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New remote reference method using multivariate regression S-estimator
#Yoshiya Usuil)
('ERI

In magnetotelluric data processing, the remote reference method is commonly used. In the standard remote reference
method, the auto- and cross-powers of the local electromagnetic field are replaced with the cross powers between the local
and remote electromagnetic fields. It is sometimes difficult to apply a robust approach, which is used for reducing the
influences of outliers and leverage points, to the standard remote reference method because it cannot be represented as a
simple input/output model. Two generalized remote reference methods have been proposed to overcome the disadvantage.
One generalized remote reference method, the two-stage bounded influence remote reference method, solves multiple-inputs-
multiple-outputs systems in two stages. Although the other method solves a multiple-inputs-multiple-outputs system in one
stage, in the second method, the dependent variables contain all channels of local stations, and a multivariate regression
solves the system. However, those generalized remote reference methods have disadvantages: the first one can lead to bias
when the weights of the first stage and the second stage are different; the second approach is not robust to the leverage
points because M-estimator is used. Therefore, the author proposes a new remote reference method using the multivariate
regression S-estimator. This estimator seeks the response functions which minimize the scale of the Mahalanobis’ Distance
of residuals. The newly developed method can avoid the disadvantages of the previous generalized remote reference method
and is generally applicable to magnetotelluric data processing.



R003-02
D&g 1 11/5 PM1 (13:45-15:30)
14:00~14:15

#m HAD
O PN

Effects of the difference in sensitivity between ACTIVE and MT on the joint in-
version in volcanic regions

#Takuto Minami®)

(1Kobe Univ.

Resistivity structures are important for understanding the internal systems of volcanic edifices. While MT measurements
are in common use to investigate the resistivity structure of volcanos (e.g. Kanda et al. 2019), controlled-source electro-
magnetic sounding methods are also useful in many points. ACTIVE (Utada et al. 2007) is an electromagnetic volcano
monitoring system using the TEM (Transient Electro-Magnetic method) technique. ACTIVE consists of transmitters that
transmit the electric currents of a square waveform through two earthing electrodes and an array of induction coil receivers
for measurement of the vertical component of the induced magnetic field. The TEM measurement with controlled-source has
an advantage in high S/N ratio and independence from the galvanic distortion and static shift in MT measurements.

I am currently developing a joint inversion code for ACTIVE and MT data, where the ACTIVE and MT data contribute
in different ways to optimal models with their different sensitivities. I calculated and compared the sensitivities of MT and
ACTIVE measurements at a single frequency of 99 Hz with a single receiver site using the method of Schwalenberg et al.
(2002). The sensitivity of MT for a single site distributes as an hemisphere centered by the receiver location. On the other
hand, the sensitivity of ACTIVE distributes beneath both the transmitter and the receiver and complicated compared to that
of MT. The difference in sensitivity potentially not only enhances the spatial resolution of the inferred resistivity structure but
also resolves some anisotropy of the subsurface resistivity. In the presentation, I will report the sensitivity analysis of MT and
ACTIVE measurements and discuss how the difference in sensitivity could enhance the model resolution and accuracy in the
joint inversion using both MT and ACTIVE data
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Development of 3D resistivity structure analysis method considering the effects of
seafloor topography.

#Takumi Obatal), Masamitsu Araki®), Tetsuo Matsuno?), Takuto Minami'), Nobukazu Seama®-2)
(I Dept. of Planetology, Science, Kobe Univ.,(?Kobe Ocean-Bottom Exploration Center, Kobe Univ.

The purpose of this study is to advance the understanding of the magma supply system leading to giant caldera eruptions.
The Kikai caldera volcano, the subject of our research, is located in the southern part of Kagoshima Prefecture and has
repeated giant caldera eruption. The existence of lava dome inside the caldera suggests that the magma was supplied to
this volcano even after the latest giant caldera eruptions at 7.3Ma (Tatsumi et al., 2018). We explore the magma supply
system by estimating the resistivity structure beneath the seafloor of Kikai caldera volcano. For this reason, we are acquiring
new seafloor MT data by installing and recovering Ocean Bottom ElectroMagnetometer (OBEM), and developing a method
to analysis obtained data. In locations with highly variable seafloor topography, such as around Kikai caldera sea area, an
analytical method that can accurately account for topographic effects is necessary because the electromagnetic field distortion
caused by topographic undulations affects the estimated subsurface structure. Baba and Seama (2002) proposed the FS
technique as an easy way to represent seafloor topography with a small computational grid. In this method, they set two
horizontal layers of equal thickness (hereafter referred to as FS-seawater layer and FS-crustal layer) in the depth range
where the seafloor surface exists, and represent the undulations of the seafloor topography by varying their resistivity values.
Araki et al. (2021) applied the FS technique into ModEM (Egbert and Kelbert, 2012; Kelbert et al., 2014), which is the
three-dimensional inversion code for subsurface resistivity structures. In an ideal tanh-functional bathymetry model, they
confirmed that the inclusion of a thin boundary layer between the FS-seawater layer and the FS-crustal layer produces results
similar to those obtained when topographic changes are directly represented by a large number of small-sized grids.

