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Despite the long history since 1979 (Dieterich) and 1983 (Ruina), the physical meaning of rate-state dependent friction (RSF
law is not very clear to this date. Heslot et al. (1994) were astute to find out that the time-dependent increase of the true conta
area and the thermally activated sliding play essential roles to RSF law. Dieterich and Kilgore (1998) and Nakatani (2001) ex:
perimentally confirmed some consequences derived from a theory of Heslot et al.

However, some important problems are still left open. For example, evolution laws (the aging law, the slip law, or others) have
not been derived from the rheological properties of true contact area. Thus, the important parameters, which are typically denote
as"a”,"b”, and "L", are just phenomenological constants, although at least it is well known that the constant "a” is proportional
to temperature. Under this circumstance, the application of the RSF law to natural faults involves the blind extrapolation from
laboratory to geoscale, which requires brute courage. Along the line of thought, the derivation of the RSF law from the ™first
principle” is essential to the theoretical basis of the application of the RSF law to natural fault (at least aseismic slip rate).

Here we reformulate the RSF law together with evolution laws (the aging and the slip laws) using only the microscopic rheo-
logical properties of true contact area. Taking the statistical properties into account, we show that the critical slip distance in the
evolution law is a weighted power mean of a linear dimension of true contact patches.

We also take the frictional heat into account to derive an evolution law for flash heating, which is different from that of Beeler
et al. Comparison with experiments by Han et al. (2006) reveals that our theory works well.
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Formulating the fault constitutive law under brittle-ductile transition (BDT) which describes not only the steady state flow
stress but also the transient behaviors is of great importance in understanding the deep extent of the seismogenic active faults.
this work, we extended an empirical constitutive law suggested by Shimamoto [2004, JPGU] and Shimamoto and Noda [2010
AGU fall meeting] for the steady state flow stress to the transient behavior, and conducted linear and non-linear stability analyse
of a spring-slider system with one degree of freedom, similarly to Gu et al., [1984]. Most of physical parameters appearing in the
constitutive law and the spring constant are estimated from the laboratory experiments by Kawamto and Shimamoto [1997] an
Noda and Shimamoto [2010] for NaCl shear zone except ones related to the transient behavior in the brittle regime. Note the
NacCl is so unstable that it is difficult to conduct stable friction experiments without stick-slips in its brittle regime.

In BDT, the steady state flow stress smoothly changes from a ductile flow law to a brittle friction law, and is always smaller
than the predictions from both of the laws [Shimamoto, 1986]. For the empirical fitting, Shimamoto [2004, JPGU] suggested a
connection:

t= tdss tanh(t)ss/tdss)

where tis the flow stress,st and ;s are ductile and brittle steady state flow stress, respectively. We extended it to:

t=ty tanh(‘g/td)

where t and t; are flow stress formulated in a rate- and state-dependent framework [Ruina, 1983 for brittle friction law, Noda
and Shimamoto, 2010 for ductile flow law].

The transient behavior on an abrupt change in the load point velocity is characterized by a peak-decay behavior in the brittl
regime and a monotonic decay in the ductile regime. In BDT, a peak-decay is followed by another decay in an opposite direc
tion, often observed in laboratory experiments [Reinen et al., 1994 for chrysotile, Blanpied et al., 1998 for granite, Noda and
Shimamoto, 2010 for NaCl]. Such a behavior could be explained by Dieterich-Ruina law with 2 state variables with positive and
negative b-values.

Stability of the steady state solution depends on the slip rate, temperature, and the normal stress if the constitutive paramete
are fixed; at low slip rate, high temperature, and high normal strggs;reases and, tdecreases and thus the ductile flow law
becomes dominant which shows rate-strengthening behavior. By comparing the computed stability/instability boundary and ex
perimental data by Kawamoto and Shimamoto [1997], we can estimate the state evolution distance for the brittle constitutive lav
as 5 microns, based on a reasonable assumption for the a-value.

