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Penetrate across the mantle, and light up the heart of the Earth
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Seismic time-lapse imaging of subsurface
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1. Introduction

The imaging of the Earth has been carried out by the passive method using natural earthquakes. When we use natural ear
quakes, it is difficult to select source positions and ray paths. Although seismic interferometry technique acts as virtual sources
it seems difficult due to less excitation on refracted and reflected waves. The control sources are complementary to the natur
earthquakes.

The benefit to use control sources is that we can get detailed information on the source signatures. Knowing the precise sour
signature, we can estimate the temporal changes of transfer functions between source and receiver.

To determine the location causing temporal change it is necessary to know the 3D seismic structure in details. Once we identif
the ray path and travel time of the seismic wave concerning the target area, continuous monitoring using only a few receiver
might be possible. To monitor the wider area and know the spatial distribution of changing zone, the time-lapse imaging is
demanded.

2. Time-lapse Imaging

If numbers of sources and receivers are not so dense, the resolution of subsurface imaging will be limited. To enhance th
resolution we can increase number of sources or receivers. In the field of the most recent seismic exploration surveys the numb
of receivers reaches to 10,000 with receiver spacing of 25-50 m. We might be possible to increase the density of receivers.

In the time lapse study of the subsurface, it is likely to exploit the temporal changes of waveforms. By use of residual wave-
forms and the reciprocal relation between source and receiver, we can do back-propagation of the residual waveforms from tf
receivers to focus to the location of temporal change.

3. Effects of near surface, weather conditions and rain falls

Through our knowledge of the seismic time lapse studies, the travel time changes of first arrivals are not large compared to th
coda parts. One of the reasons for this is that we tend to observe the fastest arrivals and it is difficult to identify arrivals througt
a slower region. By use of the waveform residuals we might reduce this effect.

The temporal change in near surface layer strongly affects to observed waveforms. Without the consideration of near surfac
effects the results might lead to wrong answer. We will show some examples obtained in Awaji Island and a quarry field. Rain-
falls and change of moisture contents due to weather conditions could be the most significant. The experimental observatio
of the time lapse in a quarry filed showed changes the residual waveforms day by day. The frozen of ground soil changes th
waveforms during a day. We think that in the volcanic area the moisture contents in lava might strongly affect to the estimation
of volcanic activity.

The effects of ground coupling of source can be eliminated by use of heavy concrete basement as in the installation of ACROS
sources.

The heterogeneity and anisotropy of the near surface layer might also affect to the paths of seismic waves and electromagne
waves. This has to be considered.

4. Discussion and conclusions

Use of active source for the structural imaging could improve the resolution of blind parts of Earth’s interior and possibly
provide the time-lapse image. However, there are important factors that we should consider. The 3D structure is heeded to eve
uate the correct location of the temporal change. The backpropagation of residual waveforms from dense receivers gives bett
image of temporal changes if we properly evaluate the effects of near surface, heterogeneity and anisotropy. One of the ways
minimize the effects of near surface and weather condition on the time lapse is to place source(s) and receiver(s) in the ground

The EM time lapse has similarity as the seismic one.
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Toward an Innovation for Large Scale Data Analysis in EM-ACROSS
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3D magnetotelluric (MT) modeling is now in practice and is becoming a routine. It is time to start challenges on temporal
changes of resistivity structures for active volcanoes or crustal-scale temporal resistivity changes.

Aizawa et al. (2011) made continuous MT measurements at two stations around the Sakurajina volcano and found that th
apparent resistivities decrease after the onset of tilt measurement. They interpreted that the volatiles from the magmatic gas m
decrease the resistivity of ground water. Honkura et al. (2013) analyzed the array MT data over the North Anatolian Fault during
the 1999 Izmit earthquake and found the abrupt coseismic resistivity change at the fault zone.

Peacock et al. (2012, 2013) used MT method to monitor the temporal change of fluid distribution during the fluid injection
for enhanced geothermal system. They used phase tensor (Caldwell et al., 2004) in order to avoid effect of temporal chang
of shallow local structure. MacFarlane et al. (2014) tried to explain the temporal change of phase tensor by two-dimensiona
resistivity model with anisotropy.

