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We investigate effect of dilatancy on dynamic ruptures with thermal pressurization (TP), taking into account a power law
relationship between permeability and porosity, based on 3-D numerical simulations of spontaneous rupture propagation obeyir
a slip-weakening Coulomb failure criterion.

Effects of dilatancy on rupture propagation with TP were often investigated in 2-D numerical simulations, or with attention
only to behaviors at a single point on a fault plane. Moreover, in the previous simulations, it has never been considered thg
permeability can change with porosity. Because the hydraulic diffusivity, which controls TP, is proportional to permeability, the
changes in permeability along with porosity would affect TP and dynamic ruptures.

To consider changes in porosity and permeability in dynamic ruptures with TP, we solve the thermal and hydraulic diffusion
equations with a porosity term by the finite-difference method. Our numerical algorithm for dynamic ruptures is based on the
method by Kase and Kuge (2001). Pore pressure from the diffusion equations is included in effective normal stress, while slif
velocity and shear stress give the heat source in the diffusion equations. In our model, the frictional heating and the processt
of dilatancy occur within the shear zone. We consider both reversible and irreversible changes in the porosity (Segall and Rice
2006), assuming that the irreversible change is proportional to the slip velocity. Permeability changes with the porosity, accordin
to the power law by David et al. (1994). We put a square fault with the length of 4 km in the infinite medium. The fault is subjected
to uniform external stresses.

We reveal that the slip amount decreases with increasing dilatancy coefficient or exponent of the power low, and the ruptur:
velocity is predominantly suppressed by the coefficient. This is observed whether applied stresses are high or low. The deficit c
the final slip concerned with the coefficient could be smaller as the fault size is larger.
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To investigate the physical process of slip weakening at subseismic slip rate, Fukuyama et al. (2011, JpGU; 2011, AGU;
measured the transmitted acoustic waves during high slip velocity experiments. They concluded that at steady state after tt
slip exceeds the slip weakening distance, fluctuation of friction, which is typical for the gabbro rock sample at room humidity
and room temperature, is controlled by the characteristic size of voids inside the gouge layer. In the experiment, two differen
proportional coefficients can be found between the friction and transmission coefficient. At beginning before the slip reachec
the slip weakening distance, the slope was steep, while at the steady state stage, slope became gentle. This difference might
caused by the different process between the weakening and steady state stages. Here, we theoretically investigate this differen
In the scattering theory, @ value increases as a function of void size as well as a function of thickness of the gouge layer. In
the steady state stage, we assumed that the thickness of the layer does not change. Here, we examine if the steep slope at
weakening stage can be attributed to the growth of layer thickness or not. We conclude that the steep slope can be explained
the layer growth process. This technique enables us to investigate the generation process of the gouge layer, which might be
origin of the slip weakening process of slip at subseismic slip rate.
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In subduction zones, the updip transition from aseismic to seismic slip behavior with increasing depth is coincident with poros-
ity loss associated with consolidation, lithification, and diagenesis. Porosity decreases from "80% within incoming sediments tc
less than 10% in subducted/accreted rocks at burial depths of a few to "15km, as observed in the ancient accretionary prism ot
crops. Stress states are one of the most important factors governing porosity loss, deformation modes, and fault strength, becal
in subduction systems where tectonic stress is large, sediments are subjected to complicated stress conditions in time and spe
In the Nankai Trough, the input sediments on the subducting Philippine plate and shallower sediments in the modern accretional
prism have been recovered during the Integrated Ocean Drilling Program (IODP) Nankai Trough Seismogenic Zone Experimer
(NanTroSEIZE) expeditions. In this study, we aim to understand the evolution of physical properties (porosity, permeability, and
P-wave velocity) and sediment deformation in subduction systems by conducting deformation experiments on both the inpu
sediments and the prism sediments from the Nankai Trough. We conducted 30 uniaxial and triaxial (both triaxial compressior
and triaxial extension) deformation experiments on sediments recovered from different depths at different drill sites. Cylindrical
samples were deformed by controlling confining pressure, axial stress, and pore pressure, and all pressures, axial displaceme
and pore volume change were monitored. Permeability, and ultrasonic velocity were also measured during consolidation an
deformation.