Noda and Shimamoto [2010] observed permanently sustained oscillation at multiple slip rates with fixed temperature anc
normal stress near BDT. The finite parameter regime for the sustained oscillation has been understood as a supercritical Ho
bifurcation and generation of a stable limit cycle around a destabilized equilibrium point [Gu et al., 1984]. We have conducted
a fully nonlinear analyses using MATCONT [Govaerts et al., 2006], which is a free package for MATLAB. Unfortunately, we
found that the system undergoes a subcritical Hopf bifurcation; an unstable limit cycle is absorbed at the Hopf bifurcation. Furthe
study is needed to resolve this problem. The continuation between the brittle and ductile regime is not unique so that there ma
be a more plausible function following the same empirical approach. The brittle friction law may have 2 or more state variables
which probably make the Hopf bifurcation super critical. Also, constructing the model of the physical processes operating in
BDT and formulating a physics-based constitutive law deserves future study.

Keywords: fault constitutive law, brittle-ductile transition
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In order to forecast the occurrence of large events in the Earth’s crust, we need to understand their preparation process. A
though some precursory phenomena have been proposed as preparation processes for large events, most of their mechar
background is not clear. To understand the mechanical processes before large scale events, we examine numerical experiment
which multi-scale events spontaneously occur. The results show that before the occurrence of a large event, the deviation of tl
differential stress becomes small in a surrounding area of the large event. This represents a kind of homogenization of the stre
field before a large event. After the large event, the stress distribution becomes scattered where only small events can occur.
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Semi-controlled earthquake-generation experiments in South African gold mines (2010)
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The 2004 Sumatra-Andaman (SA) earthquake occurred due to the subduction of the Indo-Australian plate beneath the Eurasi
plate along the Sunda trench. Coseismic deformation of the 2004 SA earthquake was detected by Global Positioning Syste
(GPS) over a wide area in the Southeast Asia. [i.e. Vigny et al., 2005: Subarya et al., 2006; Hashimoto et al., 2006]. In addition
postseismic deformation has been detected by GPS in the Andaman Islands [i.e. Paul et al., 2007; Gahalaut et al., 2008] a
Thailand [Satirapod et al., 2008].

We have been operating a GPS network in northern Sumatra called AGNeSS (Aceh GPS Network for Sumatran Fault Systen
from 2005 and also detected significant postseismic signal. AGNeSS is a densification of the area for about 150 km by 150 kr
wide which located in the northern region of Sumatran fault. AGNeSS constituted of campaign and continues GPS sites. Totally
20 campaign sites were obtained during our field observation. Meanwhile, our continuous GPS site, USKL, has been operate
since March 2005.

Thus we try to model postseismic deformation combining all those available data. By assuming a coseismic fault model the
2004 SA and the 2005 Nias earthquakes [Einarsson et al., 2010], we predict postseismic viscoelastic relaxation and compare t
model calculation with observation. We use PSGRN/PSCMP program developed by Wang et al. [2006]. We assume three-layere
structure, a Burgers viscoelastic layer is intervened between the elastic suface layer and the Maxwell viscoelastic substratur
Here, we did not use Maxwell rheology since it can not match with GPS observation [Paul et al., 2007].

We assume that viscosity for Maxwell element is 10719 Pa s. Our result shows that the viscosity for Kelvin element is 2x10718
Pa s. Our rheology model is similar to those obtained by Hoechner et al. [2010] and Pollitz et al. [2008]. However, our current
viscoelastic model here can not match the vertical deformation data in northern Sumatra. On the other hand, the model repr
duces both the horizontal and the vertical GPS data in the Andaman Islands well [Hoechner et al., 2010].0One possible reason
that other physical process such as an afterslip has may have significant contribution to the postseismic deformation. Our cu
rent estimate of the elastic layer thickness is 55 km. However, the best fit model for elastic depth in Andaman Islands is 40 kn
[Hoechner et al., 2010]. This result indicates that there is structure heterogeneity between north Sumatra and Andaman Island:

