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On September 1, 2004, a middle-scale eruption occurred at Mt. Asama, Japan. Before the eruption, we had observed se
eral kinds of low frequency volcanic tremors and low frequency long-lasting volcanic events since October 2003. Takeo (2010)
revealed the non-linear dynamics of these low frequency tremors and long-lasting events using an embedding method of tim
delays and a surrogate data analysis, and made clear that there existed a deterministic non-linear dynamics in the tremor a
event excitations, which could be modeled with the system dimension between 3 to 7 (prospective dimension 3 or 4).

In this paper, we formulate a new topological approach for structure estimation of differential equation system exciting the
non-linear low frequency volcanic tremors and long-lasting events based on a phase portrait analysis and a potential estimatio
The basic concept of this approach is that the time series data exemplify a variable of differential equation exciting these tremor
and events. The typical period of them are several to ten seconds, meaning that the wavelengths are longer than one or tv
kilometer. These signals were recorded by the seismometers installed at the crater rim, so the waveforms were not affected |
wave propagation effect, and exemplified the excitation dynamics correctly. Therefore, it will be expected that we directly infer
the structure of differential equation system.

At first, we divided the time series data (x) into several terms and made phase portraits of x vss. dx/dt and/or x vss. d"2x/dt"
to examine differential structure in the particular term. As a typical example, we picked up a long-lasting low frequency event
occurred at 12:34 on June 12, 2004. We employed a FIR low-pass filter with a cut-off frequency of 1 Hz to omit high frequency
component. Before the event, the phase portrait of x vss. d2/dt"2 (x, d"2x/dt"2) depicts two linear lines with different negative
gradients and the portrait of x vss. dx/dt (x, dx/dt) does two circles with different radii. These phase portraits mean that the
solution of differential equation consists of sinusoidal waves with two different frequencies and amplitudes. In the initial part of
the event, the phase portraits dramatically change; (x, d"2x/dt"2) consists of several lines in which some of them have negativ
gradients and others do positive gradients. (x, dx/dt) consists of several circles but some of them are separated by cusps, a
some turnaround orbits depict quick movements. The existence of positive gradient in (x, d"2x/dt"2) and of cusps in (x, dx/dt)
indicates that a system potential with a number of local minimal surface is thought to exist and the solution jumps across a loce
maximal pass when some amount of energy is supplied. The quick movement of phase portrait suggests that the differenti
equation system includes a relaxation oscillator.

The results mentioned above reveal the source dynamics of these non-linear tremors and long-lasting events could be model
by the differential equation system including a relaxation oscillator and with the system dimension between 3 to 7 (prospective
dimension 3 or 4). Takeo (2010) proposed a hydraulic control valve model with the system dimension of 4 as a candidate o
source model of these events. (x, dx/dt) and (x, d"2x/dt"2) phase portraits of this model have similar characteristics of the ob
served phase portraits, meaning this model is a leading candidate. During the first stage of eruption activity in Kirishima volcanc
in 2011, we also observed the analogous non-linear volcanic tremors. We will analyze these tremors using the same approac
and will examine other possible candidates of differential equation system.

gogoobo:boboog,bbbbooooo,boogd
Keywords: Volcanic tremor, Non-linear dynamics, Low frequency oscillation
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Distribution and focal mechanisms of very low frequency earthquakes along the Ryukyu

trench axis in 2007-2008
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Yoko Tu'*, Masataka Andb Hiroyuki Kumagaf, Yoshiko Yamanaky Cheng-Horng Lif
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LInst. Earth Science,Academia SiniéAlational Research Institute for Earth S8Graduate School of Encironmental Studies

Broadband seismograms from BATS (Broadband Network in Taiwan) and F-Net (NIED broadband network in Japan) were
analyzed to find very low frequency earthquakes (VLFES) along the Ryukyu trench. All seismograms in the years of 2007-200¢
were band-path-filtered (0.02-0.05 Hz) to pick-up VLFEs. Several clusters of very low frequency events were found along the
Ryukyu trench. First, high signal-to-noise-level events were selected out the broadband seismograms. Then, local and teleseisn
earthquakes were removed from these events using the hypocenter catalogs of the PDE, the Central Weather Bureau (CWB) a
the Japan Meteorological Agency (JMA). Through the procedure, about 1200 and 1000 events were identified as VLFEs in 200
and 2008, respectively. Spectra of typical events in these earthquakes show peak frequencies between 0.06 to 0.1 Hz. The
VLFEs were selected and grouped into three main clusters. The regionalization is possible based on arrival time, amplitude ar
similarity in waveform: 1) Yonaguni-Ishigaki, 2) Okinawa Island, 3) Amami Island. The CMT solutions were obtained for these
VLFEs using the inversion technique by Nakano et al. (2008). The accurate locations and focal mechanisms were determine
further by a grid-search method where a minimum residual is searched within each area of latitude range of 5 degrees and lonc
tude range of 5 degrees and a depth range 0 to 100 km. About 100 events from the Ishigaki-Yonaguni group were well locate
with low residuals. For the analysis of this group, data from BATS were used. However, events in Okinawa Island and Amami
Island groups were not as well located because they are small in terms of magnitude. Among the selected events, low angle thrt
fault was found to be dominant. Although some strike-slip and normal faults are included, their reliability is low and they are
not included in the list of reliable solutions. Based on the events herein studied, the distribution and depth of VLFEs suggest the
these events occurred mostly in the accretionary prism along the Ryukyu trench similar to those found in Central Honshu. Thi
similarity may suggest that the upper interface of Ryukyu trench is locked.