Aiming to estimate the resistivity structure by effective analysis of the observed data in the Kikai caldera sea area, we
1) have further improved the ModEM method by applying the FS technique, 2) show the effectiveness of this method in
inversion, and 3) investigate the sensitivity of the method to the expected subsurface structures such as magma chambers. 1)
For Further improvement of the analysis method, we solved the problem in the conventional method where the calculated
MT impedance at short periods deviates from the predicted value. Since it became clear that this problem was caused by the
conversion of the resistivity values of the FS-crustal layer, we developed a method to convert only the resistivity values of
the FS-seawater layer and named this method "ModEM+FS”. Forward modeling with ModEM+FS showed that more than
20% decrease in apparent resistivity from the predicted value at a period of 10s, was reduced to about 2% on a cos-functional
mountain bathymetry model when the FS layer was set so that the vertical length of the crustal grids at the summit was
transformed by half. Note that the results obtained using ModEM with a finer discretization of the model were closer to
one obtained with ModEM+FS. This indicates that ModEM+FS can accurately represent topographic effects without fine
discretization of the grid. 2) Inversion is performed using the pseudo-data. We get pseudo-data (pseudo-data including
topographic effects) by calculating the forward result by ModEM+FS in a model with resistive and conductive bodies placed
underground and cos-functional mountain bathymetry, and adding noise. Inversion results are confirmed by the degree of
recovery of the anomalous body. In addition, we compare the inversion results of the pseudo-data without topographic effects
assuming a flat bathymetry, and confirm that the developed ModEM+FS inversion can take proper account of the topographic
effects in the data. Furthermore, we compare the inversion results of the pseudo-data including topographic effects assuming
flat bathymetry, and confirm the importance of properly accounting for the undulations of the seafloor topography in the
model when inverting data with topographic effects. 3) In the sensitivity test, the resistive and conductive bodies are placed in
the subsurface of a model that represents the seafloor topography around the Kikai caldera, and inversion is performed using
ModEM+FS. The calculation position is adjusted to the observation points in the Kikai caldera sea area. The sensitivity to
magma chamber is checked by changing the size of the resistive and conductive bodies.
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3D forward calculation of tidally Induced magnetic field in the Lau Basin
#Tokuma Nakaya')
(1Kobe University

Electrically conductive seawater moving in the geomagnetic main field causes electric currents in the ocean. The ocean
tides, which cause periodic seawater motion, generate periodic electromagnetic field variation. It is expected that the electro-
magnetic field can be used to estimate the resistivity structure beneath the seafloor.

Grayver et al. (2016) has already performed inversion of satellite tidally-induced magnetic data observed at the satellite
altitude. We aim to use tidally-induced magnetic fields observed at the seafloor to infer the resistivity structure beneath the
seafloor. By using observations at the seafloor, it is possible to use toroidal magnetic fields that are not observed at satellite
altitudes.

In our previous study (Nakaya et al. 2022, JpGU), we developed a forward calculation code to calculate the magnetic
field due to the electric current excited by the tidal seawater velocity field coupled with the earth’s main magnetic field in
the conductive ocean layer. The seawater flow field was obtained from the TPXO model (Egbert and Erofeeva 2002) and the
earth’s main magnetic field from IGRF-13 (Alken et al. 2021).

In this study, we improved the developed forward calculation to include a subducted slab in the numerical domain. A 3D
slab domain mesh was created based on the slab model of Hayes et al (2018) and incorporated into the forward calculations.
We tested the sensitivity of the tidally-induced magnetic variation at the Lau basin to resistivity of the subducting slab and
found no sensitivity to resistivity changes above the slab resistivity of 5000 Q m, but when the slab resistivity was changed
from 5000 Q m to 2000 Q m, there is a maximum of 5% change in amplitude of the north-south component of the magnetic
field.

This presentation will report the results of the forward calculations including the sensitivity test, and the progress toward
implementation of the inversion of the tidally-induced magnetic data observed at the seafloor of the Lau basin, which is cur-
rently underway.
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Relationship between aftershocks of the 2016 Central Tottori earthquake and
characteristic waveforms appearing in EM field data

#Taisei Inui®), Kenichi Yamazaki?), Ryokei Yoshimura?)

(IDivision of Earth and Planetary Sciences, Graduate School of Science, Kyoto UniV.,(2DPRI, Kyoto Univ.

Characteristic variations in the electromagnetic field have been reported to be observed before and after earthquakes. Many
of these variations occur simultaneously with ground motion (e.g., Honkura et al., 2002; Ujihara et al., 2004). Variations
in the electromagnetic field observed for hours to days including the origin time of an earthquake have also frequently been
discussed (e.g., Oike and Ogawa, 1986; Izutsu, 2007). On the other hand, there are only a few studies on a relationship with
earthquakes regarding variations in the electromagnetic field for seconds to tens of seconds including the origin time (e.g.,
Iyemori et al., 1996; Okubo et al., 2011; Fujinawa and Noda, 2016).

In this study, we focus on the electromagnetic field data for tens of seconds including the origin time of aftershocks of
the 2016 Central Tottori Prefecture earthquake (October 21, 2016; M;6.6) to clarify the relationship between occurrence of
earthquakes and electromagnetic field variations. The electromagnetic field data were obtained by MT surveys conducted
at two sites during the period from the day after the main shock to November 9, 2016. A continuous record with 15 Hz
sampling is used for the study. Two components of the electric field were measured at both sites, whereas three components
of the magnetic field were measured only at one site.

Examination of the time-series of the electromagnetic field variations revealed characteristic waveforms for seconds to tens
of seconds before and after origin time. The waveforms can be classified into several types according to their shapes: some
of which were observed even when no earthquake occurred, whereas others were observed only when earthquakes occurred.
Variations in the electromagnetic field with the former waveforms are assumed to be caused by artificial noises or natural
phenomena other than earthquakes including lightning, while variations with the latter waveforms are assumed to be related
to earthquakes.

In this presentation, we will introduce characteristic waveforms that appear in the electromagnetic field data before and
after earthquakes and discuss whether these waveforms are related to the occurrence of earthquakes or not.
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Interpretation of electrical resistivity structure of oceanic crust based on analysis
of seismic velocity structure

#Yuya Akamatsu'), Ikuo Katayama')

('Hiroshima Univ.