000 00: 2004 Sumatra-Andaman earthquake, GPS, viscoelastic deformation
Keywords: 2004 Sumatra-Andaman earthquake, GPS, viscoelastic deformation
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Seismic slip recorded in fluidized ultracataclastic veins: an example from the Shimotsub:

urai Fault, central Japan

0o0o0™ooootloooo?
Aiming Lin'*, Jeong-Hwan Shin Ken-ichi Kand
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It is well known that large earthquakes occur repeatedly along pre-existing mature active faults and that the history of seismi
slip may be recorded by the meso- and microstructures in fault rocks that form at all depths from the near-surface to deep leve
within fault zones in the crust. It is possible, therefore, to gain an insight into the deformation process of seismic slip recorded
in seismogenic fault zones by studying the macro- and microstructures, fabrics, physical properties, and chemical compositior
of fault rocks exposed at the surface. In this study, we report typical fluidized ultracataclastic veins formed repeatedly along the
active Shimotsuburai Fault of the Itoigawa?Shizuoka Tectonic Line (ISTL) active fault system.

Field investigations and meso-microstructural analyses reveal that multi-stage veinlet ultralcataclastic rocks, composed c
aphanitic pseudotachylyte (Pt) and unconsolidated fault gouge and alluvial deposits, are widely developed within a fault shee
zone k5 m wide) as simple veins, breccias, and complex networks, along the Shimotsuburai Fault. Early veins are gener:
ally fractured and overprinted by younger veins, indicating that vein-forming events occurred repeatedly within the same fault
zone. Microstructurally, both the Pt and fault gouge veins are characterized by a superfine- to fine-grained matrix and angu
lar?subangular fragments ranging in size from sub-micron scale to several centimeters. Powder X-ray diffraction patterns sho
that the fault veins and injection veins of fault gouge and Pt are characterized by crystalline materials composed mainly of quart
and feldspar, similar to the host granitic cataclasites.

Based on the meso- and microstructural features of ultracataclastic veins and the results of powder X-ray diffraction analyse:
we conclude that i) the Pt veins were generated mainly by crushing rather than melting, ii) multi-stage veinlet fault gouge and
Pt formed repeatedly within the fault-fracture zone via the rapid fluidization and injection of superfine- to fine-grained materi-
als derived from the host granitic rocks during seismic faulting events, and iii) veins of alluvial deposit formed by liquefaction
associated with strong ground motion during large-magnitude earthquakes that occurred along the ISTL. The present resul
show that the fluidized ultracataclastic veins and alluvial deposit veins record paleoseismic faulting events that occurred within
seismogenic fault zone; consequently, these features are a type of earthquake fossil, as is melt-origin pseudotachylyte.

Reference:

Lin, A. (2011). Seismic slip recorded in the fluidized ultractaclastic veins formed along the coseismic shear zone during the
2008 Mw7.9 Wenchuan earthquake, Geology, in press.

Keywords: ultracataclastic veins, pseudotachylyte, earthquake fossil, fluidization, fault gouge, fault rocks
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Internal structure and high-velocity friction studies on the Longmenshan fault that causec

the 2008 Wenchuan earthquake
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A challenge in fault and earthquake studies is whether a recent well-instrumented earthquake can be reproduced or not based
measured frictional properties of fault zones that caused the earthquake. In collaboration with Institute of Geology, China Earth
guake Administration, the author has studied internal structures of Beichuan fault zone at a large outcrop in Hongkou, Sichua
Province. This fault is the major fault in the Longmenshan fault system that ruptured for more than 250 km during Wenchuan
earthquake, and the vertical offset at near Hongkou outcrop is 4 to 5 m. Fault zone consists of clayey fault gouge of about 1 r
in width and of fault breccia zones of 30-40 m in width on the hanging-wall side. Slip zone during Wenchuan earthquake was
10-20 mm, but overlapping striations indicate that localization of slip to an even narrower zone of a few to several millimetres
occur during seismic fault motion. Graphite was found close to the coseismic fault and it might have formed during seismic
fault motion. Fault gouge contains illite and chlorite, but not smectite. Black gouge found in fault core in WFSD-1 (Wenchuan
Earthquake Fault Scientific Drilling Project) was not found on the Hongkou outcrop.