We deformed samples of Lower Shikoku Basin (LSB) silty-claystone (initial porosity of 44%) from Site C0011 are loaded un-
der a range of different stress paths including isotropic loading, triaxial compression, and triaxial extension by controlling axial
stress (up to 70 MPa), confining pressure (up to 70 MPa), and pore pressure (0.5-28 MPa). We find that the evolution of physic:
properties (porosity, permeability, and P-wave velocity) is dependent on both effective mean stress and differential stress. Dif
ferential stress enhances reduction in porosity and permeability and results in an increase in P-wave velocity. The relationshi
between defined by our experimental data is fit well by a Cam-Clay model, which describes elasto-plastic behavior of sediment:
We also find that the input sediments at the reference sites (Site C0011 and Site C0012) are normally consolidated or slightl
overconsolidated, whereas the prism sediments are highly overconsolidated. In particular, mudstones of similar age (Miocen:
show a progressive increase in the degree of consolidation with a distance from the deformation front. This suggests tecton
stress (i.e., larger horizontal and differential stress within the accretionary prism) enhance further consolidation and porosity
loss, and thus induce brittle faulting deformation rather than cataclasitc flow deformation.

We also apply our observed experimental relationship between P-wave velocity and stress state to estimate in situ stress st:
and pore pressure within a well-defined low-velocity zone (LVZ) identified in the outer accretionary wedge [Park et al., 2010].
This LVZ is located at “3 km depth, immediately above the decollement and extends from 15-35 km from the trench. Our lab date
constrain the in situ vertical effective stress to be 7-14 MPa, effective maximum horizontal stress of 28-35 MPa, and excess por
pressure of 23-16 MPa. This corresponds to a value of the pore pressure ratiodanib8a-0.77. This technique to estimate the
in-situ stress from the empirical relationship between P-wave velocity and stress states can be further tested in the future drillin
to the deeper accretionary complex and the plate boundary faults.

0 00O 00 : subduction zone, IODP, NanTroSEIZE, deformation
Keywords: subduction zone, IODP, NanTroSEIZE, deformation
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Earthquake sequense simulations accounting for brittle-plastic transition
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In understanding sequences of earthquakes from the point of view of mechanics and structural geology on the fault rocks
brittle-plastic transition of rocks is of great importance as evidenced by field observations of repeated overprinting of pseu-
dotachylyte (frictional melting) and mylonitic (ductile) deformations [e.g., Lin et al., 2005]. Near the down-dip limit of the
earthquake ruptures which produce such fault rocks, mylonitic deformation which takes place dominantly during interseismic
periods probably affects the stress accumulation process in the shallower brittle zone where earthquakes nucleate. Earthque
generation process is often discussed in terms of the rate-dependency of the frictional resistance of a fault [e.g., Tse and Ric
1986]. On the other hand, the brittle-plastic transitions are typically expressed as a strength profile across the crust [e.g., Goe
and Evans, 1979]. Given the rate-strengthening characteristics of ductile plastic deformation, these two pictures are closely re
lated to each other [e.g., Sholtz, 1988]. Quantitative discussion by actually solving or simulating sequences of earthquakes on
fault accounting for brittle-plastic transition is required to connect mechanics and structural geology on the fault-rocks.