Saito et al. (2015) focused on the crustal resistivity change before and after the Tohoku-Oki earthquake. He used a profile M’
data in 2003 passing through Naruko volcano (Asamori et al., 2010) and another repeated profile MT data in 2013. He also use
phase tensor to detect the significant resistivity change. MT monitoring has an intrinsic problem of noise contaminations anc
unstable signal strengths, although it does not require any artificial sources.

Shallow resistivity monitoring by DC resistivity methods is well known. 1zu-Oshima eruption in 1986 was successfully moni-
tored by the apparent resistivity change using two sets of dipole-dipole array over the edifice (Yukutake et al., 1990). Although
this experiment was successfully detected the rising magmatic melt at the vent, imaging the time-dependent structure was on
possible by forward modeling with a priori volcanic knowledge (Utada, 2003)

Smaller scale 4D resistivity monitoring at Onikobe Geyser was successfully performed using multiple-source, multiple-
receiver pole-pole method. Kouda (2009) report the case of time switching the current poles, but Jinguuiji et al. (2012) report the
case with multi-low-frequency current injection at different current poles. The latter has an advantage of continuously monitoring
the 3D structure.

Volcano monitoring using controlled source electromagnetic induction is in practice at Izu-Oshima and Aso volcano using AC-
TIVE system (Utada et al., 2007). They use electrical grounded dipole with step waveform and measure vertical magnetic senso
at many locations. This has an advantage of covering a large area and wide frequency range. Theoretically, multiple sources a
recommended, as the response functions are functions of resistivity structures including the transmitter and the receivers. Coi
cident loop system (VOLCANO LOOP) at the volcanic crater is proposed to monitor the phreatic eruption at Kusatsu-Shirane
volcano (Hino, 2014). This has an advantage of an easy installation without digging and burying current or potential electrode:
and monitoring the structure directly below the loop. However, the monitoring area is limited. The merit of the system is the
detection of the secondary field when the primary source field is absent.

EM ACROSS (Kumazawa et al., 2015) is a frequency domain technique. The frequency domain techniques measures primal
and secondary fields together and care must be taken when the source receiver distance is smaller than the skin depth, wh
primary field dominates. Tensor measurements using multiple sources will be important.
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Integrated Frequency Comb Spectroscopy by ACROSS: Active Monitoring by Use of
Elastic and Electromagnetic Waves
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In 1994, we started to develop an active method of observing the Earth’s interiors by means of stationary transmission o
accurate sinusoidal signal of elastic and electromagnetic waves. Original idea was quite naive in a sense that signal is a sinusc
with one spectral line, whereas we were confident that this type of frequency domain approach is definitely promising in future
on the basis of its principle itself. Later developmental works made by many colleagues have been made to introduce a variet
of new ideas, new theories and new technologies both in hardware and supporting theory. Koshun Yamaoka, Junzo Kasaha
and their colleagues have been accumulating a large amount of applications. Now we are confident that this frequency doma
approach is essential after 20 year effort on the developmental works for this methodology.

Now we claim that a new era has come to study the physics of the whole Earth’s interiors by using an active method of physic:
instead of passive phenomenological approach. Pressure and temperature range of laboratory experiments on the materials
been extended to the bottom of the mantle, the first principle computation of physical properties has been realized, and numeric
simulations of a variety of dynamic processes have come to be made, whereas the observation on the real nature has been m
only passively so far without sufficient resolution and reliability yet.

We have apparently two major targets of the new observation technology:

(1) Active observation of the whole mantle, the inner core and also their boundary layers to provide much reliable data on the
structure and their temporal variation with higher resolution to study the dynamics of the whole Earth. This target demands the
installation of powerful transmitters distributed over the different continents, so that international corporation is demanded.

(2) Qualified system for monitoring the volcanic and earthquake fields can be now designed and proposed: implementatio
of denser array of both electromagnetic and elastic ACROSS of wider frequency range to acquire the detail physical states «
the target sites. Special emphasis is placed on the physical studies of anisotropy and other structure-sensitive properties
the materials. The primary importance is to be placed on the study of the material physics through the qualified observation
combined with laboratory experiments and material physics, which are essential for the background of future prediction researc
works on the disastrous events.

This presentation is an introduction to the forthcoming works directed to the "Integrated Frequency Comb Spectroscopy by
ACROSS” for geophysical researches.
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Towards Imaging of the Volcanic Hydrothermal System by Integrated Monitoring of Elec-
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