High-velocity friction experiments were conducted on fault gouge from this outcrop to understand the dynamic weakening
processes of the fault during Wenchuan earthquake. Experiments were done on gouge of about 1 mm in thickness betweer
pair of solid cylindrical specimens of Belfast gabbro of about 25 mm in diameter under dry conditions, using a rotary-shear high-
velocity frictional testing machine at Kochi Core Center of JAMSTEC and a rotary-shear low-to-high-velocity friction apparatus
at Hiroshima University. Frictional coefficient decreases from around 0.6-0.8 at slow slip rates to 0.1 to 0.2 at high slip rates.
An exponential slip-weakening was confirmed and empirical relationships for the slip-weakening distance and for steady-stat
frictional coefficient were determined as functions of normal stress and slip rate. A very small temperature anomaly detecte
WEFSD-1 hole at a likely coseismic fault at a depth of 590 m suggests that frictional coefficient during the Wenchuan earthquake
was far smaller than 0.1 (Mori et al, 2010). Present experiments reproduced duplex-like structures and shear bands as obsen
in fault zones in Hongkou outcrop. But any mineralogical changes was not recognized in the samples and present experimen
could not reproduce fault rocks similar to the black gouge recognized in WFSD-1 hole. Experiments at normal stresses of a
least 10 MPa, corresponding to the depth of the coseismic fault in the drill hole, are needed in the future to reproduce intrafaul
processes at depths. This requires a new specimen assembly that can prevent gouge leakage at high normal stresses.

Fault motion during an earthquake does not occur at a constant slip rate; it undergoes initial acceleration to the maximum sli
rate, and then it decelerates and stops during an earthquake. The servo-motor of the low to high-velocity apparatus was controll
electronically to produce linear accelerating/decelerating slip history and a slip history characterized by regularized Yoffe func-
tion (rapid initial acceleration followed by nearly exponential deceleration). Better control of servo-motor has made it possible
to conduct friction experiments with complex slip histories. Frictional behaviors of Longmenshan fault gouge are characterizec
by peak friction, nearly linear slip-weakening and final strength recovery. Slower deceleration causes more pronounced streng
recovery which can act as brake to fault motion to promote pulse-like rupture propagation during an earthquake. A modifiec
empirical law of Sone and Shimamoto (2009) describes observed behaviors for variable slip histories reasonably well, usin
parameters determined in constant slip-rate tests.

ooodo.2d00,00000,000000
Keywords: Wenchuan Earhquake, Lognmenshan Fault, High-velocity friction experiment
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Effect of acceleration on frictional properties of faults
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Recent high-velocity friction experiments shows that frictional resistance of faults increases rapidly at the onset of sliding
over distance of more than several centimeters, that is followed by prolonged slip-weakening. The initial frictional barrier may
affect how earthquake ruptures propagate into the shallow crustal depth, but it received little attention up to now. Thus we hawvi
conducted constant acceleration experiments on simulated gouge using a rotary-shear friction apparatus. We especially focus
the effect of acceleration of fault on the initial frictional barrier.