Recent development of an empirical constitutive equation of a shear zone accounting for brittle-plastic transition (friction-
to-flow law) [Shimamoto, 2004, JpGU meeting, Noda and Shimamoto, 2012] enables us simulating sequences of earthquake
consistently with the Brace-Goetz strength profile. The fault model [e.g., Kawamoto and Shimamoto, 1997] which is concep-
tually constructed based on experimental studies is realized in numerical simulations in which both long-term tectonic loading
and coseismic inertial effects are fully accounted for [e.g., Lapusta et al., 2000]. By referring the investigation of the texture of
experimental specimens [e.g., Hiraga and Shimamoto, 1987], we can discuss expected fault rock structures after simulations
earthquake sequences. We will also discuss the similarities and differences between the earthquake sequences produced by
logarithmic rate- and state-dependent friction law and the rate- and state-dependent friction-to-flow law.
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Slow earthquakes called episodic tremor and slip (ETS) propagate over 100 kilometers at low velocities, “10 kilometers pe
day, along several plate interfaces. These low velocities differentiate slow earthquakes from ordinary earthquakes, and thus unde
standing their propagation processes is fundamental to understand the diversity and universality of earthquake processes. Co
prehensive modeling and previously-unreported correlations of migration patterns with energetics of tremor observed in Japa
show that rheological fault heterogeneity essentially governs ETS propagations. The fault has persistent small-scale segmen
tion, where the propagations always energetically started in brittle sections and decelerated in the ductile sections; spontaneo
rupture calculations constrain the ductility to that caused by the Newtonian plastic flow or dilatant strengthening, but not by
large-scale fluid flows.
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During the 2011 Tohoku-oki earthquake, large slips occurred in the region near the trench off Miyagi (e.g. Fujii et al. 2011).
Hasegawa et al. (2011) showed that during the earthquake, the background deviatoric stress was completely released. This
sult suggests that the frictional strength decreased considerably. Recent studies on the fault rheology show that a consideral
weakening can occur at a high slip velocity because of thermal pressurization or thermal weakening processes (Tanikawa ar
Shimamoto, 2009; Di Toro et al., 2011; Tsutsumi et al., 2011). Noda and Lapusta (2010) performed 3D simulations of earth-
guake sequences with evolving temperature and pore pressure resulting from shear heating, and they found that regions of mc
efficient thermal pressurization produce relatively large slips, resulting in large events with long interseismic periods. Mitsui et
al. (2012) developed a 2D quasi-dynamic earthquake cycle model of the Tohoku-oki earthquake by considering thermal pressu
ization. The present study develops a 3D quasi-dynamic earthquake cycle model of the Tohoku-oki earthquake by considerin
thermal pressurization. We use a spectral solver for 1D diffusion problem developed by Noda and Lapusta (2010) to efficiently
calculate the temperature and pore pressure evolution on a fault plane. We set several asperities in the regions off Miyagi, o
Fukushima, and off Ibaraki, and set long asperities near the trench. We set the frictional properties of velocity weakening in the
asperities; however, we set velocity strengthening outside of the asperities. Further, we set a low value for hydraulic diffusivity in
the shallower part of the plate interface off Miyagi. The preliminary results show that M7.5 class earthquakes occur at the zone
with relatively large hydraulic diffusivity. When rupture occurs around the low hydraulic diffusivity zone, significant thermal
pressurization occurs and results in large and fast slips. This rupture propagates to the surrounding region and to the asperities
M7.5 earthquakes, because thermal pressurization occurs as a result of large slip even in the region of large hydraulic diffusivit)

O0000:201100000000000,30000000000000, thermal pressurization
Keywords: the 2011 Tohoku-oki earthquake, 3D earthquake cycle model, thermal pressurization
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Mechanical processes of preparation for large scale events
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In order to forecast the occurrence of large events in the Earth’s crust, we need to understand their preparation proces
Although some precursory phenomena have been proposed as preparation process for large events, most of their mechani
background is not clear. To understand the mechanical processes before large scale events, we examine numerical experime
in which multi-scale events spontaneously occur using discrete element method. The results show that before the occurrence
large events, the deviation of the direction of principal stress axes becomes small in a surrounding area of the large events. Th
represents a kind of homogenization of the stress field before a large event. After the large event, the stress distribution becom
scattered where only small events can occur.
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Numerical simulation of a shape of an off-fault microcrack distribution observed in natu-

ral faults
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Dynamic change of flow rate in impermeable fault rock
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Energy partition for grain crushing in quartz gouge and sintering effect during subseismic

to seismic fault motion

oooo.ooooYhoooo?
TOGO, Tetsuhird*, FUKUYAMA, Eiichi!, SHIMAMOTO, Toshihik@

loooOooOoO0oo00,?20000000000
INational Research Institute for Earth Science and Disaster Prevetitistitute of Geology, China Earthquake Administration

To determine how much of the frictional energy consume in grain crushing is important because this fraction will affect the
energy used for frictional heating which in turn can affect the mechanical properties of a fault during seismic fault motion. In
addition, it is geologically important to understand the formation and developing process of the mature fault zones.

