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Theoretical background of back-projection imaging and its relation to time-reversal and
inverse solutions
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The back-projection (BP) method has become a popular tool to image the rupture process of large earthquakes since the succ
of Ishii et al. (2005), while it has not been clear what the BP image represents physically. We clarified the theoretical backgrounc
of the back-projection (BP) imaging and related it to classical inverse solutions via the hybrid back-projection (HBP) imaging
(Yagietal., 2012). In the HBP method, which is mathematically almost equivalent to the time-reversal imaging, cross correlations
of observed waveforms with the corresponding Green’s functions are calculated. The key condition for BP to work well is that
the Green'’s function is sufficiently closer to the delta function after stacking. Then, we found that the BP image represents the
slip motion on the fault, and approximately equals to the least squares solution. In HBP, instead of the Green’s function in BP, the
stacked auto-correlation function of the Green’s function must be close to the delta function to obtain a fine image. Because th
auto-correlation function is usually closer to the delta function than the original function, we can expect that HBP works better
than BP, if we can reasonably estimate the Green’s function. With another condition that the stacked cross-correlation function c
the Green’s functions for different source locations is small enough, the HBP image is approximately equal to the least square
solution. If these assumption are not satisfied, however, the HBP image corresponds to a damped least squares solution w
an extremely large damping parameter, which is clearly inferior to usual inverse solutions. We show some simple examples ©
numerical computation to check the validity of the above mentioned conditions implicitly assumed in the BP and HBP methods.

O O 0O 0O 0O : Back projection, Time reversal, Inversion, least squares solution
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Difference in the seismic rupture process between slow tsunami and megathrust eartt
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After the 2011 Tohoku earthquake, we know that huge co-seismic slip can occur at shallow part of subduction zone where
slow tsunami earthquakes have been detected (e.g. the 1986 Meiji-Sanriku earthquake). To understand the nature of megahr
earthquakes as well as slow tsunami earthquakes, it is important to investigate the slip behavior in the area. We estimated spat
temporal slip-rate distribution of megathrust and slow tsunami earthquake using the a novel seismic source inversion metho
(Yagi and Fukahata, 2011, GJI) and a Hybrid Back-projection method (Yagi et al., 2012, EPSL), and then compared the observe
tion results to simulation results using simplified fault models and the mechanism of thermal fluid pressurization. We inverted anc
projected the slip-rate function on fault for the 1992 Nicaragua slow tsunami earthquake, the 2006 Java slow tsunami earthquak
the 2010 Mentawai slow tsunami earthquake, and the 2011 Tohoku megathrust earthquake. In the slow tsunami earthquakes,
found a smooth and slow slip ("0.1m/s) that continued over 50 s near the trench, while pulse-like slip was detected in and aroun
the main-shock hypocenter. On the other hand, in the case of the 2011 Tohoku megathrust earthquake, we also found a smoc
and fast slip ("1.0 m/s) that continued over 80 s near the trench. The slow tsunami and megathrut earthquakes have a release
seismic energy in the downdip area that triggered smooth slip in the updip area. The difference of slip-rate between the analyze
slow tsunami earthquakes and Tohoku megathrust earthquake may suggest the existence of a non-linear rupture characteri:
in the shallowest megathrust faults. Next, we performed dynamic rupture simulations using simplified fault models. We found
that small fluctuations of initial shear stress near a trench, within 1 MPa, lead to differences in seismic moment release greate
than two orders of magnitude. Moderate slip events with trapezoidal source time functions appear to occupy a transition positior
between shallow megathrust earthquakes with surface rupture and smaller ordinary earthquakes without surface rupture. We i
terpret this result as representing the differences in interplate slip between shallow megathrust earthquakes, tsunami earthquak
and ordinary earthquakes in the same region. The observation and numerical simulation results suggest that the dynamic fri
tional weakening in the shallower segment plays a crucial role in the interaction between the deeper and the shallower segmen
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Rupture Process of The 2011 Tohoku-Oki Earthquake Inferred by a Waveform Inversior

Using 3D Green’s Tensor Synthetics

0000™oooOo2%40003000040000°
Taro Okamotd*, Hiroshi Takenak Tatsuhiko Hard, Takeshi Nakamura Takayuki Aok?

l0opgooo0O0o0O00O000O0O0O0,?0000000000000,°000000000000000,4000000
00 000000000000000,°0000000000000000