In the experiments, we slid a simulated fault at a constant slip rate of 0.1 mm/s and then suddenly increase slip rate to 1.
m/s with different acceleration of from 0.13 to 13 m/s™2. In all runs, friction coefficient is 0.670.7 at slip rate of 0.1 m/s and
then increases by 2°10% over distance of several centimeters as a fault starts to accelerate. Amplitude of the initial frictiona
barrier and hardening distance seem to depend on acceleration. When a simulated fault overcomes the initial barrier, frictio
coefficient gradually decreases with slip toward the steady-state value of 0.170.2. In order to evaluate whether the initial barrie
can affect rupture propagation, we estimate a ratio of the frictional work consumed on fault during the initial hardening stage to
the frictional work during the slip weakening. The ratio is about "0.01 at acceleration of 0.13 m/s"2, but tends to increase with
acceleration to 0.1 at 13 m/s™2. The result suggests that as the rupture speed increases, the effect of initial frictional barrier
the onset of rapid faulting could not be negligible and must be incorporated into the analysis of earthquake rupture propagation
Keywords: fault, friction, earthquake, acceleration, slip hardening
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Acoustic properties across the high velocity sheared zone
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We investigated the transmitted waves emitted from a piezo-electronic device during the high velocity slip experiments. We
modified the high velocity shear apparatus installed at NIED to make it possible to measure the transmitted waves across the sli
ing interfaces. In this experiment, we used a pair of solid cylindrical sample of monzodiorite from Zimbabwe whose length and
diameter are 43mm and 40mm, respectively. Input signal was a single sine pulse with 20Vpp and 0.5MHz. Since the resonanc
frequency of piezo device is 2MHz for parallel motion and 0.5MHz for perpendicular motion, the received signal is expected to
be dominant in shear wave motions.

Before the experiment, we measured the transmitted waves under various normal stress conditions without rotating the sar
ples. As expected, amplitude increases linearly with increasing the normal stress (from 1MPa to 8MPa), indicating the increas
of contact area in the interface.

Then, we conducted a friction experiment with continuously monitoring the acoustic amplitudes. The experiment was done
under constant slip velocity of 0.08m/s under constant normal stress of 3MPa. Under this condition, no visible melting occurred
A single 0.5MHz sine pulse was shot at an interval of 1KHz. To monitor the averaged variation of the amplitude, 10000 traces
were stacked to get a single observed trace, therefore the stacked traces were obtained every 10s. Since total amount of slip v
110m in about 20 seconds, we obtained 125 stacked traces during the sliding. We measured the maximum amplitude of ea
trace between 30-50 micro seconds after shoot time, which mainly includes S-wave arrival time. The variation of maximum
amplitudes seem to be related to the friction coefficient. When the friction decreases, maximum amplitude increases.

We could get some information on the high slip friction from the above amplitude variation of transmitted waves.

gooob:0bbooog,bboooo,bb,od
Keywords: high-velocity friction experiment, amplitude of transmitted wave, friction, fault
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Induced seismicity along a fault due to fluid circulation: conception and application
Induced seismicity along a fault due to fluid circulation: conception and application

Hideo Aochi*, Blanche Poissdn Renaud ToussaifitJean Schmittbufl
Hideo Aochi*, Blanche Poissdn Renaud ToussaifitJean Schmittbufl

'BRGM/RNSC, Orleans, Franc8PGS-EOST, Strasbourg, France
I'BRGM/RNSC, Orleans, Franc&PGS-EOST, Strasbourg, France

It is believed that the some seismicity is driven by the fluid circulation within fault zone and different rheology models have
been proposed principally based on the Darcy’s law, fluid flow in porous medium. Although it is very difficult to quantify such
feature in natural seismicity (some aftershocks of large earthquakes, or seismicity in subduction), the direct application is the
induced seismicity at the geothermal sites where micro-fracturing (seismicity) is necessary to allow fluid circulation between two
wells and thus the assessment of such seismicity becomes also important. In this study, we construct a conceptual model for t
simulators, taking into account of elastic and plastic porosity change (e.g. Segall and Rice, 1995) and fault width evolution (e.g
Yamashita, 1999), supposing first that the seismicity (fluid flow) expands dominantly along a plane. In fact, for an injection of
about a few 10 I/s, pore pressure increases immediately (about 1 min) up to more than 10 MPa. This is much faster than the flui
circulation in general. This requires that the fracturing co-seismic process should play a dominant role for bringing the fluid

circulation.