Thus we have conducted friction experiments on quartz gouge as a simple case at subseismic to seismic slip rates. Quartz w
selected because it is a very common mineral in fault zones and its surface energy is measured (about 1 J/m2, Brace and Wal
1962). Brunauer-Emmett-Teller (BET) surface area of quartz gouge was measured before and after shearing. Measurement
BET surface area provides more direct data on surface-area change than grain-size measurement does. Our recent results s
that grain crushing absorbed only 0.0270.22 % of frictional work. Thus, grain comminution is unlikely to be an important energy
sink at least for mature faults with well-developed slip zone.

Another new finding from our study is that the BET surface area of quartz gouge deformed at high slip rates begins to decreas
after a certain displacement. Sawai et al. (2009) also have found that the surface area of Nojima fault gouge decreases, ratt
than increases, with shearing deformation at seismic slip rates. Our observations of quartz gouge revealed that fine grains form
cohesive aggregates and dendritic clusters. In particular, the dense granular aggregate strongly suggests that sintering of got
partially occurred. The bulk temperature rise in quartz gouge in our experiments would be on the order of several hundred degre:
Centigrade in view of recent experiments under similar conditions and temperature calculations (Mizoguchi et al., 2009; Kitajima
etal., 2010; Han et al., 2011). This may not be enough for full sintering to occur, but flash heating probably contribute to partial
sintering (see Rice, 2006; Han et al., 2007a, 2007b; Oohashi et al., 2011).

gooob:0bbdodo,bbbo000oob,0oo0oobbo,0o
Keywords: High-velocity frictional experiment, Energy budget, Fracture energy, Sintering
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An effect of grain size on high velocity slip behaviors of olivine aggregates
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Olivine is a key mineral that controls the slip behavior of seismic faults in deep oceanic crusts at mid-ocean ridges and

subduction zones. However, its frictional property is not well understood, especially at coseismic slip velocit.{.eV/s).

In this experimental study we crushed and sieved San Carlos olivine into four grain size ranges (3, 5, 15>3®) amcton).

The olivine aggregates of 0.5 g were deformed dry-ttD m displacement at velocity of 0.0013-1.3 m/s and normal stress of
0.5-2.0 MPa using a rotary-shear apparatus, in order to reveal the effect of initial grain size on slip behavior at high velocities.
In addition, we examined the microstructures of the simulated fault zone that control the high-velocity slip behaviors using a
FE-SEM.

The experiments at high velocity showed a typical slip weakening behavior: friction coefficient is 0.7-0.9 at the initiation of
slip and it decays exponentially to a steady-state stage of 0.2-0.3 over a slip weakening distance Dc. Dc decreases from 40.0
4.0 m as increase in normal stress from 0.5 to 2.0 MPa, respectively, following a power-law relation. There is no clear grain size
dependence of friction level and Dc. In contrast, slip weakening behaviors are invisible at velociiés X8 m/s. Such slip-
weakening and velocity-weakening behaviors of olivine aggregates are quite similar with other rocks sheared at high velocitie:
(e.g., Di Toro et al., 2011).