IDept. Earth Planet. Sci., Tokyo Institute of Technologpept. Earth Planet. Sci., Kyushu University| SEE, Building Re-
search Institute!tJAMSTEC,>GSIC, Tokyo Institute of Technology

The March 11, 2011 Tohoku-Oki earthquake (GCMT Mw?9.1) generated strong ground motions and large tsunamis, and cause
devastating damages in the northeastern Japan. Estimating the rupture process of this event is very important for understandi
the geophysical condition of the generation of megathurust earthquakes and the mechanism of the excitation of the large tsunam

We present the rupture process analysis of the 2011 Tohoku-Oki earthquake by using a non-linear full-waveform inversior
method in which the teleseismic and the strong motion seismograms are jointly used. We incorporate the effect of the neal
source laterally heterogeneous structure on the synthetic Green’s tensor waveforms because the solution can be erroneous |
if the effect is not considered (e.g., if only a flat layered structure is used) [1]. For the teleseismic P-wave synthetics we use
2.5-dimensional finite-difference method [2]. For the strong motion synthetics we use a full three-dimensional finite-difference
method that incorporates topography, oceanic water layer, three-dimensional heterogeneity and attenuation. Our simulation
accelerated by the use of hundreds of GPUs used in parallel [3]. We use a GPU supercomputer, the TSUBAME-2.0 in Tokyc
Institute of Technology.

As a preliminary analysis we computed Green’s tensor synthetic waveforms for 31 teleseismic and 15 strong motion compo
nents. We used 640 GPUs of the TSUBAME supercomputer for the calculation of each strong motion synthetics. The inferrec
slip distribution has large slips near and around the JMA epicenter and has relatively less slips near the trench: the major ruptu
apparently migrate toward the north of the epicenter and the maximum slip is about 40 m. We will present results by incorporat-
ing more strong ground motion records and discuss the effect of the choice of the Green’s tensor waveforms on the solutions.

[1] Okamoto and Takenaka, Earth Planets Space, 61, e17-e20, 2009.
[2] Takenaka and Okamoto, in Seismic Waves, Research and Analysis, ed. Kanao Masaki, Intech, 2012.
[3] Okamoto et al, in GPU Solutions to Multi-scale Problems in Science and Engineering, ed. D.A. Yuen et al., Springer, 2013.
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2011 Tohoku earthquake: Unified source model and its rupture process
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Rupture process of the 2004 Sumatra earthquake using teleseismic body waves
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Short recurrence intervals of repeating earthquakes in the Tonga subduction zone
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Earthquake depth estimations in the Po Plain (North Italy) using teleseismic data: influ-
ence on stress drop.
Earthquake depth estimations in the Po Plain (North Italy) using teleseismic data: influ-
ence on stress drop.

Jean Letort*, Massa Marcd, Cotton Fabrick, Guilbert Jocelyf, Drouet Stepharie Pacor FranceséaTraversa Paofa
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3Instituto Nazionale di Geofisica e Vulcanologia, Milano, ItalEDF, Aix en Provence, France
LISTerre Universite de Grenoble 1, CNRS, F-38041 Grenoble, FrahCEA/DAM/DIF, F-91297 Arpajon Cedex, France.,
3Instituto Nazionale di Geofisica e Vulcanologia, Milano, ItahEDF, Aix en Provence, France

On May 2012, the central part of the Padano-Emiliana Plain (North Italy), has been shocked by a dramatic sequence ¢
earthquakes, with higest Mw 6.0. These events were very shallow (" 5-10 km) with low stress drops and large ground-motion:
amplitude have been observed in the fault area. On the opposite, on the last 25th and 27th January other two deeper moder
earthquakes (either with Mw 4.9) occurred in the same area (south of Parma). These two events made very few damages and
victims, but have been felt also far from the source, which could be explained by their important focal depths (33 and 65 km
respectively). Hence, a study of depth influence on seismic properties is of great interest. However, Po plain is a very comple
area, the largest alluvial basin of northern Italy, characterized by anomalous propagation dues to the variable thickness of quate
nary alluvium and with complex Moho discontinuities (Appenines Moho, Alpine Moho and Ligurian Moho): depth estimation
can be sometimes challenging. Recent seismicity studies proposed that a deeper subducting slab of Adriatic lithosphere cou
occur as well in this area and the question about the depth estimation resolution remains open.

