the geometry and density of the cracks transit with strain accumulation. During strain harden
ing (resistivity increase), cracks are randomly distributed, and as number distribution increase, cracks will start to coalescenc
Propagation of the cracks will occur after coalescence, and not until then would porosity start to increase. Once the geometry ar
distribution (distance ?between the crack) reach their critical values, and once they attapethelation threshold, increase
in porosity is observed. Here, We assume that this threshold corresponds with the transition in geometry (aspect ratio), size, ar
distribution of the cracks.

Motivated by these observations and hypotheses, | analyze what factors including the geometric attributes and distributio
of cracks relate with the critical failure condition at the fracture zones in the hanging wall, footwall and main fault core of the
Nobeoka Thrust. In this study, from lithology/structure data from core description and logging data, | extract number distribution
as crack density, estimate crack geometry (aspect ratio of the crack: width(along depth)/diameter) from resistivity and porosity
data, and parameterize these components to apply to percolation theory and damage mechanics (micromechanics) model of int
active wing cracks, which derives concepts from Griffith’s crack theory that considers the effect of initially present microcracks,
and critical stress formulated by inverse square root of crack length. To geometrically and physically investigate the developmer
of fault mechanisms and evolution of the Nobeoka Thrust, | examine the dynamic transition with stressrastbivity peak-
above the main fracture zonecenter- of the main fracture zone, and tkegpercolation thresholsd.
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There is a long lasting discussion why stress drop of an earthquake is uniform independent of its focal depth. This feature
affects the friction law of earthquake rupture whether the absolute stress is important for the friction during an earthquake. Here
we propose a model that explains the seismological observation based on our recent experiments.

We conducted a series of large-scale biaxial rock friction experiments using the shaking table at NIED. Slip surface dimensior
is 1.5m in length and 0.5m in width. During the experiments, many stick slip events were observed by an array of strain gauge
glued close to the slip surface at the side of the rock sample. Among them, we could capture many confined stick slip event
whose rupture did not reach the edge of the sample. These events could be considered very similar situation as those of natu
earthquakes. Mizoguchi et al. (2012) reported that the rupture length of these events seemed proportional to the amount of stre
drop, suggesting a scaling relation between size and stress drop in the laboratory.

Here, we found that such confined events occurred under very heterogeneous stress environments. Such stress heterogen
might come from the complicate geometry of sliding surface. However, during the confined event, the stress drops rather smoothl
independent of the absolute stress level (since we know the initial stress state, we can measure the absolute stress). This feat
suggests that the rupture propagation (or constitutive relation) is rather independent on the fluctuation of total stress field. I
contrast, the amount of slip is considered rather continuous due to smooth stress drop distribution in space, which is quit
reasonable in the theory of continuum medium. We think that this slip controlled feature could be a main reason for the constar
stress drop observation in seismology.
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Frictional properties of comminuted dolerite gouges at low to high slip velocities
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It is crucial importance and challenging of extracting slip behavior on a fault from any earthquake catalogue. The JMA cata-
logue has been well constructed using continuous waveforms observed by a nationwide permanent seismic network. Howeve
temporal changes in the completeness magnitude threshold of the JMA catalogue are sometimes problematic. Especially, sm
magnitude earthquakes tended to be masked by overlapping arrivals of waves from different earthquakes and incoherent nois
In order to investigate the high-resolution spatio-temporal variations of foreshocks and early aftershocks of the 2007 Noto Hant
earthquake, we applied a matched-filter technique to detect missing events with the use of continuous three-component veloci
seismograms recorded by a dense network of continuous and highly-sensitive seismic stations. We identified three foreshocl
within about 12 minutes prior to the initiation of the mainshock rupture. These foreshocks were relocated in the vicinity of the
initiation point of the mainshock rupture, where a low-velocity and high-conductive body are imaged by previous studies [Kato
et al., 2008; Kato et al., 2011; Yoshimura et al., 2008]. We found out that the newly detected aftershocks migrated in along-strike
with logarithmic time since the mainshock origin. The early aftershock migration is significant toward the southwest direction.
The post-seismic deformation suggests that afterslip occurred along the source fault plane [Hashimoto et al., 2008]. Thus, th
aftershock migration with logarithmic time scale is likely explained by propagating afterslip.
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Diversity in the initial phase of dynamic earthquake rupture in multiscale asperity model
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Seismological observations [e.g., Abercrombie and Rice, 2005] suggest that a larger earthquake has larger fractuge energy C
One way to realize such scaling is to assume a hierarchical patchy distributigroofaddault; there are patches of different sizes
with different G. so that a larger patch has larger. ®le and Aochi [2005] conducted dynamic rupture simulations with such a
distribution of weakening distance.lh a linear slip-weakening law, initiating ruptures on the smallest patch which sometimes
cascades into a larger scale. They suggested that the initial phase of a large earthquake is indistinguishable from that of a sm
earthquake. Noda et al., [submitted to JGR; 2012 SSJ annual meeting] conducted 3D simulations of sequence of earthquakes
a similar multiscale asperity model with a rate-and-state friction (RSF). Multiscale asperities were represented by a distributior
of the state evolution distance in the aging version of RSF evolution law.