OO 000: Very low frequency earthquake, Subduction, Ryukyu trench, Source inversion
Keywords: Very low frequency earthquake, Subduction, Ryukyu trench, Source inversion
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Very low frequency earthquakes near the western region of the Ryukyu subduction zone
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Very-low-frequency earthquakes along the decollement of the Nankai trough
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Yoshio Fukaé*
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There is a long history of studies of submarine very low frequency (VLF) earthquakes since the celebrated discovery by Wadat
(1928). After over 80 years, we for the first time detected a swarm of VLF earthquakes by broadband ocean bottom seismomete
(BBOBS) placed just above the source region in the Nankai trough accretionary prism, where the seismic crustal structure is we
known. The nearby BBOBS records show permanent seafloor displacements of 0.1-0.5 mm with rise times ranging 20-60 s. The:
rise times are anomalously long as compared to those of "1 s for ordinary earthquakes with comparative magnitudes (Mw “4). W
made a waveform inversion for the source location and source mechanism for the selected 11 events, taking the heterogene
of crustal structure into account. All the events but one are located roughly along the plate boundary as plate boundary-parall¢
thrust faults. Their source time functions show anomalously long durations, quantitatively consistent with the observed seafloo
displacements at each site. Despite such long source durations, VLF events are extremely rich in high frequency components (
Hz). Anomalously long source duration and anomalously rich high frequency wave radiation are two unique features of VLF
events, suggesting simultaneous, interrelated occurrence of shear failure across and hydrofracturing within the decollement at t
base of the accretionary prism.

gooobo:0bboogg,boobod
Keywords: Very-low-frequency earthquake, Nankai trough
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Migrated activity of shallow very low-frequency earthquakes in and around Hyuga-nada,

southwestern Japan
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Tidal triggering of shallow very low frequency earthquakes in southwest Japan
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Modeling the activity of shallow very-low-frequency earthquakes in the region off Tokachi
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Recent observations reveal that very-low-frequency (VLF) earthquakes occur in the shallow subduction zones in the Nanke
trough, Hyuganada, and off the coast of Tokachi, Japan (Obara and Ito, 2005; Ito and Obara, 2006; Asano et al., 2008; Obar
and Kodaira, 2009; Sugioka et al., 2010; Okamoto et al., 2010). Asano et al. (2010) investigated the details of the shallow VLF
earthquake activity in the region off Tokachi and found that the sequences of VLF earthquakes repeat with intervals of a few
years before the 2003 off Tokachi earthquake and that the activity became very high just after the 2003 off Tokachi earthquak
and then intervals between sequences of VLF earthquakes become longer gradually. They also found that the migration speed
VLF earthquakes is from 10 to 50km/day.

We perform 2D quasi-dynamic modeling of the sequential occurrence of VLF earthquakes in the region off Tokachi in an
elastic half-space using a rate- and state-dependent friction law. Tsutsumi and Ujiie (2011) examined frictional properties o
clay-rich fault materials collected from a major splay fault within the Nankai accretionary complex under water saturated condi-
tion. Their experimental results reveal that there are both velocity-weakening and velocity-strengthening fault materials for slip
velocities from 0.026 to 26 mm/s. Their results suggest that both velocity weakening and strengthening regions are comingle
in the shallow subduction zones. Since no experiments have been conducted using the fault materials in the subduction zor
NE Japan, we refer to the experimental results by Tsutsumi and Ujiie (2011). We consider several unstable patches of a few ki
in the stable zone to simulate VLF earthquakes. We set the effective normal stress to be on the order of 1.0 MPa. When we s
the intervals between patches to be in a certain range, VLF earthquakes occur sequentially. We can also reproduce the migrati
speed (10-50km/day) of VLF earthquakes in a certain range of constitutive law parameters. After large earthquakes occur activit
of VLF earthquakes is very high due to afterslips but the recurrence intervals between sequences of VLF earthquakes becon
longer gradually with time. We report the range of constitutive law parameters which explain the activity of VLF earthquakes in
the region off Tokachi.

goooo:0boo0, 0000000000 b0,0000boboobobo,00b0bobO,000
Keywords: modeling, rate- and state-dependent friction law, shallow very-low-frequency earthquake, subduction zone, the regio
off Tokachi
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Seismic structures in source areas of slow slips
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We show fine-scale variations of seismic velocities and converted teleseismic waves that reveal the presence of zones of hig
pressure fluids released by progressive metamorphic dehydration reactions in the subducting Philippine Sea plate in Tokai distric
Japan. These zones have a strong correlation with the distribution of slow earthquakes, including long-term slow slip (LTSS) an
low-frequency earthquakes (LFEs). Overpressured fluids in the LTSS region appear to be trapped within the oceanic crust by &
impermeable cap rock in the fore-arc, and impede intraslab earthquakes therein. In contrast, fluid pressures are reduced in t
LFE zone, which is deeper than the centroid of the LTSS, because there fluids are able to infiltrate into the narrow corner o
the mantle wedge, leading to mantle serpentinization. The combination of fluids released from the subducting oceanic crust wit
heterogeneous fluid transport properties in the hanging wall generates variations of fluid pressures along the downgoing pla
boundary, which in turn control the occurrence of slow earthquakes.
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Anomalous fluid pressure developed by permeability contrast in subduction zones
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Numerical model of slow slip events in the Nankai trough -Reproduction of observations
and expectations from the model-
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