Water transported through cracks in oceanic crust play key roles in various subsurface processes, including seismic activ-
ity, heat and chemical exchanges, and microbial activity. Fluid-filled cracks strongly affect geophysical properties, such as
seismic velocity and electrical resistivity; therefore, a number of seismological and electrical surveys have been conducted
at various locations in the oceanic lithosphere. In order to quantitatively interpret such geophysical data and understand the
subsurface fluid behavior, laboratory measurements on rock’s physical properties are essential. In this study, we conducted
laboratory measurements on the electrical resistivity and elastic wave velocity of oceanic crustal rocks collected from drilled
cores of the Oman ophiolite, in which tectonic fragments of ancient oceanic plate are preserved on land. The measurements
were performed under dry and brine-water-saturated (wet) conditions using discrete cubic samples that were taken from the
drilled cores.

The experimental results show that electrical resistivity and elastic wave velocity under wet conditions are clearly correlated
with porosity, suggesting that these properties are closely related to pore structure. Application of effective medium theory,
which predicts effective elastic properties containing penny-shaped cavities, shows that the variations in elastic wave velocity
can be interpreted mainly by two parameters characterizing pore structure: crack density and crack aspect ratio. Electrical
resistivity changes markedly at low crack densities, possibly reflecting percolation of fluids through the crack network. Ap-
plying a crack fluid flow model based on statistics and percolation theory proposed by Gueguen and Dienes (1989), variation
in the measured resistivity is related to crack porosity and connectivity, which can be estimated from the crack density and
aspect ratio. To understand effects of in situ conditions in oceanic crust, we applied the cross-property relationship estab-
lished by our laboratory measurements to geophysical properties obtained by logging measurements at IODP Hole 1256D.
As a result, resistivity structure predicted from sonic velocities is generally consistent with the observation, suggesting that
the physical properties of oceanic crust can be interpreted using the same model at both laboratory and in situ scales.
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Three-dimensional Electrical Resistivity Structure around Earthquake Swarm

Region in the Northeastern Noto Peninsula

#Ryokei Yoshimura®), Yoshihiro Hiramatsu?, Tadanori Goto®), Taisei Inui¥), Masahiro Yoshikawa?), Ayako Namigishil),
Airi Nagaokal), Jun Nakagawal), Rintaro Miyamachil), Akihiro Sawada?), Masato Fukata?), Amane Sugii2), Ce ZhangS),
Nagi Yamashita3), Yuki Oshima3), Momoka Kanazawa®), Rei Amano®

(IDPRI, Kyoto Univ.,(?Kanazawa Univ., 3Univ. Hyogo,(4Ky0t0 Univ.,®Hokkaido Univ.

In the northeast of the Noto Peninsula, swarm-like seismic activity has been observed since around 2018, and the activity
has been active since 2021 and has continued to the present. This seismic activity forms four clusters. Synchronized with
this activity, crustal deformation has also been detected by GNSS observation. We planned and conducted a wideband
Magnetotelluric (MT) survey to elucidate the structural characteristics of this activity and whether there are structural
differences from the 2007 Noto Hanto Earthquake that occurred in the northwestern Noto Peninsula in March 2007. During
November-December 2021 and March-April 2022, MT data were acquired at 32 sites in total, and MT responses were
estimated by remote-referencing within the survey area. In most of the sites, fair sounding curves were obtained in the
band range of several hundred Hz to several thousand seconds. A three-dimensional inversion analysis for the obtained MT
responses revealed the existence of a continuous low-resistivity region from the southern cluster, where seismic activity
started, to the northern cluster, which is currently the most active.

In this presentation, we discuss the relationship between the obtained resistivity structure and seismic activity and crustal
deformation sources, and compare it with the structure of the 2007 Noto Hanto Earthquake.
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Low-resistivity zone between Kuju Iwo-yama volcano and Otake-Hatchobaru
geothermal power plant

#Koki Aizawal), Tasuku Inomatal), Keigo Kitamura®/, Kazuki Sawayama?’), Ayumu Okubo*?), Satoru Aniya4’5), Takeshi
Matsushima®), Haruhiro InagakiG), Hiroki Saito®, Jun NishijimaQ)

(ISEVO, Kyushu University,(?Faculty of Engineering, Kyushu University, ®Institute for Geothermal Sciences, Kyoto
University,*'Department of Earth and Planetary Sciences, Graduate School of Science, Kyushu University, ®Fukuoka
Regional Headquarters, Japan Meteorological Agency, Japan, ®West Japan Engineering Consaltants, Inc.
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The Kuju volcano group (Kuju Volcanoes), which is located in north of the Kyushu Island, hosts numerous geothermal
zones. The deltal3C and 3He/4He ratios of geothermal zones indicate that the magmatic fluid contributes to the volcanic and
geothermal activities. Indeed, the phreatic eruptions, which occurred at Iwo-yama volcano on December 1995, contained
significant amounts of vesiculated glass shards, suggesting a magmatic contribution (Nakada et al. 1996; Hatae et al. 1997).
Otake — Hatchobaru power plant (120MW), which is the largest geothermal power plant in Japan, is located 4.5 km WNW
of the Iwo-yama volcano. The recent magnetotelluric surveys (Aizawa et al. 2022) have imaged low-resistivity zone between
Iwo-yama and Otake — Hatchobaru power plant deeper than 1 km below sea level (bsl), where the high temperature >250
degree is estimated from drilling data (Kitamura et al. in revision). Considering its location, the low-resistivity zone is
possibly related to the magmatic fluid pathways for both of the Iwo-yama and the geothermal power plant. However, in the
previous study, MT sites were not densely deployed near the low-resistivity zone, and the shape of the low-resistivity zone
was not strongly constrained. The purpose of this work is imaging of the 3-D shape of this low-resistivity zone for discussing
the relationship between Iwo-yama and the Otake-Hatchobaru power plant. For this purpose, we have acquired broad-band
MT and telluric data at 53 sites around the low-resistivity zone on November to December 2021. Preliminary analysis with
new and old data confirmed the presence of the low-resistivity zone. One of the new suggestions is that the low-resistivity
zone is separated to shallower (0 to 2 km bsl) and deeper (below 3 km bsl) region. The shallower low-resistivity zone is
elongated NW-SE direction, which is comparable to the fault strike near the Hatchobaru-Ohtake power plant. Along the
southwestern edge of the shallower low-resistivity zone, two NW-SE trending faults are located. The deeper low-resistivity
zone is located approximately 1 km northeastward relative to the shallower low-resistivity zone. Seismic activity is low in
the deeper low-resistivity zone. In this work, we will show the 3-D resistivity structure and investigate its significance for
volcanic activity of Iwo-yama and the geothermal resources of the Ohtake-Hatchobaru power plant.
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Modeling and interpretation of the three-dimensional resistivity structure of
Meakandake Volcano inferred from MT surveys
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We have conducted broadband magnetotelluric (BBMT) surveys around Meakandake Volcano in Akan Caldera, eastern
Hokkaido, since 2018. The previous modeling by Inoue et al. (2022) suggested a tilted low resistivity column from 0.5 km
BSL (below sea level) to the deep west below Mt. Meakandake. They also suggested another low resistivity anomaly on
the north side of Mt. Fuppushidake, the area bordering Lake Akan from the west. However, the size and shape of the latter
anomaly were uncertain because it was outside the measurement area. Furthermore, the relationship between the shallow
resistivity structure and volcanic earthquakes at Mt. Meakandake remained controversial because our previous model did not
have sufficient resolution for the shallow part of the summit area.