A circular rate-weakening patch, Patch L (radius)Ras been modeled which has a smaller patch, Patch S (radjusRt
by the rim. Those patches have their nucleation radij, &d R for Patch L and Patch S respectively, which are determined by
the RSF parameters. Here we shall call the ratio of the rddiRR the scale gap, and the ratio of the patch size to the nucleation
size R/RE, = R9IRY.. the brittleness of the system. Up td'Ror R®.., compact quasistatic nucleation basically follows; 1/t
acceleration wherertis time to the earthquake, with amplitudes depending on the characteristic slip of state evolution of the
patch. If the scale gap dominates, ruptures nucleated in Patch S cannot cascade up into a large earthquake spanning Patch L,
large earthquakes are necessarily preceded by large nucleation inside Patch L but out of Patch S. If the brittleness dominate
the ruptures nucleated in Patch S necessarily cascade up and span Patch L, and large quasistatic nucleation never occurs. If
brittleness and the scale gap are comparable, large earthquakes are initiated in a variety of ways in a single simulation In sho
a large nucleation always results in a large earthquake, while a small nucleation occasionally causes a large earthquake throu
cascade-up. These connections between the size of quasi-static nucleation and the eventual earthquake size were fully repor
previously by us.

In the present talk, we focus on so-called 'initial phase’, that is, the growth of moment release rate right after it has exceede
a threshold level set to define the onset of dynamic earthquake rupture. In most of our simulations, 'initial phase’ correlates
with the size of preceding quasi-static nucleation, not caring the eventual earthquake size. Initial phase is strong and short whe
the preceding quasistatic nucleation is small, while it is gentle and lasting long when preceded by large quasi-static nucleatior
as argued previously [e.g., Shizazaki and Matsu’ura, 1998]. However, we also found cases where dynamic rupture of a larg
earthquake preceded by a large quasistatic nucleation began with a sharp quick initial phase. This happens when the lar
nucleation interacts with Patch S. The sharp initial phase in this case should be regarded as a frictional noise passive to tt
ongoing acceleration of large nucleation. This is conceptually distinct from the Patch S event that cascades up, though telling th
difference without seeing the spatio-temporal evolution of slip may be difficult.

goooo:ggoboboo,00oooobou,booooooodg
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1/1



Japan Geoscience Union Meeting 2013 g ’

(May 19-24 2013 at Makuhari, Chiba, Japan)
©2013. Japan Geoscience Union. All Rights Reserved. ]’;‘;g‘;‘sgiem