A slip localized zone forms during high-velocity sliding and is composed of fine-grained olivine with less than 1 micron.
Interestingly thickness of the localized zone tends to become thinner for initially finer grains: thickness of localized zone is 50,33
and 3 micron, respectively. This implies that a positive feedback process between grain-size reduction and slip localization coul
operate within a gouge zone during cosesmic sliding leading to the dynamic weakening of faults.
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The influence of lubricating agents for the strength reduction of faults
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Effects of confining pressure and mineral property on rupture propagation process re

vealed by unstable-slip experiments
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Episodic slow slip events, as defined by anomalously low rupture velocity within a range of 5 to 15 km/d (0.06 to 0.17 m/s),
have been observed in subduction zones, and occur as shear slip on the plate interface downdip of the seismogenic zone.
considerable body of evidence points to high fluid pressures on the plate interface that may reduce effective normal stress ar
enable slow slip. Laboratory observations on rocks have shown that nucleation of unstable slip consists of an interval of faul
creep that localizes and accelerates to a dynamic rupture, with propagating velocity comparable to shear wave velocity of th
material. However, in spite of the importance of low effective normal stress in causing slow slip events, the effect of normal stres:s
on the rupture properties of the fault has been yet explored.

In this study, unstable-slip experiments were conducted in a gas-medium apparatus at room temperature, confining pressur
of 60-180 MPa, and a nominal strain rate of 1 x 10-3 s-1. We used powders of lizardite/chrysotile (liz/ctl), antigorite, and olivine
as the starting material, producing a “0.7-mm-thick layer of simulated fault gouge between two gabbroic forcing blocks. To mon-
itor directly the strain field parallel to the fault surface, four strain gauges were mounted onto the lower gabbro cylinder along
the fault. The friction coefficient was 0.48-0.58 for liz/ctl and 0.67-0.72 for antigorite, while olivine has a friction coefficient of
0.72-0.73.

The stress-strain curves exhibit an initial linear elastic portion, a strain-hardening range in which stress increases with strail
and, finally, a range in which the stress levels off or drops off until one sudden, large unstable-slip occurs.180Rand 140
MPa for antigorite and olivine, the shear stress dropped to a residual value at least within 50 us during the unstable-slip event. Tt
rupture propagated bilaterally at speeds ranging from a few hundreds meters to a few kilometers per secorrd4 08t 80
MPa for liz/ctl and R = 60 MPa for antigorite and olivine, the local strains show that a rupture started to propagate slowly at
speeds in the range of 0.7 to 2.0 m/s. Eventually, a rupture propagates at fast speeds68tNPPa for liz/ctl, the shear stress
decreased very slowly towards a residual value within "1 s. The local strains show that a rupture nucleated just before the ons
of stress drops, and then propagated at speeds ranging from 0.07 to 0.25 m/s.

There is no systematic dependence of confining pressure on the observed rupture velocity during the fast stress drops. In cc
trast, the rupture velocity during the slow stress drops appears to decrease with decreasing confining pressure. We thus conclt
that the slow rupture propagation process along the gouge-bearing fault is affected by intrinsic material property and confining
pressure. A series of slow earthquakes including slow slip may reflect differences in the size and duration of slow rupture phast
which becomes dominant if the weak material exist on the fault at low effective normal stress. In particular, the rupture property
characterized by a slow stress drop with anomalously low rupture velocity observed GORPa for liz/ctl might be analogous
to that of slow slip events in nature.
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Contrasting hydrological and mechanical properties between hemipelagic and turbidite

muds from the shallow Nankai Trough
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We found that two mud samples cored from shallow (c.a.1000 mbsf) accretionary sediments at Site CO002 of IODP Exp. 31¢
are different in origin; one is a hemipelagic mud and the other is a turbidite mud. The hemipelagic mud sample is poorer in quart:
and feldspar (34 wt%), richer in clay minerals (41 wt%) and uniformly fine-grained, whereas the turbidite mud sample is richer
in quartz and feldspar (51 wt%), poorer in clay minerals (37 wt%) and poorly sorted. The former has a small porosity of 11%,
while the latter has a large porosity of 38%.