To address these issues, we updated our modeling by including additional ten BBMT data that we acquired from July
to August 2021 on Lake Akan’s north to northwest sides, as well as some AMT data by Takahashi et al. (2018) obtained
in 2013-14 at sites on the middle to the summit of Mt. Meakandake. We used ADU(O7e (Metronix Geophysics Ltd.) and
Elog-1k (NT System Design Ltd.) for the additional BBMT. Thus, we acquired the time series data of five components
(2E+3H) at seven sites and only 2E at three sites. Induction vectors and phase tensors calculated from the data indicated that
the electromagnetic strike in the vicinity of Mt. Meakandake was in the SE-NW direction. In contrast, the strike was N-S on
the north side of Mt. Fuppushidake. In addition, we observed out-of-quadrant phases in the long period bands of the Zyx
component at the sites on the west to the northwestern foot of Mt. Meakandake.

We inverted the impedance and tippers at 60 sites using ModEM (Egbert and Kelbert, 2012; Kelbert et al., 2014) to estimate
the 3D resistivity structure. A dyke-like low resistivity anomaly C1 (1-10 Q m) was imaged below Mt. Meakandake. It was
roofed approximately at sea level and slightly offset to the north as compared to the corresponding anomaly in the previous
model, dipping down toward the northwest to west direction. The sensitivity test of C1 suggested that it extends at least
to a depth of 20 km. The northwestward tilting of C1, which electrically connects the deep and shallow parts, may have
caused the out-of-quadrant phases on the west to the northwestern foot of the volcano. However, the mechanism should be
investigated further in detail.

On the other hand, another low resistivity anomaly, C2 (1-10 Q m), was imaged again on the north side of Mt. Fuppushi-
dake, the area bordering Lake Akan from the west. The updated model has revealed that C2 has a horizontal diameter of
approximately 3 km and vertically occupies a depth from O to 3 km BSL. According to the unified earthquake catalog of
the Japan Meteorological Agency, C2 itself corresponds to an aseismic zone. Meanwhile, a tectonic earthquake cluster is
recognized beneath Lake Akan’s northwestern side adjacent to C2. The seismicity if the cluster well correlated in time with
that of the shallow volcanic earthquakes at Mt. Meakandake (Japan Meteorological Agency, 2018). In addition, C2 seems
to connect to C1 through a moderately conductive region (c.a. 30 Q m) in a deeper part. Therefore, we suspect that C2
represents a volcanic fluid reservoir with a common source as C1.

Owing to the improved resolution at a shallow part by adding the AMT data, the updated model showed a 100m-thick
conductive layer (c.a. 1  m) beneath the Meakandake’s summit area. The conductive layer seems to be separated from
C1 by the region with an intermediate resistivity (50-100 Q m). The hypocenters of volcanic earthquakes, which occur
quasi-regularly during inter-eruptive periods, are distributed in two columns within this intermediate region. One of these
clusters penetrates the conductive layer toward the Ponmachineshiri crater. Furthermore, the volcanic earthquake swarm
and the thermal demagnetization that preceded the 2008 phreatic eruption occurred at the bottom of the conductive layer.
These facts suggest that the layer is closely related to shallow volcanic activity of Mt. Meakandake, including recent phreatic
eruptions in Mt. Meakandake.

Acknowledgments: This study was supported by the Ministry of Education, Culture, Sports, Science and Technology
(MEXT) of Japan, under its The Second Earthquake and Volcano Hazards Observation and Research Program (Earthquake
and Volcano Hazard Reduction Research). The AMT data at Mt. Meakandake used for the 3D resistivity inversion were
provided by the National Institute of Advanced Industrial Science and Technology (AIST) and the Japan Meteorological
Agency (JMA).
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Broadband MT data compilation and inversion for the central Tohoku region
#Shogo Masuda®), Yasuo Ogawa'-?), Masahiro Ichiki®)
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Since 1990, many broadband MT observations in the central Tohoku region have elucidated the 2-D or 3-D structure in
volcanic and inland seismogenic areas, and revealed the distribution of deep crustal fluids (e.g., Ogawa et al, 2014; Ichihara
et al, 2014). However, previous analyses have been limited to a region with an extent of about 20 km x 20 km due to the
limitation of computational resources. On the other hand, long-period MT observations on a 20-km grid (Ichiki et. al., 2015)
have revealed 3D structures of melts and fluids due to subduction of the Pacific plate, but detailed links to crustal structures
shallower than 30 km in depth are not clear.

In this study, we aim to elucidate the detailed regional crustal structure and mantle structure in three dimensions using
broadband MT data from 590 stations collected over the past 30 years in the central Tohoku region.