Based on teleseismic dataset, we have used coherent depth phases detected on CTBTO arrays (comprehensive-test-ban tre
organization), using cepstral methods as well as focal mechanism estimations from genetic algorithm inversions to constrain th
depths of all recent events above magnitude 3.8 in this area. The use of the teleseismic records gives the opportunity to redu
uncertainties due to complex crustal propagations during regional depth estimations. Moreover, pmP reflexions, observable ¢
some teleseismic records, prove that, at least one event, (January 27, 2012) occurred below the Moho discontinuity, strengtheni
the hypothesis of the active slab.

Then, we have focused on characterizing the link between depth and stress drop, as it is a crucial parameter for ground motic
prediction models. Hence, In addition of our new improved depth catalog, good stress drops evaluations are needed. These str
drops have been extracted from source spectra (magnitudes and corner frequencies, assuming Brune ’s model), using the regio
North Italy dataset collected in the last years by the strong-motion network (RAIS, INGV). We have used an iterative Gauss-
Newton method developed by Drouet et al. (2011), which aims to separate source, sites effects and propagation contributions
the acceleration spectra. Inverted attenuation parameters are similar to those estimated by Castro et al. (2013) and sites effe
have been checked to be coherent with the H/V profiles from the RAIS web site (http://rais.mi.ingv.it/), which strongly validate
the isolated source spectra, thus, the associated stress drops. Finally, depth and stress drop are shown to be strongly correlate
depth events show high stress drop. Hence, in the global aim to predict ground motions, it seems that depth should be taken &
count in a more systematic way; especially as new seismic equipments (for instance CTBTO arrays) afford now better resolutiol
for this crucial parameter.

0O 0000 : depth, stress drop, teleseismic, Po Plain, parametric inversion, corner frequency
Keywords: depth, stress drop, teleseismic, Po Plain, parametric inversion, corner frequency
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Relationship between fc and Mo for AE from continuous and broadband records under :

triaxial compressive condition
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To determine how much of the frictional energy consume in generating fault gouge and breccia is important because this frac
tion 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.

We have used the large biaxial machine newly constructed in National Research Institute for Earth Science and Disaster Pr
vention (NIED), Tsukuba (Fukuyama et al. 2012 and Yamashita et al. 2012). This machine is developed to bridge a scale-ga
between natural earthquakes ("km) and conventional laboratory experiments ("mm). The machine is built on the shaking tabl
and used the hydraulic actuator of the table as the shear loading jack.

We have conducted seven biaxial friction experiments on Indian gabbro at average slip rates of 1.09 to 110 mm/sec, at norm:
stresses of 0.66 to 1.32 MPa and with displacements to around 0.42 m. Rectangular specimen®.6f105% m and 2.6 0.5
x 0.5 m with the surface irregularity less than 24 microns are used. The same specimens are repeatedly used in all experimel
but the generated gouge was collected in each experiment by using the brush to measure the surface energy.

All experiments showed violent stick slip events except for the first run (v = 1.09 mm/s, normal stress = 0.67 MPa) where
a stick-slip amplitude increased from small to moderate values with increasing displacement. Overshooting of shear stress o
curred during some stick-slip events at slip rates of 10 mm/s and 100 mm/s; that is, shear stresses dropped down to negati
values during some stick-slip events. The entire stiffness of the apparatus and shaking table was determingdadliiniby
using shear force drop (dF) and the displacement during slipping stage (dD) in each stick-slip event suggested by Shimamoto
al. (1980). This value is consistent with the quasi-static analysis.

The energy fraction of the gouge generation is determined by the surface energy of gouge divided by the frictional energy dur
ing each experiment (Togo and Shimamoto, 2012). Specific frictional energy in each experiment was obtained by the integratio
of the shear stress multiply displacement and the values were 0.18 to 5.16 .Mahal surface energy of generated gouge in
each experiment () was obtained the following equation.

Es=Aggpr *r*m

Where Az g1 is the specific surface area of generated gougethe surface free energy and m is the mass of the generated
gouge. Specific surface area was measured by the BET surface area using a BELSORP-mini made by BEL Japan, Inc. wi
nitrogen as adsorbate. Specific surface area of the generated gouge showed high value of 5.28/rat58efirst two exper-
iments and it decreased with the increasing of the cumulative displacement to around 2.20+/§.48dtotal surface energy
of generated gouge was 37.3 to 627.0 J. Results show that grain crushing absorbed ealy 9.681.39%10~! % of frictional
work. Thus, host rock wearing and gouge generation is unlikely to be an important energy sink at least for mature faults with
well-developed slip zone.
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