Union

SSS29-13 0 0:304 00:50 240 14:15-14:30

0000000000000 0000000000000
Slow events and giant earthquakes in friction experiments of polymer gels
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[1] T. Yamaguchi, M. Morishita, M. Doi, T. Hori, H. Sakaguchi, J.-P. Ampuero, JGR Solid Earth, 116, B12306 (2011).
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Reduction of frictional stability illuminated by rapid afterslip following the 2011 Tohoku-

oki earthquake
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Spatial and temporal variations of seismic and aseismic slip on plate boundary faults have been interpreted to result fror
spatially heterogeneous distribution of frictionally unstable, rate-weakening, regions and frictionally stable, rate-strengthening
regions. Spatial distribution of frictional stability is usually assumed to remain stationary with time and this assumption has
been supported by a number of observations. However, experimental and modeling studies show that frictional stability is not
stationary feature but is variable depending on slip rate and that this nonstationary behavior is an important factor in controlling
extent of earthquake ruptures and evolution of slip rate. Here we invert Global Positioning System (GPS) data following the
2011 moment magnitude (MW) 9.0 Tohoku-oki earthquake to derive spatial and temporal evolution of afterslip and postseismic
shear stress changes on the plate interface. We find that rapid afterslip for the first 15 days and subsequent slower slip cannot
reproduced by slip on a rate-strengthening patch with stationary frictional stability but can be reconciled with reduced frictional
stability at high slip rate during the early period and progressive increase in frictional stability with decrease in slip rate. The slip
rate dependence of frictional stability is qualitatively similar to laboratory measurements for serpentinite. The reduced frictional

stability at high slip rate could potentially control rupture extent of early interplate aftershocks by promoting significant rupture
propagation into the rapid afterslip area.
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Fractal characteristic of fracture in glass or rock mineral by 3D X-ray CT measurement
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Spatial variations in fault zone structures along strike-slip faults: an example from active
faults in southwest Japan
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Active faults and related fault-zone structures that form at shallow depths within the upper crust are closely related to the
long-term seismic faulting history of seismogenic faults (e.g., Lin, 1999, 2008; Sibson, 2003; Lin et al., 2010). Accordingly,
the analysis of deformation structures along active fault zones provides important information in reconstructing the long-term
seismic faulting behavior of active faults and in understanding the tectonic environment and history of such faults.

This study presents a case study on the structures of strike-slip fault zones of the Arima-Takatsuki Tectonic Line (ATTL)
and Rokko-Awaji Fault Zone (RAFZ), which consist of multiple right-lateral strike-slip active faults in southwest Japan. The
formation mechanisms of damage zone and their tectonic implications are discussed.

Field investigations reveal spatial variations in fault zone structures along strike-slip active faults of the ATTL and the
Rokko?Awaji Fault Zone (RAFZ) of southwest Japan, which together form a left-stepping geometric pattern. The fault zones
are composed of damage zones dominated by fractured host rocks, non-foliated and foliated cataclasites, and a fault core zo
that consists of cataclastic rocks including fault gouge and fault breccia. The fault damage zones of the ATTL are characterize
by subsidiary faults and fractures that are asymmetrically developed on each side of the main fault. The width of the damag
zone varies along faults developed within granitic rocks of the ATTL and RAFZ, from 50 to 1000 m. In contrast, the width
of the damage zone within rhyolitic tuff on the northwestern side of the ATTL varies from “30 to 100 m. The fault core zone
is generally concentrated in a narrow zone of “0.5 to "5 m in width, consisting mainly of pulverized cataclastic rocks that lack
the primary cohesion of the host rocks, including a narrow zone of fault geu@® (m) and fault-breccia zones either side of
the fault. The present results indicate that spatial variations in the width of the damage zone and the asymmetric distribution ¢
damage zones across the studied strike-slip faults are caused by local concentrations in compressive stress within an overs
area between left-stepping strike-slip faults of the ATTL and RAFZ. The findings demonstrate that fault zone structures and the
spatial distribution of damage zone are strongly affected by the geometric patterns of strike-slip faults.
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Petrological characteristics of cataclasitic peridotite xenolith from NE Japan
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Geodetic observation and modeling of viscoelastic relaxation
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