We will begin by examining the data from the 590 stations. To aid in understanding the physics of impedance, the electric
field distribution generated by hypothetical northward and eastward source electric field events in the ionosphere is calculated
and mapped from the impedance. Together with mapping the induction vectors, we confirmed that the sedimentary layers
along the Kitakami River and south of the Naruko caldera show strong channeling at low frequencies. Furthermore, the dis-
tribution of {3 values exceeding 5 degrees based on phase tensor analysis was found to be more widespread for longer periods
and more three-dimensional for deeper areas. The distribution of phase tensors with periods from 4 to 40 seconds suggested
the presence of conductors in the south-southeast to north-northeast direction in the northern part of Miyagi Prefecture.

Based on the above, we decided to use data from the central part of the study area and perform inversion model calculations
so that channeling, especially at low frequencies, can be realized numerically. The data used were impedances and tippers
for 8 periods at 237 stations distributed at 6 km intervals. We used the inversion code WSINV3DMT with error floor 5% for
the impedances and 15% for tippers. The final model had rms of 2.194. The model showed the following features. At depths
between 2 km and 15 km, isolated vertical low-resistivity structures are analyzed beneath the Quaternary volcanoes such as
Naruko, Kurikoma, Onikobe, and Takamatsu-dake. At a depth of 20 km, these low resistivity structures are found to be later-
ally connected. Furthermore, at a depth of 40 km, a narrow zone of low resistivity was analyzed along the volcanic front. The
distribution of these low resistivity structures correlates well with the spatial distribution of seismic velocity structure (Okada
et al., 2014) and the coseismic crustal deformation of the 2011 M9 off the Pacific coast of Tohoku earthquake estimated by
InSAR (Takada and Fukushima, 2013).

BALH T IR TIX 1990 LI, £ < OIRHH MT BRIDT 41, KILHis <o A 3 AR 8 o Hss R G TR AR D 70 A
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Resistivity structure beneath Southern Tohoku imaged by joint inversion of mag-
netotelluric and geomagnetic transfer functions

#Dieno Diba'), Makoto Uyeshima'), Masahiro Ichiki®), Shinya Sakanaka®), Makoto Tamura®), Yiren Yuan®, Marceau
Gresse®), Yusuke Yamaya® , Yoshiya Usui®)
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HRO, ®lnstitute of Geophysics, CEA,6AIST

The southern part of Tohoku is a volcanically and seismically active region in the Northeast Japan subduction system.
Active volcanoes and deep, low-frequency volcanic earthquakes are distributed on and off the volcanic front, implying a
complex distribution of deep fluids beneath the area. To comprehend it, we study the electrical resistivity structure beneath
the area using the magnetotelluric (MT) method because resistivity is sensitive to the composition and connectivity of fluids.
MT stations were deployed on three across-arc profile lines, and we aim for a three-dimensional structure. However, because
three-dimensional inversion demands much computational time, this presentation shows the first-order approximation of
two-dimensional structures for the respective line. In addition to the standard MT transfer functions, such as the MT
impedance and vertical magnetic field transfer functions, we also estimated the inter-station horizontal magnetic field
transfer functions because it has been proven to aid resistivity structure modeling, especially in enhancing the resolution
of conductive anomalies. The main feature of the result is a deep conductor found in the uppermost mantle, consistently
detected beneath the three profile lines. A spatial correlation of the conductor with the hypocenters of deep, low-frequency
earthquakes signals the existence of a deep fluid-rich area. However, unlike most studies in subduction zone arc that reveal
a deep conductor under the volcanic front, the conductor here is closer to the back-arc side near a back-arc volcano (Mt.
Numazawa), triggering some speculation about the deep fluid flow. For example, since volcanic activity in the southern
Tohoku began with volcanoes in the volcanic front, such as Mt. Azuma and Mt. Adatara, and then later continued to
Mt. Numazawa in the back-arc side over time, deep fluids under the volcanic front might have been spreading toward the
back-arc. However, it is still a matter of discussion. Besides, some other compelling features of the resistivity structure will
also be discussed in the presentation.
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On time-series analysis of Network-MT data measured in the Kii Peninsula, south-
western Japan

#Akira Watanabel), Makoto UyeshimaQ), Satoru Yamaguchi3), Yoshiya Usuil), Hideki Murakami®), Tsutomu OGAWA?),
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The Kii Peninsula is a geoscientifically interesting region because of the existence of high temprature hot springs, the
Kumano caldera, and the Deep Low-frequency Tremors (DLTs). Therefore, the subsurface structure of the Kii Peninsula has
been investigated by various ways. Among them, electromagnetic method is useful for understanding the spatial distribu-
tion of temperature, water and melt beneath the surface. New Energy and Industrial Technology Development Organization
(1994), Fuji-ta et al. (1997), Umeda et al. (2003) and Kinoshita et al. (2018) studied the subsurface resistivity structure of
the Kii Peninsula with the aid of conventional MT method. Besides these EM studies, Yamaguchi et al. (2009) performed
the Network-MT survey in the region almost covering whole Kii Peninsula to elucidate the regional and deep structure. The
Network-MT method is superior to the conventional MT method in that it enables us to obtain voltage differences with high
S/N ratio especially for the longer period and is relatively free from static effects owing to the long baseline. However, they
analysed 2-D resistivity structure by using only a part of the data only on one survey line. Three dimensional analysis is very
important to investigate the regional and deep structure because coast line distribution is not 2-D and, in addition, strike of
the igneous intrusion is not always consistent with the subduction direction of the Philippine Sea Plate. Therefore, we aim to
analyse all the avairable Network-MT data in the Kii Peninsula. This presentation will describe the results of the time-series
analysis.
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Effectiveness of the Bayesian information criterion for L1 norm regularized mag-
netic inversion based on MCMUC integral.
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In the regularized geophysical inversion, the selection of the regularization parameter is an important factor in the model
selection. While cross-validation, and the heuristic methods such as L-curve are used for the regularization parameter selec-
tion in the L.1 norm regularized inversion, but one of the other promising methods is the Bayesian information criterion.