At room temperature, in-situ confining pressures of 36-38 MPa and water pressures of 28-29 MPa, the hemipelagic mu
sample has a smaller permeability of 219! m?, while that the turbidite mud sample has a larger permeability of12x3'8
m?2. Triaxial compression experiments at these conditions and an axial displacement rate of 10 micron/s reveal that the forme
exhibits a smaller peak strength of 14.5 MPa followed by a slow failure lasting for a minute, whereas that the latter exhibits a
larger peak strength of c.a. 20 MPa followed by a rapid failure within seconds. Friction experiments at these conditions and axia
displacement rates changed stepwise among 0.1, 1 and 10 micron/s reveal that the hemipelagic mud sample has a much sma
friction (friction coefficient = 0.25) than the turbidite mud sample (friction coefficient = 0.53). Although both samples exhibit
rate-strengthening behavior upon velocity stepping, the velocity dependence of the former is much larger than that of the latte
In addition, a certain type of flow likely contributes to the former’s frictional strength.

Such contrasting hydrological, mechanical and frictional properties between hemipelagic and turbidite muds have importan
implications for faulting in the shallow Nankai Trough accretionary prism. Faulting would preferentially occur in the hemipelagic
mud, because it is weaker than the turbidite mud. The faulting in the hemipelagic mud would occur slowly, and therefore is a
possible source of very low frequency earthquakes recently found in the shallow Nankai Trough accretionary prism. Faults forme:
in the hemipelagic mud are also much weaker in strength than those in the turbidite mud. In addition, the hemipelagic mud i
much less porous and permeable than the turbidite mud so that in the former pore pressure likely builds up during deformatio
and thermal pressurization is expected to occur during faulting, which results in further weakening and large displacements. Ot
results may constrain the possible properties of mud to generate tsunami earthquakes in the shallow Nankai Trough accretione
prism.
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Characterization of carbonaceous materials in the Taiwan Chelungpu fault by microRa
man spectroscopy
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Detection of frictional heat in seismic faults by vitrinite reflectance :Insights from high-

velocity friction experiment
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Detection of seismic frictional heat using scanning ESR microscopy
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Microstructures of pulverized fault rocks: Examples from San Andreas Fault and Arima-

Takatsuki Tectonic Line
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Formation process of slickenside developed on the Glarus thrust
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lyte; an ancient hypocenter?
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Noble gas release and frictional degassing from faults during coseismic sliding: unde

controlled gas environment
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Noble gases very limitedly react with other elements because of their inert nature. Therefore, isotope ratios of noble gases i
certain minerals are believed to reflect well those of their ambient reservoirs when the temperatures of the minerals containin
them went up to their closure temperatures, or higher.

We have reported the resetting of isotope signatures of noble gases released during rotary-shear high-velocity friction expe
iment on the Aji granite samples shaped as cylinders and rotated at 1.6 m/s at a constant normal stress of 1.4 MPa. Frictic
increased with slip and reached maximum value at ™ 5 seconds (“first fuse”; Hirose et al, 2005) after the beginning of the slip.
Completely melted glass formed by frictional heat was found only on the sliding surface. The most part of the post experiment
specimen were little or not melted, which is possibly due to very short duration of the experiment.

Under controlled gas environment of gabbroid experiment, limited "first fusion” occurred at the first temperature maxima (cor-
responding to the displacement of Magnitude -2 ™ -3). Then, friction suddenly dropped down, and decreased gradually furthe
in several seconds associated with moderate melting ("second fuse”, corresponding to the displacement of the Magnitude 5
larger, e.g. Kanamori et al., 2005).

Compared with gabbroid experiments, Ar gas degassed at the "first fusion” when a granite was used for the starting materic
for the experiment because the granite used, with an age of 77.2 7 87.1 Ma (Yuhara, 2008), contained abundant radiogenic 40/
Ar was clearly emitted after only 5 seconds sliding, and with more amounts than with the gabbroid sliding. Also, the timing of
melting depended on the atmospheres of the experiment; whether moist-air, dry-air, He or Ar was used in the experiment. The:s
results suggest that the dissipation of friction-induced heat depends on the mass numbers of the ambient gases. Furthermore
the case that a sedimentary rock containing much higher potassium is in contact with a fault, emission of 40Ar may be faster an
much intense during the fault motion. Thus, the liberation of volatiles believed to be detected in some large earthquakes may kb
controlled by ambient condition of the fault.

goooo:0b00,000,0000,0000,0000
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Amorphization of dolerite gouges and its effects on their frictinnal properties
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