0 0000 : induced seismicity, fluid, porosity, Darcy’s law, fault rheology
Keywords: induced seismicity, fluid, porosity, Darcy’s law, fault rheology



Japan Geoscience Union Meeting 2011 ‘®
(May 22-27 2011 at Makuhari, Chiba, Japan) 9

©2011. Japan Geoscience Union. All Rights Reserved. apan
Geoscience
]U““’“ )
SSS029-15 00:104 0050 230 12:15-12:30

0000000000 o—0000od o
Fluid-rock interaction in a fault during coseismic slip
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Effects of shear-induced dehydration of serpentine on the mechanical behavior
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The frictional properties of serpentinite are of particular interest in the study of earthquake generation processes along sut
ducting plates and transform faults. Previous studies showed that the rheology of serpentinite is quite complicated, but the
complicated rheology is not yet fully understood. We were not able to pinpoint the role of serpentinite in fault behavior and/or
earthquake occurrence. Currently it becomes imperative to investigate the rheology of serpentine-bearing fault comprehensivel
Serpentine accompanied by high pore water pressure at wedge mantle has a possibility to affect occurrences of slow earthqual
and/or non-volcanic tremors [e.g., Obara, 2002] at a place where a subducting plate contacts a serpentinized mantle wedge. He
we will report results of experiments the transient behaviors of the serpentine gouge to stepwise change in slip velocity under hig
temperature condition. We conducted the shear-sliding tests on the serpentine gouge (almost pure antigorite) using a gas-medit
high-pressure, and high-temperature triaxial testing machine. Sliding deformation was applied on the thin zone of the gouge (c.:
0.8 mm) between two alumina blocks with oblique surfaces at 307 to the cylindrical axis, under various temperature conditions
The experiments were carried out using a constant confining pressure (100 MPa), a constant pore-water pressure (30 MPa), &
a range of temperatures (from room temperature to 600 deg.C). The transient responses of mechanical characteristics followi
stepwise changes in the slip velocity were documented at each temperature. Slip rates varied between 0.0115 micron/sec (
cm/yr) and 11.5 micron/sec ("1.0 m/day).

Both the strength and the shear behavior showed the drastic change at around 450 ~ 500 deg.C. The average strength at 1.4 |
of the displacement showed a sharp rise of c.a. 0.15 of the friction coefficient between 400 deg.C and 450 deg.C, which frictior
increasing was quite large. The transient behavior to the stepwise change in the velocity also indicated change in the type of t
behavior drastically, from the creep-type behavior at 400 deg.C to the frictional (or stick-slip) behavior at the temperature highel
than 450 ~ 500 deg.C.

Although only a limited volume of the serpentine was involved in the dehydration reaction, X-ray diffraction analyses and
scanning electron microscopy observations showed that forsterite had nucleated in the experimental products at the temperatu
higher than 450 ~ 500 deg.C that were associated with frictional behavior. Sub-micron-sized, streaky forsterite masses in shee
localized zones may be evidence of shear-induced dehydration that caused strengthening and embrittlement of the gouge (re
to Takahashi and Shimizu, 2011, in S-1T39 at this year JpGU Meeting for details of the microscopic observations).

Our observation revealed that the serpentine at the shear-localized zone were reacted preferentially, implying a possibility c
shear-induced dehydration reaction at the fault having the hydrous minerals. Moreover, this localized reaction can control the de
formation style of the fault even though the dehydration was limited. At the outset of the dehydration, both the strength and shea
behavior are already controlled by physical properties of the reaction products. Owing to the drained condition, the mechanisr
of embrittlement was not due to the pore pressure increasing. Thus it also suggests that the fault with hydrous minerals becom
brittle once the dehydration reaction starts even if the P-T condition and/or poroelastic condition do not allow the pore pressur:
increasing.
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