In the conventional Tikhonov regularization, ABIC is widely used for the evaluation of the regularization parameter(s).
ABIC is used to choose a regularization parameter which maximize the marginal posterior distribution. The Tikhonov reg-
ularization assumes a conjugate normal distribution as a prior distribution for the likelihood function, and therefore the
posterior distribution is also normal. In particular, the normal distribution can be expressed simply because the marginaliza-
tion (integration) can be calculated analytically. The Tikhonov regularization assumes a conjugate normal distribution as a
prior distribution for the likelihood function, and therefore the posterior distribution is also normal. In particular, ABIC can
be expressed simply because the marginalization (integration) can be calculated analytically in this case. However, in the
case of the L1 norm regularization, prior distribution is assumed as the Laplace distribution, and the marginal of the posterior
distribution cannot be expressed explicitly. Alternatively, several information criteria have been proposed to evaluate the
regularization parameter using an approximation of the marginal posterior distribution.

In our presentation, we discuss the usefulness of the Bayesian information criterions based on the marginal posterior distri-
butions for the evaluation of regularization parameters in L1 norm regularized magnetic inversion. One of the considerations
is to examine the extent to which these Bayesian information criteria are able to evaluate the marginal posterior distribution.
To do so, we compute the marginal posterior distribution using Bayesian Lasso which is the Gibbs sampling based on a
hierarchical representation of the posterior distribution.
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Quadrature phase induction vector in NE Japan: Consistency of causality, and
contribution of coastline and oceanic effects

#Masahiro Ichiki®), Toshiki Kaida?), Yasuo OgawaB), Yoshiya Usui®
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Quadrature phase induction vector (QIV) observed on island is likely less affected by the induction of sea water, and directly
indicate a resistivity characteristic in the earth. Assuming the nature, we hypothesized that there would be a conductor in the
deep crust or uppermost mantle beneath north of Tsugaru Strait, NE Japan on the basis of the observed QIVs in the period
range of 20 to 10000 s (Ichiki et al., 2021 SGEPSS Fall Meeting). On the process of elimination, we simulated QIVs of NE
Japan using models composed of uniform-earth and sea water distribution. In this study, we show that QIVs of NE Japan
calculated from models with realistic coastline and ocean bathymetry using three-dimensional finite element modeling with
tetrahedral elements (Usui, 2015 GJI), and that the coastline and oceanic (bathymetric) effects cannot explain the observed
QIVs. We also test quality of the observed QIVs using causality relation between in and quadrature phase geomagnetic
transfer functions (Fischer and Schnegg, 1980 Geophys. J. Roy. astr. Soc.; Marchello et al., 2005 GJI).

In the calculation of causality relation, we used the formulation in terms of logarithmic period by Fischer and Schnegg
(1980). Marchello et al. (2005) recommended the formulation of Oth order differentiation in terms of logarithmic angular
frequency to diminish calculation error. We used both Oth and first-order differentiation formulae, and confirmed that the
first-order formula yielded bias errors in the calculated QIVs. The observed QIVs are consistent with those calculated from
the Oth order differentiation formula, and are of good quality.

In the QIVs simulation of coastline and oceanic effects, we fixed the horizontal center of model domain in Mutsu Bay
and constrained the tetrahedral element edge length to be less than 5 km within 100 km of the center. We used coastline
data of GSHHS Fine (Bessel & Smith, 1996 JGR). As a result, the QIVs simulated from the coastline effect do not differ
considerably from those calculated from a simple island model. On the other hand, the oceanic effect makes QIV amplitudes
in Iwate prefecture diminished. However, neither coastline nor oceanic effects explain the observed QIV attitudes.

HARGIER 7V 7 2 Bia o BikE L TBN SN EED A > X272 a »xX2Z b L (Quadrature phase Induction
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FREREIER) @ QIV IR 2 W ¥ iBF RIS ERE & £ 7 VICHAIAA TGS GEENE) © QIV DR \BVES I 2L —
TaYIZXDEEL, ZASOEEOEAEWE BN QIV OMEADEFHENEPEBESN R THHATE NI L 2R
. FREHETELATYS QIV OFHEE 2T 24, FEH e B0 ZE R D KR (Fischer and Schnegg,
1980; Marchello et al., 2005) {ZFD W TEE O HIRE K Z R D & B OB AR EFIE L, Blllx =Bt
WA E v LEg L 7=,

RIRFDEH T, Fischer and Schnegg (1980) OXEJRIZ A & L& bz Hw/z. Marchello et al. (2005) 1,
LR D A S ZE HA B D BRI T 5 0 By DR E X ZHERE U 7. A S BUEHNC N3 2 0 FE#r o3 E K
1My ostEXzhzhz HOWTEHEL, 1 BEMD 0t EXTIEEE S W 2 B ot KB B B R 2
ENATRIS RO L 2R L, Marchello et al. (2005) DR EZHEZR L. KRHED 0 MY ORIC X - THE
U 7 B o Mg s 2 BE R0, A DIRIZ 3 R TOBHA THNE B —B LT D, QIV OfEEMET ML 7-.

4 HARESR 3 RTERBEREIC L 2BEEIR CEFNIRDO S I 2 L —2 a Tk, BEEEE LI LTHEE 100
km OREEIE 4 TAER 1 ZIOEXH 5 km BURICERE L7z, BERT — 21X GSHHS Fine(Bessel & Smith, 1996) % f»
7o, ATE MR, BEIIRD KRERRIEL, THRM (2021) QHHZEEE £ 7L e HLOEENE SN —FEE
MRIZOWTE, HABEOHZETEAETFREANO QIV 3EMAEEE 7 MCHKRT 2 L F L AIRFEI NS RZ Z 22y
oz, L LR HBERMR, BENREID ANLMhDET LTS, BlHILA QIV IZKELELRSZ Z
Hoiz.
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EM fields due to SP based on the extended Murakami model compared with the
gravity and the magnetic anomalies

#Tsutomu OGAWAY)

(1ERI, Univ. Tokyo

Extended Murakami Model (Ogawa, JpGU2022, hereafter referred to as EMM) which can calculate static electromagnetic
fields due to the streaming potential in a cuboid region excited by homogeneous fluid flow in a porous conductive homoge-
neous half space representing a flat earth is an extended model of Murakami (1989). The EMM has advantages: assuming
that the shape of the region where the streaming potential is excited is a cuboid instead of a rectangular plane, and making it
possible to calculate the electromagnetic fields at arbitrary points outside the cuboid. By assuming that the shape of the region
where the streaming potential is excited (hereafter referred to as SP anomaly) is a cuboid, the cuboid can also be regarded
as the density and the magnetization anomalies. The present study attempts to compare static electromagnetic fields due to
the SP anomaly together with the gravity and the magnetic anomalies due to the density and the magnetization anomalies
assuming that the SP, density, and magnetization anomalies are identical in its region.

The Green’s functions show that the spatial decay of the fields are reciprocally proportional to the square of the distance
between the source and the observation point for main terms of the magnetic flux density and the scalar potential of the EMM
and the gravity anomaly, while to the cube of the distance for the magnetic anomaly. The static electromagnetic fields due to
the EMM depend on the electrical conductivity of the space: the scalar potential depends on the conductivity of the ground
and the ratio of the conductivity in the air to that in the ground, while the magnetic flux density depends only on the ratio, in
case that the magnetic permeability can be regarded to be homogeneous over the whole space. The boundary plays an impor-
tant role for the static electromagnetic fields based on the EMM, which is different from the gravity anomaly which does not
depend on the property of the space, and the magnetic anomaly based on realistically homogeneous magnetic permeability
over the whole space.

In addition, due to the boundary of the electrical conductivity and the insulating air, the components of the static electro-
magnetic fields due to horizontal fluid flow are enhanced, while the magnetic flux density due to vertical fluid flow vanishes.

While Murakami model calculates the magnetic flux density due to fluid flow along a rectangular fault plane, the present
study shows the calculation results of the static electromagnetic fields based on the EMM assuming a cuboid region repre-
senting a conduit of a volcano as the SP anomaly together with those of the gravity and the magnetic anomalies regarding the
region as the density and the magnetization anomalies.

PEERM £ 7V (Ogawa, JpGU2022. LUF EMM) (&, # L€ 71 (Murakami, 1989) 255k U, EEN RS E KM
DOHNHE U7z — R R BIBRTRATRIC & 2 ARSI AE U2 RBIENIC X 2B EMB LT E T 27V TH 5, MEhE
MDA U 2B Z TR I 2 & BT Rk S 32—, BEAREBONOEROMRIZBIT 2 BSGZFHHEAGEL LT3
AU EMM OFEAH 5, BEROEREZESKE L2221k, 2 OMEEEBBRIRIERIC L 2RE1EM (LR, SP
BE) OREFEBE ARTIZI TR, BEEFEEE, MMEREHERE ARSI HARETH S, £ T, SP EEHFHE
ZEFHCEERER CHRERE ORI e R UBoENEY, MAEEOHEME L. EMM 12 X 2 #ERSG O B
R D HBE ARG TIRA T,

7V —VEBORF LD, HOZEMEEIZ EMM OHRZERE, B0 EEIH: BHRFEITIRR>» 5 OO 2 IR
B, BSEE XD 3 IS 3, F72 EMM TIRIZERBOEBESGER KT L BN R OCHEEENEL 5, &
PRI REDBELIREE D, MOKMOBLSREE ITRIFET 225, WHREBEEIZBEESEEM T L Rzehd
K e KRDOBESUCEEDHICOAMKITET 5, M T TYHEEICHTE LR WENRE S, BHEMITERE 222
TIEF e AR ZGEOWEAEE LI1ZE LD, EMM IZ X 35BS IR EEREE 2R3,

F - BRUREE OBREICH 7 2 HR © i R KU & . EMM OFFERG I3 /KRR ATICER 3 2 B 3E
MEX 4., SHIEFBRIRIRTICER S 2 B3R BB IOV TIEHEET %,

N ' 7L DETEMTE 20 - 7= MFRTRATUICRER § 2 R E 23R L7201 U, ARETIRKILDKGEZIEL 72
BEHARERE SP ZEE L HE L. EMMIZ) & O BB ZHE LR L, FAEREEEREE, MEEF AL
TEONIENEY, WMAEEOHEME LIRS,
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Broad-band MT observations around the Kego Fault, Fukuoka, Japan

#Tasuku Inomata®), Koki Aizawa®), Dan Muramatu®%), Satoru Aniya®®), Ayumu Okubo®?), Ayuka Jyodoi®)

(ISEVO, Kyushu Univ.,(?Department of Earth and Planetary Sciences, Graduate School of Science, Kyushu University,*Department
of Earth and Planetary Sciences, Kyushu University,(*VRC, University of Tokyo,®Fukuoka Regional Headquarters, JMA

We conducted broad-band MT observations of the Kego fault zone (KFZ) in the southeastern part of the Kego fault (KF),
which was not ruptured by the 2005 west off Fukuoka earthquake (M7). From 2011 to 2013, various surveys were conducted
as a government commissioned project. There were differences in the seismic reflection intensity between the eastern and
western sides of the fault, suggesting that KF is located at the region sandwiched by the different lithology. In this study, we
conducted broad-band MT surveys on 40 x 80 km area around the Kego fault. Specifically, we aim to investigate how the
resistivity structure is correlated with the seismic reflection structure. Another objective is to have an insight why the rupture
of the 2005 west off Fukuoka earthquake stopped at the northwestern edge of the Kego fault.

The obtained MT data was greatly affected by artificial noise. However, in the study area, the noise due to the leakage
electric current from railways significantly decreases from 0:00 a.m. to 5:00 a.m. Therefore, we have successfully estimated
MT response function in the period range from 0.00195 to 3276.8 s. The MT response function indicated the structure is
highly three-dimensional. To estimate a realistic structure, we will then perform a 3D inversion analysis, and will show the
preliminary resistivity structure.
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An aeromagnetic survey using an unmanned aerial vehicle over Azuma Volcano
#Hikari Yonekura®), Masahiro Ichiki'), Toshiki Kaida®), Takeshi Hashimoto®), Ryo Tanaka?)
(TU,(2Hokkaido Univ.

A total intensity aeromagnetic survey using an unmanned aerial vehicle (UAV) was carried out over the Oana Crater of Mt.
Azuma on 7 and 9 September 2021, to estimate subsurface alteration zone beneath Mt Azuma, NE Japan. The observation
equipment was the Tierra Technica GSMP35U-DR drone aeromagnetic measurement system composed of a GEM GSMP-
35U potassium magnetometer and a DJI MATRICE 600 PRO. The survey area was a rectangle of 2 km by 1 km in the
NNE-SSW and WNW-ESE directions, respectively, and the flightlines were arranged as 18 equidistant parallel lines in the
WNW-ESE direction. The flightline altitudes varied, but the altitude of each line was kept constant. The wiggles of the flight
heights were about 0.15 m. The maximum altitude of sampling points was 1978 m (a.s.l). The sampling frequency was 20
Hz, and the flight speed was approximately 6 m/s. The geomagnetic reference station was installed about 600 m south of the
Oana Crater, where the magnetic field was not affected by subsurface volcanic activity (e.g., Japan Meteorological Agency,
2020).

The raw data were resampled down to 10 Hz, and the main field and diurnal variations were subtracted from the down-
sampled data using IGRF-13 and the reference station data. Equivalent magnetic anomaly was inverted by the Conjugate
Gradient (CG) method (Nakatsuka and Okuma, 2006) on a surface about 50 m below the smoothed observation surface.
Then magnetic anomaly was reduced on the smoothed observation surface by upward continuation of the equivalent magnetic
anomaly, considering observation altitude differences.

We inverted the magnetic anomaly data into a three-dimensional subsurface magnetization model using effective source
volume minimization method (Nakatsuka and Okuma, 2014). The horizontal model discretization width was 20 m=20 m.
The vertical model discretization width was 200 m in 0-800 m altitude above sea level (asl), 150 m in 800-1400 m altitude
asl, and 100 m in 1400-2000 m altitude asl, respectively. The magnetization threshold to judge effective source volume was
fixed at 0.2 A/m, which was 10 % of the average magnetization (2.06 A/m). The inversion was iterated 20 times using the
CG method with an initial value of the average magnetization. The cross-sectional view of the magnetic structure, where
the anomalous structure is expected to exist from Reduction to Pole (RTP) map, reveals three highly magnetized regions on
the surface layer with low magnetization regions in between. The correspondence between low magnetization regions and
alteration zones will be studied in the future.

AL CREKGERRED D 2 EZILOM FTOLEEBOMELHNE LT, 202149 H 7 H, 9 HOHBETEZ LK
NKARFAZBNT R — 2O ZHRERITHE T o 72, BRI T 7727 =ht - ¥ e — U 22hi&HIE
> 25 2 GSMP35U- DR (GEM ## R % > 7 A S35 GSMP-35U, DIJI # K @ — > MATRICE 600 PRO) % L 7=,
HEHPA X NNE-SSW 2 km X WNW-ESE 1 km OEHEMHEB Y L. WNW-ESE 53475 A EA TR 18 A% 100 m 412
FELUTze WHRBICRITEEZRE L, MRF T —ED0BE TN EZIT-> 72, EBEORITEED 7 LI+ 0.15m T
HY. WAL 1978 m (as]) THore, ¥ 7V > ZREEIL 20 Hz . RITEEZK 6 m/s & L7z, BEIBKRST
(2020 £ 147 [BIKILEK FHIEEZE R 12 & 2 B DR L2 AHIED S KGO ER W E X 515 KK
HDF 600 m T Ici%E L7z,

Bon7z7T—RIF 10Hz KXY 3> 7Y 27 LT, IGRF f{ilE (IGRF-13) ST — X TOHELHIES
1Tol. MITEEZFBLCHNEERE L., 2% 50m FAHKBEIL-E (Fifi7 /<~ VHE) ETomSE (7
/<1) %, Conjugate Gradient (CG) {EEH WA ¥ N—=Y a2 Ik ) 7/ v ak/ME (Nakatsuka and Okuma, 2006) ¥
LTRD, RICFEM7 /<)o BRI, BHAlEER L TORMKREREZRKDZ, Zhuckh, BEEEERLL
WMKEETHEEL N TE 5,

M XN WKREE T — 22 U THI N oMb E 2 G %) Y — A KFEE/ME (Nakatsuka and Okuma, 2014) 12 & %
3HITA Y N—Ta v THELT. KEZY Y FRRIE20m X 20m & L7z, $AEZY vy FREBRE TEHZES Om &
L. E25EX100m X 6, 150m X 4, 200m X 4 OEf 14 @¥ Lz, B Y — 20 HWr3 2 BIEIZEEME (2.06
Am) D 105D 1 TH302AMm L Lz, FM7/<VICkoTIVE Y ay Li=TF— &2 —R Bt 2 g1 € 7
NELTCCHEEHAWT20HDA XL —>a v &iTolz, BHOEILET - 200 BELREDFENHEIN DY
FTOBSHGEDMIHR ZER Lz & 2 A, REIZ 3 DOEBLHER E £ ORI LER R T & 72, 2 ORI LAEIR
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